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Abstract. Photonuclear and spallation reactions can produce a wide spectrum of neutrons with high intensity, whereas
from the fusion of hydrogen isotopes e.g. D(t,n)4He or transfer reactions like 7Li(p,n)7Be quasimonoenergetic neutrons
can be produced. The use of a pulsed beam allows to determine the neutron energy by measuring the time-of-flight of
the neutrons with a known flight path. To study nuclear reactions in the range of up to several keV kinetic energy, the
neutrons produced by these reactions need to be slowed down by elastic collisions with light nuclei. Photoneutron
sources use typically an electron linear accelerator to create intense pulses of bremsstrahlung in a heavy metal target
that also acts as the neutron radiator in which neutrons are produced by (,n) reactions with the heavy nuclei. Examples
for photoneutron sources are Gelina of IRMM, Geel, Belgium and nELBE at HZDR, Dresden, Germany. At CERN a
spallation neutron source is driven by the proton synchrotron beam for the nTOF experiment. The Neutrons For Science
facility NFS at GANIL will use the LINAG deuteron beam to create fast neutrons from Be and C converters or
quasimonoenergetic neutrons using a proton beam with a 7Li target. With increasing neutron energy additional reaction
channels open up for neutrons. If the neutron kinetic energy is higher than the first excited state of the target nucleus,
inelastic scattering starts to become important. If it is higher than the neutron separation energy of the target (n,2n)
reactions can occur, that set free additional neutrons. These processes lead to an efficient energy loss of the neutrons in
contrast to elastic scattering where the neutron only transfers a small fraction of its energy to the usually much heavier
recoiling nucleus. The emission of light charged particles such as hydrogen or helium isotopes can be energetically
possible even for small neutron kinetic energies. These reactions can be important for the nucleosynthesis in the cosmos
and also in nuclear reactors, where the helium emitted in (n,) reactions can lead to swelling in the fuel elements. I
will present several examples of measurements of the above mentioned reactions and discuss their merits and
advantages.
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Neutron sources
Artificial neutron sources that are used to generate
collimated neutron beams or neutron reference fields are:
radioisotope sources based on (,n) reactions,
e.g. (Po/Be), (Am/Be) (Cm/13C) or spontaneous
fission, e.g. 252Cf (sf)
photoneutron sources 2H(,n)H, 9Be(,n)
accelerator based sources, e.g. (d,n) (p,n)
reactions on light nuclei or photoneutron sources
using bremsstrahlung from electron accelerators
spallation neutron sources using high energetic
proton beams on a heavy metal target
nuclear reactors (fission neutrons + moderation)
[3].

Neutrons not bound in atomic nuclei are unstable hadrons
that decay by the weak interaction. In nature neutrons can
be produced however by nuclear reactions of energetic
cosmic rays (protons, heavier nuclei) in the upper
atmosphere. Terrestrial sources include neutrons from
spontaneous fission of uranium (235U, 238U) and thorium
(232Th) and by (,n) reactions on light nuclei from the decays in the decay chains of the primordial actinides. As
an introductory example the neutron flux measured by
Gordon et al. [1] is shown in Figure 1. The measured
neutron spectrum consists of a high-energy peak around
100 MeV neutron energy extending up to about 10 GeV
that is caused by spallation reactions of cosmic rays in the
upper atmosphere, a “nuclear evaporation” peak centered
around 1-2 MeV and a peak of thermal neutrons around
10-7 MeV that have been slowed down by scattering until
they are close to equilibrium with nuclei in the surrounding
material. In the flat “epithermal” region above the thermal
peak the neutron spectrum is roughly proportional to 1/E.

Figure 2 241Am/9Be radioisotope neutron source spectrum.
Figure taken from ref. [4].

Figure 1 Neutron spectrum measured on the roof of the IBM
research center in Yorktown Heights, NY, U.S.A. Figure taken
from ref. [1].

The neutron spectrum was measured using extended range
Bonner spheres with 14 different size PE moderators with
3
He proportional counters and was unfolded with
simulated response functions of the different size Bonner
spheres. The fine structure in the evaporation peak is
caused by this response function simulation that included
scattering of neutrons in the atmosphere and the material
surrounding the detectors. It is due to scattering of
neutrons on nitrogen and oxygen and the concrete roof,
where the detectors were put and is a result of the
unfolding procedure in the analysis of the measurement.
The neutron flux is modulated by the solar activity,
generally the cosmic-ray induced neutron flux is lowest at
highest solar activity. These neutrons form a background
in detectors and cause cosmogenic activation in many
astroparticle experiments as e.g. dark matter search and
neutrino experiments. The cosmic ray component of the
neutron spectrum is about 160 times stronger than neutrons
from fission and (,n) reactions, but can be shielded e.g.
in an underground laboratory. Low radioactivity
background techniques including neutrons are described in
ref. [2].

Figure 3 Fission neutron spectrum of
ref. [3].

252Cf.

Figure taken from

Radioisotope sources are used in the laboratory as small
and portable neutron sources, e.g. for detector tests. They
consist of a mixture of a radioactive isotope (-emitter like
241
Am) and a powder of a light nuclide, e.g. 9Be,13C in a
sealed container. The (,n) reaction on the light nuclides
used has a positive Q-value, e.g. 9Be(,n)12C, Q= +5.71
MeV. The neutron energy spectrum is complicated as the
reaction can proceed to different excited states in the final
nucleus. The energy of the emitted neutron depends on the
emission angle in the reaction, and the alpha particles
causing the reaction are not necessarily monoenergetic due
2
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to energy loss inside the source and radioactive impurities.
In addition, high energetic gamma-rays can be emitted.
The neutron producing reaction 13C(,n)16O using particles from 244Cm decay is also a source of high-energy
gamma rays of 6.13 MeV. This reaction is of astrophysical
relevance as it is a source of neutrons in the main
component in the astrophysical s-process that produces
about half of the nuclides heavier than iron during He shell
burning at a stellar temperature of about 108 K [5].
The typical yield of (,n) radioisotope sources is 10-4 n/decay, meaning that most -particles are stopped in the
source without causing an (,n)-reaction. Figure 2 shows
a measured neutron spectrum of a 241Am/9Be source.
Spontaneously fissioning nuclides with a short half life
represent a strong neutron source for the laboratory. The
nuclide 252Cf with half-life T1/2= 2.65a has a strong, well
known spontaneous fission branching ratio of 3.092%. The
average number of neutrons emitted is < 𝜂 > = 3.756 ±
0.005. This gives a neutron yield of 0.116 n/Bq or
2.30*106 n/(s g 252Cf). In addition, typically 8 prompt
gamma-rays are emitted in the fission process [6]. The
fission neutron spectrum of 252Cf is shown in Figure 3.
The neutron energy spectrum can be described by a
Maxwellian distribution
𝑑𝑁
𝑑𝐸

1

= 𝐸 2 𝑒𝑥𝑝 (−

𝐸
𝑘𝑇

1.1

Neutron producing nuclear reactions:
monoenergetic neutrons
In two-body reactions monoenergetic neutrons can be
produced. Most efficient are (d,n) and (p,n) reactions on
deuterium 2H, tritium 3H, and 7Li. The kinematics of the
reactions determines the angular distribution and the
energy spectrum of the emitted neutrons and recoil nuclei,
see Figure 5. The yield (neutrons/primary particle)
depends on the differential cross section of the reaction
𝑑𝜎
(𝐸𝑝 , Θ). A realistic yield determination can be done by
𝑑𝛺
integration over the target thickness and the angular range
in question. The slowing down of the beam in the target
material ultimately will limit the yield to be obtained from
thick targets.

)

Figure 5 Two body kinematics in the laboratory system. A proton
beam Np hits a target with number density ntar and the neutron
rate dNn is emitted under the angle .

in the neutron energy range from 0.5 MeV to 20 MeV. The
temperature parameter amounts to 𝑇 = 1.41 ± 0.03 MeV
The deviations from the Maxwellian distribution are
difficult to recognize from Figure 3. The 252Cf fission
neutron spectrum has been evaluated to be a standard in
metrological applications [7]. The difference between
evaluated data, the evaluation curve and a Maxwellian
spectrum is shown in Figure 4. Under the assumption that
the Maxwellian is valid in the center of momentum frame
it can be transformed into the laboratory frame to give a
Watt distribution, which can be used for a simple
representation of the 252Cf neutron spectrum. The absolute
uncertainty of the evaluated spectrum is ≤ 2% between
0.2 MeV and 9.5 MeV and ≤ 5% between 45 keV and 13.3
MeV [7].

1.2
Kinematics: 7Li(p,n)7Be
The relativistic two body kinematics can be used to
describe the neutron producing reaction. Later in this
section, the reaction 7Li(p,n)7Be will be discussed as an
example.
The projectile 𝑚2 hits target 𝑚1 in the reaction
𝑚1 (𝑚2 , 𝑚3 )𝑚4 . After the reaction the ejectile 𝑚3 (here: a
neutron) and the recoiling nucleus 𝑚4 are emitted. The
velocity vectors in the laboratory and center of momentum
(c.m.) frame are displayed in Figure 6.

Figure 6 The velocity vectors in the exit channel of the reaction.
In the center of momentum reference frame the momenta of
ejectile and recoil nucleus add to zero.

Figure 4 Evaluated data of the 252Cf neutron spectrum. Data are
plotted relative to a Maxwellian spectrum with T=1.42 MeV. Fig.
taken from W.Mannhart in ref. [7].

In the following the energy and momenta of the reaction
products will be calculated using the invariant mass 𝑆 (The
four momentum squared is lorentz-invariant.) and the

Properties of these and other radioisotope neutron sources
have been discussed in ref. [8].
3
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rapidity 𝑌 of the center of momentum system. 𝐸𝑖 , 𝑇𝑖 , 𝑚𝑖
denote the total energy, kinetic energy and rest mass of
particle i. The speed of light is set to 𝑐 ≝ 1. For the initial
system 𝑚1 , 𝑚2 with 𝐸𝑖 = 𝑚𝑖 + 𝑇𝑖 ; 𝐸𝑖2 = 𝑝𝑖2 + 𝑚𝑖2 the
invariant mass 𝑆 is defined as
2

′ 2 + 𝑚2 cosh 𝑌 − 𝑝′ cos 𝛩
𝐸4 = √𝑝𝑐𝑚
𝑐𝑚
𝑐𝑚 sinh 𝑌
4
′
𝑝4 cos𝛩4 = −𝑝𝑐𝑚
cos 𝛩𝑐𝑚 cosh 𝑌
′ 2 + 𝑚2 sinh 𝑌
+ √𝑝𝑐𝑚
4

2

𝑆 = (∑ 𝐸𝑖 ) − (∑ ⃗⃗⃗
𝑝𝑖 )
𝑖

′
𝑝4 sin 𝛩4 = 𝑝𝑐𝑚
sin 𝛩𝑐𝑚

𝑖

𝑆 = (𝑚1 + 𝑚2 )2 + 2𝑚1 𝑇2
In the c.m. frame

2

(7)

(𝑆 − 𝑚32 − 𝑚42 )2 − 4𝑚32 𝑚42
′
𝑝𝑐𝑚
= √
4𝑆

Giving for the momentum of the projectile and target in
the c.m. system 𝑝𝑐𝑚

The calculation for the momenta in the laboratory system
as a function of laboratory angle requires two steps:
1. Isolation of the c.m angle terms in the above equations
(1), (2), (3), (4), (5), (6), (7) and square them.
2. Sum both momentum projections so that Θ𝑐𝑚 cancels
out.

(𝑆 − 𝑚12 − 𝑚22 )2 − 4𝑚12 𝑚22
4𝑆

Using 𝑝𝑐𝑚 the rapidity of the c.m. system 𝑌can be obtained
by the Lorentz transformation from the laboratory to the
c.m. system. The rapidity is defined through
𝑣
tanh 𝑌 ≝ 𝛽 ≝
𝑐
cosh 𝑌 = 𝛾 = 1/√1 − 𝛽 2
sinh 𝑌 = 𝛾𝛽
The Lorentz transformation from the laboratory to the c.m.
system can be expressed through
−𝑝𝑐𝑚
cosh 𝑌 −sinh 𝑌 𝑝1 = 0
(
)=(
)(
)
−sinh 𝑌 cosh 𝑌
𝐸𝑐𝑚
𝑚1
−𝑝𝑐𝑚
−𝑚1 sinh 𝑌
(
)=(
)
𝐸𝑐𝑚
𝑚1 cosh 𝑌

This yields the following quadratic equation for 𝑝3,4
2
𝑝3,4
(1 + sin2 Θ3,4 sinh2 𝑌)

′2 + 𝑚2
− 2𝑝3,4 cos Θ3,4 sinh 𝑌√𝑝𝑐𝑚
3,4
′2
2
= 𝑝𝑐𝑚
− 𝑚3,4
sinh2 𝑌

𝑝3,4
=

𝑌

frame is −𝑝𝑐𝑚 . With 𝑒 = sinh 𝑌 + cosh 𝑌 the
rapidity of the c.m. system is
2
𝑝𝑐𝑚 + √𝑚12 + 𝑝𝑐𝑚
𝑌 = ln
𝑚1
The energy and momenta of the reaction products can be
calculated using the invariant mass and rapidity of the c.m.
system by Lorentz transformation from the c.m. system to
the laboratory system. The transversal momentum
components are lorentz-invariant.
′
𝑝3 cos 𝛩3 = 𝑝𝑐𝑚
cos 𝛩𝑐𝑚 cosh 𝑌
(1)
′ 2 + 𝑚2 sinh 𝑌
+ √𝑝𝑐𝑚
3
′ 2 + 𝑚2 cosh 𝑌 + 𝑝′ cos 𝛩
𝐸3 = √𝑝𝑐𝑚
𝑐𝑚
𝑐𝑚 sinh 𝑌
3

(2)

′
𝑝3 sin Θ3 = 𝑝𝑐𝑚
sin Θ𝑐𝑚

(3)

2
2
′2 cos 𝛩
′2
2
2
√𝑚3,4
+ 𝑝𝑐𝑚
3,4 sinh 𝑌 ± cosh 𝑌√𝑝𝑐𝑚 − 𝑚3,4 sin 𝛩3,4 sinh 𝑌

1+

sin2

𝛩3,4

sinh2

(8)

𝑌

There are two solution for 𝑝3,4 = 𝑓(Θ3,4 ), that are
important, close to the reaction threshold in endothermic
reactions.
For
endothermic
reactions
with
𝑄 = 𝑚1 + 𝑚2 − 𝑚3 − 𝑚4 < 0 MeV
there is a forward threshold i.e. the minimum kinetic
energy for the reaction to happen. It can be derived from
𝐸3,𝑐𝑚 + 𝐸4,𝑐𝑚 ≥ m3 + m4 and is
𝑚2
𝑄
(9)
𝑇𝑓 = −𝑄[1 + ( ) − (
)]
𝑚1
2𝑚1
If the ejectile is slower than the velocity of the center of
momentum frame, then 𝐸3 is a double valued function
from 𝑇𝑓 up to the backward threshold.

