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ISIS TS1 TRAM and its FLUKA model

The TS1 spallation target operated at ISIS between 2014 and 
2019 for the production of neutrons by high energy protons 
(700-800 MeV) is made of 12 tungsten plates cladded with 
tantalum and water-cooled. Residual radioactive nuclei can be 
produced in the target either as a direct product of the 
spallation process or as a result of secondary low energy 
neutron absorption and are responsible for the decay heat 
deposition after the proton beam-off.This work presents the 
indirect measurement of the decay heat deposited in the 
tungsten core and tantalum cladding of each ISIS TS1 target 
plate, by using two different experimental approaches:  
1) DH in the tungsten core,  based on the temperature rise 

measurement by thermocouples located in the centre of 
each plate + theoretical and/or FE. model  

2) DH in the tantalum cladding, based on the gamma 
spectrometry measuremen during the storage in the flask 

The experimental assessed values have been 
compared with the Monte Carlo FLUKA-CERN 
predictions at different cooling times. The performed 
FLUKA calculations include estimation of proton and 
neutron activation, whilst the proton beam is on, and 
simulations of the transport and interaction of the 
radioactive decay products at different cooling 
times, when the proton beam has been shut down 
and the target is kept and cooled inside the TRAM 
for testing purposes. 

Decay Power deposition :Fluka predictions vs measurements

The irradiation history used in the FLULA 
simulations reproduces in detail the sequence of 
beam-on and beam-off off periods from March 
2015 to December 2018, for a total of 1373 mA-
hours irradiation. At the end of the proton beam 
irradiation, a test was carried out at RAL to 
measure the decay heat in the target as a 
function of the cooling time (between 20th 
December 2018 and 3rd January 2019), keeping 
the target in place in the reflector. During the 
test, the cooling water was stopped seven times 
for about half an hour in the first 5 stops and 
about 2 hours in the last two, causing, each time, 
the temperature rise in the plates.   

1. Temperature rise measurements in each plate + Lumped Parameter approach: estimation 
of decay heat in the W core only

In our experimental scenario, thanks to the 
uniform field temperature assesse in each 
plate during the preparatory phase,  the 
increasing rate of temperature at the beginning 
of the cooling stop phase can be related 
directly to the decay heat of the tungsten 
region at that time:  

However, with this approach, the decay heat for the tungsten regions only can be estimated 

2. Whole temperature increase profile during the transient phase + Ansys CFD model 

The temperature profile of 
each plate all along the 
cooling pump stop period is 
determined by balancing the 
total deposited decay heat 
and na tu ra l convec t ion 
cooling that characterises the 
heat exchange during this 
phase.Simulating the transient 
phases, allows to find the 
decay heat in each plate that 
eventually can reproduce the 
real experimental temperature 

profile as a function of time for each plate as recorded by the thermocouples. The heat loads calculated 
in each material (tantalum or tungsten) of every plate by FLUKA and MCNPX/CINDER90 are used 
separately as input to thermal simulations of a detailed finite element model of the target realised with 
ANSYS CFX fluid dynamics software. the CFD simulations with the MCNPX/CINDER90 loads 
overestimate the measured temperature data by a factor 2, whilst by using the FLUKA thermal loads the 
measured data are reproduced well for all plates and cooling times, with a maximum difference between 
calculated and measured temperature less than few % all along the transient.  
The FLUKA predictions can reproduce either the integral value and the spatial distribution of the decay 
heat in the whole target, at any time after the primary proton beam-off. 

Ta182 invectory benchmarking 

For the Tantalum cladding direct measurements of the temperature are not availbale (thin layer 1.9 mm 
around the W core), so it is needed to proceed differently to estimate the decay heat in cladding for 
benchmarking purposes. 

The main contribution to the Decay Heat (DH) in the cladding is 
coming from the decay of Ta182  primarly formed through the  
Ta181(n,g) reaction:  measuring the Ta182 activity by means of the 
gamma spectrometry provides an indirect method to assess the DH 
in the cladding. The gamma spectrometry measurements have been 
carried out by 2 high purity germanium detectors around the target in 
the sotrage flask, as shown in the figure. 
The activity of a specific radionucleus can be derived by the formula 
reported:  

•A(Bq):Activity  of the  observed radionuclide 
•CR and CRB: measured Peak Count Rate and 
Background (with 2 HP Ge-detectors and 
SPECTRW code). 
•fbr: Brantching Ratio 
•feff and fsa:  Photo-Peak efficiency and Self 
Absorption Factor in the target 
•fshil: shielding attenutation factor 
•fdc: decay correction factor 

This method requires to use several “intermediate” models to find the “coefficient/factors” needed to 
convert the gamma count rate in the corresponding activity to be cmpared witht the FLUKA predictiosn. 
 The MC model of the target in the flask with the two germanium getectors has been has been built with 
Fluka and has been used to derive the feff,fsa,fsh factors. In all the cases, the radionuclide spatial 
distriutions as estimated in the full TRAM simulation have been used in the target in the flask geometry 

The shielding attenutation factor has been estimated with a mix 
approach using the predictions of Fluka in the high energy range 
and an empirical formula for mass attneution coefficient in order to 
enhance the confidence level for the ttenuation factor at low 
energies (i.e gammsa around  around 1 keV) 

A calibration test has been carried out with certified standard sources (liquid solution with Co-60 and 
Cs-137 isotops of well known activiies) to estimate the correction curves for the photo-peak efficiency feff 
of the two HP Germanium detectors. 

To take into account the 
different geometries of the 
certiied source and the target 
one , the MC pred ic ted 
e f fi c i e n c i e n c i e s o f t h e 
d e t e c t o r s h a v e b e e n 
corrected according the 
efficiency transfer relations for 
volouminous configurations 

 Measured activities vs Fluka predictions @ 22nd May 2019 for Ta182, Hf172, Co60  

☀The activities of Ta-182, Hf-172 and 
Co-60 predicted by FLUKA are in 
agreement within the uncertainties 
with the indireclty measured values. 
The experimental activities are derived 
from the measured gammas count 
ra t e s b y m e a n s o f a d d i t i o n a l 
simulations/calculations. WRT these 
o n e s , t h e l a r g e r u n c e r t a i n t y 
contribution is due to the shielding 
factor estimation. 

 Conclusion  

☀ The experimental values of the decay heat deposited respectively in the inner tungsten 
regions and in the whole plates (tungsten+tantalum cladding) could be assessed. The 
FLUKA predictions can reproduce either the integral value and the spatial distribution of 
the decay heat in the whole target, at any time after the primary proton beam-off. 

☀ The FLUKA activity predictions for 3 radionuclides (Ta-182, Hf-172 in the tungsten core 
and Co-60 in the SS vessel) have been successfully validated within the uncertainties
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Finally, in addition to the benchmarking, a general procedure has been identified and proposed to get a conser-
vative estimations of the decay heat at whatever cooling time in ISIS like targets.This procedure is mainly based on
the alternation of two kinds of period: a first steady state one during the active water cooling phase after the proton
beam-off and a following one during which the cooling pumps are stopped at the time when the decay heat value
is to be estimated. It is shown that, based on this procedure, the initial temperature rise at a given cooling time (i.e
the time derivative of the "temperature versus time" curve at the considered cooling time) gives an estimation of
the decay heat at that time, within the region where the thermocouple sensor is measuring.

The reader can find details of the FLUKA model of the TS1 TRAM and of the simulated scenario in Section 2,
where also the Monte Carlo predictions of the decay heat as a function of time are reported up to 1 year after the
proton beam-stop. The experimental campaign carried out at ISIS between 20th December 2018 and 3rd January
2019, aimed at estimating the decay heat in the target, is described in Section 3. Finally in Section 4 the two
methods used to derive, respectively, the decay heat in the whole target and in the tungsten regions only, from the
measured temperature profiles of each plate, are presented and discussed. The experimental values of the decay
heat as derived from the two methods are finally compared with the FLUKA predictions showing in both cases an
excellent agreement.

2. Description of the TS1 TRAM and its FLUKA model

Figure. 1 shows a schematic of the TS1 TRAM operated before the measurement campaign: the target is placed
with horizontal axis in the middle of the beryllium rods reflector. The water moderators are in the upper part, whilst
the cold moderators are located below the target. The two water moderators are at ambient room temperature 300
K, the liquid methane moderator operates at 100 K and the liquid hydrogen moderator at 20 K.

The cooling system of the target has 3 hydraulic sections, fed separately by a common manifold, as shown in
Fig. 2. The target is composed of 12 plates, each one with an inner tungsten cross section of 10.5 x 8 cm2 and
cladded with tantalum. In the axial direction (i.e in the direction of the primary proton beam) the plate thickness
increases and the thickness of the tungsten core of every plate is reported in Table 1.

Each plate hosts a thermocouple, whose sensor is located in the middle height of the plate and slightly eccentric
on the horizontal axis, as shown in Fig. 3. The thermocouple conductor is a K type (made of nichel chromium)

Fig. 1. TS1 TRAM
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Fig. 3. Location of thermocouple in the target

The nuclear models of relevance to account for elementary hadron nuclear interactions and for alpha and tri-
ton nuclear interactions are, respectively, the PEANUT hadron-nucleus and the BME nucleus-nucleus reaction
models[13], [14]. While the point-wise treatment for neutron cross sections is already available in FLUKA-INFN
[15], the multi-group algorithm has been used for transport of neutrons with energies below 20 MeV with both
codes.

Finally, the nuclear data for neutron transport and interaction in the material’s target are taken from the ENDF/B-
VIIr0 & VIIIr0 [16] and the JENDL-3.3 [17] Libraries. The decay database that FLUKA uses is a dedicated one
based on data from the Brookhaven National laboratory NNDC database[18]

2.2. FLUKA simulated scenario and results

The irradiation history used in the FLULA simulations reproduces in detail the sequence of beam-on and beam-
off periods from March 2015 to December 2018, for a total of 1373 mA-hours irradiation. The main parameters
used for simulating the proton beam irradiation are listed in Table 2. The decay heat ensuing that irradiation history

Fig. 4. TS1 TRAM FLUKA model
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The comparison between the FLUKA estimations of the decay heat in tungsten and the corresponding MC-
NPX/CINDER values[23] is reported in Table 7 (the � values reported in the table give the percentage differ-
ence of the code predictions with respect to the experimental values). Since the total decay heat in the target as
predicted by MCNPX/CINDER is almost a factor two larger than the one predicted by FLUKA (see paragraph
4.1) at any cooling time, the results reported in Table 7 suggest that the main difference between FLUKA and
MCNPX/CINDER for the decay heat in the ISIS target comes from the radioactivity estimation in the tantalum
cladding.

Table 7
Decay Heat in tungsten at selected cooling times

Cooling time Experimental [W] FLUKA [W] � f luka[%] MCNPX/CINDER[W] �mcnp[%]

1min 333± 35 308± 16 -7.5% 437 31%
1hour 217± 21 223± 10 7.3% 205 5%
3hours 173± 20 188± 9 8.6% 155 10%
1day 139± 19 137± 7 1% 89 -36%
3days 105± 19 109± 5 3% 52 -50%
1 week 92± 18 93.± 4 1% 33 -64%
2 weeks 84± 11 85± 3 1% 25 -70%

5. Conclusion

This work describes the successful benchmarking of the FLUKA predictions of the decay heat in the ISIS TS1
target respect to the experimental values derived from temperature measurements. Thanks to two independent
models, the experimental values of the decay heat deposited respectively in the inner tungsten regions and in the
whole plates (tungsten+tantalum cladding) could be assessed. The FLUKA predictions can reproduce either the
integral value and the spatial distribution of the decay heat in the whole target, at any time after the primary proton
beam-off.

The agreement between the FLUKA predictions and the experimentally derived values shows and quantifies
the goodness of the FLUKA model in predicting the decay heat as relevant and indirect estimation of both the
radioactive nuclei inventory produced and the correspective spatial distribution in the whole TRAM. It definitively

Fig. 13. Decay Heat in tungsten: comparison between FLUKA predictions and experimental values
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Table 5
Target hydraulic parameters during beam-on

S ec.1 S ec.2 S ec.3
Mass Flow Rate [kg/s] 3.5 3.7 1.15

h [W/cm2 K] 2.05 2.14 0.84

4. Models for the experimental decay heat assessment in the target

Two approaches have been used for linking the measured temperature profiles in each plate to the experimental
values of the decay heat, as schematically indicated in Fig. 8:

• A computational fluid-dynamics (CFD) model (based on finite element method) that allows to provide an
estimation of the total decay heat in the target, as sum of the contributions in the tungsten regions and in the
tantalum cladding 2. It applies during the transient phase triggered by the cooling pump stop.

• The second approach is based on a lumped parameter theoretical model that allows to estimate the decay heat
inside the tungsten region of each plate by using the temperature field assessed during the steady-state phase
that precedes each cooling stop.

Fig. 8. FE method and the LP approaches: range of application

By using these two fully independent methods, we eventually provide an indirect measurement of the total decay
heat deposited in the target and at the same time we are able to distinguish the amount deposited in tungsten and
in tantalum, respectively.

4.1. The CFD model for the cooling stop intervals

The temperature profile of each plate all along the cooling pump stop period is determined by balancing the
total deposited decay heat and natural convection cooling that characterises the heat exchange during this phase.
Simulating the transient phases, allows to find the decay heat in each plate that eventually can reproduce the real
experimental temperature profile as a function of time for each plate as recorded by the thermocouples.

The heat loads calculated in each material (tantalum or tungsten) of every plate by FLUKA and MC-
NPX/CINDER90 [20] are used separately as input to thermal simulations of a detailed finite element model of the

2The decay heat in the stainless steel vessel only contributes in a minor extent
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periods):

T (r, 0) = T (r, t < 0)( i.e. the steady � state spatial pro f ile ) (5)

In case of uniform temperature profile during the steady-state phase, then:

T (r, 0) ' T (0) (6)

@T (r, 0)
@t

' dT (0)
dt

(7)

and finally:

Q̇W(0) = ⇢WcW
dT (0)

dt

Z

V
dV = mW · cW

⇣dT
dt

⌘

t=0.
(8)

The total decay heat at any cooling time can be obtained simply by multiplying the time derivative of the temper-
ature at t=0 (i.e the cooling time at which the decay heat has to be calculated) by the total heat capacity of the
tungsten region. In Table 6 the time derivatives of the temperature for all the plates and cooling times are reported:
these values have been estimated by fitting the acquired temperature profile with Matlab[21]. At any cooling time,

Table 6
Temperature rise rate [deg/s] for each plate at several cooling times

Plate 60s 1h 3h 1d 3d 1w 2w
w1 1.40E-01 8.48E-02 6.24E-02 4.00E-02 3.69E-02 2.72E-02 2.77E-02
w2 1.62E-01 1.04E-01 7.44E-02 5.22E-02 4.03E-02 3.64E-02 3.43E-02
w3 1.49E-01 9.48E-02 7.04E-02 5.00E-02 3.76E-02 3.79E-02 3.09E-02
w4 1.35E-01 8.23E-02 6.40E-02 4.63E-02 3.63E-02 3.27E-02 2.78E-02
w5 1.21E-01 7.87E-02 6.04E-02 4.04E-02 3.72E-02 2.76E-02 2.72E-02
w6 1.08E-01 6.85E-02 5.35E-02 3.90E-02 3.37E-02 2.68E-02 1.98E-02
w7 8.04E-02 5.32E-02 4.63E-02 3.01E-02 2.52E-02 2.33E-02 3.72E-02
w8 4.77E-02 3.40E-02 2.84E-02 2.27E-02 1.70E-02 1.75E-02 9.10E-03
w9 2.95E-02 2.00E-02 1.87E-02 2.27E-02 1.29E-02 1.17E-02 9.30E-03
w10 1.53E-02 1.25E-02 1.01E-02 1.11E-02 8.94E-03 6.27E-03 5.10E-03
w11 8.19E-03 5.16E-03 4.93E-03 9.10E-03 3.98E-03 4.04E-03 4.30E-03
w12 5.05E-03 2.71E-03 3.15E-03 4.24E-03 2.30E-03 2.47E-03 1.40E-03

the overall decay heat in the tungsten material of the target can be estimated summing up the relative contributions
for each plate.

Q̇ =
12X

n=1

mici

⇣dTi

dt

⌘

t=0
(9)

The comparison between the experimental values of the decay heat in tungsten and the values predicted by FLUKA
is reported in Fig. 13. The measured values of the decay heat (in the range 1min- 2 weeks after the cooling stop)
differ from the FLUKA predicted ones by less than 10%, showing an excellent agreement.

In Fig.13, only the statistical errors are reported for the FLUKA predictions.

L. Quintieri et al. / Decay heat in ISIS spallation target: simulations and measurements 9
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target realised with ANSYS CFX [22] fluid dynamics software. The heat is assumed to be uniformly distributed
over each region. A conjugate fluid-thermal model us used to solve the fluid and solid domains simultaneously. A
transient analysis is solved starting from a uniform room temperature of 200C. A relatively coarse tetrahedral mesh
(5 -10mm element size) is used for the solid domains, as the local temperature gradients are relatively small. The
fluid domains uses a much finer hexahedral mesh (0.1- 1mm), with smaller elements near the surface boundaries in
order to accurately resolve the fluid velocity profiles. A constant heat transfer coefficient (h = 5 · 10�3W/cm2/K)
on all external surfaces is assumed. Temperature-varying material properties are included for solid domains but not
for the fluid. The profiles of temperature reconstructed by using the FLUKA loads and the MCNPX/CINDER90
ones respectively are reported together with the experimental values in Fig. 9 for several selected plates and cooling
times, but the conclusion does not change far all the simulated cases compared to experimental values: the CFD
simulations with the MCNPX/CINDER90 loads overestimate the measured temperature data by a factor 2, whilst
by using the FLUKA thermal loads the measured data are reproduced well for all plates and cooling times, with a
maximum difference between calculated and measured temperature less than few % all along the transient.

4.2. The Lumped Parameter approach for the preparatory steady state phase

In our experimental scenario, the increasing rate of temperature at the beginning of the cooling stop phase can
be related directly to the decay heat of the tungsten region at that time (just multiplying it by the correspective heat
capacity). In fact, if a Lumped Parameter approach can be used to describe the thermal behaviour of every plate
during the preparatory steady-state, then the increasing rate of the temperature at the very beginning of the follow-
ing transient can be easily evaluated by using the uniform temperature field as established during the preceding
steady-state phase. However, with this approach, the decay heat for the tungsten regions only can be estimated (i.e.,
it allows to get an estimation of the decay heat inside the uniform spatial region where the thermocouple sensor
is located). This method relies on the observation that the conductive/convective and diffusive phenomena evolve
with finite speed, so that the spatial profile of the temperature T (r, t0) at the starting of the transient phase t0 cannot
be different from that assessed in the previous steady-state period.

Several criteria, anyway, must be satisfied in order the Lumped Parameter approach could be considered applica-
ble during the steady-state phase: 1) the temperature inside the region should be uniform, 2) the decay heat during
the steady-state should be constant. These criteria have been checked for each plate at any cooling time by using a
simplified but representative enough ANSYS[22] model for static calculations, as described in detail in paragraph

Fig. 9. CFD Simulation results of decay heat during cooling stop phases: continuous curve refers to results with MCNPX/CINDER thermal
loads; the dashed line refers to results with FLUKA thermal loads and finally the dotted line reports the experimental temperature data

Step by step work

• STEP1: A(Bq). Target inside the TRAM to estimate the RN spatial distribution to be used in the other MC simulations 


• STEP2: CR and CRB. Measured Peak Count Rate and Background with the SPECTRW


• STEP3: feff  and fsa. Target (wo flask) + detectors model to estimate the photo-peak efficiency feff and the self absorption 
fsa factor in the target


• STEP4 (-): calibration test. MC model of the Detectors and calibrated source to estimate the correction curve for the 
photo peak efficiency feff   (also indicated in the following as ɛpp)


• STEP5: fdc Analytical approach for the decay correction factor estimation (also reported in the following as KDC)


• STEP6: fshil . MC model of the flask and general energy correlation fitting for mass attenuation

The work has been carried out in such a way to find each 
term of the above equation for the RN of our interest:  

 A[Bq] = CR − CRB
fbr ⋅ feff ⋅ fsa ⋅ fshl ⋅ fdc

Element A Z Fluka predicted 
Activity Measured

Ta 182 73 62.6 ±  10 GBq 82± 20 GBq 

Hf 172 72  5.6 ± 1.1 TBq  7.6  ± 1.9 TBq

Co 60 27 5.9 ±1.2  TBq 5.0 ± 1.1 TBq 
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Rutherford Appleton Laboratory in Harwell Campus-Oxford

RAL at Harwell Campus- Oxford
• ISIS 

• DIAMOND 

• CLFC 

• QUANTUM 
Comp. Center

700 acre technology campus in Oxfordshire, England. Over 6,000 people workthere in over 
240 public and private sector organisations, including NuclearResearch, Space, Clean 
Energy, Life Sciences and Quantum Computing.