To reduce the complexity of the matrix required only the
time and one spatial coordinate (direction of the beam)
are written here. The momentum of the target in the c.m.

𝑇𝑏 = −𝑄[1 +

𝑚2

𝑚1 −𝑚3

−

𝑄

]

2(𝑚1 −𝑚3 )

(10)

Details about reaction kinematics can be found e.g. in part
1, section 1 of ref. [9].
As an example the kinematics of the neutron producing
reaction 7Li(p,n)7Be has been calculated with the above
equations. A useful website for kinematics calculations is
from Sky Sjue [10].
The reaction 7Li(p,n)7Be has a Q-value of 𝑄= -1.644 MeV.
This implies that below the backward threshold of 𝑇𝑏 =
1.920 MeV there will be two groups of neutrons be
emitted for a fixed angle in the laboratory system. This
corresponds to a neutron kinetic energy of 120 keV in
forward direction. At the forward threshold 𝑇𝑓 = 1.881
MeV the neutrons are emitted with the center of
momentum frame velocity (here 30 keV).

′
𝑝4 cos𝛩4 = −𝑝𝑐𝑚
cos 𝛩𝑐𝑚 cosh 𝑌
′ 2 + 𝑚2 sinh 𝑌
+ √𝑝𝑐𝑚
4

(6)

The expression for the momentum of ejectile and recoil
nucleus in the c.m. frame is

2 + √𝑚2 + 𝑝2 )
𝑆 = (√𝑚12 + 𝑝𝑐𝑚
𝑐𝑚
2

𝑝𝑐𝑚 = √

(5)

(4)

4
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And
𝑑𝛺3
sin 𝛩3 𝑑𝛩3
=
𝑑𝛺𝑐𝑚
sin 𝛩𝑐𝑚 𝑑𝛩𝑐𝑚
2
′
𝑝𝑐𝑚
=(
) (cos 𝛩𝑐𝑚 cos 𝛩3
𝑝3
+ sin 𝛩𝑐𝑚 sin 𝛩3 cosh 𝑌)
For the recoil nucleus 𝑚4 substitute:
cos Θ𝑐𝑚 → − cos Θ𝑐𝑚 ; 𝑝3 → 𝑝4 ; 𝐸3,𝑐𝑚 → 𝐸4,𝑐𝑚

(12)

The neutron rate 𝑑𝑁𝑛 emitted into the solid angle element
𝑑Ω in a layer of a thick target by impinging projectiles with
rate Np is
𝑑𝜎(𝐸𝑝 , Θ)
𝑑𝑁𝑛 = 𝑁𝑝 𝑛𝑡𝑎𝑟
𝑑𝑥𝑑Ω
𝑑Ω
Where 𝑛𝑡𝑎𝑟 is the atomic density of the target. Through
reaction kinematics the projectile energy 𝐸𝑝 is related to
the energy of the neutron 𝐸𝑛 (Θ) emitted into the solid
angle 𝑑Ω. 𝐸𝑝 decreases due to the electronic energy loss in
the target material.
The path length 𝑑𝑥 can be expressed by the linear stopping
power 𝑑𝐸𝑝 /𝑑𝑥 of the projectiles in the target material, the

Figure 7 Neutron kinetic energy in the laboratory as a function
of laboratory angle for 7Li(p,n)7Be.

Figure 7 shows the neutron energy as a function of the
angle in the laboratory. Up to 𝑇𝑏 there is a maximum
emission angle of the neutrons which form two energy
groups. At higher energies there is only one neutron energy
for each angle in the laboratory. Figure 8 shows that for all
proton energies there are two energy groups of the
recoiling 7Be nuclei that go mostly in forward directions.

kinematic factor 𝑑𝐸𝑝 ⁄𝑑𝐸𝑛 and the corresponding neutron
energy change 𝑑𝐸𝑛 .
𝑑𝑥 = |

𝑑𝑥 𝑑𝐸𝑝
|(
) 𝑑𝐸𝑛
𝑑𝐸𝑝 𝑑𝐸𝑛

The differential neutron spectrum is
𝑑2 𝑁
𝑑𝐸𝑛 𝑑𝛺
𝑑𝜎
𝑑𝛺𝑐𝑚 𝑑𝐸𝑝 −1 𝑑𝐸𝑝
= 𝑁𝑝 𝑛𝑡𝑎𝑟 ( 𝑐𝑚 ) (
)(
) (
)
𝑑𝛺
𝑑𝛺
𝑑𝑥
𝑑𝐸𝑛

(13)

Finally, the neutron spectral yield 𝑌𝐸 (Θ) is obtained by
integration over the neutron energy range
𝐸𝑛,𝑚𝑎𝑥 (𝐸𝑝,𝑏𝑒𝑎𝑚 )
𝑑2 𝑁 1
𝑌𝐸 (Θ) = ∫
𝑑𝐸
(14)
𝑑𝐸𝑛 𝑑𝛺 𝑁𝑝 𝑛
𝐸𝑛,𝑚𝑖𝑛
Eqs. (13), (14) show that the neutron yield depends on the
projectile energy, the target thickness and purity. The
slowing down of the beam inside the target material will
reduce the beam energy and for a non-resonant reaction
also the cross section. It causes a thermal heating of the
target and also an energy spread of the neutrons created.
Additional materials in the neutron beam, like target
backings or cooling water can alter the spectrum further.
As neutrons are emitted in a large angular range they do
not have the same energy. The source-detector counting
geometry is also relevant. All these effects are best taken
into account by Monte-Carlo particle transport
calculations for the realistic geometry of the experimental
setup, examples will be shown below. A method that can
deliver a precisely characterized neutron yield without
reference to the differential cross section for neutron
production is the “Time Correlated Associated Particle”
method (TCAP). By detecting the charged recoil particle,
(e.g. the 4He from 3H(2H,n)4He) in coincidence with the

Figure 8 Recoil kinetic energy of 7Be from 7Li(p,n)7Be as a
function of angle in the laboratory system.

In the measurement of differential cross sections it is
required to transform the solid angle element from the
laboratory system to the center of momentum system. The
emission angle of the neutron in the laboratory is given by
′
𝑝𝑐𝑚
sin 𝛩𝑐𝑚
tan 𝛩3 = ′
(11)
𝑝𝑐𝑚 cos 𝛩𝑐𝑚 cos 𝑌 + 𝐸3,𝑐𝑚 sinh 𝑌
The Jacobian matrix element for the conversion from c.m.
to laboratory is
𝑑Θ3
𝑑Θ3 𝑑𝑓(Θ𝑐𝑚 )
=
𝑑Θ𝑐𝑚
𝑑𝑓 𝑑Θ𝑐𝑚
′
𝑝𝑐𝑚
=
(cos Θ𝑐𝑚 cos Θ3
𝑝3
+ sin Θ𝑐𝑚 sin Θ3 cosh 𝑌)
5

École Joliot-Curie

emitted neutron the number of neutrons and their energy
can be determined. This method is explained in the lecture
by Ralf Nolte.

Figure 10 Neutron energy as a function of angle in the laboratory
for different 7Li projectile energies. Fig. taken from ref. [13].

Figure 10 shows that the neutrons emerging from the
reaction 1H(7Li,n)7Be are emitted under relatively small
angles in the laboratory system. The forward threshold (eq.
(9)) is Tf = 13.096 MeV. There are always two groups of
neutrons (quasi-monoenergetic source) corresponding to
forward and backward emission in the center-ofmomentum frame. This kinematic focussing can be
understood using eq. (12). The kinematic focussing
increases the neutron intensity in a forward cone and
eliminates background from room return neutrons present
if the normal kinematics was used.

Figure 9 Left: Differential cross section for 7Li(p,n)7Be in the
laboratory. Right: same for 7Be(p,n)7Be*. Fig. taken from ref.
[11].

Figure 9 shows the differential cross section for 7Li(p,n) in
the laboratory. The cross section has a very steep rise close
to threshold and pronounced resonances at 𝐸𝑝 =
2.25 MeV and 5.0 MeV. The corresponding peak cross
sections are approximately 90 mb/sr and 50 mb/sr.
Resonances are difficult to calculate theoretically, so cross
section measurements are necessary. With increasing
proton energy new reaction channels open and the
production of neutrons will become more complicated.
Table 1 Proton-induced reactions on 7Li that contribute to the
neutron production.

Reaction

7

7

Li(p,n)7Be

Be E*
(MeV)
0

Q (MeV)

7

Li(p,n)7Be*

0.429

-2.073

7

Li(p,n3He)4He

break-up

-3.229

7

Li(p,n)7Be**

4.57

-6.214

-1.644

Thresholds
(MeV)
1.881 (f)
1.920 (b)
2.371 (f)
2.421 (b)
3.692
-7.110 (f)
-7.260 (b)
Figure 11 Kinematic factor (eq. (12)) for the reaction
1H(7Li,n)7Be as a function of the center-of-momentum angle for
different projectile energies.

Table 1 shows that 7Li(p,n) produces one neutron group
(“monoenergetic” neutrons) with energies ranging from En
= 121 keV – 649 keV with protons from
Ep =1.920 MeV – 2.371 MeV. In the remaining energy
range 7Li(p,n) produces a second neutron group from
reactions to excited states of the recoil nucleus or nuclear
break up. If the reaction produced two neutrons groups
they are called “quasi-monoenergetic” neutrons. Energy
levels of light nuclei from A=3 to 20 can be found from
the Nuclear Data Evaluation Project of Triangle
Universities Nuclear Laboratory [12].
Neutrons can also be produced in inverse kinematics, e.g.
1
H(7Li,n)7Be. In order to do this a light ion beam with
higher energy is required on a target containing hydrogen
atoms. The Licorne facility at IPN Orsay is using this
reaction to produce directional neutron beams [13].

Figure 11 shows that the kinematic focussing is especially
strong close to the reaction threshold. The neutron yield
in the laboratory is concentrated in a small forward cone
and thus is increased by a factor of 10 – 100 close to
threshold.
Neutron reference fields: « Big Four » for
neutron production
In an open geometry neutron reference fields with well
known energy and intensity can be produced using protonor deuteron-induced reactions on light target nuclides.
These reference fields are available e.g. at the German
1.3
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national metrological laboratory PTB in Braunschweig
[14]. The open geometry is best realized in a large low
scatter neutron time-of-flight hall, where all walls and
floor, ceiling are as much distant from the experiment as
possible.

Figure 13 Neutron yield under forward direction for a relative
neutron energy spread of 1% for the reactions listed in Table 2.
Figure taken from ref. [15].
Figure 12 Low scatter facility at PTB Braunschweig, where
neutron reference fields are realized in an open geometry. The
hall as an area of 24 m * 30 m. The beam line is at a height of
6.25 m above the basement of the building.

The neutron energy depends on the emission angle of the
neutron. The highest neutron energy is achieved under
forward direction in the laboratory. With increasing angle
the neutron energy will be reduced according to the
kinematics of the reaction, illustrated in Figure 7. The
neutron yield relative to the yield in the forward beam
direction is shown in Figure 14.

The required beams can be produced by electrostatic
accelerators that can also be pulsed in the ns-range to allow
time-of-flight measurements. The reactions and their Qvalues are given in Table 2. A very interesting review
about monoenergetic neutron reference fields was written
by Ralf Nolte and David J. Thomas [15], on which this
section is based.
Table 2 The “big four” reactions for fast neutron production

Reaction
D(d,n)3He
T(p,n)3He
T(d,n)4He
7
Li(p,n)7Be

Q (MeV)
3.2689
-0.7638
17.589
-1.6442

Figure 13 shows the calculated neutron yield under 0° in
the laboratory for the four reactions given in Table 2. The
target thickness has been chosen for each reaction to give
a neutron energy spread of Δ𝐸𝑛 ⁄𝐸𝑛 = 1%. The
(monoenergetic) range were the reaction delivers only one
group of neutrons
is given by full lines, the
(quasimonoenergetic) range where the reaction delivers
two groups of neutrons is marked by dash-dotted lines.
There is a notable gap from 7.7 – 13.2 MeV were no
monoenergetic neutrons can be produced. The yield
obtained in practice depends on the properties of real
target, like thickness, homogeneity and chemical purity,
see eq.(14). The highest yield can be obtained from the
T(p,n)3He reaction that requires the use of a radioactive
target, e.g. a tritium gas target.