ISIS

Diamond

• Historical remark 
of Harwell 
campus:  the 
construction of the 
first nuclear 
reactors in 
Western Europe  
(PLUTO and DIDO)



Overview
• Brief introduction to the neutron and its importance in applied and fundamental research 

• Neutron production: overview of main mechanisms  

• Spallation vs Fission process —> Accelerator driven sources vs research nuclear reactors 

• Large Neutron Facilities for neutron scattering around the world: a few examples  

• The spallation  “core” :  Target/Moderator/Reflector assembly  

• The research reactor core vs NPP 

• Moderators in pulsed neutron sources and in research reactors 

• Neutron Spectrometry: a few elements of time of flight technique—> how reactors compare and 
contrast to Spallation sources 

• short description of main instrument components of beam line of a Large scale scattering facility 



Net  
Charge 

0

Spin 
1/2

Magnetic  
Moment 
-1.91 µN

Mass  
939.56 
MeV

Neutron Interactions with Matter

1. Diffraction:
Neutrons as Wave-like Probes of Matter

• Basic quantum mechanics tells us that the neutron exhibits wave-like properties.
• The wavelength is defined by the de Broglie relation.
• Thermal/cold neutrons have wavelengths on the order of crystal lattice spacing.
• Neutrons are therefore a natural complement to X-rays in condensed matter 

physics. They are sensitive to magnetic distributions, not charge distributions.

MIT Dept. of Nuclear Engineering

Although neutral,  neutron is made of 
quarks that are electrically charged 

particles.  

The neutron is composed of three 
quarks, and the magnetic moments of 
these elementary particles combine to 
give the neutron its magnetic moment.

The neutron interacts with matter primarily through the nuclear force and through its magnetic moment.

Fundamentals of Neutron PhysicsG. Greene Fall 2003

The Neutron Mass
M(n) = 1.008 664 915 78(55)  atomic mass units (u)

Important Observation: mn > mp + me939.565 Mev > 938.272 MeV + 0.511 MeV = 938.783 MeV
This mean that it is energetically possible for the neutron can decay via:
The beta decay of the neutron is the prototype for essentially all radioactivity

eepn
Long life times (almost15 min) ⇒ before decaying possibility to interact⇒ n physics ...

6. On p. 698 of the second paper, Chadwick states that “the mass of the neutron is equal to that of the 
proton...” Is this true? What are the masses of the proton, neutron, and electron? Is the mass of 
Rutherford’s “neutron,” consisting of a proton and an electron, equal to the neutron’s mass? Why or 
why not (where does the energy discrepancy come from)? Why couldn’t Chadwick discern between 
the masses of these two particles?
The masses of the proton and the neutron are not equal, though they are very close, so it’s 
conceivable that back in the 1930’s, measuring the di↵erences in mass would have been too 
di�cult. The masses are as follows, as sourced from NIST 

Neutron mass: 1.674927471 · 10�27 kg
Proton mass: 1.672621898 · 10�27 kg
Electron mass:9.10938356 · 10�31 kg
This leaves a mass discrepancy of 6.80381056 · 10�31 kg, almost 3/4 of the mass of an 
electron. This extra energy comes from the conversion of some of the mass of the neutron 
to kinetic energy of the proton and electron leaving the reaction.

7. On pp. 701-702, why is the kinetic energy of 11B not accounted for, and what does it mean for kinetic
energies to be given in “mass units?” Convert these “mass unit” energies to energies in electron volts
(eV). What is the approximate kinetic energy of 11B in eV at room temperature?
The kinetic energy of 11B is ignored, because it is so very, very small compared to the
MeV energies involved in nuclear reactions. The value of this kinetic energy can be found� � 
by multiplying Boltzmann’s constant 8.6173324 · 10�5 eV by room temperature (298 K), weK 
get 0.025 eV. Giving energies in mass units means that we are equating mass and energy 
by Einstein’s relation:

2E = mc (3) 

2 (50 points) Getting Used to Nuclear Quantities 
In these questions, you will calculate a number of quantities related to nuclear reactions and power generation. 
You will have to look up certain reactions and values from primary sources in the literature (books, papers, 
databases). Make sure to state which values you look up or assume, and cite your sources using proper 
citation methods. 

These calculations are useful, especially when arguing the benefits and costs of nuclear power. If you can 
derive them quickly and by yourselves, you don’t have to rely on as many other sources of information to 
make your point. 

2.1 Relative Power Densities 
Calculate the energy in Joules released from burning 1kg of coal, natural gas, uranium, and deuterium. Use 
the CRC Handbook of Chemistry and Physics, available through the MIT Libraries site (libraries.mit.edu), to 

ffind chemical binding energies (otherwise known as enthalpies of formation, or �H ) data for your answers. 0 
Now repeat this calculation for the nuclear fission of uranium into 90Sr and 145Xe (two typical fission 

products), and the nuclear fusion of 2H with 3H. Use the KAERI Table of Nuclides to find the nuclear 
binding energies for your answers. Neglect electrons entirely for simplicity. 
The equations for the five reactions asked for are as follows: 

C + O2 ! CO2 + E1 (4) 

CH4 + 2O2 ! CO2 + 2H2O + E2 (5) 

U + O2 ! UO2 + E3 (6) 

2D2 + O2 ! 2D2O + E4 (7) 

2 

ID of a Neutron



The importance of neutrons is rooted in their unique properties; penetrating, uncharged (weakly interacting with matter), they have a 
magnetic moment and wavelengths that can be similar to inter-atomic distances in condensed matter

•  See the nuclei.   

• Interact weakly / penetrate deep into matter 

• Have isotopic sensitivity (especially H and D 
differentiation) 

• Thermal neutron have wavelengths similar to 
inter-a tomic d istances and energies 
comparable to lattice vibrations 

• Interact via a simple point-like potential 
amplitudes are straightforward to interpret 

• See a completely different contrast to x-rays 

• See elementary magnets.

Why Neutrons Are So Attractive?
By observing the patterns in 
space of the scattered neutrons, 
it is possible to establish where 
the atoms are positioned with 
exceptional precision. They can 
provide structural information 
from Angstrom to microns

Neutrons are highly penetrating and can be 
used as non-destructive probes, also to study 
samples in extreme environments (ex. high 
pressure/ high magnetic field).

Neutron is also sensitive to the magnetic 
properties of the sample, and can therefore 
resolve complex magnetic structures.

 Neutrons can see light 
nuclei next to heavy ones



Cold (meV) and ultra cold neutrons (neV)  in nuclear experiments:  the “enigma” of neutron  half-life

Neutrons and Fundamental Physics Research

11
T H E  E U R O P E A N  N E U T R O N  S O U R C E

Small decay probability (3 particle decay, small Δm, weak interaction)
Late development àresearch reactors were needed
Methods:

Lifetime of the neutron

31/01/2017 Neutron	Fields	Forever

https://www.nist.gov/programs-projects/neutron-lifetime-measurement-using-cold-neutron-beam

Beam experiment
(2 absolute measurement

cold neutrons)

« Bottle » experiment
(2 relative measurement

ultra cold neutrons)

Jonathan Mulholland
University of Tennessee
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The importance of the neutron lifetime  knowledge: The accurate assessment of 
the lifetime of neutrons is the key to understanding the formation of elements after 
the Big Bang 13.8 billion years ago.  

It could influence the standard model of physics that governs our understanding of 
the formation of the universe.Neutron lifetime is the easiest and most direct way of 
measuring the weak force, one of four fundamental forces in nature.



The discovery of neutron has marked the beginning of modern nuclear physics

 Timeline of 92 Years of Neutrons

2423

TIMELINE  
OF KEY 
EVENTS FOR  
NEUTRON 
SCIENCE

1930 196019501940 2020201020001990

First neutron diffraction using a reactor 
neutron source developed at Oak Ridge 
National Laboratory (USA).

1946

atom

neutron 
beam

Chicago Pile-1 (USA), the world’s first 
nuclear reactor, goes critical, initiating 
the first controlled and self-sustaining 
nuclear chain reaction, providing an 
intense source of neutrons suitable for 
scientific experiments.

1942

n

n

n

nU

Ba

Kr

U

U

U

The triple axis spectrometer is 
developed at Chalk River (Canada), 
enabling the study of the motions of 
atoms in crystals.

1955

Monochromator

Sample

Analyser

DetectorCollimator
Neutron 

beam

The ILL is launched as the international 
flagship centre for neutron science.  The 
first neutrons are produced in 1971.

1967
Jack Carpenter demonstrates pulsed 
spallation neutron source concepts at 
Argonne National Laboratory (USA).

1972

fast 
proton target 

nucleus

intra-nuclear cascade

highly excited 
nucleus

evaporation

1970

The European Neutron Scattering 
Association (ENSA) is formed.

1994
Inauguration of the Swiss Spallation 
Neutron Source (SINQ) at the Paul 
Scherrer Institut.

1996
ISIS Neutron and Muon Source begins 
operation as the first spallation 
neutron source in Europe.

1984
Forschungs-Neutronenquelle Heinz 
Maier-Leibnitz (FRM II) goes into 
operation.

2004

Clifford Shull and 
Bertram Brockhouse are 
awarded the Nobel Prize 
in Physics for pioneering 
contributions to the development of 
neutron scattering techniques that 
show where atoms ‘are’ and what they 
‘do’. 

David Thouless, Duncan 
Haldane and Michael 
Kosterlitz are awarded 
the Nobel Prize in 
Physics for theoretical discoveries 
of topological phase transitions and 
topological phases of matter, which 
were validated by neutron scattering 
experiments.

2016
Pierre-Gilles de Gennes 
is awarded the Nobel 
Prize in Physics for his 
work on liquid crystals 
and polymers. His models of polymer 
dynamics were validated using the 
neutron spin echo technique.

1991
David Lee, Douglas 
Osheroff and Robert 
Richardson are awarded 
the Nobel Prize in 
Physics for discovering superfluidity in 
3He. Neutron scattering experiments 
provided important information on the 
liquid and solid phases of 3He and 4He.

1996

2014
Construction begins on the European 
Spallation Source.

1994

α n p

Po Be Paraffin Geiger counter

1932
James Chadwick 
demonstrates the 
existence of the neutron 
and is awarded the 1935 Nobel Prize in 
Physics for the discovery.

Paul J Flory is awarded 
the Nobel Prize 
in Chemistry for 
fundamental achievements in the 
physical chemistry of macromolecules. 
His prediction that polymer chains 
adopt self-avoiding random walks 
was confirmed by small angle neutron 
scattering.

1974

Neutron 
beam

Sample

Detector

Scattered 
neutrons

1938
Enrico Fermi is awarded 
the Nobel Prize in 
Physics for work on 
the atomic absorption and scattering 
cross-sections of slow and thermal 
neutrons, and for the discovery of 
transuranium elements.

George de Hevesy,  
who developed a 
method of activation 
analysis based on neutron 
bombardment, is awarded the 
Nobel Prize in Chemistry for work on 
radiotracers.

1943

neutron
target 

nucleus
compound 

nucleus

prompt 
gamma ray

delayed 
gamma ray

beta particle

product 
nucleus

radioactive 
nucleus Pr

es
su

re

Tem
perature

Time

The League of advanced European 
Neutron Sources is established.

2018

1980

1932
James Chadwick 
discovers the neutron 
in Cambridge. He 
receives the Nobel 
Prize in Physics in 
1935 for discovering 
this missing part of the 
atom. 

1946
Ernest Wollan and Clifford 
Shull, using the Graphite 
Reactor at Oak Ridge 
National Laboratory, USA, 
establish the basic 
principles of the neutron 
diffraction technique. They 
prove the existence of 
antiferromagnetism, as 
predicted by Louis Néel 
who won the Nobel Prize in 
Physics in 1970.  

1956
The Dido research reactor 
comes online at the 
Harwell Laboratory. This 
helped the UK to develop 
neutron scattering 
techniques for materials 
research. 

1938
Enrico Fermi receives the Nobel 
Prize in Physics for his work 
investigating the atomic scattering 
and absorption cross-sections of 
slow and thermal neutrons.

1955
The first measurements 
of phonons from a 
prototype triple-axis 
spectrometer built by 
Bertram N Brockhouse 
confirm the quantum 
theory of solids. 

20

80 years of neutrons timeline

Neutron facility
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Neutron facility
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development of 
activation method 
based on neutron 
bombardment

Pioneering of neutron 
scattering techniques: 
where atoms are and 
what they do

Topological phase 
transitions 
validated by 
neutron scattering

Discovery of He3 
superfluidity, with important 
information on liquid and 
phase transition provided  by 
neutrons

First controlled 
chain reaction  
in Chicago

First neutron 
diffraction using 
neutron source at 
OAK RiDGE

ILL flagship for 
neutron science 
has started 

Pulsed SNS feasibility 
demonstrated in 
ARGONNE National 
Laboratories

First spallation neutron 
source for scattering 
experiments

work on  scattering 
cross sections of 
thermal neutrons

neutron discovery

Accelerator driven 
continuous source



Important Milestones: a Little Bit of History

10/05/2013 17:13Discovery of the Neutron (English)

Page 4 of 5http://www.kutl.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part1_E/3P13_E/DiscoverNeutron_E.htm

beryllium (Po-Be) source.  
The schematic drawing of his experimental apparatus is

shown in a figure below.  The high-energy radiation emitted
from the (Po-Be) source on the left-hand side is led to the 
cloud chamber, in front of which a paraffin layer is placed. 
The radiation is scattered by a proton in the parafin and a
photograph of the recoil proton is taken in the cloud chamber on
the right-hand side.  

Chadwick collided the radiation emerging from the (Po-Be)
source not only with proton (paraffin), but also with helium and
nitrogen.  Comparing the results of these experiments with each
other, Chadwick concluded that this mysterious radiation from
the (Po-Be) source cannot be interpreted by assuming it to be a
gamma ray.  He finally concluded that all were able to be
understood without any contradiction by assuming that the
mysterious radiation is electrically neutral particles with almost
the same mass as a proton.  This is the confirmation of the
existence of the "neutral proton" predicted by Rutherford. 
Chadwick named this particle "neutron" (1932). 

[Experimental
Apparatus of
Chadwick]  

This is a
schematic
drawing of the
experimental
apparatus of
Chadwick. High-
energy alpha
rays from
polonium on the
left-hand side 
collide the
beryllium target 
and a radiation
with strong
penetrability 
(purple arrows =
neutrons in fact) 
comes out to hit

James Chadwick

Clifford G. Shull
"for the development 

of the neutron diffraction technique"

Bertram N. Brokhouse
"for the development 

of neutron spectroscopy"

Discovery of the neutron
1932

1935

1994
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July 1944: Fermi and Zinn initiated 
neutron diffraction experiments on CP-3 

“The crystal, having the dimensions  
6 cm. x 12 cm., was mounted  
on the table of a spectrometer  
with two divided circles. One circle 
measured the position of the crystal  
and the other the position of an arm  
which carried the BF3 counters.  
The two circles could be geared together 
so that the counter always moved  
through twice the angle of the crystal.  
The distance from the crystal  
to the counter was 135 cm.” 

First experimental setup at CP-3 
[W. H. Zinn, Phys. Rev. 71, 752–757 (1946)] 

• 1932: Chadwick discovers the neutron 

• 1936: Mitchell and Powers see neutron diffraction (demonstrations of coherent neutron diffraction (Bragg scattering by 
crystal lattice planes) 

• 1947: Zinn measures the first neutron Bragg peak rocking curve

258 X-RAY AND NEUTRON DIFFRACTION 

basis of statistical fluctuations and in the second run, six times. 
These results at once indicated the Bragg reflection of slow neut-
rons. As a check, it seemed necessary to determine by actual 
test whether or not polycrystalline blocks of about the same size 
and scattering power would, due to the change in geometric 
disposition, scatter more slow neutrons in the "Bragg" position 
than in the crossed position. 

TABLE I. OBSERVED NUMBERS 

Run 

1st 

2nd 

3rd 

Bragg 

Counts 
xlO"3 

23 

11 

12 

Rate 
Λ^Β/min. 

60-5 ± -4 
NB~NX=4-9±-6 

28·8±·3 
N B - 7 V X = 2 - 3 ± - 4 

37·6±·3 
NB-NX= ·1±·4 

Crossed 

Counts 
xlO"3 

21 

8-6 

12 

Rate 
Nx/min. 

55·6±·4 

26-5 ±·3 

37·7±·3 

Background 

Counts 
xlO"3 

3-8 

3 

6 

Rate 
Ncd/min. 

43·3±·7 

20-9 ±·4 

28·0±·4 

TABLE IL RELATIVE NUMBERS 

NB—NX � �  NB 

Run NB—Ncd Ned Ned 

With MgO Crystals 
1st 0 ·40±006 1·28±0·02 1·40±0·02 
2nd -41 ± -09 1·27± -03 1·38± -03 

With Al Blocks 
3rd 001 ± 0 0 4 1-34 ± 0 0 2 1-34 ± 0 0 2 

corrected 1-22 1-22 

Scattering by Polycrystalline Blocks 

In this, the third run, aluminium metal blocks of rectangular 
size and thickness equal to the rectangular boundary of the 
somewhat irregular single crystals, used in the first two runs, 
were mounted in place of the crystals. Aluminium was used 

July (Fig. 3), Borst recorded additional unsuccessful attempts
(Borst, 1944). Later that month, Borst’s colleague A. J. Ulrich
reported ‘indications of a reflected beam’ from a calcite crystal
‘set up in an appropriate spectrometer’ (Ulrich, 1944). In a
mid-September report, Ulrich and Borst stated that ‘the
spectral distribution of neutrons emerging from the center of
the Clinton pile has been determined using a calcite crystal
spectrometer and BF3 counter as detector’, but they also
mentioned ‘the poor resolving power of the present instru-
ment’ as an impediment to accurate determination of angles,
as well as their hopes for an improvement in resolving power
from a ‘double circle’ (i.e. two axis) spectrometer recently
supplied by Chicago (Ulrich & Borst, 1944).

Wollan’s efforts were likely hampered first by the transfer of
his group (General Physics Section II) from Chicago to
Clinton in August 1944 and then by his engagement in resol-
ving the xenon poisoning problem at Hanford (Moak, 1976).
By December 1944, however, Wollan and Borst were able to
report success, providing to the Physics Division monthly
report the two rocking curves, one for a gypsum crystal and
one for an NaCl crystal, shown in Fig. 4 (Wollan & Borst,
1945).

4. Neutron diffraction experiments at Argonne

The CP-3 reactor, designed by Eugene Wigner and built under
the direction of Walter H. Zinn, was initially envisioned as a
backup for the Hanford reactors (Weinberg, 1994, pp. 31–33;

Holl et al., 1997, p. 28). Since it used heavy water (code named
P-9) as a moderator, it was also called the P-9 machine. By July
1944, CP-3 was operating under full power, and Fermi and
Zinn were working to optimize the collimation of the neutron
beam from its thermal column and measure the index of
refraction for thermal neutrons (Fermi & Zinn, 1944). The
Smyth report would subsequently note that “The very high
intensity beam of neutrons produced by this pile has been
found well-suited to the study of ‘neutron optics’, e.g.,
reflection and refraction of neutron beams” (Smyth, 1945,
p. 140).