Figure 14 The neutron yield relative to the yield in the forward
beam direction shown for different reactions T(d,n)4He (green),
7Li(p,n)7Be (black), T(p,n)3He (red), D(d,n)3He (blue) calculated for a neutron energy width of 𝛥𝐸𝑛 = 10 𝑘𝑒𝑉. Figure taken
from ref. [15].

The neutron yield from T(d,n)4He is rather isotropic at 14.8
MeV neutron kinetic energy, while the 7Li(p,n)7Be
reaction allows one to produce low energy neutrons (24
keV) under large emission angles, but with a reduction in
the yield.
To produce well-characterized neutron fields the
properties of targets containing 7Li, deuterium and tritium
need to be understood. Thin 7Li targets can be produced as
a metallic layer on a typically heavy backing material or as
7
LiF. Targets containing tritium or deuterium are either gas
cells or tritium or deuterium are diffused into a titanium
backing. Unfortunately, all these nuclides have the
tendency to continue to diffuse into the target backings
thus reducing the concentration of target atoms and
increasing the reactive layer of the target and energy loss
of the beam.
7
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Target stability also limits the beam power that can be
deposited in the targets. Air cooling of the target backing
and wobbling the beam or the target have to be applied to
reduce target deterioration. The target layers can be
investigated by a time-of-flight measurements of the
emitted neutrons, which can be compared to a realistic
simulation that takes the energy loss of the primary beam,
the neutron scattering in the experimental setup and a
nominal distribution of target atoms into account. In
Nuclear Reaction Analysis (NRA) the excitation function
of a nuclear reaction which has a sharp resonance is
measured. As long as the beam is slowed down to this
energy inside the target reactive layer, a high yield will be
measured. Starting at the nominal resonance energy the
yield should rise, if there is no surface contamination on
the target and continue to be high until the concentration
of target atoms drops in the backing. In this way a target
depth profile can be obtained.

Figure 16 Measured cross sections of the D-D and D-T fusion
reaction to produce fast neutrons. The experimental data are
taken from the EXFOR data base [16].

The D-T cross section is about a factor of 250 times higher
that the D-D cross section at Ed=100 keV. This is due to a
very strong resonance in 5He at at Ed = 107 keV (64 keV
Ecm), see e.g. [17]. At 95° in the laboratory the neutron
spectrum is nearly monoenergetic, irrespective of the
projectile energy. In this way, even if a thick target is used.
a 14.1 MeV neutron spectrum of high intensity can be
produced (for D-D the neutron energy is 2.45 MeV). Using
an accelerator with a high beam current, e.g. an implanter
with Uacc = 300 kV and Imax = 10 mA, a high intensity
neutron field (1012 n/s) can be produced using Ti(T)
targets.

Figure 15 Target depth profile of metallic lithium targets on a
tantalum backing with and without exposition to air is shown.
The resonant gamma-yield of the reaction 7Li(,)11B has been
measured at E= 814 keV and above in small increments of the
beam energy. Figure taken from ref. [15].

Figure 15 shows measured target depth profiles for a
metallic lithium target under different conditions. The
resonance in 7Li(,)11B at E= 814 keV has a small width
of only cm  1.8 eV, which does not contribute
significantly to the width of the measured target depth
profile. The measurement shows that already the fresh
target is not a homogeneous distribution of pure lithium
metal on the backing, but a significant part of the lithium
has diffused into the backing. After exposition to air, the
lithium has reacted and formed hydroxides and carbonates.
The target depth profile has increased significantly, while
the reaction yield has dropped.

Figure 17 Neutron time-of-flight spectrum of a Ti(T) target
(black). The red histogram is obtained after a measured neutron
spectrum of a similar blank Ti target has been subtracted. A
calculation using the TARGET code is shown in blue. Figure
taken from ref. [15].

At higher deuteron energy several other (d,n) reactions can
form a background in the neutron production with a tritium
target, see Figure 17. Parasitic neutrons from carbon and
oxygen impurities and also from D(d,n) reactions with
implanted deuterons from the beam add to the neutron
production and cannot be easily subtracted, as they change
with the use of the separate targets in the beam. The
parasitic neutron intensity is rather small in this case.
Reactions of the beam particles with contaminants in the
target material can cause much larger problems if the cross
section on the contaminant is much larger due to resonant
conditions, e.g. 19F(p,) can cause a high-energy -ray
background.

1.4
Neutron generators
Neutron generators consist of a compact deuteron
accelerator and a tritium target to produce fast neutrons via
the reactions T(d,n)4He and D(d,n)3He. Due to the positive
Q-values relatively small accelerators can be used that
produce deuteron energies in the range ED=100…300 keV.
Neutron generators are also available commercially.

8
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Neutron transport in the target and a moderator can
contribute to the energy resolution achievable [18].

Time-of-flight method and facilities

As neutrons have no electric charge, they do not cause
ionization in a detector by interaction with the electrons
that can be measured directly like in the case of charged
particles. To determine the neutron kinetic energy an
alternative technique is the time-of-flight measurement. It
requires the use of a pulsed neutron source. The bunch
length must be in the order of nanoseconds to allow a
sufficient time resolution for determining the energy of
fast neutrons in the MeV range. With a known flight path
the velocity of the neutrons can be measured using fast
electronics, like Time-to-Digital (TDC) or Time-toAmplitude (TAC) converters.

In a time-of-flight experiment the neutron energy is
deduced from the measurement of the neutron velocity.
Therefore, it is of utmost importance to understand how
well the correlation of neutron time-of-flight and energy is
kept in the experiment. Neutron scattering on layers of
matter in or close to the beam, e.g. collimator, vacuum
windows, target backings etc. can change the time-offlight to energy correlation and induce uncertainties.

Figure 19 Correlation of neutron time-of-flight and energy
simulated for the photoneutron source nELBE at Dresden. The
highest intensity of uncollided neutrons is at the level of 10-12
(red). The figure shows only the region of highest neutron
intensity.

Figure 19 shows an example for a neutron time-of-flight to
energy correlation. The correlation has been simulated for
the nELBE photoneutron source using the neutron
transport code MCNP. In a simulation the true neutron
energy and the time-of-flight is readily determined and
unscattered neutrons can be identified. The neutrons that
have not undergone additional scattering form a sharp
ridge at the highest intensity. The scattered neutrons are
suppressed by two to three orders of magnitude and over
the full spectrum less than 4 % of all neutrons have been
scattered. The FWHM at 𝐸𝑛 = 1.5 MeV is better than 1%
[19].

Figure 18 Schematic setup of a neutron time-of-flight experiment.

For fast neutrons the energy can be determined from
the relativistic kinematics using the flight path 𝑙 and the
absolute time-of-flight 𝑡.
𝑣=
𝛾=

𝑙
𝑡
1

√1 − (𝑣 )
𝑐

2

𝐸 = 𝑚𝑐 2 (𝛾 − 1)

The pulsed neutron source to be used depends on the
neutron energy range. Typically ns-pulsed accelerators are
used to create the neutron beams for time-of-flight
measurements. In the following subsections I will discuss
spallation neutron sources with CERN n_TOF as example,
slowing down of neutrons to extend the neutron spectrum
to lower energy, photoneutron sources using electron
accelerators and the new Neutrons For Science facility at
GANIL.

(15)

Here, 𝐸 is the kinetic energy of the neutron. The energy
resolution is given by
𝛥𝐸
𝛥𝑣
= (𝛾 + 1)𝛾
𝐸
𝑣

(16)
2.1
Spallation neutron sources
Spallation reactions occurs when highly energetic light
projectiles, protons, deuterons or He-ions etc. with a
kinetic energy in excess of several hundred MeV hit a
typically heavy target nucleus. The spallation reaction
mechanism has been described very transparently by
Richard Serber [20]. The velocity of the projectile is much
higher than the velocity of the nucleons inside the nucleus
so that the collision time between the projectile and a

Δ𝑣
Δ𝑡 2
Δ𝑙 2
= √( ) + ( )
𝑣
𝑡
𝑙
which in practice depends on the time resolution of the
detector, the bunch length of the accelerator, size of the
neutron producing target and detector dimensions.
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nucleon in the target is shorter than the time between
collisions between any two nucleons inside the target.
The fact that target nucleons are bound in the target
nucleus does not play an important role in this sudden
approximation of the reaction. Based on this argument the
spallation reaction can be thought of in two stages.
In the first, fast stage the incident particle collides with
nucleons inside the target nucleus in a way close to the
high-energy scattering of free nucleons. An intra-nuclear
cascade (INC) develops and fast pions, neutrons, protons
are emitted, see Figure 20 and ref. [21]. The fast INC stage
lasts only a few 10-22s. The target nucleus is now a highly
excited nucleus that can even break apart in several target
fragments. After the INC the second, much slower
statistical deexcitation phase begins, that will be discussed
later in section 2.4. The target fragment evaporates light
charged particles and neutrons and -rays. A heavy nucleus
also can undergo fission [22] .

cryogenic moderator consisting of liquid helium or frozen
deuterium. For this application ns beam bunches to allow
time-of-flight measurements of fast neutrons are not
required. Spallation reactions of the target and projectile
fragmentation reactions are also the source of rare ion
beams in facilities like FAIR, Darmstadt or HIE-ISOLDE
at CERN.
Figure 21 shows the neutron yield per proton for different
proton energies on Pb or Pb/Bi targets. The neutron yield
is increasing with the energy of the proton beam as the
protons before being slowed down can cause an increasing
number of collisions with different nuclei in the thick
target. At CERN nTOF the neutron yield is about 300
neutrons per proton from a 20 GeV proton beam impinging
on a Pb target. The final neutron spectrum in a spallation
neutron source depends on the target and moderator
design, the fast neutrons from the INC stage of the reaction
have an energy in the range of 100 MeV, while the
evaporation neutrons have about 1-2 MeV. Neutron
scattering inside the target/moderator assembly will slow
down some of the neutrons to thermal energy. As multiple
elastic scattering is involved in the slowing down process
of neutrons, the time resolution is deteriorated, too.

Figure 20 Spallation reaction mechanism. Figure courtesy of S.
Leray, IRFU.

The evaporation cascade during which also neutrons are
emitted lasts about 10-16 s. As many neutrons are set free
in spallation reactions, it is a strong neutron source for
material science (European Spallation Source ESS,
Spallation Neutron Source SNS, SINQ) and for fast
neutron time-of-flight experiments.

Figure 22 Neutron spectrum from CERN nTOF EAR1. The high
energy peak around 100 MeV is from the fast neutrons created in
the first phase of the spallation reaction in lead. The peak
centered around 1-2 MeV is from evaporation neutrons from the
second, deexcitation phase. The shaded area shows the
epithermal region and thermal peak that is formed by neutrons
slowing down in the cooling water surrounding the spallation
target. Figure taken from ref. [24].

Figure 21 Compilation of measured thick target neutron
production yields per incident proton as a function of proton
energy for Pb and Pb/Bi targets. Figure taken from ref. [23].

Spallation neutron sources are of prime importance in
neutron scattering for materials research, solid state
physics, biophysics, crystallography and related fields.
The spallation source is optimized to produce high-flux
thermal and cold neutron spectra by using a high-beam
power spallation target coupled with a cold source, i.e. a

The neutron spectrum from CERN nTOF is shown in
Figure 22. The neutron spectral rate was measured using
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path between two elastic scatterings is given by 𝜆𝑠 =
(𝑁𝜎𝑠 )−1 with 𝑁 as the density of hydrogen atoms in the
medium and 𝜎𝑠 as the elastic scattering cross section.
A neutron moves from its starting position the average
distance 𝑥̅0 = 𝜆𝑠 until the first collision happens. By the
collision the direction of the neutron is changed and it
continues to move another mean free path. The projection
of the distance moved in the original direction is 𝑥̅1 =
𝜆𝑠 ̅̅̅̅̅̅̅̅
cos 𝜗1 = 𝜆𝑠 𝜇̅ , where 𝜇̅ is the average value of the cosine
of the scattering angle. At the second collision the
direction is changed once more and 𝑥2 = 𝜆𝑠 cos 𝛼 with
cos 𝛼 = cos𝜗1 cos𝜗2 + sin𝜗1 si𝑛𝜗2 cos𝜑2 . The geometry
of the neutron scattering trajectory is shown in Figure 23.
All values of 𝜑2 are equally probable (i.e. the average
value of sin𝜗1 si𝑛𝜗2 cos𝜑2 = 0). The average value 𝑥̅2 is
𝑥̅2 = 𝜆𝑠 ̅̅̅̅̅̅̅
cos 𝛼 = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
cos 𝜗1 cos 𝜗2 = 𝜆𝑠 𝜇̅ 2 …
In similar fashion the sum of the average values of the
projection of the path length in the original direction of the
neutron trajectory can be calculated to be
𝜆
𝑥̅0 + 𝑥̅1 + 𝑥̅2 + ⋯ = 𝜆𝑠 + 𝜆𝑠 𝜇̅ + 𝜆𝑠 𝜇̅ 2 + ⋯ = 𝑠 = 𝜆𝑡𝑟

several different detectors based on the 6Li(,n,t), 10B(n,)
and on the 235U(n,f) reactions. The flux determination is
described in ref. [24]. The spallation neutron peak is
centered around 100 MeV and the evaporation neutron
peak around 1-2 MeV. In a water moderator the neutrons
are slowed down to the epithermal and thermal region. In
this way, the spectrum is extended to lower neutron energy
starting from around 100 keV down to the meV range. The
spectral shape resembles the shape of the neutron spectrum
from cosmic ray spallation discussed in the introduction,
see Figure 1. If the moderator is filled with borated water,
the reaction 10B(n,) absorbs effectively neutrons in the
thermal range.
A strong absorber for thermal neutrons must have a high
cross section for neutron capture at sub-eV energy. One
example is the isotope 113Cd which has a resonance at
0.178 eV, Γ𝛾 = 113 meV. It has a thermal capture cross
section (𝐸𝑛 = 0.0253 eV) of 𝜎𝑛,𝛾 ≅ 20600 barn. Thus
it is obvious that the slowing down of neutrons is also of
fundamental importance in the design of neutron shielding.