Zinn, a Canadian who received his PhD in nuclear physics
from Columbia University in 1934, had carried out experi-
ments at Columbia with Szilard on the emission of neutrons
from the fission of uranium (Szilard & Zinn, 1939) before
transferring to Chicago in 1942 with the other members of the
Columbia nuclear physics group. He played a major role in the

Acta Cryst. (2013). A69, 37–44 T. E. Mason et al. ! Early development of neutron diffraction 39

Bragg centennial

Figure 3
July 1944 reports by Borst (top: 8 July; bottom: 12 July) on attempts to
obtain a Laue diffraction pattern.

Figure 4
Hand-plotted rocking curves for Bragg scattering from single crystals at
the X-10 pile, obtained by Wollan & Borst in December 1944 with
improved equipment installed on 2 December.

Figure 5
Bragg reflection of neutrons on CP-3, obtained in August 1944. Top:
typical crystal rocking curve; bottom: results of an exploration of the
thermal neutron spectrum, with a background of 150 counts per minute
subtracted.

 CP-3 reactorLaboratory source PoBe, RaBe
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Scattering experiments need of intense neutron beam

Intensity Matters

• Neutron scattering measures a neutron count rate 

• The count rate is the number of counts, N, divided by 
the measurement time, t. 

• The statistical uncertainty is given by the square root of 
the counts, √(N), i.e. 10 000 counts have an 
uncertainty of 100, or 1% 

• Neutron scattering is generally weak

© 1949 Nature Publishing Group
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observed quite recently, using neutrons of very low 
energies ( < 0·003 eV.) obtained by means of the 
mechanical velocity selector10 • This is analogous to 
the comparable X-ray effect. Another type of small-
angle scattering, for which there is no X-ray equiv-
alent, is that obtained in unmagnetized iron (dis-
appearing in moderate magnetic fields) and due 
presumably to magnetic refraction of neutrons at 
domain boundaries20 • 

The two main groups of experiments on the 
scattering of neutrons by crystals have involved : 

(I) The measurement of coherent diffracted beams 
and of the incoherent diffuse background, for a given 
wave-length17 •5 , as a function of diffraction angle-

(2} The measurement of the intensity loss in the 
direct beam on transmission through the scattering 
material, as a function of varying neutron energy21 

The first method is essentially similar to the 
corresponding X-ray techniques. For the powder 
method the same diffraction formula applies, but 
with the polarization factor omitted : 

Phkl I 8Z tp' exp(- !J.f sec6) Fh!l 2 

Po = 4T:r p · sin2 26 Pkhl To ' 

where Phkl is the integrated power in an (hkl) refiexion. 
as measured by a counter slit, height l at distance r 
from the specimen, P 0 the primary beam power, 'p' 
the apparent powder density, p the true crystal 
density, t the specimen thickness, PliJcl the multi-
plicity value, V the unit cell volume and Fhkl the 
Bragg scattering amplitude per unit solid angle per 
unit cell. FMz therefore contains the geometrical 
structure factor, the nuclear scattering amplitudes 
j 1 , j,, etc., and the appropriate Debye-Waller tem-
perature factors. The absorption factor exp(-F t sec 6) 
will be approximately unity if absorption is negligible. 

In order to determine j 1 , j 2 , etc., which was the 
primary object of the first experiments, crystals of 
known structure were used and values of P 0Fhkz" 
determined for all possible planes. For crystals of 
the elements it was found that the application of an 
appropriate temperature factor did, in fact, give a 
constant value of P 0j 0 

2 after correction for structure•. 

Fhkl = 2:.{0 exp( - W)exp{ - 2rr:i(hx + ky + Zz)} 
(atoms at x, y, z; W, temperature factor). 

With crystals of binary compounds, consideration 
had to be given to the possibility that the two 
atoms in the formula molecule might be scattering 
with opposite signs. A study of crystals of the 
sodium chloride type of structure would give spectra 
as follows: (l} planes with 'mixed indices' would 
not reflect ; (2} planes with 'all-even' indices would 
reflect with intensity proportional to (A + B) 2 ; 

(3) planes with 'all-odd' indices would reflect with 
intensity proportional to (A - B) 2 • 
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Fig. 1. Diffraction pattern for powdered aluminium in counts 
per minute versus counter angle (20) (E. 0. Wollan and C. G. 

Shull, Oak Ridge) 
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Fig. 2. Transmission spectrum for powdered calcium oxide, in 
total cross-section per molecule in barns versus neutron energy 
in electron-volts (L. Winsberg, D. Meneghetti and S. S. Sidhu, 

Argonne) 

If, therefore, the 200, 220 planes were strong and 
the Ill, 113 weak, A and B must be scattering with 
amplitudes of the same sign. This was found to be 
the case for sodium fluoride, chloride, bromide and 
deuteride. Since j for fluorine was known to be 
positive, it followed that all the rest were also 
positive. In the case of lithium fluoride, manganese 
oxide and sodium hydride, however, Ill, ll3, 331 
were strong and 200, 220, etc., weak, showing that 
lithium, manganese and hydrogen must have negative 
scattering amplitudes. It was not, in fact, certain to 
begin with that sodium hydride and deuteride were 
of the sodium chloride type ; but intensity consider-
ations were able to eliminate all other possibilities, 
taking both possible combinations of signs into 
consideration. 

Determination of the absolute values of the scatter-
ing amplitudes j 1 , j 2 , etc., required a knowledge of 
P 0 ; and since this was large (2 X 10 8 counts/min. 
in the whole area of the neutron beam after mono-
chromatization) a direct determination in each 
experiment would have been difficult. Shull and 
W ollan 5 therefore chose diamond for use as a standard, 
and determined the absolute value of the coherent 
scattering cross-section for carbon in diamond by the 
transmission method (2}, now to be described"'· 

If R(a) and R(O) are the counting-rates, corrected 
for background, respectively with and without the 
powdered scattering sample in the neutron beam, 
and if N is the number of atomsjcm. 2 of the irradiated 
surface, then the total cross-section of the scattering 
nuclei will be given by 

log R(O) - log R(a) 
<!t = 

Provided that true absorption is negligible, and 
supposing that the substance contains only one kind 
of atom, and that the scattering is free from spin 
and isotopic incoherence, then 

).2 
ct = -v 2:. Phkl dhkl . c-s . Rhkl, 

8 hkl 

© 1949 Nature Publishing Group
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NEUTRON DIFFRACTION BY CRYSTALS* 
By DR. KATHLEEN LONSDALE, F.R.S. 

considering the new teclm' e of neutron dif-
fraction by crystals it is ecessary to discuss: 

(1) the properties of s; (2) their sources, 
methods of observatio measurement; (3) their 
interaction with matte (4) experimental methods; 
(5) results of exp · nts. 

Neutrons 
Neutron e uncharged particles of approximately 

the:fe ass as the proton (hydrogen nucleus); 
act •they are a little heavier. Their linear 
dime ions are about 10-12 em., only about one ten-
thousandth of the size of the atoms in a crystal. 
They have spin and therefore a magnetie moment. 
They also have velocity and may usefully be described, 
therefore, in terms of their energy mv2j2. A beam of 
neutrons of uniform velocity, that is, a mono-
energetic beam, will be in equilibrium with matter at 
temperature T° K., where mv2j2 = kT (k is Boltz-
mann's constant). In terms of the wave-theory, they 
will also have a wave"length A = hjmv (where h is 
Planck's constant) and a frequency v = vj'A. This 
wave may be interpreted in terms of the probability 
that neutrons of velocity v would be observed in a 
given place at a given time. 

The range of neutron energies of practical import-
ance for diffraction techniques is from 0 · 001 to 
1,000 eV. The relationship between wave-length ), 
expressed in Angstrom units and energy E in electron-
volts is A = 0·285/yE, and this range therefore 
corresponds to 9 to 0·009 A. The corresponding 
frequencies are of the order of 1013/sec., the fre-
quencies, in fact, of thermal vibrations in solids. 

Sources of Neutrons 
Neutrons were first obtained by the bombardment 

of light elements by oc-particles from radium or 
polonium: 

4Be 9 + 2He4 -+ 6C12 -+- 0n 1 

5 B11 + 2He4 -+ 1N 14 + 0n 1
• 

Radium-beryllium sources were used in early diffrac-
tion experiments, with heavy shielding by paraffin, 
lead and cadmium being required to prevent neutrons 
andy-radiation from escaping in unwanted directions. 

Neutrons may also be obtained by bombardment 
of a light element with deuterons from a cyclotron. 
Either beryllium, or deuterium from heavy ice or 
heavy paraffin, may be used, the latter giving a more 
homogeneous beam : 

,1Be 0 + 1H 2 _,. 5B 10 + 0n 1 

1H 2 -+- 1H 2 -+ 2He 3 -+- 0n 1• 

The yield of neutrons per bombarding particle 
using any of the above methods is, however, ex-
tremely low. 

The most effective source of neutrons is the atomic 
pile, but fission neutrons from uranium-235 or 
plutonium-239 are much too fast for diffraction 
experiments and must be slowed down by repeated 
collisions with light nuclei. The loss of energy of 
neutrons is greatest on collision with protons, but 
hydrogenous material is not the best moderator, 

• Based on a Friday Evening Discourse at the Royal Institution, 
deliYered on March 18. 

because capture of neutrons takes place rather too 
easily : 1H 1 + 0n 1 -+ 1H 2 + y-radiation. Better 
moderators are heavy water or graphite, in which 
the probability of neutron capture (the capture 'cross-
section') is very small. When the energy of the 
neutrons is reduced to such a value that they are in 
thermal equilibrium with the atoms of the moderator, 
they are allowed to emerge from the pile as a col-
limated beam. They are not, however, mono-
energetic ; there is an approximately Maxwellian 
energy distribution. If the neutron spectrum is 
considered as a whole, having a mean energy mVo/2 = 
3/2 kT, then since the corresponding wave-length 

h h 
)mean = mW = V3mk'l'' 

it follows that thermal neutrons in equilibrium with 
matter at 100° C. will have a mean wave-length 
1·33 A., or at 0° C., 1·55 A. The corresponding peak 
wave-lengths will be V3/2 times greater, that is, 
1·63A. (100° C.) and 1·90A. (0° C.) respectively'. 
These are approximately the same wave-lengths as 
those that are used in X-ray diffraction techniques. 

Since there is no source of neutrons giving a 
monochromatic beam, such as would correspond to, 
say, Koc characteristic X-rays, the range of neutron 
energies used must be limited. This can be done 
either by means of a mechanical velocity selector• or, 
for a medium range and better resolution, by crystal 
reflexion. The narrowness of the energy band 
isolated by reflexion is determined., by crystal per-
fection and degree of collimation. It is not, however, 
possible to collimate the neutron beam very sharply, 
because of loss of intensity. After monochromatiza-
tion from a wedge-shaped sodium chloride crystal, 
cut at 6·5° with the (200) plane, the neutron beam 
used at the Clinton Laboratories, Oak Ridge, has a 
cross-section i in. x 1 in., a wave-length 1·06A., and 
an intensity of 2 X 106 counts per minute•. 

Methods of Detection and Counting of Neutrons 
Although neutrons themselves, being uncharged, 

give no track in a cloud chamber, they can be 
J.etected by means of the V-shaped tracks that occur 
when they are captured by certain nuclei ; for 
example, 1N 14 + 0n 1 -+ 5 8 11 + 2He4 • The range of 
the recoil particles may be used to give a measure of 
the original neutron energy. Such a method could 
obviously not be used for crystal diffraction measure-
ments. For early work in this field an ionization 
chamber lined with a compound containing lithium 
or boron, or filled with boron trifluoride gas, was 
used•: 

3Li 6 + 0n 1 -+ 1H 8 + 2He4 ; 1H 3 -+ 2He3 + _1e0 

15B 10 + 0n 1 -+ 3Li 1 + 2He4
• 

Modern ionization methods use boron trifluoride 
enriched in the boron-10 isotope, with a Geiger-
Muller proportional counter, readings being made 
over 4-min. time intervals at each counter position, 
with and without a cadmium shutter in position•. 
Since, in general, the intensity is not greatly in excess 
of the general cosmic background, repeated readings 
are frequently necessary, and automatic methods of 
recording are employed5 • 

Wollan’s group at Oak Ridge in 1946 laid the foundations 
for widespread application of neutron diffraction as an 
important research tool.Scattering experiments need good statistics for 

significant results 



Neutrons Born Fast 
(High Energy Physics Jargon)



NEUTRONICS: Neutron Transport and Interaction with Matter
• Wide range of energy —-> wide range of mechanism of interactions —> different scientific jargon

Fast neutron down to thermal: 

Elastic collisions are the preferred and more efficient 
way to reduce the neutron energy . 
In an elastic collision neutron-nucleus behave as billiard 
balls —> no excitation of the compound nucleus. The 
total kinetic energy before and after the collision is 
preserved 

In the eV range and below: 
 Neutrons see nuclei as bound in molecule  
several vibrational modes can be activate as a 
mechanism to lose energy. 
the scattering nucleus is considered at rest (KE=0) 
neutron scattering elastically only changes direction 

Elastic collision: conservation of KE  and momentum

Energy  range <  few eV
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OUR SCATTERING MODEL FOR ND (2.5 nm radius)

The  scattering  model  was  developed  using  NJOY (for the inelastic component)  + NCrystal (for the coherent 
elastic component) + an analytical model of SANS implemented in OpenMC.
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Energy Dependent Interaction with Matter
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nucleus
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nucleus

nucleus

neutron 
captured

neutron 
escaped

Designing a neutron source for scattering experiment means 
optimise the leakage from the source to the instruments. 

definition energy range*

ultra cold < 0.3  μeV*

cold  0.3 μeV  to 0.01eV*

thermal 0.01 eV to 0.3 eV*

epithermal 0.3 eV to 10 keV

fast 10 keV to 20 MeV

Ultra fast >20 MeV

• Diffraction
• Magnetitc scattering

• Elastic Scattering ⎨
• Nuclear Reactions: 

Radiative Capture: A (n,γ)  

Other Captures (n,p) or (n,𝝰):  A( n,x) 

Inelastic Scattering A(n,n’)A*  
Nuclear Fission (n,f)

w
ith
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da
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s

⎨
σT = σel + σinl + σγ + σp + σα + σf + . . .

ΣT = NσT

total microspcic cross section

total macroscopic cross section

Reaction rate: 

* slow neutrons 

neutron 
escaped

RR(E) = Nσi(E)Φ(E) = Σi(E)Φ(E)
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Neutron Sources
(the Physics: Phenomenological Description)



A general overview of the main physics processes
How To Free Neutrons? The production of neutrons

1. Fission (ILL) 2. Spallation process (ISIS, SNS, ESS)

3. Fusion 

Chain reaction
Continuous flow of neutrons
1 neutron/fission

Single event reaction
Pulsed flow of neutrons
30 neutrons/proton hit

2D + 3T → 4He + n + 17.6 MeV.

4. Laser 

The production of neutrons

1. Fission (ILL) 2. Spallation process (ISIS, SNS, ESS)

3. Fusion 

Chain reaction
Continuous flow of neutrons
1 neutron/fission

Single event reaction
Pulsed flow of neutrons
30 neutrons/proton hit

2D + 3T → 4He + n + 17.6 MeV.

4. Laser 

The production of neutrons

1. Fission (ILL) 2. Spallation process (ISIS, SNS, ESS)

3. Fusion 

Chain reaction
Continuous flow of neutrons
1 neutron/fission

Single event reaction
Pulsed flow of neutrons
30 neutrons/proton hit

2D + 3T → 4He + n + 17.6 MeV.

4. Laser 

Process Source Scale
Fission Reactor

Spallation Large acc.  
complex

Photonuclear/
photofission

Large  acc. 
complex

Fusion intermediate 

Laser p acceleration 
+ 

nuclear reaction

Compact  Source 
(still under study 
and development)

Radioactive decay 
+  

nuclear interaction

Small laboratory 
Source

Direct radioactive 
decay

Rare uncontrolled  
events in large 
scale facilities 
(noise source) 6. nuclear reaction

7. Radioactive decay

n

p

𝜸’

𝜸

3. photoneutron (Gelina) 

• An ion source creates positive hydrogen 
ions (protons). 

• Pulses of protons are accelerated into
a target with neutron rich atoms.

• In the target neutrons are liberated by a  
a spallation reaction. 

• The neutrons are then guided to 
instruments where they are used for
materials studies. 

Spallation: A nuclear process in which a high 
energy proton excites a neutron rich nucleus which
decays sending out neutrons (and other particles). 

How does ESS work?

2. Spallation process (ISIS,SNS) 

4 5



Neutron background around us is coming 
mainly from spallation of high energy protons 
on Oxygen and Nitrogen nuclei in the 
atmosphere….

The thermal neutron flux at the Earth’s 
surface is ~ 10-4—10-3 n/cm2/s, varying 
with atmospheric pressure (i.e., weather) 

38
T H E  E U R O P E A N  N E U T R O N  S O U R C E

� Cosmic-ray-proton induced 
neutron flux as a function of 
atmospheric depth

Neutrons from spallation
Atmospheric spallation neutrons (Fermi, 1948)
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Fermi, Uni. Of Chicago 1948 lectures (courtesy of J. Carpenter)
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The “oldest” neutron spallation source on earth is provided by Nature  

Neutrons from Cosmic Rays



Spallation vs Fission  

(… and Photo-Production)
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The neutron strikes the nucleus and is 
absorbed. 

The absorbed neutron causes the nucleus to 
undergo deformation. 

In about 10-14 second, one of the deformations 
is so drastic that the nucleus cannot recover. 

The nucleus fissions, releasing an average of 
two to three neutrons. 

In about 10-12 second, the fission fragments 
loose their kinetic energy and come to rest, 
emitting a number of gamma rays. Now the 
fragments are called fission products. 

The fission products loose their excess energy 
by radioactive decay, emitting particles over a 
lengthy time period (seconds to years).

Fission reactor technology is  intrinsically neutrons poor: only few 
excess neutrons can be made available

Spallation is an efficient process for releasing 
neutrons from nuclei . It is an endothermic 

process and can be in principle triggered in any 
nucleus but the neutron yield increases with the 

atomic mass of nucleus Fissile U233 
U235

Pu239 
Pu241

Mechanisms of Neutron Production
Spallation Fission



Neutron Yield and Leakage
Spallation Fission

produced from fission, the neutrons, and the fission products all play
critical roles in the physics of nuclear power reactors. We consider
each of them in turn.

Energy Release and Dissipation

The approximately 200 MeV of energy released by a fission reaction
appears as kinetic energy of the fission fragments, neutrons, and
gamma rays, as well as that from the beta particles, gamma rays,
and neutrinos emitted as the fission products undergo radioactive
decay. This kinetic energy is dissipated to heat nearly instanta-
neously as the reaction products interact with the surrounding
media. The forms that the interactions take, however, differ signifi-
cantly according to whether the particles are electrically charged or
neutral.

The fission fragments are highly charged, for the high speeds at
which they emerge from fission cause electrons to be ripped from
their shells as they encounter surrounding atoms. Charged particles
interact strongly with the surrounding atoms or molecules traveling
at high speed, causing them to ionize. Creation of ion pairs requires
energy, which is lost from the kinetic energy of the charged particle
causing it to decelerate and ultimately come to rest. The positive ions
and free electrons created by the passage of the charged particle will
subsequently reunite, liberating energy in the form of heat. The
distance required to bring the particle to rest is referred to as its
range. The range of fission fragments in solids amounts to only a
few microns, and thus most of the energy of fission is converted to
heat very close to the point of fission. Other charged particles, such
as the alpha and beta particles emitted in radioactive decay, behave
analogously, rapidly decelerating and coming to rest; for lighter
charged particles the ranges are somewhat longer.