1−𝜇
̅

2.2
Slowing down of neutrons
The transport of neutrons in matter is based on the solution
of the Boltzmann transport equation. It describes the
spatial and temporal balance of the differential neutron
density 𝑁(𝑟, Ω, 𝐸𝑛 ) in each element 𝑑𝑉𝑑Ω𝑑𝐸𝑛 due to the
neutron flux gradient, neutron sources, neutron absorption
or scattering. The analytical solution of the Boltzmann
transport equation is possible only under simplifying
conditions. For example, if there is no energy and time
dependence of the differential neutron density, the
Boltzmann equation reduces to a diffusion equation for
thermal neutrons that can be solved analytically.
The neutron transport problem can be solved by
deterministic methods (as the diffusion equation just
mentioned) or by stochastic methods, where neutrons are
tracked in their random walk through the experimental
setup in a Monte-Carlo simulation.
Several computer codes are available to describe neutron
transport, e.g. the program MCNP from Los Alamos
National Laboratory. For the understanding of neutron
time-of-flight experiments neutron transport simulations
are important tools. However, it is not recommended to use
them like a black box without some knowledge what
physical processes and methods are applied. Due to the
complexity of the problems involved it can happen that
some results of the simulation are not interpreted correctly
or have been determined without sufficient statistical
significance. Simple estimates based on averaged
parameters of neutron transport can be useful to
understand what is going on in the simulation. As an
example the slowing down of neutrons in hydrogenous
material is described. The results obtained with averaged
quantities, like the mean free path, etc., are compared with
the results of a simple Monte-Carlo simulation of the
random walk. Some of the discussion is based on the book
“Nuclear reactor theory” by J.R. Lamarsh. [25].
The slowing down of fast neutrons in a medium that
contains hydrogen involves mainly elastic scattering of
neutrons on the hydrogen atoms. Neutron capture and
inelastic scattering is not taken into account. The mean free

Figure 23 Trajectory of a neutron that is scattered two time to
deduce the neutron transport cross section. Figure taken from
ref. [25].

This means that the average of the mean free path
projection in the original direction of motion of the neutron
approaches zero. The neutron forgets its original direction
of motion. The characteristic length for this process to
𝜆
happen is called transport mean free path 𝜆𝑡𝑟 = 𝑠 and it
1−𝜇
̅

depends on the average value of the cosine of the scattering
angle of the neutron in the elastic collision.
1
2𝜋 𝜋
𝜇̅ = ∫ 𝜎𝑠 (𝜗) cos 𝜗 𝑑Ω =
∫ 𝜎 (𝜗) cos 𝜗 sin 𝜗 𝑑𝜗
𝜎𝑠 4𝜋
𝜎𝑠 0 𝑠
It depends on the differential elastic scattering cross
section 𝜎𝑠 (𝜗). For hydrogen the elastic scattering of
neutrons is isotropic up to about 10 MeV, meaning
𝜎
𝜎𝑠 (𝛩𝑐𝑚 ) = 𝑠 . For heavy nuclei this is not true and the
4𝜋
scattering becomes forward peaked already at about 1
MeV or lower. The transformation from center of
momentum to laboratory is done using 𝜎𝑠 (𝛩)𝑑𝛺(𝛩) =
𝜎𝑠 (𝜗)𝑑𝛺(𝜗)
2𝜋 𝜋
∫ 𝜎 (𝛩) cos 𝜗 sin 𝛩 𝑑𝛩
𝜎𝑠 0 𝑠
(17)
1 𝜋
= ∫ cos 𝜗 sin 𝛩 𝑑𝛩
2 0
assuming the constant differential cross section in the case
of hydrogen. The relation of the scattering angle in the
𝜇̅ =
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laboratory 𝜗 and in the center of momentum frame 𝜃 is
given by the kinematics. (The notation of the masses is
simplified: A is the mass number and neutron mass is 1)
1 + 𝐴 cos Θ
cos 𝜗 =
√𝐴2 + 2𝐴 cos Θ + 1

𝐸𝑛

The average energy < 𝐸𝑛′ > is in the center of the
interval[𝐸𝑛 , 𝛼𝐸𝑛 ]. For further reading, see refs. [25, 26].

Table 3 Average neutron scattering angle in the laboratory
under conditions for isotropic scattering.

H
48°

D
70°

C
87°

2

elastic scattering decreases with increasing mass of the
scattered nucleus, values of 𝛼 are given in Table 4.
The average energy of elastically scattered neutrons is
𝐸
< 𝐸𝑛′ > = ∫𝐸 𝑚𝑎𝑥 𝑊(𝐸𝑛 → 𝐸𝑛′ )(𝐸𝑛′ )𝑑𝐸𝑛′
𝑚𝑖𝑛
𝐸𝑛 (1 + 𝛼)
(19)
< 𝐸𝑛′ > =
2

The average value of the cosine of the scattering angle
under conditions of isotropic scattering is given by solving
the integral in eq. (17) to be 𝜇̅ = 2/3𝐴. Table 3 shows the
average scattering angles for different materials in the
neutron energy range where the scattering is isotropic.
With the probability distribution of scattered energies the
average energy loss in elastic scattering and the average
energy of elastically scattered neutrons can be calculated.

acos(𝜇̅ )

𝐸𝑛

1
1−𝛼
(𝐸𝑛 − 𝐸𝑛′ )𝑑𝐸𝑛′ =
𝐸𝑛
(1
𝐸
−
𝛼)
2
𝛼𝐸𝑛 𝑛
This means that the relative energy loss is constant:
<Δ𝐸>
1−𝛼
=
The maximum relative energy loss in a single
< Δ𝐸 > = ∫

Table 4 Approximation of the average number of collisions to
slow down a neutron from 2 MeV to 25 meV by isotropic
scattering from the nuclide given in the table.

Fe
90°

The simplified scattering kernel i.e. the probability
distribution of scattered energies under the assumption of
𝜎
isotropic scattering 𝜎𝑠 (Θ) = 𝑠
in the center of
4𝜋
momentum frame is given by
2𝜋𝜎𝑠 (Θ) sin Θ𝑑Θ
1
𝑊(𝐸𝑛 → 𝐸𝑛′ )𝑑𝐸𝑛′ = −
→ − sin Θ𝑑Θ
𝜎𝑠
2
𝑑Θ
𝑊(𝐸𝑛 → 𝐸𝑛′ )𝑑𝐸𝑛′ = −𝑊(Θ)𝑑Θ = −𝑊(Θ) ′ 𝑑𝐸𝑛′
𝑑𝐸𝑛
The energy of the scattered neutron is given by the
kinematics
(𝐴 − 1)2
𝑑𝐸𝑛′ 1
= 𝐸𝑛 (1 − 𝛼)(− sin Θ) ; 𝛼 ≝
(𝐴 + 1)2
𝑑Θ
2
The scattering kernel for isotropic scattering is
1
𝑊(𝐸𝑛 → 𝐸𝑛′ ) =
𝑑𝐸 ′
(18)
𝐸𝑛 (1 − 𝛼) 𝑛

𝜶

𝝃

A

H

1

0

1

18.2

D

2

0.111

0.725

25

Be

9

0.64

0.209

86

C

12

0.716

0.158

114

Fe

56

0.931

0.0353

516

U

238

0.983

0.00838

2172

With the scattering kernel one can estimate how many
elastic collisions are required to slow down a neutron to a
a certain final energy. The estimate can be done using the
average logarithmic energy loss
𝐸𝑛
𝐸𝑛
𝜉 = ∫ 𝑊(𝐸𝑛 → 𝐸𝑛′ ) ln ′ 𝑑𝐸𝑛′
𝐸𝑛
𝛼𝐸𝑛
For isotropic scattering the simplified scattering kernel can
be used to give
𝛼
𝜉(𝛼) = 1 +
ln 𝛼
1−𝛼
The average logarithmic energy loss for hydrogen 𝛼 =
0, 𝐴 = 1 is lim 𝜉(𝛼) = 1.
𝛼→0

The lethargy is defined by 𝑢 ≝ ln

With the help of the scattering kernel in eq.(18) the average
energy loss of neutrons in elastic scattering and the average
energy of elastically scattered neutrons can be determined
< Δ𝐸 > = ∫

𝐸𝑚𝑖𝑛

𝑊(𝐸𝑛 →

𝐸𝑛′ )(𝐸𝑛

−

𝐸𝑛
′
𝐸𝑛

Assuming initial lethargy zero means that for a neutron
with kinetic energy 𝐸0 in the beginning, after n collisions
the lethargy has increased to 𝑢𝑛 = ∑𝑛𝑖=1 Δ𝑢𝑖 . For the
average lethargy, the expression is similar: ̅̅̅
𝑢𝑛 =
∑𝑛𝑖=1 ̅̅̅̅̅
Δ𝑢𝑖 . The average increase in lethargy is equal to the
average logarithmic energy loss: ̅̅̅̅̅
Δ𝑢𝑖 = 𝜉 and consequently
̅̅̅̅
𝑢
𝑛 = 𝑛. To increase the average lethargy to the value ̅̅̅̅
𝑢𝑛

Figure 24 Scattering kernel for neutrons. For isotropic scattering
𝑃(𝐸 → 𝐸 ′ ) is given by 𝑊(𝐸𝑛 → 𝐸𝑛′ ) 𝑖𝑛 eq.(18). Figure taken
from ref. [25].

𝐸𝑚𝑎𝑥

𝒏

Nuclide

𝜉

1

𝐸0

𝜉

𝐸

whose corresponding energy is 𝐸 𝑛 = ln

𝐸𝑛′ )𝑑𝐸𝑛′

are required.
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Table 4 shows how many collisions assuming isotropic
scattering are required on average to increase the average
lethargy to the value ̅̅̅
𝑢𝑛 whose corresponding energy is 𝐸.
At thermal energy the underlying assumption that the
nuclei are at rest is not valid anymore, then the slowing
down of neutrons comes to an end, as the momentum
transfer from the thermal motion of the nuclei will stabilize
the neutron energy in a range corresponding to the thermal
motion of the nuclei. The mean number of collisions 𝑛∗ (𝐸)
required for a neutron initially at 𝐸0 to slow down below
the energy 𝐸 is given by
1 𝐸0
(20)
𝑛∗ (𝐸) = 𝑛 + 1 = 𝑙𝑛 + 1
𝜉 𝐸
The derivation of this equation is more complicated and
given in refs. [27, 28, 29].
Just repeating 𝑛 times a collision with the average energy
1
loss as given by eq. (19) will give 𝐸̅𝑛 = 𝐸0 𝑟 𝑛 with 𝑟 =
2
in the case of neutron collisions on hydrogen. Setting 𝐸̅𝑛 =
25 meV and 𝐸0 = 2 MeV we get 𝑛 = 26.3. This is
however a different number as it is based on the average
energy 𝐸̅𝑛 of neutrons that have suffered exactly 𝑛 elastic
collisions. The distribution function of the neutron energy
𝐸𝑛 after 𝑛 collisions in hydrogen (𝑚𝑛 ≅ 𝑚𝑝 ) assuming
isotropic scattering and that the hydrogen atoms are at rest
is
1 𝑛−1
(𝑙𝑛 )
𝑑𝑥
(21)
𝑥
𝐹𝑛 (𝑥)𝑑𝑥 =
(𝑛 − 1)!
with 𝑥 = 𝐸𝑛 /𝐸0 and 𝐸0 is the initial energy of the neutrons
[30]. The general case for atoms other than hydrogen is
discussed in refs. [27, 29].
In a heavy material the neutrons will undergo very many
elastic collisions without large energy loss and
correspondingly lose their original direction of motion. In
addition inelastic scattering can occur and reduce the
neutron energy quickly, if the neutron energy is above the
inelastic scattering threshold 𝐸𝑛 > 𝐸𝑡ℎ . At low neutron
energies neutron capture will ultimately stop the neutron
random walk.
A simple Monte-Carlo simulation of neutrons that are
slowed down by elastic scattering on hydrogen atoms (e.g.
in water or polyethylene) can be used to illustrate the
neutron random walk. The program has the following
structure:
1. Neutron source should start all neutrons in the same
direction as a beam or isotropically.
2. Isotropic scattering angles 𝜑, 𝜗 sampled for each
collision
3. Calculation of neutron energy and angle in the
laboratory from kinematics relations
4. Mean free path random samples up to 5𝜆𝑠 from an
exponential-distribution with average value 𝜆𝑠
Energy dependent n-p scattering cross section formula
5. Calculate the collision coordinates x,y,z in the
laboratory frame from the sampled scattering angles and
path lengths between two collisions using the rotation
matrix.
6. Statistical analysis of the MC results

Figure 25 Slowing down of neutrons in hydrogenous material.
The neutrons are emitted at the origin with 2 MeV in the vertical
direction. Six different trajectories show the random walk. Black
arrows illustrate the path between two collisions.

As an example 5000 neutron trajectories have been
calculated for 2 MeV neutrons emitted in vertical direction
in a hydrogenous material. Only elastic collisions on
hydrogen were simulated. The tracking was stopped when
the neutron’s energy went below 25 meV. Figure 25 shows
the random walk of neutrons for the first 6 trajectories.

Figure 26 Distribution of the end points where the neutrons
starting in vertical direction with kinetic energy of 2 MeV have
reached 25 meV.

The end points where thermalisation was reached are
shown in Figure 26. The distribution is very similar, if a
neutron beam is started in one direction, or if an isotropic
source is put in the center of the medium. The neutrons
lose their initial direction completely. The number of
elastic collisions required to slow the neutrons down to
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𝑛

below 25 meV is shown in Figure 27. The average number
of collisions required to slow down past 𝐸 = 25 meV
from the simulation is 𝑛∗ (𝐸) = 19.5. The value calculated
with eq.(20) is 19.2. The standard deviation of the
simulated distribution is 4.2. The expected standard
deviation by the central-limit theorem is √𝑛∗ (𝐸) = 4.4.
From all trajectories a statistical analysis of the rms
slowing down distance √𝑅2 , the average slowing down
time, the average number of collisions to reach 25 meV
and the distribution of the path lengths between collisions
have been calculated.

𝑛

𝑛

𝑛−1

𝑅⃗ 2 = ∑ 𝑟𝑗 ∑ 𝑟𝑘 = ∑ 𝑟𝑗2 + 2 ∑
𝑗=1

𝑘=1

𝑗=1

𝑛

∑ 𝑟𝑗 𝑟𝑘 cosΘ𝑗𝑘

𝑗=1 𝑘=𝑗+1

𝜃𝑗𝑘 is the angle between the vectors 𝑟𝑗 , 𝑟𝑘 in the laboratory
frame. Averaging over the spatial variables and using that
the average of a product of two independently distributed
variables is equal to the product of the average values of
the independent variables we get:
𝑛

〈𝑅2 〉

=

𝑛−1

∑〈𝑟𝑗2 〉

+2∑

𝑗=1

𝑛

∑ 〈𝑟𝑗 〉〈𝑟𝑘 〉〈cos 𝛩𝑗𝑘 〉

𝑗=1 𝑘=𝑗+1

As the radial distribution function for the neutrons
𝑟
undergoing elastic scattering is exp( − ) its first moment
𝜆
is 〈𝑟𝑗 〉 = 𝜆𝑗 and 〈𝑟𝑗2 〉 = 2𝜆𝑗2 . E. Fermi has shown that
2

〈cos 𝛩𝑗𝑘 〉 = 〈cos 𝜃〉𝑘−𝑗 with 〈cos 𝜃〉 = , see refs. [31,
3𝐴
26]. The result is the rms slowing down distance calculated
using the average scattering angle:
𝑛

〈𝑅2 〉

=

𝑛−1

2 [∑ 𝜆𝑗2
𝑗=1

𝑛

+ ∑ 𝜆𝑗 ∑ 𝜆𝑘 〈cos 𝜃〉𝑘−𝑗 ]
𝑗=1

(22)

𝑘=𝑗+1

In Fermi’s approximation 𝜆 is constant and can be written
in front of the summation symbols.
𝑛

Figure 27 Distribution of the number of elastic scatterings on
hydrogen required to slow down a neutron from 2 MeV to below
25 meV. The average value is 19.5.

〈𝑅2 〉

2

𝑛−1

= 2𝜆 [∑ + ∑
𝑗=1

𝑛

∑ 〈cos 𝜃〉𝑘−𝑗 ]

𝑗=1 𝑘=𝑗+1

The double sum is a double geometric sum, and setting
𝜇 = 〈cos 𝜃〉
2𝑛𝜆2
𝜇 (1 − 𝜇 𝑛 )
〈𝑅2 〉 =
[1 −
]
1−𝜇
𝑛 1−𝜇
If 𝑛 is large and 𝜇 small the bracket term is close to unity
and this is also the result from Fermi’s calculation.

Figure 28 Distribution of the rms slowing down distance for
neutrons slowed down in hydrogen in polyethylene from 2 MeV
to below 25 meV. The average value is 11.2 cm.

The distribution of the rms-slowing down distance √𝑅⃗2 is
shown in Figure 28. The average value is 11.2 cm. The
distribution of the slowing down times (not shown here) is
around an average of 5 µs. The results of the simple
Monte-Carlo simulation can be compared with analytical
expressions for the slowing down time and rms-slowing
down distance. Enrico Fermi derived an expression for the
slowing down distance using constant quantities for the
average scattering angle and mean free path, details of the
derivations can be found in refs. [31, 32]. The slowing
down distance is given by

Figure 29 RMS slowing down distance calculated using eq.(22)
with approximations discussed in the text. The number density of
hydrogen atoms is 8 ∙ 1022 𝑐𝑚−3 . The upper curve (blue) is
calculated for slowing down to 𝐸 = 25 𝑚𝑒𝑉 the lower curve
(red) for 𝐸 = 25 𝑘𝑒𝑉.

𝑛

Equation (22) can be used to estimate the slowing down
distance and also the slowing down time for fast neutrons
without a Monte-Carlo simulation of the random walk
assuming simply collisions that always reduce the neutron
energy by a factor 2. As the mean free path 𝜆𝑠 = (𝑁𝜎𝑠 )−1

𝑅⃗ = ∑ 𝑟𝑗
𝑗=1
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for neutrons in hydrogeneous material is not constant for
neutron energies above about 10 keV, a convenient
formula by J.L. Gammel for the neutron total cross section,
see eq.(30) of part II of ref. [9] can be used to calculate the
mean free path as a function of energy. The slowing down
time is given by
𝑛

As an example a measurement of the photo dissociation of
the deuteron D(,n)H is shown. The experiment was
conducted with a pulsed bremsstrahlung beam of 6 MeV
end point energy hitting a 2 cm diameter deuterated
polyethylene target. By a time-of-flight measurement with
a flight path of 1 m the neutrons from the deuteron breakup
were detected in a plastic scintillator [33].
Figure 31 shows the simulated neutron fluence in a top
view of the experimental cave. Simulated neutron
trajectories illustrate where the photoneutrons from
deuteron breakup interact and how they are registered in
the time-of-flight measurement. Figure 32 shows a typical
trajectory of a neutron created by photo dissociation of the
deuteron. The neutron is first scattered inside the target,
then it scatters on a lead collimator of an HPGe detector,
and flies off towards the plastic scintillator bar at position
y=100 cm. It does not scatter in the detector (and is
therefore not counted) but hits the concrete ceiling above
the experimental setup. Inside the ceiling concrete it slows
down by scattering on hydrogen and many other nuclei and
finally is captured on a nucleus producing several capture
-rays. Even if the neutron had been registered in the
detector the time-of-flight information would not have
given the correct energy in this case as two secondary
scatterings inside the target and a nearby lead collimator
have altered the time-of-flight to energy correlation of this
neutron. In this experiment neutrons from several keV
energy onwards were produced and at these energies the
mean free path is in the same order of magnitude as the
CD2 target. At MeV energy this is not the case anymore.
However, a thinner target can only be used at the cost of a
reduced reaction rate and counting statistics.

𝑛

𝑡̅ = ∑ 𝛥𝑡𝑗 = ∑ 𝜆𝑗 /𝑣𝑗
𝑗=1

background of scattered neutrons from the walls, floor and
ceiling is difficult to avoid and usually not negligible.

(23)

𝑗=1

The results for the slowing down time and rms slowing
down distance in a hydrogenous material like polyethylene
are shown in Figure 29 and Figure 30. The rms slowing
down distance for fast neutrons gets increasingly larger
with increasing neutron energy as the mean free path
before first collision makes the biggest contribution to √𝑅2
. The end energy has a much weaker influence. The
slowing down time for a 14.1 MeV neutron is around 5 𝜇s.
From eq.(22) and eq.(23) it is obvious that both √𝑅2 and 𝑡̅
are proportional to the mean free path 𝜆 and consequently
proportional to the inverse of the hydrogen atom density
in the material 𝑁 −1 . An effective material for slowing
down neutrons must contain a high fraction of hydrogen.

Figure 30 Average slowing down time for 14.1 𝑀𝑒𝑉 neutrons
using eq.(23) and approximations described in the text.

The shielding of neutrons in the fast energy range is by far
not a trivial problem. The rms slowing down distance for
MeV neutrons is in the order of 10 centimeters. The
required shielding thickness will be much larger than this
value, depending on the attenuation factor aimed for. A
complete shielding that would protect from all directions
will be very bulky and expensive to make. Reviews about
shielding and neutron collimation can be found in section
IV of part I. of ref. [9]
Nowadays, the complete experimental setup needs to be
simulated with reliable particle transport simulations in a
rather realistic geometry. Monte-Carlo simulations for
shielding and collimators are not straightforward as very
high statistical accuracy is needed to describe strong
intensity reductions of several orders of magnitude. Simple
attenuation estimates can help to test if any biasing
methods in the MC simulation are adequate. In general,
all material very close to the neutron source or detector
causes the most scattering and experimental background
due to the large geometrical solid angle. Room return

Figure 31 FLUKA simulated neutron fluence from the deuteron
breakup. The neutron emission is simulated with the realistic
breakup cross section and kinematics inside a 2cm thick CD2
target. The bremsstrahlung beam enters from the left at x=0 cm
in positive z-direction. The target is located at the origin. Figure
taken from ref. [33].
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As already mentioned before, the simulated time-of-flight
to energy correlation shows how much the experimental
data suffer from neutron scattering and background that
impedes the correct energy determination in the
measurement. In Figure 33 the simulated time-of-flight to
energy correlation is shown. The simulation allows one to
identify events according to the location of a scattering
event before it hit the detector. Neutron events that directly
hit the detector have a correct time-of-flight to energy
correlation and are marked by a red dot. All others have
scattered before hitting the detector and thus their time-offlight to energy correlation is not correct.

a simulation a correction factor for the effect of scattered
neutrons can be applied to the experimental time-of-flight
data.
2.3
CERN nTOF spallation neutron source
Figure 34 shows the layout of the CERN nTOF
experiment. A new spallation target from lead using a
water moderator has been built in 2009. The 20 GeV/c
proton beam from the PS synchrotron produces about 300
neutrons per proton. The proton beam delivered to nTOF
typically has about 7 ∙ 1012 protons per bunch (7 ns rms
width) and a repetition rate of (1.2)−1 s or multiples of it.
The neutron flight path to the experimental area EAR-1 is
about 185 m [24]. The neutron spectrum extends from the
thermal range up to more than 100 MeV, see Figure 22.
The time-of-flight resolution function has been
investigated in ref. [24]. The typical energy resolution is
Δ𝐸
Δ𝐸
≈ (3 − 5) ∙ 10−4 from thermal up to 1 keV and
≈
𝐸
𝐸
(1 − 5) ∙ 10−3 from 10 keV to 1 MeV neutron energy.
Depending on the size of the collimator the instantaneous
neutron flux is very high, 0.6 ∙ 106 − 12 ∙ 106
neutrons/bunch In summer 2014 a second experimental
area has become operational. The neutron beam is guided
to an experimental area above the lead spallation target
using a shorter flight path of only 20 m.

Figure 32 One typical neutron trajectory from a deuteron
breakup experiment. The trajectory is projected in the vertical xy plane. The full trajectory is shown in the right panel. The target,
where the neutron is started is at the origin, the plastic
scintillator bar at y =100 cm. Lower panel: Neutron trajectory
zoomed in around the CD2 target (grey area) region in the x-y
plane. Left panel: Zoomed in on the neutron trajectory when it is
inside the concrete wall until it is captured. The neutron path is
marked in green, orange are scatterings on hydrogen that are
tracked, too. Blue lines mark capture -rays that interact with
electron (red line). Figure from ref. [33].
Figure 34 Layout of the CERN nTOF experiment. The proton
beam is extracted from the Proton Synchrotron PS with 20 GeV/c
and hits the lead target. At the end of the time-of-flight path (red
line) neutrons are detected about 185 m from the primary target.
Figure taken from ref. [24].

The shorter flight path leads to a strong increase of about
a factor 25 in neutron intensity per proton bunch. A
comparison of the simulated neutron fluence in EAR1 and
EAR2 is shown in Figure 35.
The time-of-flight to energy correlation has also been
simulated and is shown in Figure 36. Due to the shorter
flight path the energy resolution is degraded by about an
Δ𝐸
order of magnitude to
≈ (4 − 9) ∙ 10−3 for the energy

Figure 33 Time-of-flight to energy correlation simulated for a
deuteron breakup experiment. Figure taken from ref. [33]

𝐸
Δ𝐸

range 1 eV - 1 keV and
≈ 4 ∙ 10−2 for 1 MeV neutron
𝐸
energy. Due the very high instantaneous neutron flux at
EAR2 measurements using short-lived or highly
radioactive targets become feasible. As the background
from radioactive decay is proportional to the relative timeof-

The inset of Figure 33 shows the energy region where the
plastic scintillators used in the experiment have sufficient
efficiency to detect the neutrons. It is obvious that the
rather massive lead shields of the HPGe detectors cause a
strong background in this measurement. With the help of
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field of the nucleus screening and Coulomb corrections
have to be made to the commonly used Bornapproximation of QED, see ref. [36].

Figure 35 Simulated neutron fluences in the two experimental
areas of CERN nTOF. The neutron spectrum at EAR2 (vertical
beam line. 20 m flight path) ends at a lower energy than at EAR1
and has a factor 25 higher intensity. Figure taken from ref. [34].
Figure 37 An electron beam impinging on a heavy target is
slowed down by bremsstrahlung. The bremsstrahlung is
absorbed in the target material and the target nucleus emits a
photoneutron.