Neutron U235 U236

sec

U236

Fissioning

Fission
fragment

Neutron

Neutron

Neutron

Fission fragment

1
10,000,000

Gamma radiation

FIGURE 1.2 A fission reaction.
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Production: an average of 2.5 neutrons/fission

Leakage: 1 n  is needed to sustain chain reaction—-> 

 1 neutron/fission available for scattering 

Rate of Fissions(ILL) =
Power

energy from one fission

Leakage(ILL) =
58 ⋅ 10+6

200 ⋅ 10+6 ⋅ 1.6 ⋅ 10−19
≃ 2 ⋅ 1018 n

s
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Fig. 1.12 The principal scheme of spallation.

the reaction the nucleus is left in an excited state. This is shown in principle in
Figure 1.12.

During the first stage – cascade/pre-equilibrium stage – the incident particle
undergoes a series of direct reactions with the nucleons–neutrons and protons –
inside the target nucleus, where high-energy secondary particles such as protons,
neutrons, and pions from 20 MeV up to the energy of the incident particle are
created in an intranuclear cascade inside the nucleus. From the intranuclear cascade
some of these high-energy hadrons escape as secondary particles. Also low-energy
pre-equilibrium particles in the low MeV energy range are ejected from the nucleus
leaving the nucleus in a highly excited state. In the second stage nuclear de-excitation
or evaporation takes place, when the excited nucleus relaxes by emitting low-energy
(<20 MeV) neutrons, protons, alpha particles, light heavy ions, residuals, etc., with
the majority of the particles being neutrons. After evaporation the nucleus that
remains may be radioactive and may emit gamma rays.

The secondary high-energy particles produced during the intranuclear cascade
phase move roughly in the same direction as that of the incident particle beam,
due to the so-called Lorentz boost, e.g., the momentum transfer of the incident
particle, and can collide with other nuclei in the target. The reactions that follow
are a series of secondary spallation reactions (see Figure 1.12) that generate more
secondary particles and low-energy neutrons. This so-called internuclear cascade
or more general hadronic cascade is the accumulation of all reactions caused by
primary and secondary particles in a target.
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a low-energy Monte Carlo transport code with an appropriate cross-section library. There
are several high-energy particle transport codes presently available such as HETC/KFA2
(HELMES) [4], SHIELD [5], LAHET [6] NMTC/JAM [7, 8], etc. MCNP-4C [9] is a typical
low-energy Monte Carlo transport code. Full transport calculations of various particles
and photons, including whole processes from the neutron generation to the slow-neutron
production, can be done by using these two codes. However, there are combined codes for high-
energy and low-energy such as MCNPX [10]. Higher proton-beam energies are being adopted
in some spallation sources, for example, 3 GeV at the Japanese spallation-source (JSNS). In
such cases a code system with high-energy capability becomes necessary. Some high-energy
transport codes have been improved to have such a capability: for example, the energy range
covered by NMTC/JAM has been extended up to 200 GeV. Validation calculations of these
codes and comparisons with experimental data have already been done (e.g. in the case of the
LAHET code system/CINDER’90, see [11]). The purpose of this paper is not to deal with the
calculation methods in detail. The major purpose is to seek the best source parameters mainly
by calculations using these code systems and discuss calculated results from the neutronic
performance point of view, partly comparing with available measured data. Note that the code
systems presently available are good enough for a spallation-source design, with optimization
studies and performance predictions.

On the neutron yield, y, there are some measured data for a Pb target, 20 cm in diameter
and 60 cm in length [3, 12–14]. Figure 3 [14] shows measured values of Y as a function of Ep

compared with calculations. The agreements between the measured values, and with values
calculated with different code systems, are fairly good.

The following simple formula would be convenient to estimate a rough value of Y for a
non-actinide target,

Y (E, A) = {E (GeV) − 0.12} × {A + 20} × 0.1 (n/p).

Figure 3. Measured and calculated values of neutron yield, Y , as a function of proton energy.
‘Present value’ means the measured value at 12 GeV by Arai et al [14] and ‘empirical formula’ is
a fitted curve to the measured data [14].
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Abstract 

Accelerator Driven Systems are advanced systems for 
the use of Thorium as fuel, aiming to reduce nuclear 
waste through transmutation. The spallation target, which 
is responsible for producing neutrons, is one of the main 
parts of the ADS system. In this research, neutronic pa-
rameters of spallation targets consisting of several materi-
als LBE, Mercury, and Lead, on the cylindrical, box, and 
conic shapes using Monte Carlo codes (FLUKA, PHITS, 
MCNPX) were investigated. Energy Deposition and 
spallation neutron yield of spallation target with different 
shapes and dimensions have been calculated to optimiza-
tion of the target.  According to the results, the neutron 
yield values from MCNPX and PHITS are similar and it’s 
close to the experimental result. On the other hand, the 
error rate of the values in Fluka is higher. 
 

INTRODUCTION 
Accelerator Driven Systems (ADS) are up-and-coming 

tools that provide reliable energy and transmute long-
lived radioactive waste. The simultaneous operation of 
ADS's passively safe subcritical core and accelerator 
distinguishes it from conventional fission reactors. So, the 
unique feature of this system is that the reaction stops 
shortly after the proton beam from the accelerator is 
turned off. In this way, it provides safety that will signifi-
cantly reduce the risk of nuclear accidents. In addition, 
nuclear waste is a big problem for which no solution can 
be found [1]. ADS aims to transmute long-lived radioac-
tive waste like Pu, and Np isotopes [2]. Thus, it can figure 
out this problem and contribute to the sustainability of 
nuclear energy [3]. 

Powerful particle accelerators with high proton beam 
energy, spallation target, and sub-critical system are the 
main components of ADS [4]. The particle accelerator 
continuously delivers a dense beam of accelerated parti-
cles toward the target. As a result, these neutrons can be 
multiplied in the subcritical nuclei enclosing the target 
[5]. 

The spallation target is the part that connects the accel-
erator and the subcritical reactor. Therefore, the spallation 
target design has a key point for ADS design. There are 
some difficulties for design spallation target; selecting the 
most suitable material, heat removal, radiation damage, 
and distribution of power density. To handle these issues, 
subjects such as neutronic analysis, and energy deposition 
are required for spallation target design [6]. 

The neutron yield per incident proton is the principal 
data that has been used in the ADS study [7]. Neutron 
yield calculation with MCNPX has been investigated by 
several researchers [8-10]. However, a comparison of 
neutron yield with different Monte Carlo codes such as 
FLUKA and PHITS was not well reported. 

  Three well-proved Monte Carlo codes (FLUKA, 
PHITS, and MCNPX) were used to calculate and compare 
the neutron yield to determine the most suitable material 
and select the optimum size and shape for the spallation 
target. 

MATERIALS AND METHODS 
In this paper, by using FLUKA, PHITS, and MCPNX, 

the neutron yield of the cylindrical target was calculated 
according to different proton beam energies and this pro-
cess was repeated for 4 different target materials (LBE, 
Mercury, Lead, and Tungsten). The fixed cylinder target 
with a radius of 20 cm and height of 80 cm was chosen 
based on the literature [10]. To compare the different 
shapes, the dimensions of the Conical target were selected 
the same (Fig. 1). Proton beam (2.35 mm spatial FWHM) 
with energies ranging from 600 to 1500 MeV, in the z-
direction (0, 0, -2) injected into the target. 

    
 

Figure 1: Fixed cylindrical and conical spallation target. 

   To determine the optimum target shape and dimen-
sions, the neutron yield of the cylindrical target as well as 
the conical target were calculated and repeated for differ-
ent materials (Tungsten, LBE, Mercury, and Lead) and 
dimensions. The length of the cylindrical target has been 
changed to 20,40,60,80 and 100 cm, and then the radius 
of the target has been changed to 5,10,15,20,25, and 
30 cm. Conical target length has been varied from 40, 60, 
80,100 cm and radius 10,20,30,40, and 50 cm. Equation 1 
is used to calculate the neutron yield per incident proton 
[11]. Proton beam energy, target material, shape, and 
dimensions of the target are the factors affecting the neu-
tron yield. Sp is the number of primary protons and Sn is 
the number of primary neutrons.  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑛𝑛𝑛𝑛𝑆𝑆𝑛𝑛𝑆𝑆𝑆𝑆 𝑦𝑦𝑆𝑆𝑛𝑛𝑆𝑆𝑦𝑦 𝑆𝑆𝑛𝑛𝑛𝑛 𝑆𝑆𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆   𝑌𝑌𝑆𝑆/𝑆𝑆 = 𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆
   (1) 
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− − > Leakage(ISIS) ≃ 2 ⋅ 1016 n
s

Why protons? Why high energy?
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For example, Y for a mercury target (A = 200.61) bombarded by 1 GeV protons becomes
19.4 (n/p). In the case of an actinide target such as uranium-238, Y can be estimated with the
above equation by multiplying by a factor of 2.

3. Target neutronics

3.1. Neutron production and leakage-neutrons from target

Calculated numbers of total leakage-neutrons per proton, Y , from various bare targets, depleted
uranium (U), tungsten (W), gold (Au), tantalum (Ta) and Pb, are compared in figure 4 [15] as
a function of Ep up to 3 GeV. In the values of Y , high-energy neutrons are not included: only
sub-15 MeV neutrons are plotted. A cylindrical target, 10 cm in diameter and 32 cm in length,
was assumed, with a cylindrical proton-beam profile of 4.7 cm in diameter. The result shows
that Y is approximately proportional to the nucleon number density. Relatively lower values
for the Pb target are due to smaller number density (smaller effective diameter) than the other
targets. Note that Y depends not only on the target material but also on its diameter.

Next, let us consider the axial-distribution of leakage-neutrons from a target, since the
distribution is important in considering the target–moderator coupling (the best moderator
position relative to the target). Such axial distributions were studied by experiments, for
example [16], and by calculations, for example [15, 17–20]. Typical examples of the calculated
axial distributions are given in figure 16 [19] and discussed in section 4.3.

The number of leakage-neutrons from the cylindrical surface of a target depends on the
target radius. The number increases and then begins to decrease with increasing radius, since

Figure 4. Calculated values of total leakage-neutrons, Y , from various bare targets as a function
of proton energy. ‘Sub 15 MeV neutron’ means that high-energy neutrons are not included: (only
sub 15 MeV neutrons are plotted). A cylindrical target, 10 cm in diameter and 32 cm in length, is
assumed, with a cylindrical proton-beam profile of 4.7 cm in diameter.

Neutronics of pulsed spallation neutron sources 343

Figure 2. Measured neutron yield per charge, Yi/Zi, from a Pb target, 20 cm in diameter and
60 cm in length, bombarded by various light ions as a function of incident ion energy per ion
charge, Ei/Zi. For 3He ions, only one measured point is given.

in length, bombarded by various light ions, p, d, 3He, α and 12C, as a function of incident ion
energy per Zi. Although d gives a slightly higher Y than p, when the particle acceleration cost
is taken into account, p becomes the best.

2.3. What proton energy is optimal?

Measured values of the neutron yield for proton, Yp, and the energy cost, εp, are given in
[3] for Pb targets, 10 and 20 cm in diameter and 60 cm in length, as a function of incident
proton energy, Ep. Here, εp is defined as the proton energy required to produce one neutron
(εp = Ep/Yp). The proton energy giving the minimum value of εp is about 1.1 GeV for both
cases, 10 and 20 cm diameters, because the proton energy consumed for the pion production
increases with Ep, especially above 1 GeV. The minimum value of εp for the Pb target of 20 cm
in diameter is approximately 47 MeV. This is the reason why Ep = 1.1 GeV is considered to
be the optimal. However, the optimal proton energy, to realize a required proton beam power,
must be determined taking into account the energy that is most acceptable from the point of
view of the technical and economic aspects of the accelerator.

For efficient neutron production why is proton-induced spallation superior to other
reactions such as photo–neutron production by (e, γ n) reaction with an electron accelerator
or fission with a reactor? It is apparent when we compare the energy cost of each reaction.
Typical values are 50 MeV for spallation, 180 MeV for fission (assuming 1 usable neutron per
fission) and 2000 MeV for (e, γ n) reaction. Since the final technical limit is determined by the
target (or reactor core) heat removal, spallation is the best of the three.

2.4. Neutron transport calculation and neutron yield

The high-energy part of the spallation reaction above 20 MeV can be calculated using a
Monte Carlo high-energy particle transport code and the low-energy part below 20 MeV by



Spallation neutrons extend to higher energies 
than fission neutrons: 

In a spallation source, high-energy cascade 
neutrons approach the energy of the incident 
proton (i.e 800 MeV at ISIS).  

Neutrons from evaporation OF HIGH Z NUCLEI 
are around 1 MeV and are emitted isotropically
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Figure 10: TRAM: escaping neutrons and power deposition 

 
Figure 11: Energy spectrum of neutron escaping from the bare target 

 
 

The simulation results reported in Error! Reference source not found. show that there are very few 
high energy neutrons (E> 100 MeV) escaping backward, since these are mainly emitted forward with 
respect to the impinging proton beam. The side cylindrical surface contributes to the overall neutron 
leakage by almost 83% of the total. Moreover, the side leakage is made mainly of neutrons coming 
from the evaporation stage (Maxwellian distribution around 0.7 MeV) of the heavy fragments in the 
spallation process, while only few of them (about 7% of the side leakage) have energy higher than 20 
MeV and are produced by direct spallation process. The backward current is about 11.5% of the total 
leakage and does not exhibit the peak around 100 MeV, while the neutron leakage forward is less 
than 6% of the total. 
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The Watt Distribution (Spectrum)
The distribution of the number of neutrons with energy in the fission

spectrum is well represented by a mathematical function, the Watt function.

! 

This distribution is for neutrons
from the fission of 235U  with a

slow neutron and is shown in the
figure.
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P(E) = 0.4865sinh 2E( )e"E  MeV-1

This is an empirical formula – it is just a convenient
way of expressing the experimental distribution.
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The Watt Distribution (Spectrum)

A better insight can be gained into what happens in a thermal
reactor by plotting this using a log scale on the x axis.

! 

P(E) = 0.4865sinh 2E( )e"E

! 
Linear plot

Next we turn this into a flux distribution …

Same data but a log plot on the x axis –
showing low energy detail.

Note that very few neutrons are in the eV range.
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The Watt Distribution (Spectrum)
The distribution of the number of neutrons with energy in the fission
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The Watt Distribution (Spectrum)
The distribution of the number of neutrons with energy in the fission

spectrum is well represented by a mathematical function, the Watt function.

! 

This distribution is for neutrons
from the fission of 235U  with a

slow neutron and is shown in the
figure.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 1 2 3 4 5 6 7 8 9 10

Neutron energy [MeV]

P
r
o
b

a
b

il
it

y

Note: It only changes slightly for
other types of fission.

The probability of a neutron from
fission having an energy between E and

E+dE is the function P(E)dE.

! 

P(E) = 0.4865sinh 2E( )e"E  MeV-1

This is an empirical formula – it is just a convenient
way of expressing the experimental distribution.

Lecture 31
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The Watt Distribution (Spectrum)

A better insight can be gained into what happens in a thermal
reactor by plotting this using a log scale on the x axis.

! 

P(E) = 0.4865sinh 2E( )e"E

! 
Linear plot

Next we turn this into a flux distribution …

Same data but a log plot on the x axis –
showing low energy detail.

Note that very few neutrons are in the eV range.

Lecture 31

Spallation Fission



Photonuclear (vs Spallation) 

Bremsstrahlung Photons  interact 
with nuclei causing the emission of 
nucleons (neutron, protons, pion, 
etc)  

Photon energy levels above the 
nuclei binding energy (5-15 MeV) 
are necessary. Photo-nuclear 
interactions are threshold reactions: 
threshold is lower for heavy nuclei
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1.6.1 The giant resonance production 

 

The giant resonance effect is the emission of neutrons by a nucleus which has been excited by 

the absorption of a photon. Since it is a decay process, the emission is isotropic. The cross 

section shows a giant resonance, of the order of 0.1 barn, at around 20-23 MeV (A<40) or 13-18 

MeV (A>40). For nuclei with A>40 the cross section maximum is roughly located at an energy 

value of 80·A-! (MeV). Neutrons from the giant resonance process can be “evaporation” or 

“direct emission” neutrons. The energy distribution of evaporation neutrons is well described by 

a Maxwellian function with temperature parameter in the range 0.5 < T < 1.5 MeV. The average 

energy, 2T, which also corresponds to the maximum of the distribution, ranges in 1 < Eav < 3 

MeV. Equation 1.13 shows the expression of the fluence energy distribution. 

 

T

E

n e
T

E

dE

d #
%

2
2

1
  (1.13) 

 

The giant resonance effect determines the lower energy part of the photo-neutron source term. 

This process has lower energy threshold and higher cross section than the others, which occur at 

higher energy. By combining this with the 1/E or 1/E2 shapes of the photon energy distribution, 

it is clear that the neutron field is highly dominated by the giant resonance production at any 

value of initial energy, E0.  

As an example, the neutron spectra from the SLAC accelerator are shown in Figure 1.9. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Neutron spectra at the SLAC complex. Taken from (Vylet, 1997). 

 

 

 

 

T = 0.7 MeV for W

Main mechanism of neutron production: Giant dipole resonance  

Neutron flux from the giant resonance process is distributed according to a Maxwellian

Photonuclear:  
1 GeV e- on W target → 0.7 n/e-

Neutron energy spectra from spallation and photonuclear production are pretty 
simular : they both extend up to the primary E and 90% of the neutrons are around 1 
MeV (W)….  
but the efficiency of production of neutron is quite different (photo nuclear yield is 
almost 2 orders of magnitude less than spallation)

Spallation:  
1 GeV p on W target → 14 n/p

e- linac
target

Flight path north

Flight path south JRC, Gelina

n

p

𝜸’

𝜸

e-

Same spectrum shape  but different yield efficiency



Most of the neutrons produced in 
fission are prompt neutrons, 

”Delayed” neutrons are emitted with 
h a l f - l i v e s r a n g i n g f r o m f e w 
milliseconds up to 55 s for the longest-
lived precursor  (87Br) 

The presence of delayed neutrons is 
perhaps the most important aspect of 
the fission process from reactor 
control: 

Neutron balance for CANDU reactors

1.Delayed neutrons are emitted by neutron-rich (fission or spallation) fragments that are called delayed neutron precursors. 
2.These precursors usually undergo beta decay, but a small fraction of them are excited enough to undergo neutron emission. 
3.The emission of neutrons happens orders of magnitude later compared to the emission of the prompt neutrons.

Relevance in Nuclear reactors Neutronic  background in Spallation Facilities

Delayed neutrons from Bromine and Rubidium are 
produced as a results of spallation process.   

Neutrons coming from (alpha, n) reactions  with high 
energy alpha ( > 4 MeV) coming from short life alpha 
decay radionuclides 

Photoneutron produced in coolant or Be when the 
target is not irradiated by proton but still kept in loco 
for cool down purposes

Z A RN Activity 
[Bq] T1/2

35 86 Br86 5.06E+09 54-sec

35 87 Br87 1.27E+09 55-sec

35 88  Br88 4.43E+09 15.5 sec

Delayed neutron precursor’s activity  at EOI @ ISIS

Delayed Neutrons



A Few Words on the Other Production 
Mechanisms of Neutron…. 



D + T → n + 4He   En = 14.1 MeV 
D + D → n + 3He   En = 2.5 MeV

Motivation
Electronics testing:
•Complementary to 
ChipIr → methods and 
test setups.
•Training.
•Reactors environment.

THE FNG Target

FNG Target holder is designed with a small amount of material downstream, in order to reduce 
spectrum contamination due to neutron scattering

4The Frascati Neutron Generator FNG - ENEA Fusion department, Frascati (RM), Italy

Beam pipe
Target 

Experimental hall

Frascati Neutron 
Generator (ITALY)

Neutron D-T & D-D generator(fusion 
neutrons @ 14 MeV and 2.5 MeV 
respectively ) up 1011 -108 n/s

Fast-neutrons fields at 14MeV (with a total flux 
of 1010 neutrons/sec) and 2.5MeV (with a total 
flux of 109 neutrons/sec).