Figure 36 Time-of-flight to energy correlation simulated for
CERN nTOF EAR2. Figure taken from ref. [34]

flight range of the neutrons the new setup will allow a
reduction in background from radioactive decay by the
ratio of the flight path lengths, which is about an order of
magnitude. The prompt gamma-flash from spallation is
reduced at the new experimental area as the neutron beam
direction is perpendicular to the proton beam direction.
Due to the water moderator in the neutron producing target
a background from delayed -rays is present from neutron
capture on the target construction materials (Pb, Fe, Al,
H2O).
The physics program of the new experimental area EAR-2
includes capture reactions on fissile isotopes, capture on
small mass s-process branching points, fission
spectroscopy and prompt -rays, for details see ref. [35]

Figure 38 Thin target bremsstrahlung spectrum calculated for 30
MeV electrons impinging on lead according to ref. [37].

The bremsstrahlung photons can be absorbed by the
atomic nuclei in the surrounding material. The absorption
proceeds mainly by excitation of the Giant Dipole
Resonance (GDR), see [38, 39, 40, 41] and references
therein.

2.4
Photoneutron sources GELINA, nELBE
Fast neutrons can also be produced using photonuclear
reactions commonly with bremsstrahlung that has been
created using an electron accelerator. The bremsstrahlung
is absorbed on a heavy nucleus and the nucleus deexcites
mostly by neutron emission, see Figure 37.
If the beam is pulsed in the ns – range time-of-flight
measurements with fast neutrons are possible. A
moderator next to the neutron producing heavy metal
target extends the usable neutron spectrum down to the
thermal energy range.
A typical thin-target
bremsstrahlung spectrum is given in Figure 38. The
spectrum extends continuously up to the end-point which
corresponds to the energy of the electron beam. For the
description especially of the high-energy part of the
bremsstrahlung spectrum of an electron in the Coulomb-

Figure 39 Measured photoneutron cross section for 208Pb [42].
The centroid energy of the GDR in Pb is around 13 MeV, which
is several MeV above the neutron separation energy.

The number of photoneutrons 𝑁𝑛 (𝐸0 ) from a
bremsstrahlung irradiation with an electron beam of
kinetic energy 𝐸0 depends on the integral of the
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1
𝑑𝑆(𝐸)
=
Θ(𝐸)
𝑑𝐸
The temperature Θ is given in energy units, so that the
Boltzmann constant does not appear in the equation above.
Equation (24) shows that the neutron spectrum is
approximately a Maxwellian as 𝜎𝐶 (𝐸) is not changing
rapidly. The average energy 〈𝜖〉 of particles emitted with a
Maxwellian spectrum is 2 ∙ Θ. For a Fermi-Gas the
temperature can be calculated to be Θ = √𝐸/𝑎 where 𝑎
is the level density parameter. A Maxwellian neutron
evaporation spectrum is peaked at 𝜖 ≈ Θ which
corresponds to a range of 1-2 MeV neutron energy. The
derivation of eq. (24) uses the same formalism as for
evaporation of molecules from a liquid in equilibrium with
a vapor phase. That is why the emission of neutrons can be
called evaporation. The Boltzmann constant can be
expressed in units of MeV/K: 𝑘𝐵 = 0.861 ∙ 10−10 MeV/
K. This illustrates that in order for thermonuclear reactions
on an energy scale of several tens of keV to happen, e.g.
in a stellar scenario, a temperature of 109 K or more is
required.

bremsstrahlung fluence and the photoneutron cross
section:
𝑁𝑛 (𝐸𝑜 ) = 𝑁𝑡𝑎𝑟 ∫

𝐸0

𝐸𝑡ℎ𝑟

𝜎𝛾,𝑥 (𝐸)Φ𝛾 (𝐸, 𝐸0 )𝑑𝐸

where 𝑁𝑡𝑎𝑟 is the number of target atoms and the
integration starts at the neutron separation energy of the
target.
As the Giant Dipole Resonance is located mostly above
the particle separation threshold it can decay by particle
emission. The emission of photoneutrons is favored by the
absence of a coulomb barrier, but in neutron deficient
nuclei also charged particle emission is important [43, 44].
The nucleus decays mostly by forming a compound
nucleus and consequently the spectrum of photoneutrons
resembles an evaporation spectrum and can be described
by the statistical model of nuclear reactions [45, 46] .
The decay scheme is illustrated in Figure 40. The excited
compound nucleus A,Z at excitation energy E can emit
neutrons in the continuum with a kinetic energy . The
residual nucleus after neutron emission (A-1,Z) can be in
any of the energetically available states with excitation
energy U, including the ground state with U=0 MeV.

Figure 40 Decay scheme of an excited compound nucleus by
emission of a neutron. The small recoil energy of the residual
nucleus is neglected here.
Figure 41 Floor plan of the new nELBE neutron source and low
background experimental hall. The insets show the details of
neutron producing target, collimator and of a plastic scintillator
used for transmission measurements.

If the excitation energy E is close to the threshold for
neutron emission, the neutrons are emitted with discrete
energy as the residual nucleus has to populate one of the
few available excited states. At higher excitation energy
very many levels of the residual nucleus are available and
the density of levels increases exponentially. In this case
the spectrum of the emitted neutrons becomes continuous
and is depending on the level density of these states
relative to the level density of the compound nucleus, see
Chap. VIII.6. of ref. [45] for the complete derivation and
[46, 47, 48] for more information.
The relative intensity distribution of the outgoing neutrons
from the compound nucleus decay is in this approximation
𝐼𝑛 (𝜖)𝑑𝜖
𝜖
(24)
= 𝑐𝑜𝑛𝑠𝑡 𝜖 𝜎𝐶 (𝐸) exp [−
] 𝑑𝜖
𝛩(𝐸 − 𝑆𝑛 )

The typical neutron source strength of two photoneutron
facilities is shown in Table 5. The neutron source strength
is mainly proportional to the electron beam power. The
neutron producing target thickness is important, if the
electron beam is not completely stopped in the target.
An elaborate comparison of neutron time-of-flight
facilities including photoneutron sources can be found in
ref. [18].
Table 5 Photoneutron source properties
Target

where 𝜎𝐶 (𝐸) is the compound nucleus formation cross
section in the inverse channel, i.e. n + (A-1,Z) and Θ(𝐸 −
𝑆𝑛 )is the statistical temperature of the residual nucleus
after neutron evaporation defined by the statistical entropy
𝑆(𝐸):

nELBE
GELINA

18

Pb,
liquid
U, Hg
cooled

𝐸𝑒−
𝐼𝑒−
(MeV) (𝜇𝐴)

𝑓(Hz)

3 ∙ 1011

30

15

2 ∙ 105

3 ∙ 1013

100

96

800

Source
Strength
(𝑠 −1 )
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In the following, the nELBE time-of-flight facility at
HZDR, Dresden and the GELINA pulsed neutron source
at IRMM, Geel will be introduced.
Figure 41 shows the floorplan of the nELBE photoneutron
source. A new time-of-flight experimental hall has been
built so that all walls including ceiling and floor are at least
3 m away from the evacuated neutron beam line. The flight
path ranges from about 5 – 10 m. The facility is dedicated
to measurements in the fast neutron range.
The superconducting electron accelerator ELBE produces
high brilliance beams with variable micropulse repetition
rates and duty cycles. The electrons are accelerated up to
30 MeV in continuous-wave mode by superconducting
radio frequency cavities. The maximum average beam
current at a micropulse rate of 13 MHz is 1 mA. For typical
time-of-flight measurements the repetition rate is reduced
to 100-400 kHz. The excellent time structure of the
electron beam with a micro-bunch length of about 5 ps
together with compact size of the neutron producing target
allows us to use short flight paths with a high resolution
detection system. A compact liquid lead circuit is used as
neutron producing target. Through this technology the
neutron beam intensity is not limited by the heat
dissipation inside the target. The technical design
including thermomechanical parameters of the liquid lead
circuit and the beam dump is discussed in [49, 19].
The electron beam passes through a beryllium window
mounted on a stainless-steel vacuum chamber and hits the
radiator, consisting of a molybdenum channel confining
the liquid lead. The channel has a rhombic cross section
with 11 mm side length. About half of the beam is stopped
in the liquid lead. The electrons generate bremsstrahlung
photons which release neutrons in secondary (,n)
reactions on lead. These leave the radiator almost
isotropically, while the angular distributions of electrons
and photons are strongly forward-peaked. The neutron
source strength at the nominal beam current of 1 mA has
been calculated to be 1013 neutrons/s [19].

three replaceable elements of lead and borated
polyethylene that are mounted inside a precision steel tube.
The neutron time-of-flight spectrum measured with the
H19 fission chamber from Physikalisch-Technische
Bundesanstalt PTB, Braunschweig, is shown in Figure 42.
The time of flight range is typically from 100 ns to about
2.5 µs for an energy range of 30 keV to 19 MeV and a
spectral rate of 3*104 n/(cm2 s MeV ). The absolute timeof-flight is calibrated with the measured flight path of
598.1 cm and the photofission peak. The random
background in the time-of-flight spectrum is due to room
return neutrons and amounts to about 1.6% of all registered
neutron-induced fission events. This is an overestimate of
the real number of neutrons, as the 235U fission chamber
efficiency strongly increases for slower neutrons and the
energy spectrum of the room return neutrons is not known.
The neutron spectral rate based on the time-of-flight
spectrum is shown in Figure 43. The time resolution of the
fission chamber was estimated from the width of the
photofission peak due to bremsstrahlung to be 2.4 ns
(FWHM).
The Maxwellian neutron spectrum is
superimposed with some discrete neutron lines. Emission
peaks at 40, 89, 179, 254, 314, 610 keV are due to near
threshold photoneutron emission from 208Pb [51].

Figure 43 Neutron spectral rate at nELBE. The measurement
was done without any bremsstrahlung absorber in the beam [50].

Experimental setups have been built to study the neutron
total cross section by transmission measurements, elastic
and inelastic scattering, and neutron-induced fission in the
fast range from 100 keV up to about 7 MeV [52].
The GELINA pulsed neutron source is located at the
Institute for Reference Materials and Measurements in
Geel. A 150 MeV S band (3 GHz) electron accelerator is
used for the generation of photoneutrons in a liquid
mercury cooled, rotating uranium target disk, see Figure
44 and ref. [53, 54]. The 10 ns bunches are compressed
to 1 ns length by using a dipole magnet after acceleration.
The photoneutrons emitted from the uranium target can be
used for time-of-flight experiments at up to 12 flight paths
from 8 – 400 m. Experimental setups have been developed
for most neutron induced reactions from neutron capture
to (n, xn) and (n,charged particle) reactions. Close to the
uranium target a water moderator is located to slow down
the photoneutrons to the thermal range. An example of the
neutron spectrum at GELINA is given in Figure 45. The
moderated spectrum shows a thermal peak and epithermal

Figure 42 Time of flight spectrum of the nELBE photoneutron
source measured with the 235U fission chamber H19 from PTB.
The time-of-flight resolution is 2.4 ns (FWHM) [50]. The peak at
𝑇 = 20 𝑛𝑠 corresponds to photofission from bremsstrahlung.
About 100 ns later the neutron induced fission is observed.

The collimator and the resulting neutron beam properties
at the experimental area have been optimized using MCNP
in order to maintain the correlation of time-of-flight and
neutron energy. The collimator of 2.6 m length contains
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range from slowed down photoneutrons. The fast neutron
spectrum is usable from 0.1 to about 18 MeV.

with the slowing down time distribution shown in Figure
47.

Figure 44 Schematic of the GELINA pulsed neutron source.

A typical time-of-flight spectrum in the resolved
resonance range has been measured with a 10B ionization
chamber at GELINA, see Figure 46. The accelerator was
operated at 50 Hz pulse rate without an overlap filter to
remove thermal neutrons that were produced by a previous
electron bunch. The thermal peak can be seen at a time of
flight of 5.7 ms. The absorption dips in the spectrum are
due to black resonance filters fixed in the neutron beam.
To determine the background in the time-of-flight
measurement absorbers of nuclides that have a low-lying,
strong, well known resonance are used to absorb all
neutrons in a narrow energy range. The dip at 132 eV is
from 59Co, at 2.85 keV from 23Na. The background is not
constant over time, overlap neutrons and neutrons
scattered near the detector setup form a time dependent
background. The background determination is discussed in
ref. [18].

𝑑𝑁

Figure 46 Neutron time-of-flight spectrum measured at GELINA
12.5 m flight path using a 10B Frisch-Grid ionization chamber.
The neutrons are counted by detecting charged particles from the
10
𝐵(𝑛, 𝛼) 7𝐿𝑖 reaction. Figure taken from ref. [18].

Figure 47 Probability distribution of the time tt that a neutron in
the energy range given in the figure, spends in the
target+moderator setup at the GELINA pulsed neutron source
during the slowing down process. Figure taken from ref. [18].

𝑑𝑁

Figure 45 Neutron flux per unit of lethargy (i.e
=𝐸 .)
𝑑 𝑙𝑛 𝐸
𝑑𝐸
using the moderated neutron spectrum (left) and unmoderated
spectrum (right). Figure taken from ref. [54].

In a hydrogenous material used for slowing down neutrons
a background from capture -rays on hydrogen (E = 2.2
MeV) will be produced that can be relevant for the
understanding of the time-of-flight dependent background
in the facility. Photoneutron sources can be built with more
compact neutron producing target geometry which imply
a better energy resolution than spallation targets which
generally require larger target-moderators. Figure 48
shows a comparison of the resolution achievable for an
isolated resonance of 56Fe at around 34 keV. ORELA and
GELINA are both photoneutron sources, the difference in
resolution is mainly due to the difference in flight path
[18]. The experimental width of the observed resonance is
dominated by the experimental resolution and the Doppler
width.