NILE-RAL

Intermediate Flux Sources (Fusion Sources)

The production of neutrons

1. Fission (ILL) 2. Spallation process (ISIS, SNS, ESS)

3. Fusion 

Chain reaction
Continuous flow of neutrons
1 neutron/fission

Single event reaction
Pulsed flow of neutrons
30 neutrons/proton hit

2D + 3T → 4He + n + 17.6 MeV.

4. Laser 
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Figure A.3 — Neutron spectrum from a 241AmB(!,n) source

Figure A.4 — Neutron spectrum from a 241Am-Be(!,n) source

UNI ISO 8529-1:2010

ENEA
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Radioisotopes which decay with alpha particles packed in a 
low-Z elemental matrix 
 
(α,n) reactions 
  
Neutrons are produced when alpha particles impinge upon any of several low atomic weight isotopes including isotopes of 
beryllium, carbon and oxygen.  
 
This nuclear reaction can be used to construct a neutron source by intermixing a radioisotope that emits alpha particles such 
as radium or polonium with a low atomic weight isotope, usually in the form of a mixture of powders of the two materials. 
Typical emission rates for alpha reaction neutron sources range from 1×106 to 1×108 neutrons per second.  
 
 
 
 
 
 
 
 
 
 
 
 
As an example, a representative alpha-beryllium neutron source can be expected to produce approximately 30 neutrons for 
every one million alpha particles.  
 
The useful lifetime for these types of sources is highly variable, depending upon the half life of the radioisotope that emits 
the alpha particles. The size and cost of these neutron sources are also comparable to spontaneous fission sources.  
 
Usual combinations of materials are plutonium-beryllium (PuBe), americium-beryllium (AmBe), or americium-lithium (AmLi).  
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from 241Am, 238Pu, 242Cm, 226Ra, 227Ac… 

γ = 4.4 MeV 

m

m

Used in metrology for calibration of neutron dose rate meters

Low Flux Sources: Laboratory Neutron Sources
• Transuranic nuclide in low Z matrix: AmBe 1 Ci —> 10^6 n/s 

• Photo-neutron source: Sb-Be Be bombarded by photon with E 
above the binding energy of nucleons ( E>1.7 MeV) (short half 
life) emits neutrons: (1 Ci —> 5 * 10^6 n/s) 

• Spontaneous fission source: Cf-252

Cf-252

AmBe 

252Cf (Californium)—> 10^7-10^8 n/s 
– 2.6 year half life; mainly alpha decay but also fission(SF branch 
ratio about 3.1 percent) 
– 1 mg emits 2.3x1011 n/s with average energy 2.1 MeV 
– 3.8 n/fission + 9.7 γ



Neutron beams with multi-MeV energies can be produced 
using laser based acceleration mechanisms. 

Within plasma intense electric fields are generated 

Two stage process:1) ions produced in the Pitcher are 
accelerated and 2) converted into neutrons through nuclear 
reactions in the Catcher:  such as 2d(d, n)3He and 7Li(p, n)7Be 

Spallation and laser-driven sources are pulsed owing to the 
short duration of the driving ion beam,: t is in orders of μs  for 
spallation and ps  for laser driven source respectively. 

Compared to conventional accelerators, laser based 
techniques offer the advantage of: 

• reduced charged particle acceleration distances, from 
the meter scale to the millimeter scale due to the high 
electrical fields supported by plasmas 

• high instantaneous neutron production rates, due to the 
short pulse duration of the laser and the corresponding 
short acceleration time.

Innovative Neutron Sources: Laser Driven Sources
Laser driven neutron sources are undergoing rapid development at big laboratories

γ = 1/
!

1− (v/c)2. This higher mass decreases the plasma frequency and therefore the critical density.
Once the modified plasma frequency drops below the laser frequency the plasma becomes transparent
again even though the density would be classically overdense. This enables the laser light to propagate
further into the target until the new critical density is reached. This effect leads to the name Relativistic
Induced Transparency Acceleration (RITA) [Sahai et al., 2014] [Fuchs et al., 1998][Hoffmeister, 2014].
As the position of the critical density moves from the front surface further into the target, ions are ac-
celerated in the process. If the expansion through the pre-pulse heating leads to a reduction in the
electron density at the laser facing surface, the penetration depth is further increased. For a target that
is chosen thin enough (sub-µm), so that those two effects enable a laser propagation through the entire
target until the rear surface, the laser ion energy coupling is increased and ions are accelerated to higher
maximum energies and a larger fraction of bulk material is accelerated than via TNSA [Wagner, 2014].
Details of this acceleration mechanism are still under investigation and the increase in ion energy and
bulk material has been linked to the formation of a Buneman instability that drives resonant waves in
a process called break out afterburner (BOA) [Yin et al., 2006]. Other sources explain this through the
increase in relativistic self-focusing [Hoffmeister, 2014] or a more effective laser coupling.

Figure 2.1: The process of laser-driven ion acceleration. A laser pulse impinges on a target and creates a plasma.
Energy is transferred to the electrons which create a sheath at the rear surface. This charge separation creates a
strong electric field that is capable of accelerating ions from the surface. If the target is thin enough the laser can
propagate through the target via RITA and enhance the acceleration.

The major advantage of this acceleration process is the resulting higher ion energy as well as the in-
creased fraction of accelerated deuterons, both resulting in higher neutron numbers. Section 4.3.2
will discuss this in further detail. The disadvantage of RITA is, that the thin targets are very suscep-
tible to damage by pre-pulses. If the target is too thin or the laser contrast to low, then the plasma
does not couple efficiently with the laser and the acceleration is decreased [Kaluza et al., 2004]. If
the target is too thick or the laser not intense enough then the acceleration enters the TNSA regime.
Therefore there is an optimal target thickness for every laser system that has to be identified experimen-
tally [Hegelich et al., 2013].

2.4 Nuclear Physics of the Neutron

In this section, the most important nuclear reactions will be discussed that lead to the emission of
neutrons, as well as the reaction of neutrons with other materials and thereof resulting consequences.
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section to reduce the length of the n-TOF beam line. It is one of
the reasons why the LDNS has been attracting attention.

Another possible process of the neutron source is inertial
confinement fusion (ICF) or magnetic confinement fusion
(MCF). Although the average neutron flux of MCF reaches as
high as 1018 n/s, the source size is several meters, and the source
is covered by the magnetic field coil. Therefore, it is necessary to
develop a special beam port such as the fission reactor neutron
port. On the other hand, the neuron source of ICF is a tiny
fusion fuel capsule containing deuterium and tritium, which
is imploded by irradiating multi high-energy laser beams as
described in [15]. The ICF neutron could be easily transported
to the user’s port. Recently, the 14 MeV neutron pulse reached
higher than 1017 n/pulse with the MJ laser, NIF [30]. The
laser-driven ICF may open up a new field in the neutron science,
although the shot rate of laser implosion is typically a few shots
per day at present. If the shot rate of a multi-100 kJ pulse laser
can be operated with 10 Hz, then the ICF neutron source could
be comparable to that of the large neutron facilities of SpNS.

2. LASER ION ACCELERATION FOR
LASER-DRIVEN NEUTRON SOURCE

Various laser ion acceleration schemes can be applicable for the
LDNS. The ILE, Osaka University concentrates research on
studying the application of TNSA to the LDNS according to the
merits of the TNSA described in the previous section.

The typical geometry of the LDNS is shown in Fig. 2. Here,
the ultra-intense picosecond pulse laser is injected onto the
pitcher which is a thin foil target made by plastic containing
deuteron with a contaminant layer including a proton. By the
relativistic laser plasma interactions, dense multi-MeV electrons
are generated and expand into the rear of the pitcher target.
Then, the strong sheath electric field of a few 1012 volt/m builds
to accelerate the proton or deuteron up to tens of MeV in the
rear side. This process is called TNSA. Those ions are injected
into the catcher made by D, Li, or Be to induce low-energy
nuclear reactions.

In Fig. 4, we show the typical proton and deuteron energy
spectra of ions accelerated by the petawatt laser pulse of LFEX
at ILE, Osaka University. Here, a plastic thin foil was irradiated
with a 250 J picosecond pulse to produce 1013�1014 protons
and deuterons in the range of 1 MeV–20 MeV. When those
MeV ions are injected into a catcher, about 0.1% of injected
ions are converted into neutrons according to the conversion
efficiencies shown in Fig. 3. Namely, 1010�1011 neutrons per
laser pulse can be generated.

Fig. 2. Schematic view of laser-driven neutron source (LDNS) with
TNSA.

Fig. 3. Ion energy dependence of neutron yield by the low-energy
nuclear reactions. The unit of the vertical is neutron yield per one
micro-Coulomb of injected ion charge.

Fig. 4. Thomson parabola signals and the proton and deuteron ion
energy spectra [6].

3. GENERATION AND MODERATION
PROCESSES OF THE LDNS

The neutron generation and moderation experiments have been
carried out also with the LFEX laser. In the experiments, both
the thermal neutron moderator and the cryogenic moderator
were installed to generate thermal and cold neutrons. Figure 5
shows the experimental setup of the experiments. A CD thin foil
target of the thickness of 5 µm�10 µm was used as the pitcher
and a cylinder of Be as the catcher. A fast neutron detector and
the 3He proportional counter were used to detect fast, thermal,
and cold neutrons, as shown in Fig. 5. The 3He proportional
counter was encased by lead and boron-plastic shield. A 15 cm
long solid cadmium cylinder was used as the collimator.

Note in Fig. 6 that the fast neutron spectrum is obtained by
injecting the proton and deuteron beam into the Be catcher
as shown in Fig. 5. The fast neutron flux of Fig. 5 is similar to
the total neutron yield of 1010 n/sr at GSI by the FHELIX
laser, although the neutron spectrum extends from 1.0 MeV to
50 MeV with the Be/Cu catcher [11] at GSI.



Proton Accelerator & 

Design of the TARGET for Spallation Sources 

(Where Primary Protons and Spallation Neutrons Are Produced)



Anatomy of a Pulsed Spallation  Source (ISIS)
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Oliphant during World War II. At that time Oliphant 
was professor at the University of Birmingham; 
latterly he became Governor of South Australia. 
See M L Oliphant et al., Proc. Phys. Soc. London 59 
(1947) 666.

On ISIS the resonant frequencies of the accelerating 
cavities are swept over the ranges 1.3–3.1 and  
2.6-6.2 MHz in synchronism with the frequency 
of the applied RF power. These large changes in 
resonant frequency are achieved by incorporating 
ferrite in the cavities and then varying the permittivity 
of the ferrite by applying bias currents that change 
appropriately over the 10 ms acceleration cycle time. 
Another reason why good synchronism is required.

 
Biased sine wave = A + B � 650 amps, B � 
400 amps. On ISIS the frequency of the sine wave 
applied to the synchrotron lattice magnets is a true 
50 Hz, not a mains-locked 50 Hz.

The successful operation of a synchrotron depends 
critically on good synchronism. Because the protons have 
to be kept in the same orbit as they are being accelerated, 
the magnetic fields in the bending and focusing magnets 
have to increase with time to match. Also, the frequencies 
of the RF power applied to the accelerating cavities have  
to be swept to match the rate at which the protons are 
travelling around the synchrotron. In addition, the strength 
of the accelerating voltage has to match the rate at which 
the protons are being accelerated. A schematic block 
diagram — very much simplified — is shown in Fig. 3.10.

In practice, the magnets are fed by a biased 50 Hz sine 
wave AC current and everything is locked to this. Injection 
of particles occurs just before the magnetic field is at a 
minimum, and extraction occurs when the magnetic field 
is at maximum. To avoid excessive consumption of 
electrical power, the synchrotron magnets are resonated 
with capacitor banks. Basically, there are ten LC circuits 
that resonate at 50 Hz, in each superperiod the magnets 
being the L and a tenth of the capacitors in the capacitor 
bank being the C. The resonant nature of the lattice-
magnet–capacitor-bank LC circuits means that voltages 
of the order of 10 kV are involved.

Beam loss monitors, four to each superperiod, are 
positioned all around the synchrotron to provide  
warning signals when excessive beam losses arise 
through poor synchronism.

Fig. 3.9. Schematic diagram of the ISIS synchrotron. Yellow, 
dipoles; dark green, quadrupoles; red, trim magnets.

The Syncrotron 
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3.1 Ion source
The first stage of the ISIS machine is the ion source.  
This generates the negative hydrogen (H–) ions that are 
accelerated through the RFQ and linac.

The ISIS ion source is a pulsed source of H– ions. 
Hydrogen gas can easily be ionised by arranging for an 
electric discharge to take place between an anode and a 
cathode inside a stream of hydrogen gas. Although a few 
H– ions and neutral hydrogen atoms (H0 atoms) are 
produced in this way, most of the hydrogen ions that are 
produced are positively-charged (H+ ions, i.e. protons), 
and their electric charge is balanced on average in the 
ionised gas by the same number of negatively-charged 
electrons. In order to increase the number of H– ions, it is 
necessary to make an effort to ‘add’ electrons to the 
protons in the ionised gas. This is achieved by 
‘encouraging’ the cathode to emit as many electrons as 
possible, so that more electrons latch on to the protons to 
produce H– ions. Electron emission from a metal surface 
is stimulated by coating the metal with a material that 
emits electrons easily, and in the ISIS ion source this 
material is caesium — a volatile and chemically reactive 
Group-1 element.

A photograph of the ion source is shown in Fig. 3.2, and a 
cross-section through the ‘heart’ of the source is shown 
in Fig. 3.3.

Fig. 3.2. The heart of the ISIS ion source assembly. The 
source body is shown in more detail in Fig. 3.3.

Fig. 3.3. A cross-section through the ISIS ion source.  
The discharge region is roughly the size of a peanut.

gas per minute is continuously delivered to the ion source 
from a hydrogen gas bottle.

When the ion source is operating, some 20 ml of 
hydrogen gas per minute is continuously delivered to 
the ion source from a hydrogen gas bottle.

In operation, a stream of hydrogen gas with a little 
caesium vapour is delivered to the ion source. Since the 
ion source is vacuum-coupled to the rest of the 
accelerator system, it is necessary to remove the 
hydrogen gas and caesium vapour after they have fulfilled 
their purpose. If caesium vapour drifted into the rest of 
the accelerator system it could condense on high-voltage 
surfaces and promote undesirable electrical sparking. 
The ion source assembly is therefore continuously 
pumped by two large turbo-molecular vacuum pumps, 
and incorporates a refrigerator for cooling an internal 
surface onto which the caesium vapour is condensed.

The ion source
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3.3 Linac
The linac consists of four accelerating tanks (as 
described in Table 3.1) in which high intensity radio-
frequency (RF) fields accelerate the beam to 70 MeV. 
While it is possible to accelerate particles up to energies 
of the order of 10 MeV using DC voltages, energies 
significantly in excess of 10 MeV can only be reached by 
using RF accelerators in which the same voltages are 
effectively used again and again.

The ISIS linac was originally envisaged as a new 
injector linac delivering 75 mA proton pulses at  
~1 pps to the old Nimrod 7 GeV proton synchrotron. 
Tanks 2 and 3 of the ISIS linac were the second and 
third tanks of the Proton Linear Accelerator (PLA) 
built by Metropolitan Vickers which began running 
at RAL in the 1950s. Tanks 1 and 4 are essentially 
copies of linac tanks designed at Fermi National 
Accelerator Laboratory in the USA. (Originally, the 
PLA was going to be a 600 MeV linac, and was going 
to stretch most of the way down Fermi Avenue (‘the 
runway’)). The Alvarez type of linac was developed in 
the 1940s. See L W Alvarez, Phys. Rev. 70 (1946) 799.

ISIS uses an Alvarez-type linac, in which H– ions are 
accelerated between the ends of successive hollow 
copper drift tubes laid out in a ~40–50 m long line. The 
ISIS 70 MeV linac is located in R5.1, and runs at an RF 
frequency of 202.5 MHz. The line of drift tubes is 
enclosed in four large copper cylinders or tanks. The 
whole structure is arranged to be highly resonant (Q’s of 
~50000) at the operating RF frequency, in order to 
develop the necessary high voltages between the drift 
tubes. The tank structures are sufficiently resonant that 
their dimensions must be very precisely determined by 
controlling the temperature of the tank cooling water to 
<<1°C, essentially eliminating the effects of thermal 
expansion and contraction.

Fig. 3.5. The ISIS RFQ showing the four-rod assembly 
both outside and inside its copper-plated stainless-steel 
vessel. The four rods generate the quadrupole focusing 
field, and the modulations that gradually increase  
bothin depth and in wavelength produce the bunching  
and acceleration.

The RF LINAC

Accelerator<Based)Pulsed)Neutron)Source)

Moderator(s)$close$to$the$target$slow$down$fast$neutrons$to$
energies$useful$for$applica?ons.$$

1

2 3
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3.7 Neutron-producing targets
The essential function of the two neutron-producing 
targets on ISIS is to convert the high-energy proton beam 
into as many neutrons as possible, whilst occupying as 
small a volume as possible. Maximising the number of 
neutrons per proton implies choosing a target material  
of high atomic number Z. Minimising the volume within 
which protons are converted to neutrons results in the 
highest neutron fluxes. Within each target, most of the 
power in the proton beam appears as heat, which has  
to be carried away by cooling water.

The choice of target material is determined by a number 
of considerations, such as thermal conductivity, melting 
point, machinability, chemical reactivity, induced 
radioactivity, availability and cost. Taking high atomic 
number to mean atomic numbers greater than any of the 
lanthanides (57 < Z < 71), possible candidates are 
tantalum, tungsten, mercury, lead, thorium and uranium 
(Z = 73, 74, 80, 82, 90 and 92 respectively). ISIS runs with 
tantalum- clad tungsten targets.

The core of the TS-1 target is a rectangular block ~100 
mm wide, ~100 mm high, and ~300 mm long, divided into 
twelve tantalum-clad tungsten plates water-cooled on 
both sides. The power in the incident beam is ~140 kW, 
and much of this is carried away by the cooling water  
(the remainder of the power is dissipated in the material 
around the target and the shielding). The core of the  
TS-2 target is a solid cylinder of tantalum-clad tungsten 
~300 mm long and ~70 mm in diameter water-cooled at 
the front and on the curved surface of the cylinder. 

The power in the incident beam is ~35 kW, and again 
much of this is carried away by the cooling water. The 
proton beam spots on the TS-1 and TS-2 targets are 
roughly Gaussian in shape with 1/e radii of 2.53 cm and 
0.85 cm respectively. Schematic diagrams of the targets 
are shown in Figs. 3.16 and 3.18.g

The beam spots on the targets are approximately 
described by dI / dS (r) = I0 exp (-r2 / re

2
e

2) where 
dI/dS is current per unit area, I0 is the beam current, 
r is the radial distance from the beam axis, and re 
is the 1/e radius. Although the TS-2 beam current 
is nominally one quarter of the TS-1 beam current, 
because the TS-2 beam spot is less than half the size 
of the TS-1 beam spot the mean heat loading on the 
beam axis at the front of the TS-2 target (watts per 
square centimetre) is greater than the corresponding 
heat loading on TS-1. And because TS-2 runs at one 
quarter of the pulse repetition rate of TS-1, the peak 
heat leading per pulse (joules per square centimetre) 
is almost a factor of 9 greater on TS-2 than on TS-1. 

Originally TS-1 ran with depleted uranium targets. 
Problems caused by radiation-induced swelling of 
the uranium target plates led to the use of tantalum 
targets in the 1990s, and since 2001 tantalum-clad 
tungsten targets have been used.

Ideally, the TS-1 and TS-2 targets would be made 
entirely of tungsten. However, at temperatures of a 
few hundred degrees Centigrade tungsten can react 
with water, whereas tantalum is much less reactive. 
Since it is impractical to cool the target with anything 
other than water, the tungsten is therefore clad with  
a thin layer of tantalum.
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Fig. 3.16. Schematic diagram of TS-1  
neutron-producing target.

4

RFQuadrupole

12

3 4

Kicker magnet

Spallation neutron sources can offer the extra advantage of a time structure of the neutron beam  that should best match certain 
experimental techniques (TOF)

circular orbit 163 m—> 
up tp 84% c

Linac length 50 m—> 
proton up to 37% c



Linear acc. Synchrotron acc. Beam delivery TS1

I S I S i o n s o u r c e c r e a t e s 
negatively charged hydrogen 
ions made up of two electrons 
and one proton. These are fed 
into two linear accelerator 
sections through which they 
are focused and accelerated up 
to 36 % the speed of light

The third final accelerator is a circular 
synchrotron.  
At the entrance the ions are stripped 
of their electrons by a thin alumina foil 
leaving the bare protons 

The synchrotron is made up of ten 
sections each consisting of a bending 
magnet to keep the protons on their 
circular path and f ive focusing 
magnets  

The beam is separated in 2 bunches 

After 12000 revolutions of the 
s y n c h ro t ro n t h e p ro t o n s a re 
traveling at 84%  of the speed of 
light at this speed they could 
travel six times around the earth in 
just one second. Through a kick 
magnet they are delivered to the 
TS1 or TS2 station 

Every 5 pulses TS1 1 is delivered to 
TS2

BEAM Time Lapse in ISIS TS1



• The essential function of the targets in spallation sources is to 
convert the high-energy proton beam into as many neutrons as 
possible, whilst occupying as small a volume as possible. 

• Minimising the volume within which protons are converted to 
neutrons results in the highest neutron fluxes.  

• Within the target, most of the power in the proton beam appears 
as heat, which has to be carried away by cooling .  

• For neutron production to occur, nuclear collisions must take 
place before the incident particle reaches the end of its range.

28  A Practical Guide to the ISIS Neutron and Muon Source

3.7 Neutron-producing targets
The essential function of the two neutron-producing 
targets on ISIS is to convert the high-energy proton beam 
into as many neutrons as possible, whilst occupying as 
small a volume as possible. Maximising the number of 
neutrons per proton implies choosing a target material  
of high atomic number Z. Minimising the volume within 
which protons are converted to neutrons results in the 
highest neutron fluxes. Within each target, most of the 
power in the proton beam appears as heat, which has  
to be carried away by cooling water.

The choice of target material is determined by a number 
of considerations, such as thermal conductivity, melting 
point, machinability, chemical reactivity, induced 
radioactivity, availability and cost. Taking high atomic 
number to mean atomic numbers greater than any of the 
lanthanides (57 < Z < 71), possible candidates are 
tantalum, tungsten, mercury, lead, thorium and uranium 
(Z = 73, 74, 80, 82, 90 and 92 respectively). ISIS runs with 
tantalum- clad tungsten targets.

The core of the TS-1 target is a rectangular block ~100 
mm wide, ~100 mm high, and ~300 mm long, divided into 
twelve tantalum-clad tungsten plates water-cooled on 
both sides. The power in the incident beam is ~140 kW, 
and much of this is carried away by the cooling water  
(the remainder of the power is dissipated in the material 
around the target and the shielding). The core of the  
TS-2 target is a solid cylinder of tantalum-clad tungsten 
~300 mm long and ~70 mm in diameter water-cooled at 
the front and on the curved surface of the cylinder. 

The power in the incident beam is ~35 kW, and again 
much of this is carried away by the cooling water. The 
proton beam spots on the TS-1 and TS-2 targets are 
roughly Gaussian in shape with 1/e radii of 2.53 cm and 
0.85 cm respectively. Schematic diagrams of the targets 
are shown in Figs. 3.16 and 3.18.g

The beam spots on the targets are approximately 
described by dI / dS (r) = I0 exp (-r2 / re

2) / (π re
2) where 

dI/dS is current per unit area, I0 is the beam current, 
r is the radial distance from the beam axis, and re 
is the 1/e radius. Although the TS-2 beam current 
is nominally one quarter of the TS-1 beam current, 
because the TS-2 beam spot is less than half the size 
of the TS-1 beam spot the mean heat loading on the 
beam axis at the front of the TS-2 target (watts per 
square centimetre) is greater than the corresponding 
heat loading on TS-1. And because TS-2 runs at one 
quarter of the pulse repetition rate of TS-1, the peak 
heat leading per pulse (joules per square centimetre) 
is almost a factor of 9 greater on TS-2 than on TS-1. 

Originally TS-1 ran with depleted uranium targets. 
Problems caused by radiation-induced swelling of 
the uranium target plates led to the use of tantalum 
targets in the 1990s, and since 2001 tantalum-clad 
tungsten targets have been used.

Ideally, the TS-1 and TS-2 targets would be made 
entirely of tungsten. However, at temperatures of a 
few hundred degrees Centigrade tungsten can react 
with water, whereas tantalum is much less reactive. 
Since it is impractical to cool the target with anything 
other than water, the tungsten is therefore clad with  
a thin layer of tantalum.

Proton 
beam Pressure 

vessel

Transition 
manifold

Target 
plate

Water 
manifolds

Thermocouple

Water 
outlet

Water 
inlet

20 cm

Fig. 3.16. Schematic diagram of TS-1  
neutron-producing target.

Schematic diagram of  (the old)  
ISIS-TS1 target

Design of Target for Spallation Sources

Results of  MC Simulation of Energy 
deposited in the target

Choosing the right thickness  for a given Ep   : 
λ is almost constant above 100 MeV and approximately expressed by 
λ = 33A1/3, giving about 200 g cm−2 for heavy nuclei—> λ =10cm 

The probability for the nuclear collision, Pn: 
Pn = 1 − exp(−R/λ), where R is the particle range 

To get Pn >90%—> R(E)> 2.5 λ—>R>25 cm 
proton of 800 MeV in W —> R(Ep)= 25 cm  

A target thickness larger than 25 cm satisfies the above condition—> 
The ISIS target L =40cm (sum of plate thickness =30 cm)
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Spallation Targets as a Function of Beam Power 
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Design of a Nuclear Research Reactor Core 

(Where Fission Neutrons Are Produced)
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Comparison between the fission spectrum and the
cross-section

! 

Here is the same thing, the excitation function (the cross-section as a
function of energy) for 235U(n,f) but on a log-log plot.

Lecture 31

© J. Watterson, 2007
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Fission Spectrum

Note that this
is a log-log

plot to show
all the detail.

Now, let’s compare this distribution with the cross section for the
fission of uranium-235, 235U(n,f) on a log-log plot.

The next slide shows the same data on a linear log plot

Lecture 31

Fission spectrum and 235U(n,f) cross section 

The Chain Reaction and the Critical Mass

23

What Happens During Neutron Moderation
• Fission neutrons emitted with 

distributed energies: Ef ≥ 1 MeV

• Based upon Σtot(E) probability of 
interaction, interactions occur

• Neutron reduces speed (energy) 
as neutron undergoes repeated 
collisions while moving away from 
fission source

• Mean free path between collisions 
decreases as speed decreases

• Possibility of resonance capture in 
< 1keV region increases as speed 
decreases, 

Criticality means sustaining fission chain wo external source 

• D∇2Φ
D∇2Φ − ΣaΦ + S = 0

S = νNfσfΦ

Absorption 
capture 

Source 
(fission)

Leakage 

Nf = N235 per unit volume

RR = NσΦ = ΣΦ

Reactors are device used to initiate and control a chain of nuclear fission reaction.

Scheme of a self stustaining fission chain 

4 
Nuclear Reactors and 

Nuclear Power 

Having reviewed in the preceding Chapters the atomic and nuclear physics that form the foundation for nuclear engineering, it is now possible to consider the manner by which nuclear energy is utilized for practical purposes . 

4.1 THE FISSION CHAIN REACTION 

Nuclear energy is released by way of a fission chain reaction. In this process, which is depicted in Fig. 4. 1 ,  neutrons emitted by fissioning nuclei induce fissions in other fissile or fissionable nuclei; the neutrons from these fissions induce fissions in still other fissile or fissionable nuclei ; and so on. Such a chain reaction can be described quantitatively in tenns of the multiplication/actor, which is denoted by the symbol 
k. This is defined as the ratio of the number of fissions (or fission neutrons) in one generation divided by the number of fissions (or fission neutrons) in the preceding generation. In equation fonn, this is 

number of fissions in one generation k = ---------------------------------number of fissions in preceding generation (4. 1 )  

1 17 

= 1

Critical  reactor

• Neutron population is not increasing neither 
decreasing—> then reactor is called critical 

• When production is less than losses due to leakage 
and absorption, k>1 —>  supercritical reactor 

• if k<1 subcritical

N.B.—>The spallation process, in contrast to fission, is not an exothermal process: energetic particles are required to drive it

Φ(E)σf(E)



Reactor Core: NPP vs RR

ILL

Main components of a nuclear reactor code: fuel, moderator control rod, containment vessel

FRM II VS ISAR 2

FRM -II

FRM II VS ISAR 2

ISAR-2
Parameter NPP 

(isar2) 
RR 

(FRM II)

Thermal 
power 3950 MW 20 MW

Electric power 1485 MW 0

Diameter 3.37 m 24 cm

Active length 3.66 m 70 cm

Enrichment <5 % 83%

N.fuel elem. 193 
 (ca. 103 t Uranium)

1  
(8,1 kg Uranium)

Coolant 
temperature 293-328 ºC 39-52 ºC

Coolant 
pressure 155 bar Open Pool

NPP 

Energy produced from fission 
reaction is used to generate 
electricity

Research Reactor 

Neutrons and ionizing radiation are 
applied  for research purposes: 
production of radionuclides, scattering 
experiments, medical applications
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RR 
(FRM II)
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power 3950 MW 20 MW

Electric power 1485 MW 0

Diameter 3.37 m 24 cm

Active length 3.66 m 70 cm
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Parameter NPP 

(isar2) 
RR 

(FRM II)

Thermal 
power 3950 MW 20 MW

Electric power 1485 MW 0

Diameter 3.37 m 24 cm

Active length 3.66 m 70 cm

Enrichment <5 % 83%

N.fuel elem. 193 
 (ca. 103 t Uranium)
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(8,1 kg Uranium)
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temperature 293-328 ºC 39-52 ºC

Coolant 
pressure 155 bar Open Pool

provides an ideal geometry for the extraction of neutrons by beam tubes and the installation of spectrum shifters in an optimum
position. Further, all beam tubes extracting thermal neutrons are oriented tangentially with respect to the cylindrical source term,
thus giving no direct view to leaking fast neutrons towards the beam ports outside the primary concrete shielding. This is one impor-
tant measure to suppress background from fast neutrons. Like any light microscope neutron instrumentation does not so much ask
for intensity, but for brilliance, i.e. neutrons per cm2, s, rad and (Dl/l). One important measure to achieve this is shifting the
neutron spectrum already at the source to the wavelength range needed for a particular instrument or experiment. At FRM II
neutrons are shifted to cold (24 K), thermal (60 !C), hot (2000 !C), to fission spectrum (2 MeV), in near future to ultra-cold
(mK) and even “converted” to positrons. Eleven beam tubes are available to extract all these particle beams.

The by far most important experimental installation in the moderator tank is the Cold Neutron Source (CNS). Its major compo-
nent is the moderator chamber located in a distance of 400 mm from the center of the fuel element right in the maximum of the
neutron flux density. During cold operation, it contains about 12 l of liquid deuterium at a temperature of z 24 K. A He refriger-
ation device provides the required cooling power of about 7 kW at 20 MW reactor power. It feeds the cold part of a He/D2 heat
exchanger at a temperature of z 19 K. The deuterium is liquefied in the heat exchanger and rinses down into the moderator
chamber where it evaporates again due to the nuclear heat. Finally, by means of the thermosiphon effect the deuterium gas is

Fig. 3 Schematic vertical cut through the FRM II reactor indicating major technical components and scientific support systems. FRM II/TUM

116 FRM II (20 MW Germany)

Encyclopedia of Nuclear Energy, 2021, 113–123

Author's personal copy
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116 FRM II (20 MW Germany)

Encyclopedia of Nuclear Energy, 2021, 113–123

Author's personal copy

RR: fuel element

Nuclear reactor design

The entire reactor core of the FRM II consists of a single very compact fuel element with a maximum outer diameter of
23.7 cm and an active length of 70.0 cm. It contains approximately 8 kg of uranium in the form of U3Si2 grains embedded
in an Al matrix with a maximum uranium density of 3 gU/cm3 (see Fig. 2). Like other high performance research reactors, the
FRM II is fueled with highly enriched uranium at a degree of enrichment of >90% in U-235. Each fuel assembly is built up of
113 involute-shaped fuel plates that are clamped between two concentric tubes made from AlMg3 with diameters of
Øi ¼ 11.8 cm and Øo ¼ 23.7 cm. This geometry guarantees the cooling slits between two adjacent plates to be of equal width
over the entire diameter of the fuel assembly. The fuel assemblies are manufactured by the company FRAMATOME-CERCA
in France.

The fuel element sits in a light water cooled central channel, which separates the light water from the surrounding heavy water
being kept in a moderator tank with height and diameter of equally 2.5 m. Due to the compactness of the fuel element the moder-
ation of the neutrons takes place mainly in the surrounding moderator. This setup makes it necessary to reduce the fuel density in
the outer part of the fuel element from 3 to 1.5 g cm"3 in order to avoid unacceptable power peaks at its outer surface. On the other
hand, due to the same effect the maximum of the thermal neutron flux density shows up some 12 cm outside the core region in the

Fig. 2 View of the FRM II compact fuel element from different perspectives. FRM II/TUM

Fig. 1 View of the FRM II showing from left to right: the neutron guide hall (east), the FRM II reactor building, the neutron guide hall (west) and
the “Atomic Egg” in the background. Wenzel Schuermann/TUM

114 FRM II (20 MW Germany)

Encyclopedia of Nuclear Energy, 2021, 113–123

Author's personal copy

Parameter NPP 
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RR 
(FRM II)

Thermal 
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Electric power 1485 MW 0

Diameter 3.37 m 24 cm
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 (ca. 103 t Uranium)

1  
(8,1 kg Uranium)
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Coolant 
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PWR: fuel elementTYPICAL 4-LOOP CORE TYPICAL 4 LOOP CORE 
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Making “Good” Neutrons for Scattering 
Experiments

(Slowing Down Neutrons)



Doing Science with  Low Energy Neutrons
• Neutrons aaaaaa

W. Schreyer, C.A. Davis, S. Kawasaki et al. Nuclear Inst. and Methods in Physics Research, A 959 (2020) 163525

Table 1
Material compositions used in the simulation model. Compositions of stainless steel, lead, graphite, and steel shielding were assayed by mass
and optical spectrometry [33,34].
Material Density

(g/cm3)
Composition (weight-%)

Air 0.00120 75.2 N, 23.2 O, 1.28 Ar, 0.0125 C

Al6061 2.70 95.85 Al, 1.2 Mg, 0.8 Si, 0.7 Fe, 0.4 Cu, 0.35 Cr, 0.25 Zn,
0.15 Mn, 0.15 Ti

Al2219 2.84 91.5 Al, 6.8 Cu, 0.4 Mn, 0.3 Fe, 0.2 Si, 0.15 V, 0.15 Zr,
0.1 Ti, 0.1 Zn, 0.02 Mg

AlBeCast 910 [35] 2.17 57 Be, 38 Al, 3.4 Ni,
0.5 Si, 0.3 Fe, 0.24 O

AlBeMet 162 [36] 2.10 62 Be, 38 Al

Beryllium 1.85 100 Be

Bismuth 9.75 100 Bi

Copper 8.96 100 Cu

Graphite 1.70 99.978 C, 0.0125 V, 0.0033 Ti, 0.0026 Fe, 0.0014 Al,
0.0006 Ca, 0.0004 Ni, 0.0003 B, 0.0002 K, 0.0002 Si, 0.00016 Zr,
0.0001 Cu, 0.0001 Pb, 0.00006 Zn, 0.00005 Na, 0.00003 Cr,
0.00003 Co, 0.00002 Mg, 0.00002 Mn, 0.00002 Gd, 0.000003 Li

Aluminum 2.70 100 Al

AZ 80 1.80 90.85 Mg, 8.5 Al, 0.5 Zn, 0.15 Mn

Beralcast 310 [37] 2.16 60 Be, 36 Al, 2.5 Ag,
0.25 Si, 0.2 Co, 0.2 Ge, 0.2 Fe

Heavy water 1.10 100 2H
2
O

He gas 0.000180 100 He

Lead 11.4 99.9915 Pb, 0.004 Bi, 0.001 Cu, 0.0008 Ag,
0.0008 Sb, 0.0005 As, 0.0005 Sn, 0.0005 Fe, 0.0004 Zn

LD
2

0.160 100 2H
2

Liquid 3He 0.082 100 3He

Magnox AL80 1.80 99.2 Mg, 0.8 Al, 0.004 Be

Mild steel 7.80 98 Fe, 1 Mn, 0.4 C,
0.28 Si, 0.2 Cu, 0.05 S, 0.04 P

Stainless steel 8.00 71.4 Fe, 18 Cr, 8 Ni, 1.32 Mn, 1 Si, 0.095 Co, 0.08 C, 0.045 P,
0.03 S, 0.0075 Nb, 0.0022 As, 0.00036 Sb

Steel shielding 7.36 89.15 Fe, 4.5 Cr, 3.3 Ni,
0.99 Cu, 0.8 Mn, 0.35 Si, 0.32 C, 0.25 Al, 0.16 Mo, 0.015 P,
0.057 Co, 0.027 Pb, 0.021 V, 0.02 S, 0.018 Nb, 0.012 Sn, 0.011 Ti,
0.0011 B

Superfluid He 0.145 100 4He

Tantalum 16.7 100 Ta

Tungsten 19.3 100 W

Fig. 4. Conceptual sketch of the upgraded UCN source at TRIUMF. The proton beam points into the page.
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350 N Watanabe

Figure 10. Illustration of three basic target–moderator coupling configurations; slab (a), wing (b)
and flux-trap (c).

Figure 11. The concept of the extended moderator (inset) and measured slow-neutron intensities
from a H2O moderator, 10 cm wide×h cm high×5 cm thick, in the flux-trap geometry as a function
of moderator height, h. Intensities are normalized by that of the reference case (separation of two
target blocks: l = 14 cm, moderator dimensions: 10 × 10 × 5 cm3, viewed surface: 10 × 10 cm2).
With moderator extension, l and height of viewed surface (l−4 cm) were also increased accordingly.

The concept of the extended moderator is shown in the inset of figure 11 [22]. Measured
slow-neutron intensities from extended moderators are plotted in the figure as a function of
moderator height, h. With moderator extension the separation of the two target blocks, l, and
the height of the viewed surface, (l − 4) cm, were also increased accordingly. Here, it was
assumed that l is larger than the viewed surface height by 4 cm. In the figure the intensities

Idea 

800 MeV protons 
(50 Hz)  

Interface MC with  McStas

Optimised coupling with FLUKA: specific requirements  
• Enhanced reliability of results through minimised biases in the new ISIS source 

component definition 

• Seeking seamless and accurate coupling between codes. 

• Focusing on the correct reproduction of the  “epithermal component of neutron 
fluence” in a few instruments,  apparently underestimated with the 
ViewCommodus.comb  ( see the INES case discussed hereafter) 

• Exploiting advanced time tracking possibility in FLUKA (Neutron AGE) 

•  Automated Biasing could be an alternative valuable option to consider 

The ISIS moderator within the UNION components: ViewCommodus.comb 
with  MCNP 

• Using MCNPX, the fluence as a function of energy is estimated at 10 meters from the source 
with the F5 detector at various times. The neutrons estimated in F5 are considered 
successful. 

• These neutrons must be reported back in time to the moderator surface. Finally, the neutrons 
back-projected to the moderator are forced to start their travel to the beam line in McStas 
with momentum entering the right solid angle.

MDANSE2018

MDANSE 2018, Puerto de la cruz, Tenerife

Moderators... (Where McStas starts)

!12

4π

BL
(x,y)

ΩBL
(x,y)

I(x,y,E,t) from neutronics

 

BL

BL
I   (x,y,E,t) =

Per beamline:
I(x,y,E,t)

Ω

Moderators

Moderators: where McStas starts F5 tally: fluence contribution at a detector 
point 

It uses  a variance reduction technique: 
the “next event estimator”. 