The resolution of a time-of-flight measurement depends on
several factors: the beam bunch length of the accelerator,
the neutron transport in the setup from creation in the
source, slowing down in a moderator, scattering on
collimators and absorbers in the beam line and registration
inside the detector. The time-of-flight to energy correlation
can be simulated using particle transport codes such as
MCNP. The slowing down time is increasing the more the
neutrons are slowed down. The slowing down time of the
photoneutrons in the GELINA target is about 1 µs for an
end energy of 1-5 eV. The average slowing down time
from Figure 30 for 14.1 MeV neutrons was about 2µs. A
calculation with the MC simulation explained in section
2.2 results in a slowing down time distribution from 3 MeV
to 2 eV with a mean value of 0.6 µs. This can be compared
20
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2.5
Neutrons for Science at GANIL
The Neutrons For Science Facility at SPIRAL-2 is
currently under construction at GANIL, Caen. NFS is
intended for the study of the fast neutron induced fission,
the (n,xn) and (n,lcp) reactions. Within the neutron
spectrum of NFS the neutron-induced charged particle
reactions such as (n,p), (n,α) allow to study the preequilibrium reaction mechanism, in the transition between
the compound nuclear and the intranuclear cascade
applicability. NFS is designed to allow measurements with
radioactive target materials. It is also well adapted to the
measurement of proton cross-sections and deuteron
induced reactions in an energy domain where data are
missing [55].

spallation reactions or the bremsstrahlung produced by
electron accelerators and amounts only to a few percent of
the neutron yield [56].

Figure 49 Rendering of the NFS facility at SPIRAL-2. Figure
courtesy of X. Ledoux, GANIL [55].

Figure 48 Neutron capture yield from 56Fe(n,) measured at
GELINA (blue squares). For comparison the resolution functions
expected at other facilities are shown. Figure taken from ref.
[18].

Figure 50 Continuous neutron spectrum from deuterons on
thick C and Be converters. Figure taken from ref. [55].

The high-intensity beam from the LINAG accelerator (d,
Ed= 40 MeV, p, Ep= 40 MeV, 𝐼𝑚𝑎𝑥 = 5 mA) is used for
the production of a pulsed neutron beam. A continuous
spectrum of neutrons can be produced in thick C or Be
converters with a deuteron beam. A quasimonochromatic
neutron beam can be produced with a thin 7Li target using
the reaction 7Li(p,n) described in section 1.2. Figure 49
shows the scheme of the NFS facility. In the shielded
converter area the neutron producing target is located.
Through a collimator in the wall the neutron beam is
guided to the time of flight area, where a flight path from
about 5 m to 28 m is available. For time-of-flight
measurements a fast beam chopper will be employed to
reduce the micropulse frequency of the LINAG from 88
MHz by a factor of 100 - 1000 [55]. The beam power of
up to 2 kW will require a rotating converter for heat
dissipation.
The continuous neutron spectrum from thick C and Be
converters is shown in Figure 50. The neutron spectrum
produced by breakup and stripping reactions in the
converter target extends from a few MeV to 30 MeV using
a 40 MeV deuteron beam. The neutron yield is mostly
forward peaked for these reactions, so that the neutron
beam collimator should align with the deuteron beam
direction. The production of -rays in the breakup and
stripping reactions is much smaller than compared to

The neutron flux from NFS is shown in Figure 51 in
comparison with other neutron time-of-flight facilities.
The deuteron breakup and stripping on light nuclei
produces a spectrum that is peaked at higher energies as
compared to the photoneutron spectrum. At the short flight
n
path the available intensity is maximized to 8 ∙ 107
.
s cm2
At NFS (like at nELBE) the instantaneous neutron flux is
lower than at other facilities. The high intensity is due to
the high repetition rate of the primary deuteron beam
bunches of approx. up to 0.88 MHz.

Figure 51 Comparison of the neutron flux of NFS with other
facilities. Figure taken from ref. [55].
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measurement of light-charged particles (lcp) in (n,lcp)
reactions is complicated as usually very thin target samples
must be used in order not to stop the charged particles in
the target material before they can be detected.

This implies better background conditions, e.g. a much
lower rate of prompt -rays. The NFS neutron producing
targets are only weakly moderating due to the carbon and
beryllium atoms as the thickness compared to the mean
free path is rather small.

3

Neutron inelastic scattering, (n,xn), and (n,lcp) reactions
are relevant wherever fast neutron spectra occur. For the
future development of fast reactor systems the relevant
reactions that influence integral reactor parameters like
the neutron multiplication factor, the peak power, the fuel
burn-up reactivity swing, reactivity coefficients (coolant
void, Doppler) have been determined. The ERANOS fast
reactor code has been used to determine the targetaccuracies required for certain neutron-induced reaction
cross sections to keep sufficient precision in the prediction
of the integral reactor parameters [58]. Among the relevant
reactions, neutron inelastic scattering on fuel, coolant and
structural materials, e.g. U, Pb, Fe, Na was identified. The
analysis of integral experiments with critical setups can
reveal how reliable evaluated nuclear data are by
comparing the computed to the experimental results (C/E
value). A recent benchmark comparison using MCNP6
reveals that generally the integral experiments using low
enriched uranium and thermal spectra are in agreement
with the simulations within the experiment uncertainty
which is on the order of 0.3 %. In contrast experiments
with plutonium and fast or mixed neutron spectra in many
cases do not agree within the experimental uncertainty of
about 0.5 %. See ref. [59] for a comparison with 2000
integral experiments from the International Handbook of
Criticality Safety Benchmark Experiments. Integral
experiments are very valuable in the sense that they give
very precise experimental results, but their interpretation
however relies on the simulation which includes many
neutron-induced reaction rates. It is not straightforward to
determine which of the many reaction cross sections is the
cause, if the simulation does not agree with the experiment.

Neutron inelastic scattering and (n,
charged particle) reactions

With increasing neutron energy several neutron induced
reactions become important. Figure 52 shows evaluated
data for neutron induced reactions on 56Fe as a typical
example. The total neutron cross section consists of
𝜎𝑡𝑜𝑡 = 𝜎𝑒𝑙 + 𝜎𝑛,𝛾 + 𝜎𝑖𝑛𝑒𝑙 + 𝜎𝑛,2𝑛 + ⋯ + 𝜎𝑛,𝑝 + 𝜎𝑛,𝛼 + ⋯
With neutron energy approaching zero, the elastic
scattering cross section 𝜎𝑒𝑙 is reaching a constant value
proportional to the square of the scattering length. The
1
radiative capture cross section 𝜎𝑛,𝛾 is proportional to and
𝑣
is mostly relevant below the threshold for inelastic
scattering. Above the inelastic threshold the detection of
neutron capture becomes more complicated as -rays can
be emitted from capture and from inelastic scattering. The
inelastic scattering, i.e. the excitation of the target nucleus
to some excited state can only occur above threshold which
corresponds to the energy of the first excited state of the
target nucleus plus the recoil energy from scattering.
Above the inelastic threshold inelastic scattering usually
becomes the strongest reaction channel after elastic
scattering.

Many neutron-induced charge particle reactions are
relevant for nuclear technology, e.g. by causing defects
and embrittlement by gaseous reaction products
(hydrogen, helium) in the material. In nuclear astrophysics
neutron-induced charge particle reactions play an
important role in stellar and explosive nucleosynthesis. It
would be beyond the scope of these lecture notes to give a
full overview about all neutron-induced light charged
particle reactions. As illustration that these reactions
attract a considerable amount of research interest also in
this school, a non-exhaustive list of recent and current
work of the nTOF collaboration, experiments at IRMM,
the Grapheme collaboration including IPHC Strasbourg,
CEA and NFS, Ganil is given:
• 14N(n,p)14C is a neutron poison in the transition
from CNO to s-process (also the source of 14C
production in the atmosphere, carbon dating…)
17
O(n,)14C is a neutron poison for the s-process,
bottleneck in inhomogeneous BBN, neutrinodriven wind r-process (at thermal energy both
reactions produce 14C from nuclear reactors)
• 26Al(n,p)23Na can be responsible for the
destruction of 26Al (cosmic gamma-ray emitter)

Figure 52 Evaluated neutron-induced reaction data for 56Fe
taken from JEFF-3.2.

The resonant nature of all neutron-induced reactions can
be explained by the compound nucleus model, where a
long-lived intermediate state is formed in the neutroninduced reaction, which consequently has narrow energy
width and forms a sharp resonance [57]. The resonances
correspond to excited states of the compound nuclei close
above the particle separation energy. Their wavefunctions
are very complicated to calculate. Therefore, if the
resonance parameters are important for technical
applications, they must be measured.
If the Q-value for charged particle emission is negative, the
emission of protons, deuterons and -particles and alike
has a threshold also, as is the case here. At higher energy
multi-particle emission becomes possible and not all
reactions channels (xn,yp, … ) are listed. The
22

Neutrons and Nuclei, Fréjus, September 28 - October 3, 2014

•

25

Mg(n,)22Ne is a neutron poison in the sprocess ( main source is 22Ne(,n)25Mg)
• 33S(n,)30Si influences nucleosynthesis of sulfur
in explosive carbon burning
• W(n,xn) important reaction for fusion reactor
material, low activation steels
• 59Ni(n,) CVD Diamond detector development
• 239Pu(n,2n) Carmen Gd-loaded liquid scintillator
ball
• 16O(n,) EAMEA, LPC Caen
Table 6 shows the Q-values of the various reactions listed
above. The threshold behavior of the neutron-induced
reactions depends on the Q-value. It can be described
using the Breit-Wigner formula under two limiting cases,
namely the kinetic energy of the entrance channel 𝜖𝛼
approaching zero (for Q > 0 MeV) or the kinetic energy of
the exit channel 𝜖𝛽 approaching zero (for Q < 0 MeV), see
section VIII.7.E of ref. [45], note that 𝑄 = 𝜖𝛽 − 𝜖𝛼 . The
cross section near threshold 𝜖𝛼 → 0 for exothermal
reactions 𝑄 > 0 MeV close to threshold is proportional to
𝜆

emitted, the Coulomb-barrier penetration needs to be taken
into account. This leads to a Gamow factor in the exit
channel:
1
𝑍𝑏 𝑍𝐵 𝑒 2
𝜎(𝛼, 𝛽) ≅ 𝑐𝑜𝑛𝑠𝑡. 𝜖𝛽2 exp −
ℏ𝑣𝛽
The schematic (n,lcp) cross section near threshold is
plotted in Figure 53.

1

2

−

𝜎(𝛼, 𝛽) ≅ 𝑐𝑜𝑛𝑠𝑡. ( 𝛼 ) Γ𝛼s ≅ 𝑐𝑜𝑛𝑠𝑡. 𝜖𝛼 2
2𝜋

(25)

Figure 53 Near threshold behavior of the (n,lcp) reactions with
negative Q-value.

Table 6 Q-values of selected (n,p) and (n,) reactions.

Q(n,p) (MeV)

Q(n,) (MeV)

14

N

0.626

-0.158

17

O

-7.898

1.818

22

Na

3.625

1.951

25

Mg

-3.053

0.478

26

Al

4.787

2.966

33

S

0.534

3.993

56

Fe

-2.913

0.326

208

Pb

-4.217

6.185

238

U

-2.678

8.700

56
3.1
Fe(n,n’) at nELBE
One of the important reactions for the development of a
fast reactor fuel cycle is the inelastic scattering from 56Fe.
Iron is contained in all steel based structural materials, e.g.
fuel cladding for fast reactors is typically made from
advanced stainless steel alloys. Its radiation hardness has
an influence on the fuel burn up that can be obtained.

The last equation is valid for 𝑙 = 0 neutrons, as there is no
centrifugal barrier penetration factor. The channel width is
4𝑘
𝐷
approximately Γ𝛼𝑠 ~ 𝑣𝑙 , where 𝑘 is the wavenumber
𝐾
2𝜋
of the incoming neutron, 𝐾 the wavenumber of the neutron
in the nuclear interior, 𝑣𝑙 the centrifugal-barrier
penetration factor and 𝐷 the level spacing. Equation (25)
1
is the
behaviour for exothermal neutron-induced
𝑣
reactions also known from slow neutron capture.

Figure 54 Setup for measurement of the inelastic scattering at
nELBE. The setup shown was used before the extension of the
facility in 2013, see Figure 41.

The cross section near threshold 𝜖𝛽 → 0 for endothermic
reactions 𝑄 < 0 MeV close to threshold is proportional to
𝜎(𝛼, 𝛽) ≅ 𝑐𝑜𝑛𝑠𝑡.

𝛤𝛽𝑠

≅

1
𝑐𝑜𝑛𝑠𝑡. 𝜖𝛽2

The 56Fe(n,n’) cross section is on the high-priority request
list of OECD/NEA [60]. The inelastic scattering reaction
56
Fe(n,n') was studied at nELBE by measuring the -rays
emitted as a function of time-of-flight [61]. The target was
a cylinder of natural iron with a diameter of 20 mm and
thickness of 8 mm with a flight path of 6.2 m. This results

(26)

Where again the last equation is valid for 𝑙 = 0 neutrons.
This equation describes the threshold behavior for inelastic
scattering of 𝑙 = 0 neutrons. If a charged particle is
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in an areal density of 6.211·10−2 56Fe atoms per barn. An
HPGe detector (60% relative efficiency) located under 125
degrees to the neutron beam and a distance of 20 cm from
the target was used to measure the -ray energy spectrum.
Figure 54 shows the experimental setup. The time-of-flight
was determined from the HPGe detector and the
accelerator RF signals. The absolute time-of-flight was
determined from the centroid of the bremsstrahlung peak
and a time resolution of 10 ns (FWHM) was determined
from its width. The energy resolution at 1 MeV neutron
energy is 45 keV (FWHM). The background was
subtracted with the help of -spectra that were taken with
the target out of the beam. This also helped to suppress a
possible time-of-flight uncorrelated background of –rays
from the -decay to excited states of 56Fe from the
activation reaction 56Fe(n,p)56Mn. Figure 55 shows the ray energy vs. time-of-flight histogram. -rays from
excited states in 56Fe are clearly visible, e.g. at 847 keV,
1238 keV, and 1811 keV.