It is based on deterministic estimate  

F5

3.4.2 The Average Surface Flux Tally (type F2)

Suppose a particle of weight W crosses a surface, making angle θ with a normal to the surface.
This particle makes a contribution W | sec θ|/A to the flux (fluence) at the surface. The sum of the
contributions is reported as the F2 tally in the MCNP output.

Technically, if Φ(r, E,Ω) were the energy and angular distribution of the fluence as a function
of position, the F2 tallies would measure

F2 =
1
A

∫

A
dA

∫

E
dE

∫

4π
dΩ Φ(rs, E,Ω)

*F2 =
1
A

∫

A
dA

∫

E
dE

∫

4π
dΩ E Φ(rs, E,Ω)

3.4.3 The Average Cell Flux Tally (type F4)

Suppose a particle of weight W and energy E makes a track-length (segment) T within a specified
cell of volume V . This segment makes a contribution WT/V to the flux (fluence) in the cell. The
sum of the contributions is reported as the F4 tally in the MCNP output. Technically, if Φ(r, E,Ω)
were the energy and angular distribution of the fluence as a function of position, the F4 tallies would
measure

F4 =
1
V

∫

V
dV

∫

E
dE

∫

4π
dΩ Φ(r, E,Ω)

*F4 =
1
V

∫

V
dV

∫

E
dE

∫

4π
dΩ E Φ(r, E,Ω)

3.4.4 Flux Tally at a Point or Ring (type F5)

This type of tally makes use of what some might call a variance reduction technique, namely, use of
the “next event estimator.” For each source particle and each collision event, a deterministic estimate
is made of the fluence contribution at the detector point (or ring in an axisymmetric problem). To
simplify description of this type of tally, assume that calculations are being performed in a uniform
medium. Suppose a particle of energy E and weight W from an isotropic source is released at 2-87 to 2-92
distance r from the detector point. Ray theory methodology, as used in the point-kernel method,
dictates that the contribution δΦ to the fluence at the detector point is given by

δΦ =
W

4πr2
e−µ(E)r,

in which µ(E) is the linear interaction coefficient for the particle of energy E. Note that 1/4π
per steradian is the angular distribution of a point isotropic source. Now suppose that a collision
takes place at distance r from the detector point and that, to reach the detector point, a scattering
angle of θs would be required. Here E is the energy of the particle after the collision and W is its
weight. If µ(E, θs) is the linear interaction coefficient per steradian for scattering at angle θs, then
µ(E, θs)/µ(E) is the probability per steradian for scattering at angle θs. Geometric attenuation
remains as 1/r2, and the contribution δΦ to the fluence at the detector point is given by

δΦ =
Wµ(E, θs)

µ(E)r2
e−µ(E)r.

3.4.5 Tally Specification Cards

At least one tally card is required, with the first entry on the card being Fn:pl, in which n is the tally
id number (the last digit of which determines the type of tally), and pl stands for N (neutron tally),
P (photon tally), N,P for joint neutron and photon tallies, and E for electron tallies. Following
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contribution δΦ to the fluence at the detector 
point is given by:  

we cannot cope the whole range of science 
applications with only thermal neutrons (i.e 25 meV).  

In order to be able to carry out different science 
experiment that involves different d spaces we need 
a broad range of lambda 

In order to get an optimal design for moderators, it is needed to make an  
accurate choice of : 
1. material  (scattering xs) 
2. lay-out  (optimal arrangement  between the source and the instrument 
beamlines, around the target, for SNS) 
3. geometry  shape and thickness  
4.coupling with reflector (PSNS) 
5. combination with pre moderating material for cold & ultra cold neutron 

Some examples of applicative energy range for Bragg peaks



Moderator Material
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Slowing neutrons down

We will examine this process in some detail remembering that the
momentum and the kinetic energy are both conserved in such an elastic

collision.

In order to see how this can be done let’s consider what happens in an
elastic collision (elastic scattering).

Let’s work out the energy of a particle of mass m after it collides with a
stationary particle of mass, M.

So, we have decided that we have to slow the neutrons down from the
fission spectrum energy distribution to something like the thermal

distribution.

Lecture 32

© J. Watterson, 2007
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Elastic scattering

The energy of the scattered neutron depends on the
scattering angle, θ, and the mass of the scattering nucleus.

Before collision

nucleusneutron

mass, M
mass, m

energy, E0

θ

φ

After collision

recoiling
nucleus

scattered
neutron

energy, Er

energy, Ef

mass, M

mass, m

We apply the equations for conservation of momentum and energy.

Lecture 32

Slowing-Down theory describes the loss of energy through repeated elastic collisions with effectively free nuclei. 
Neutron moderation occurs by “elastic” collision of neutrons with atoms of the moderator material

ζ = ln( E1

E2
) = 1 +

α
1 − α

ln(α)

7
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Elastic scattering

! 

E f =
E0

A +1( )2 cos" + A2
# sin2

"( )
1

2[ ]
2

Final energy of the
neutron, after

scattering.

Initial energy of the
neutron.

Mass number of the
scattering nucleus

Scattering angle –
angle through which

the neutron is scattered

Lecture 32
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Elastic scattering

If we plot:

! 

E f =
E0

A +1( )2 cos" + A2 # sin2"( )
1

2$ 
% & 

' 
( ) 

2 for a 1 MeV neutron and
different scattering

substances we obtain:

As you can see all the neutrons that would be scattered through 90º or more are basically
stopped (and thermalised) in one collision with a hydrogen nucleus (proton). In the case of
carbon the maximum energy loss is only about 300 keV even for a scattering angle of 180º

 (π) so several collisions would be necessary to thermalise the neutrons.
Lecture 32

ΔElost=300 keV

ΔElost=1 MeV
In any collision with a given scattering nucleus a 
neutron loses ON AVERAGE a constant fraction of 
the energy it had BEFORE THE COLLISION 

•  ξ=1 for A=1 —> full energy loss in single collision

Slowing Down Neutrons 

α =
A−1
A +1
"

#
$

%

&
'
2
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#col =
ln E0 / E1( )

ξ s



How to Choose a Good Moderator
Moderation Ratio: M=𝜻 Σs/Σa 

The moderating ratio or moderator 
quality is the complete measure of a 
moderator's effectiveness because it 
also takes into account the 
absorption effects.When absorption 
effects are high, the moderator will 
absorb most of the neutrons, 
leading to lower moderation or 
lower availability of thermal 
neutrons.

Moderator
ξ 

energy average 
 loss per collision

Collisions 
 2 MeV to 1 eV

ξΣs/Σa
Σs (1/cm) 

mean free path  
between collisions

Time to 1 eV 
(μs)

H20 0.926 16 71 1.50 1.5

D2O 0.510 29 5670 0.35 9.7

Be 0.206 69 143 0.87 8.5

C 
(graphite)

0.158 91 192 0.38 25

Fe 0.035 411 35 0.96 43

• Lighter nuclei require fewer collisions to slow the neutron and thermalise neutron faster 
• The quicker neutrons slow down, the less the initial narrow time distribution is corrupted 
• Anything with high hydrogen density is fast, and can make a slow neutron from a single 

collision 
• Water, beryllium, and heavy water are all good moderators



The most probable Energy

BҀ

ň

ŉ Ŋ

1f �) �)�	I

v(293.61 K)= 2200 m/s

By changing the moderator temperature one can shift the thermal equilibrium (i.e most probable 
Energy in the spectrum) to a higher or lower energy

) ~ v3e (-mv2/2kBT) 

Maxwellian 
Distribution 

Moderating Neutrons 

1 meV § ���.�§�ï�7+] 

N
(E

)

E/kT

Whilst the atom free approx is considered reasonable  in the range of energy > 1eV, below this energy 
accurate scattering kernel able to describe the mechanisms of energy loss by excitation of  vibrational 
and rotational modes in molecules (nuclei have to be considered bound and no more free)

……and Eventually Neutron Thermalisation 
– Loss of energy – “slowing-down” only until up-scattering is relevant, that is up to thermalisation

T=294 K

E= 25 meV



Moderators: 

Layout and Geometrical Shape



Moderators: Effective Source for Instruments

7

Target, Reflectors, and Moderators

Be reflector

Steel reflector

Cryogenic
H2 moderators

Ambient
H2 0 moderator

Mercury
target

Proton Beam

SNS vertical cross section 

ILL horizontal cross section

• Main goal of moderators: 
shift the pulse down in 
energy saving the intensity 
and reducing the 
broadening (for pulsed 
source)  

• BUT  many neutrons are 
absorbed or lost on the 
road from the source to the 
sample and  long tail could 
be added to the pulse! 

• Usually target stations 
have a reflecting material 
(such as beryllium) to help 
the moderation process 
and improve the 
moderator efficiency.

Moderators layout in spallation sources and in reactors

• Thermal reactors already need to  slow-
down  neutrons to keep the chain reaction 
working  

• But additional moderators could be required 
to reach lower energy range.  

• Typically in research reactors, moderator for 
feeding the instruments are separated  from 
moderator used for operational purposes  

• Produce and provide access to the neutrons 
from external beams

Neutrons sources types - why nTOF ?

➢ Fulfilling requirements for high precision data
➢ Cross sections relevant for Nuclear Technologies (reactors)
➢ Cross sections relevant for Nuclear Astrophysics

➢ A wide range of energies are concerned : 

ne
ut

ro
n 

flu
x

Ideally shift in 
energy w/o any loss

Neutrons sources types - why nTOF ?

➢ Fulfilling requirements for high precision data
➢ Cross sections relevant for Nuclear Technologies (reactors)
➢ Cross sections relevant for Nuclear Astrophysics

➢ A wide range of energies are concerned : 

ne
ut

ro
n 

flu
x

From Source to 
Sample

IDEALLY 



RR thermal, Cold and Hot Moderators

• Highly enriched uranium (93% U235) 

• Compact design for  high brightness  

• heavy water cooling  

• heavy water reflector 

• Single control road 

• 57 MW thermal power 

• Cold, Thermal and hot sources

114 Neutrons for Science

Fig. 7.1: View of 
the site where the 
ILL will be built.

Fig. 7.2: The view in 2005 of the confluence of the Isère and the Drac. The large circular building 
is the ring of the European Synchrotron Radiation Facility (ESRF). In front and to the left is the 
reactor building with the ILL main building adjacent. The EMBL laboratories are sited between 
these two institutes.

• Arrangement of the experimental 
beam tubes

82 Neutrons for Science

19 bars, which is the pressure of a detonation wave. The 
presentation of the ILL reactor at the Santa Fe conference 
included the cold source with deuterium liquid already 
foreseen. It was this component of the reactor which 
was then the subject of the largest number of questions 
which demonstrated certain scepticism among some 
participants. It was a radically different choice from the 
British project which sought to minimise the volume of 
liquid hydrogen in the interior of the reactor. The results 
showed that there was no basis for this scepticism.
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H2OH2O

D2O

D2

BORAL LEAD SHIELDING CONDENSOR

VACUUM PUMP

TUBE HOLDING THE CELL

AG3 WALL

LIQUID D2 FEED TUBE

ZIRCALLOY ENCLOSURE

REFLECTOR TANK

VAPOR EXHAUST PIPE

MODERATOR CELL IN A5

REACTOR CORE

PART INSIDE THE REFLECTOR

CANAL H1

PART INSIDE THE REFLECTOR

VERTICAL CUT OF THE COLD SOURCE

Chamber
Aluminium sphere diameter 
380 mm, thickness 1.5 mm in 
zircaloy vacuum vessel

Volume
D2 liquid ~25 l
D2 gas 50 m3 at NTP

Pressure
D2 ambient temperature 3 bars
D2 cold 1.5 bars

Specific Energy
0.8 W/g for D2 liquid
1.5 W/g for Aluminium

Total nuclear heating
5.8 kW (3.1 in D2)

Heat losses
1.2 kW

Refrigeration power
10 kW at 25 K requiring 
2 helium compressors, each 
400 kW

Average thermal neutron flux  
at the cold source

5 x 1014 n/cm2/s
Function

Deuterium liquid vaporises 
in the sphere, rises to the 
condenser which is cooled by 
helium returning the liquid to 
the sphere.

Fig. 5.9: Diagram of the first version of the cold source. When it was necessary to replace it, an 
improved version (Fig. 7.4) offered increased intensity and added a vertical beam tube.ILL cold thermal hot

moderator liquid D2 liquid D2O graphite

Mod. Temp. 20K 300K 2000K

neutron  
wavelenght 

3—>20 A 1—> 3A 0.2—>1 A

84 Neutrons for Science
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Hot source

Cold source
Control rod

H13
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H12
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H11
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H10
+0

H9
+150

H8
+150

H7
-350

H6
-350

H5
-250

H4
+150
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H2

H1

IH4

IH3

IH2

IH1

Fig. 5.11: The 
arrangement 

of all the 
experiment beam 

tubes and the 
cold and hot 

sources in the 
reflector tank. 

The hot and cold 
sources operated 

from 1972, and 
were located 

in the vertical 
tubes V1 and V2. 

The horizontal 
cold source was 

added in 1987.

Tasso Springer in Munich, and then developed by Maier-
Leibnitz and Tasso Springer. Total internal reflection of 
neutrons occurs with neutrons, as with light. When there 
is an interface between a vacuum and a medium which 
has a refractive index n less than unity there is total reflec-
tion of neutrons when the grazing angle of incidence is 

great increase in neutron intensity at the far end of the tube. 
This greatly surprised the scientists, with the exception of Peter 
Höhne, who was preparing his thesis with Tasso Springer, and 
had deliberately chosen a brass tube. I learnt this from Peter 
Armbruster who was also a thesis student (see “Maier-Leibnitz 
and Neutron Optics”, T. Springer and A. Heidemann, Neutron 
News (2002), 13, 1, DOI 10.1080/10448630208222873). The 
exploitation of this phenomenon is due to Tasso Springer and 
Maier-Leibnitz.

Hot neutrons: Hot 
source at ILL

Thermometer

Double walled Zircaloy

Graphite block

Insulated 
carbon felt

KFN web page

5 mm
2.5 mm

He2

He2

He2

He2

He2

20

ILL hot moderator
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6 
3 

10 m

Neutron beam tubes
• the entrance should be placed exactly at r0
• no direct view to the core

reactor core

heavy water 
moderator

r0= 10-15 cm

Light water tank 
(biological shielding)

concreteFt

Radius

20 MW
(8 kg 235U) D2O H2O

Þ Tangential beam tubes

thermal Flux

The construction of the reactor and the scientific groups 83

The reactor also included a hot source which ampli-
fies the flux of neutrons with energies between 0.15 
and 1 eV. Paul Ageron was not directly involved in its 
construction. The study was carried out by the GfK at 
Karlsruhe in collaboration with the project group, and 
the manufacture was entrusted to Heraeus. It consists 
of a graphite cylinder 20 cm in diameter and 30 cm high 
which is heated to 2000 K (about 1730 °C) by radiation; 
three horizontal and one inclined beam tube are pointed 
at the source. The utility of the hot and cold sources to 
change the neutron spectrum is shown in Fig. 5.10. The 
location of these devices in the reflector tank is shown 
in Fig. 5.11.

1010

1011

1012

1013

1                       10                   100 Å

108

109

Spectrum of the
thermal neutron flux
corresponding to:
        the heavy water

        the hot source

        the cold source

ne
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2 /s
/s

r

1010

Fig. 5.10: Neutron flux 
from a normal tangential 
tube (curve 1), the hot 
source (curve 2), and the 
cold source (curve 3) as a 
function of wavelength. The 
appreciable gains in flux at 
short wavelengths are seen 
for the hot source, and the 
converse for the cold source.

Neutron guides are of fundamental importance at the 
ILL, and have been in use from the start of the reactor 
providing 40% of the possible locations for instruments. 
Since the installation of the second cold source this frac-
tion has further increased. The principle was discovered 
more or less by accident83 in 1961 by Peter Höhne and 

83 During an experiment at Munich a neutron beam was left 
unprotected over several metres. To avoid people crossing the 
beam a brass tube was placed around the beam. This led to a 



The function of a moderator is to convert leakage-neutrons (from a target) to slow-neutrons with 
energy spectrum and pulse characteristics as required for experiments. 

• A relatively small hydrogenous moderator is essential for 
Pulsed SNS to obtain reasonably narrow pulses, but at a large 
penalty in time-integrated and peak intensities. 

• Neutrons reach thermal equilibrium with the scattering 
material. 

1.Slowing-down neutrons come out quickly 
2.Thermalised population decays more slowly;  

• Overall emission is the sum of slowing-down term and 
thermalised one 

• Both the slowing-down and storage component will always be  
present  in a moderator

Aluminum box dimension 10x10x5cm

ISIS water  
moderator

For short pulses: fast slowing down component and 
slow neutron lifetime in the moderator after the 
thermalisation  are desirable (absorbing material 
inside the moderator)

This tail length 
depends on the 
neutron lifetime 
of thremalised 
neutrons  inside 
moderator

Neutron Pulses from the Moderator Surface
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Principal Target-Moderator-Reflector Arrangement

Moderator

Target
Protons

Shielding

Reflector

Beam tube

Shielding

The target should be optimised for 
neutron generation and coupling into 
the moderators

The moderators are designed 
according to users’ needs for best 
output intensity at thr desired 
neutron energy and time structure

The reflector serves to enhance the 
neutron output from the moderator at 
minimum adverse effect on time 
structure

The beam tubes are arranged such 
as to avoid direct view on the target 
to minimize high energy neutron and 
J contamination

TRAM: Target Reflector And Moderator
ISIS TRAM module

Fast neutrons  are generated by proton beam 
injected in a target 

In order to be useful for scattering 
experiments neutrons must be slow-down to 
meV energy range by MODERATORs 

Optimal  coupling between moderator and 
target is required 

In order to increase this coupling, moderator 
are surrounded by reflector whose task is to 
scatter those missing the moderator back into 
moderators

The reflector role 

The function of the reflector is to enhance the slow-neutron intensity by reflecting leakage-neutrons from the  target 
that do not directly enter the moderators. 
Typical reflector material: D2O, Be, Fe, Pb 
Neutrons can be also produced by inelastic interaction in reflector 
Reflector are classified in 2 categories: moderating (Be) and not moderating (Pb)

Target Reflector And Moderator Assembly  
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Pulsed<Source)Moderators)
)

98-6240 uc/vlb

Decoupled, reflected pulsed-source moderator 
(Usually cold) 

1

2

3

4
5Target

Reflector (e.g., Be)
(all around)

Moderator (e.g., H2O)Decoupler (e.g., Cd)

Void Liner (e.g., Cd)

Neutron Beam Channel

Neutronics

10 cm above the target

Be

Protons in

n

t100μs 200μs

Cadmium

Decoupling
Spallation neutron sources offer a wide variety of choices for moderator and reflectors and require different 

technical solutions  for different optimisation criteria. 
 This peculiarity makes spallation source more flexible than reactor ones  

Purpose of a decoupled moderator: provide 
the narrowest possible neutron pulses with 
the highest possible peak intensities, 

The use of a reflector is very important to 
enhance the slow-neutron intensity but it can 
cause broadening of pulses 

Idea: decoupling the moderator from the 
reflector below the “decoupling Energy” by 
using a sheet of absorber material (B4C, Cd, 
Ag–In–Cd). Ed <0.4 eV for B4C, Ed>0.5 for Cd  

 Only neutrons with E> Ed can pass through

pulse is shortened 
but at the expenses 
of  intensity

On the contrary in case of maximum time average flux requirement (application for which intensity of the flux 
is more important than resolution )—>minimise neutron absorption in reflector and moderator (D2O preferred 
to H2O) and so moderator is fully coupled to reflector

PSNS specific feature: Coupled and Decoupled Moderators



ISIS TS2 Target

Target: 
66mm W

Target

TS1 TRAM (160 kW): 

target—> of 10 W plates, R=4.9 cm, Ta cladded 
(thickness = 0.2 cm). L= 398 mm 

above—> 2 water moderators (decoupled and poisoned) 

below—> 2 cryogenic moderators (LH2, LCH4) 

reflector—>Beryllium (maximum room 70x70x70 cm) 
coated with B4C

TS2 TRAM (40 kW): 

TS2 was developed to produce bright beams of low-energy neutrons enabling 
the ISIS science programme to expand in the key research areas of soft matter, 
advanced materials and bio-science 

target—> bulk W cylinder D= 68 mm, L=325 mm , Ta Clad. 

above—>coupled moderator with two viewed surfaces: LH2 and  grooved S-
CH4 (tapered  hole to focus the beam and increase the brightness) 

below —> decoupled moderator LH2 (for shorter pulses) 

 reflector—>solid beryllium blocks plated in Nickel

ISIS TS1 and TS2 TRAM  

A Practical Guide to the ISIS Neutron and Muon Source  29 

Production of neutrons and muons — at ISIS

Proton 
beam

Tungsten

Water 
cooling

Water 
cooling

Tantalum

325 mm

Dia.
68 mm

Surrounding each neutron-producing target are 
moderators and a reflector, all of which have to be cooled. 
On TS-1 there are a total of four moderators — two water 
moderators at 300 K, a liquid methane moderator at  
100 K, and a liquid hydrogen moderator at 20 K. TS-2 has 
two moderators, a liquid hydrogen moderator at 20 K and 
a solid methane moderator at 47 K. Surrounding each 
target, in principle wherever there is no moderator, is a 
beryllium reflector. On TS-1 the beryllium is in the form  
of rods encased in stainless steel; on TS-2 it is in the form 
of nickel-plated blocks. Photographs and diagrams for 
the TS-1 and TS-2 target systems are shown in Figs. 3.17  
and 3.19.