To determine the inelastic scattering yield for the first few
excited states the feeding intensities from higher-lying
transitions must be subtracted. This can be done, as the
gamma-decay scheme including branching ratios 𝑏(𝐸𝑖 →
𝐸𝑓 ) is well known.
The inelastic scattering cross section for a certain excited
level 𝐸𝑖 , 𝜎𝑛′,𝑖 (𝐸), can be determined from the measured ray production cross sections 𝜎𝑛′,𝛾 (𝐸𝑖 → 𝐸𝑓 ) that also
depend on the neutron energy 𝐸 through
𝜎𝑛′,𝑖 (𝐸) =

𝜎𝑛′ ,𝛾 (𝐸𝑖 →𝐸𝑓 )
𝑏(𝐸𝑖 →𝐸𝑓 )

− ∑𝐸𝑗 >𝐸𝑖 𝜎𝑛′,𝛾 (𝐸𝑗 → 𝐸𝑖 )

(27)

where all feeding levels must be below the neutron kinetic
energy 𝐸𝑗 < 𝐸. The formula can also be adapted for cases
where conversion electrons are emitted instead of 𝛾-rays.

Figure 57 Measured -ray production cross sections feeding the
first 2+ state at 847 keV in 56Fe [61].

Figure 57 shows the -ray production cross sections
feeding the first 2+ state at 847 keV in 56Fe that are required
for the correction with eq.(27). The cross section was
normalized using the neutron spectral rate measured with
a 235U fission chamber. The spectrum is similar to the one
shown in Figure 43 including corrections for the scattering
of neutrons in air and the materials in between the fission
chamber and the target position. The attenuation of -rays
from inelastic scattering and multiple inelastic scattering
of neutrons inside the Fe sample must also be corrected,
for details see Refs. [62, 61].
From the photon production cross section under 125° the
angle integrated scattering cross section can be
determined. The angular distribution of -rays determines
the differential cross section
𝑑𝜎
𝜎(𝐸𝑛 )
[1
(𝐸𝑛 ) =
𝑑𝜔
4𝜋
(28)
+ 𝑤2 (𝐸𝑛 )𝑃2 (cos Θ)
+ w4 (𝐸𝑛 )𝑃4 (cos Θ) + ⋯]
where 𝜎(𝐸𝑛 ) is the inelastic scattering cross section. If the
wave function describing the reaction has a definite parity
the differential cross section is symmetric about 90° in the
center of momentum frame. Therefore, the cross section
expressed as a series in Legendre polynomials consist only
of even order terms [45]. This is the case, if the inelastic
scattering proceeds through one single resonance of the
compound nucleus. The spacing of the resonances must be
larger than their width.

Figure 55 -ray energy vs. time-of-flight spectrum measured with
an HPGe detector (60% relative efficiency).

Figure 56 -ray energy spectrum from the inelastic scattering of
natFe.

Figure 56 shows the -ray spectrum, with and without a
time-of-flight gate. Without a condition on the time-offlight the -rays from inelastic scattering are hidden below
a background of scattered photons from the
bremsstrahlung peak. Setting a condition on the time-offlight range of the neutrons effectively removes this
background.
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As the detector was located under 125°, the second order
term vanishes and the inelastic cross section can be easily
calculated from the measured differential cross section.
The contribution of higher-order Legendre polynomials is
supposed to be small and not included in the data shown
here [61]. The inelastic scattering cross section for
56
Fe(n,n') to the first 2+, 4+ and 6+ states is shown in Figure
58. Due to the limited time resolution of the HPGe detector
the rather sharp resonant structure of the inelastic
scattering cross section e.g. to the first 2+ state cannot be
resolved in this experiment. The data shown here are in
good agreement with a recent high-resolution time-offlight measurement using the GAINS setup at IRMM with
a flight path of 200 m.

The time-of-flight resolution is limited by the short flight
path for the scattered neutrons. Inelastic scattering to
higher lying states has a high intensity, but the individual
levels are to close to be resolved experimentally. The
inelastic scattering cross section deduced from the
𝑑𝜎
measured double differential cross sections
is
𝑑Ωn 𝑑Ω𝛾

significantly lower (30 %) than the measured cross section
from other experiments.
The normalization depends on the absolute efficiency of
the plastic scintillators used for the time-of-flight
measurement of the scattered neutrons. From the statistical
model of nuclear reactions describing the inelastic
scattering a correlation of the emitted neutron and -ray is
expected [64] that could influence also the determination
of the inelastic scattering cross section in the double timeof-flight experiment.
56
3.2
Fe(n,n’) measurement et GELINA
The Gamma Array for Inelastic Neutron Scattering
(GAINS) spectrometer is installed at the GELINA pulsed
neutron source at a flight path of 198.68 m [65]. The -ray
production cross sections from inelastic scattering , see
eq.(27), can be measured with high resolution using HPGe
detectors. The intrinsic time resolution of these detectors
using digital data acquisition is 8 ns. Due to the long flight
path the energy resolution is still very high and amounts to
1.1 keV (FWHM) at 1 MeV neutron energy and 36 keV
(FWHM) at 10 MeV [65].

Figure 58 Inelastic scattering cross section measured for the first
2+, 4+ and 6+ states in 56Fe [61].

Figure 60 show the GAINS experimental setup. The
neutron intensity is determined with a 235U fission chamber
located upstream of the experiment. The targets used in the
56
Fe inelastic scattering experiment consisted of layers of
pure iron with a diameter of 80 mm and thickness 1 mm, 3
mm and 4 mm [66]. The neutron beam diameter is 61 mm
at the target position. A digital data acquisition system was
used that was only triggered by events in the time-of-flight
region of interest.

By measuring the time-of-flight of the incoming neutron
and simultaneously the time-of-flight of the scattered
neutron the inelastic scattering can be measured in a
kinematically complete experiment [63]. The incoming
time-of-flight was measured using an array of 16 BaF2
scintillators and the time-of-flight of the scattered neutrons
over a short flight path of 1m was measured with 5 plastic
scintillator bars. Both detector arrays were read out on both
ends to achieve a position resolution from the timedifference signals. Figure 59 shows the double-time-offlight spectrum.

Figure 60 Configuration of the GAINS setup for inelastic
scattering. 8 HPGe detectors are located under 110° and 150°
to the neutron beam. The flight path is 198.68 m. Figure taken
from ref. [65].

Figure 59 Double time-of-flight spectrum for natFe(n,n’)
measured at nELBE [63]. The kinematic region of inelastic
scattering to 1st, 2nd and 3rd excited states in 56Fe are shown by
black lines. The first excited state of 54Fe is marked by red lines,
the purple line marks events, where a neutron scattered two times
inelastically to the 1st excited state in two different 56Fe atoms.

From the sampled wave forms of the HPGe detectors
correlated time-of-flight and amplitude list mode files
were created and analyzed offline. Several consistency
checks were made including measurements with different
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École Joliot-Curie

target thickness and a comparison of the digital and a
conventional data acquisition system. A measurement with
a Ni sample was done to determine a possible background
from neutrons scattered in the housing and in the
germanium of the detectors [66]. The absolute pointsource counting efficiency of the HPGe detectors was
determined with a 152Eu -ray standard. A correction for
the counting geometry in the experiment, where the target
corresponds to an extended source, was calculated using
MCNP. The inelastic scattering cross sections were
determined from the measured -ray production cross
sections. Based on the differential -ray production cross
sections measured at 110° and 150° the angle-integrated
inelastic scattering cross section can be calculated
precisely up to a -ray multipolarity of 3. The integration
method is based on the Gaussian quadrature algorithm of
eq.(28), see ref. [65].
Figure 61 shows the measured total inelastic scattering
cross section of 56Fe. The GELINA data set has a total
uncertainty of typically 5-6%. The energy resolution is
higher than measurement made before.

and made a map of their distribution throughout the
galaxy. Figure 62 shows the distribution of 26Al in the
galaxy and identifies regions where nucleosynthesis has
been ongoing. The 26Al is produced mostly in massive
stars, like Wolf-Rayet stars that lose a lot of mass in stellar
winds, or in higher hydrogen burning stages of stars that
later undergo a supernova explosion, see ref. [76]. The
understanding of the 26Al nucleosynthesis is complicated
by the fact, that it has an isomeric state at 228.3 keV
(𝑡1⁄2 = 6.3452 s) which can be populated at high stellar
temperatures and increases the decay rate significantly at
𝑇 > 0.1 GK [75].

Figure 62 Image of the 26Al line (1805-1813 keV) intensity
measured by the INTEGRAL SPI instrument. The angular
resolution is 6°. Several regions of high intensity can be
identified in the inner galaxy, some source seems to be located in
the spiral arms. Figure taken from ref. [77].

Figure 61 Integral production of the 847 keV -ray which closely
corresponds to the total inelastic scattering cross sections.
Figure taken from ref. [66].

The absolute normalization with the recent measurement
at nELBE discussed in the preceding section is good.
Several measurements of inelastic scattering at GAINS
have been published, see refs. [67, 68, 69, 70, 71, 72, 73,
74] for further information.

3.3

Neutron-induced charge particle reactions
26
Al(n,) at GELINA
Cosmic -rays are strongly absorbed by our earth’s
atmosphere. The thickness of the atmosphere corresponds
to about 28 radiation lengths. Therefore, -ray astronomy
has to use high-altitude balloon or satellite experiments.
There are many sources of cosmic -rays over the very
wide spectrum of energy from the keV – TeV range, like
nuclear decays, -ray bursts from stellar objects or
explosions, neutron stars, or active galactic nuclei.
The first detection of a nuclear cosmic -ray was the 1809
keV line from the decay of 26Al (𝑡1⁄2 = 0.717 Ma) [75].
Cosmic nucleosynthesis produces radioactive isotopes in
the galaxy. The detection of a -ray from a certain
radioactive nucleus decay, is a proof for recently (at least
on galactic time-scales) ongoing nucleosynthesis. The
COMPTEL and INTEGRAL satellite experiments have
investigated characteristic -rays from the decay of 26Al

Figure 63 Level scheme for the 26Al(n,p) and 26Al(n,) reactions
to different final states. Figure taken from ref. [78].

Nevertheless, in addition, the production rate of 26Al also
critically depends on certain reaction rates that destroy it
during the ongoing nucleosynthesis before it is emitted
into the interstellar medium and can be observed [79]. The
isotope 26Al is not the only one that has been observed
directly, 60Fe is supposed to be produced in similar
conditions and also 56Ni and 44Ti from supernova
explosions have been observed.
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MeV energy loss in the detection volume, which is less
than the energy of the 𝛼1 group.
The measured anode-signal vs. time-of-flight spectrum is
shown in Figure 65. The alpha-induced signals are above
anode pulse height 450. One can even distinguish if the
resonances decay by the 𝛼0 or 𝛼1 group.

The 26Al(n,p) and 26Al(n,) reactions influence the
production of 26Al in the cosmic nucleosynthesis [79, 80].
In order to make realistic network calculations of the
produced 26Al yield, the cross sections of neutron-induced
charged particle reactions need to be measured.
Measurements have been made by three groups [81, 80,
78] and an experiment at CERN nTOF is in preparation.
As an example, the most recent 26Al(n,) measurement by
L. de Smet et al. [78] at GELINA will be discussed. These
experiments are complicated as the use of radioactive
target severely limits the number of target atoms.
Table 6 shows that both reactions that destroy 26Al have a
positive Q-value. Figure 63 illustrates that the protons and
-particles can be emitted in several energy groups
corresponding the ground state and the first few excited
states in the residual nuclei. The neutron time-of-flight
measurement was done using the short 8.45 m flight path
at GELINA to maximize the neutron flux. A Cd filter was
used to remove overlap neutrons and several black
resonance filters were used to determine the time-of-flight
dependent background, as described with Figure 46.
26
The target sample contained 2.58 1017
Al atoms
electrodeposited on a nickel backing in an area of 6 x 5
cm2. The number of radioactive atoms was determined by
measuring the absolute activity of the 1809 keV decay line
from 26Mg* from -decay of the 26Al and the known half
life. The target sample was mounted as the cathode in a
Frisch grid ionization chamber. The anode and cathode
charge and signals and the cathode timing signals were
measured as triple coincident list mode data. The solid
angle for detection of the -particles emitted from the
target is close to 2, which is a big advantage of this setup.

Figure 65 Time-of-flight vs. Anode pulse height spectrum after
correction for electronic noise on the baseline at short time-offlight below 3µs. Figure taken from ref. [82].

The time-of-flight spectrum is shown in Figure 66. In a
very long measurement several new resonances could be
established in the reaction 26Al(n, α0 + α1 ). The
resonances below 45 keV were analyzed to determine the
resonance widths and positions.

Figure 66 26𝐴𝑙(𝑛, 𝛼0 + 𝛼1 ) cross section measured by de Smet
et al. The total measurement time was 2873 hours. Figure taken
from ref. [78].

With these data the Maxwellian averaged cross sections
could be updated that are used in nuclear astrophysics
network calculations to determine more precisely how
much 26Al can be destroyed during the cosmic
nucleosynthesis.

Figure 64 Frisch-grid ionization chamber. The top plate is the
anode. Close below it is the Frisch-grid and further below in the
middle of the stack is the square 26Al deposit mounted on the
cathode. Photo taken from ref. [78].
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