The proton beams produce intense radioactivity within 
and around the targets, and so massive shielding is in 
place — several metres of steel followed by ~1 m of 
concrete (see Figs. 3.20 and Fig. 3.21) collectively 
referred to as ‘the monolith’. Expressed crudely but not 
unrepresentatively, the steel attenuates the high-energy 
neutrons, and the concrete absorbs them.

Fig. 3.18. Schematic diagram of  
TS-2 neutron-producing target.

Fig. 3.17. TS-1 target, reflector and  
moderator assemblies.

Fig. 3.19. TS-2 target, reflector and  
moderator assemblies.

Beryllium 
reflector

Target

ModeratorsTarget
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Abstract. A project to improve the neutronics and serviceability of the ISIS Target Station One 
TRAM (Target, Reflector, and Moderators) is being carried out. This includes a redesign of the 
cryogenic methane and hydrogen moderators to improve functionality with the new target and 
reflector, whilst accommodating new water pre-moderators. Both moderators consist of a high 
pressure, low temperature fluid vessel contained within a vacuum vessel. Finite Element 
Analysis along with Parametric Optimisation has been used to design and optimise all the 
moderator vessels. Buckling analysis was investigated as a method of verifying the moderator 
vacuum vessels and used to show that the vacuum vessels are conservatively designed. 

1. Introduction 
The ISIS Target Station One (TS1) project is currently in the design and implementation phase. The 
project includes a redesign of the cryogenic methane and hydrogen moderators. This paper will cover 
the design challenges encountered and the computer modelling used to support the design process. 
This includes the optimisation carried out on the moderator fluid vessels and an investigation into the 
potential use of computational buckling analysis. 

1.1. TS1 Project Cryogenic Moderators 
ISIS TS1 employs two cryogenic hydrogenous 
moderators; one containing liquid methane, the other 
containing liquid hydrogen (Figure 1). Both of these 
moderators consist of a high pressure, low 
temperature fluid vessel contained within a vacuum 
vessel. The hydrogen moderator also employs a 
tertiary containment vessel. As can be seen in Figure 

1; both moderators are positioned directly below the 
tantalum/tungsten target. As part of the project, water 
pre-moderators are being introduced between the 
cryogenic moderators and the target. The hydrogen 
moderator supplies neutrons to instruments on one 
side of the target station, whereas the methane 
moderator supplies neutrons to both sides of the target 
station. To prevent back scattered neutrons passing 
through the methane moderator, two gadolinium 
poison foils are placed in the centre of the moderator. 

11. 
12. 

Figure 1: A section of the ISIS TS1 TRAM 
showing the hydrogen (1.) and methane (2.) 
cryogenic moderators. 
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moderators; one containing liquid methane, the other 
containing liquid hydrogen (Figure 1). Both of these 
moderators consist of a high pressure, low 
temperature fluid vessel contained within a vacuum 
vessel. The hydrogen moderator also employs a 
tertiary containment vessel. As can be seen in Figure 

1; both moderators are positioned directly below the 
tantalum/tungsten target. As part of the project, water 
pre-moderators are being introduced between the 
cryogenic moderators and the target. The hydrogen 
moderator supplies neutrons to instruments on one 
side of the target station, whereas the methane 
moderator supplies neutrons to both sides of the target 
station. To prevent back scattered neutrons passing 
through the methane moderator, two gadolinium 
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Figure 1: A section of the ISIS TS1 TRAM 
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cryogenic moderators. 
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Abstract. A project to improve the neutronics and serviceability of the ISIS Target Station One 
TRAM (Target, Reflector, and Moderators) is being carried out. This includes a redesign of the 
cryogenic methane and hydrogen moderators to improve functionality with the new target and 
reflector, whilst accommodating new water pre-moderators. Both moderators consist of a high 
pressure, low temperature fluid vessel contained within a vacuum vessel. Finite Element 
Analysis along with Parametric Optimisation has been used to design and optimise all the 
moderator vessels. Buckling analysis was investigated as a method of verifying the moderator 
vacuum vessels and used to show that the vacuum vessels are conservatively designed. 
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potential use of computational buckling analysis. 

1.1. TS1 Project Cryogenic Moderators 
ISIS TS1 employs two cryogenic hydrogenous 
moderators; one containing liquid methane, the other 
containing liquid hydrogen (Figure 1). Both of these 
moderators consist of a high pressure, low 
temperature fluid vessel contained within a vacuum 
vessel. The hydrogen moderator also employs a 
tertiary containment vessel. As can be seen in Figure 

1; both moderators are positioned directly below the 
tantalum/tungsten target. As part of the project, water 
pre-moderators are being introduced between the 
cryogenic moderators and the target. The hydrogen 
moderator supplies neutrons to instruments on one 
side of the target station, whereas the methane 
moderator supplies neutrons to both sides of the target 
station. To prevent back scattered neutrons passing 
through the methane moderator, two gadolinium 
poison foils are placed in the centre of the moderator. 

11. 
12. 

Figure 1: A section of the ISIS TS1 TRAM 
showing the hydrogen (1.) and methane (2.) 
cryogenic moderators. 

A Practical Guide to the ISIS Neutron and Muon Source  29 

Production of neutrons and muons — at ISIS

Proton 
beam

Tungsten

Water 
cooling

Water 
cooling

Tantalum

325 mm

Dia.
68 mm

Surrounding each neutron-producing target are 
moderators and a reflector, all of which have to be cooled. 
On TS-1 there are a total of four moderators — two water 
moderators at 300 K, a liquid methane moderator at  
100 K, and a liquid hydrogen moderator at 20 K. TS-2 has 
two moderators, a liquid hydrogen moderator at 20 K and 
a solid methane moderator at 47 K. Surrounding each 
target, in principle wherever there is no moderator, is a 
beryllium reflector. On TS-1 the beryllium is in the form  
of rods encased in stainless steel; on TS-2 it is in the form 
of nickel-plated blocks. Photographs and diagrams for 
the TS-1 and TS-2 target systems are shown in Figs. 3.17  
and 3.19.

The proton beams produce intense radioactivity within 
and around the targets, and so massive shielding is in 
place — several metres of steel followed by ~1 m of 
concrete (see Figs. 3.20 and Fig. 3.21) collectively 
referred to as ‘the monolith’. Expressed crudely but not 
unrepresentatively, the steel attenuates the high-energy 
neutrons, and the concrete absorbs them.

Fig. 3.18. Schematic diagram of  
TS-2 neutron-producing target.

Fig. 3.17. TS-1 target, reflector and  
moderator assemblies.

Fig. 3.19. TS-2 target, reflector and  
moderator assemblies.

Beryllium 
reflector

Target

Moderators

Dia= 51 mm

 

Figure 1: TS1 target: current and upgraded version 

 
 

FLUKA model of the upgraded Target Reflector and Moderator modulus for TS1 

Geometry and material 

Figure 2 shows the FLUKA [1] model of the upgraded TS1-TRAM. The model has been built in such a 
way to be able to have a direct estimation of the average neutron track-length in each TRAM 
component or sub-assembly whose radionuclide inventory could be actually monitored and 
measured during either maintenance campaigns or at the end the operation life. This required to 
implement the beryllium reflector module according the “brick by brick” approach, following as close 
as reasonable the engineering mechanical drawings of each component. 

Figure 2: The FLUKA model 

 

In order to assess the geometric accuracy of the model, we used as figure of merit the comparison of 
the volume estimations for all the components made of, respectively, tungsten tantalum, stainless 
steel (SS) and beryllium. For all those components, we found a difference less than 3% between the 
CAD estimations and the FLUKA ones. The volumes have been calculated in the FLUKA model using a 

Length=400 mm

Spallation Sources

• Spallation: 10x higher neutron brightness per unit heat
– about 6x more neutrons per unit heat
– about ½ the production volume

• 1 MW spallation source = 10 MW reactor
– e.g. 800 MeV at 1.25 mA (PSI)
– e.g. 3 GeV at 0.4 mA (J-PARC)

• Peak brightness >> time-average brightness
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Pulsed vs Continuous Neutron 
Source



Development of Neutron Science Facilities

Reactors:  great contribution to neutron scattering research, but  
the highest neutron flux available saturated since the early 1970s. 

Pulsed spallation neutron sources (PSNS) came out in the late 1970. 
The available flux is gradually getting higher with developments of 
high-intensity proton accelerators. 

The neutron flux at the pulse-peak from PSNS  could be 1–2 
orders of magnitude higher than that from a high-flux reactor. 

In new generation of long pulse sources (ESS 5MW), even  the 
time-averaged flux is approaching a comparable level
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Neutrons don’t live long in a free state in nature — 

Most accelerator sources of neutrons are pulsed sources. 
Generally, for relatively low-output sources, a proton or 
deuterium particle beam hitting a target of low atomic 
number such as lithium or beryllium is the most efficient, 
but for high-output sources the most efficient route for 
the production of neutrons is proton-induced spallation. 
Nuclear reactors are highly reliable sources of neutrons 
(reactors are steady-state neutron sources, not pulsed 
sources), but reactors are incurring ever-increasing 
regulatory overheads.

There is, however, more to a successful neutron-
scattering facility than simply high output. Other 
important factors include neutron pulse widths, flight 
path lengths, detectors for measuring the scattered 
neutrons, and the provision of technical support for 
accommodating samples of material being investigated. 
ISIS TS-2 may be currently running only at the modest 
power of 32 kW, but it produces world-leading science.

2.1 Neutrons from spallation
In proton-induced spallation, a beam of high-energy 
protons strikes a heavy metal target — tantalum, 
tungsten, mercury, lead, or even uranium. A high-energy 
proton hitting a heavy-metal nucleus can knock a few 
particles or clusters of particles out of the nucleus  
and can also split the rest of the nucleus into two  
excited fragments. The fragments then de-excite by 
emitting neutrons with energies of the order of 1 MeV, 
and the knocked-out particles can go on to induce 
further spallation reactions (see Fig. 2.1). The overall 
result at ISIS is some ~10-15 neutrons produced per 
incident proton.

Source type Examples Power 
(MW)

Typical approximate  
neutron output (s–1)

Proton
accelerator

CSNS
ESS (~2023)
ISIS
J-PARC
Los Alamos
PSI (not pulsed)
SNS

0.1
5
0.2
1.0
0.1
1.3
1.3

1×1016

1×1018

2×1016

1×1017

1×1016

1×1017

1×1017

Reactor ILL, Grenoble
HFIR, ORNL

58
85

1.5×1015 flux (cm–2 s–1)
2.5×1015 flux (cm–2 s–1)

+

Table 1.1. Examples of large neutron sources.

Fig. 2.1. Schematic representation of proton-induced 
spallation of a heavy nucleus giving rise to neutrons 
(shown in white).

The ~200 µA of beam current delivered to the ISIS 
targets corresponds to 1.25×1015 protons per second, 
and therefore some 2×1016 neutrons per second are 
produced by ISIS.
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Large Scale Neutron Sources: Research Reactor Worldwide
About 220 RRs operational in 53 countries . They are basically neutron 
factories

Contact: D.Ridikas@iaea.org 
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 Education & training (2) 

Contact: D.Ridikas@iaea.org 
16 

 Neutron Activation Analysis (2) 

Cyclic NAA 

Sampling 

Pre-irradiation sample treatment 

Irradiation 

Prompt-ray counting  
in PGNAA 

Radiochemical  
separation in RNAA 

Radioactivity measurement 

Elemental concentration calculation 

Critical evaluation of results  
and preparation of the NAA report 

Radiochemical  
separation in P or DNAA 

Contact: D.Ridikas@iaea.org 
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 Radioisotope Production (2) 

Target fabrication

Irradiation in reactor

Transportation of irradiated target to
radioactive laboratory

Radiochemical processing (separation)
or encapsulation in sealed source

Quality control

Transportation to end users

Target fabrication

Irradiation in reactor

Transportation of irradiated target to
radioactive laboratory

Radiochemical processing (separation)
or encapsulation in sealed source

Quality control

Transportation to end users

Fission :  
• Short lived fission products: 99Mo, 131I  
• Long lived fission products: 137Cs, 147Pm 
 
Capture 
• (n,γ) :   59Co + n  60Co + γ 
• (n,γ)  β- :  130Te + n  131Te* + γ   131I + β-  
 
Threshold reactions 
• (n,p) :   32S +n  32P + p 
• (n,α) :   6Li + n  3H + 4He 

 
Multistage reactions:  186W (n,γ) & 187W(n,γ)  188W  

 

Contact: D.Ridikas@iaea.org 
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• Silicon transmutation doping 
  

• 30Si(n,γ)31Si  31P 
• Source of income 

 
 

 
 
 
 
 
 
 
 
 
 
 

• Gemstone coloration 
• Improve gemstone properties (e.g. colour) 
• Source of income 

 

 Transmutation effects (2) 

Contact: D.Ridikas@iaea.org 
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 Provision of nuclear data (1) 
• Fission & capture cross sections 
• Branching ratios 
• Neutron multiplicities 
• Fission yields 
• Decay data  
 (half-lives, branching ratios, decay particles, heat) 
•Delayed neutrons 
• … 

Decay type:  - 1 %,  - 52 %,  - 47 %   

Repartition of decay heat of spent MOX fuel 

209Bi
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1–
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Measured FF mass distribtuion 

Measured (n,) x-section, leading to 210Po 

Contact: D.Ridikas@iaea.org 
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Neutron Capture Therapy (2) 

Dose phantom 

Clinical treatment: patient’s position 

Contact: D.Ridikas@iaea.org 
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 Neutron Capture Therapy (1) 
Four years after the discovery of neutrons in 1932 by J. Chadwick of Cambridge University,  
a biophysicist, G.L. Locher of the Franklin Institute at Pennsylvania introduced the concept of  
Neutron Capture Therapy (NCT).  

3 figures of merit in terms of advantage: 
• depth 
• dose ratio 
• depth-dose rate 
and… remaining questions! In total  <1000  
patients treated, mainly in Finland and Japan 

Contact: D.Ridikas@iaea.org 
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 Neutron Radiography (1) continued 

• Polarised neutron tomography 

Cultural heritage: 
Photo, x-ray, radiography, tomography 

Brasing connections 

Contact: D.Ridikas@iaea.org 
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• Silicon transmutation doping 
  

• 30Si(n,γ)31Si  31P 
• Source of income 

 
 

 
 
 
 
 
 
 
 
 
 
 

• Gemstone coloration 
• Improve gemstone properties (e.g. colour) 
• Source of income 

 

 Transmutation effects (2) 

Contact: D.Ridikas@iaea.org 
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 Neutron Radiography (1) continued 

• Polarised neutron tomography 

Cultural heritage: 
Photo, x-ray, radiography, tomography 

Brasing connections 

Edu ILL

• Education & Training 

• Neutron Activation Analysis &PGNAA 

• Radioisotope production 

• Neutron radiography 

• Material/fuel testing/irradiations 

• Neutron scattering 

• Nuclear Data Measurements 

• Si doping 

• many others

Country research 
reactors

Operational research 
reactors

Russia 52

USA 50

China 16

India 7

Argentina 5

Canada 5

Germany 5

Italy 5

Brazil 4

Iran 4

Kazakhstan 4

Belarus 3

Belgium 3

Czech Republic 3

France 3

Indonesia 3

Japan 3

Ukraine 3

Others 45

Total 223

Main application fields

ILL -Grenoble (FR) 
58 MW 

สิ
สิ

Most powerful RRs for 
n e u t r o n s ca t t e r i n g 
experiments: 

ILL (France): 
 1.5 10^15 n/cm2/s 

HIFR(USA): 
2.5 10^15 n/cm2/s

85 MW 
HFIR -Oak Ridge USA



Large Scale Accelerator-Driven Neutron Sources Worldwide
By high energy  e-By Spallation

• SNS (Spallation Neutron Source)  

at Oak Ridge, TN, USA 

• ISIS (Spallation Neutron Source)  

at STFC,  Harwell, UK  

• n-TOF (Spallation Neutron Source)  

at CERN, Geneva  

• IPNS (Intense Pulsed Neutron Source)  

at Argonne National Lab, IL, USA 

• LANSCE (Spallation Neutron Source)  

at Los Alamos, NM, US 

• LENS (Low energy Neutron Source)  

at Indiana University, IN, USA 

• SINQ Paul Scherrer Institut (PSI)  

in Villengen PSI, Switzerland 

• ESS (European Spallation Source)  
in Lund, Sweden

• Gelina (Geel Electron Linear 

Acceleration) in Belgium 

• n-ELBE in Dresden, Germany 

• PNF (Pohang Neutron Faility) in Korea 

• ORELA at Oak Ridge, TN, USA

ISIS
TS2 TS1

Linac
Acc. Ring

SNS

Acc. 
Ring

Linac

Target

ESS
Linac

Target



Large Scale Accelerator-Driven Neutron Sources Worldwide
By high energy  e-By Spallation

• SNS (Spallation Neutron Source)  

at Oak Ridge, TN, USA 

• ISIS (Spallation Neutron Source)  
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at CERN, Geneva  

• IPNS (Intense Pulsed Neutron Source)  

at Argonne National Lab, IL, USA 

• LANSCE (Spallation Neutron Source)  

at Los Alamos, NM, US 
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ISIS
TS2 TS1

Linac
Acc. Ring

SNS

Acc. 
Ring

Linac

Target

ESS
Linac

Target

ISIS 
Accelerator:  
Energy 800 MeV 
Rep.Rate =40 Hz 
Current =200 μA 
Pulse length=120 ns

TS1: 
Water (80%D2O-20%H20) cooled  W  
Avg. Power 160 kW 
Neutron beam ports=18 +5(mu)

Accelerator:  
Energy 800 MeV 
Rep.Rate =10 Hz 
Current =180 μA 
Pulse length=120 ns

TS2: 
Heavy Water cooled  W  
Avg. Power 32kW 
Neutron beam ports=11

ESS 
Accelerator:  
Prot. Energy 2 GeV 
Rep.Rate =14 Hz 
Avg Current =62.5  mA 
Pulse length=2.86 ms

Target station: 
He-gas cooled rotating W-
target 
Avg. Power 5 MW 
Pulse power:  125 MW 
Neutron beam ports=42

SNS 
Accelerator:  
Prot. Energy 1.0 GeV 
Rep.Rate =60 Hz 
Avg Current =26  mA 
Pulse length=0.7 ms

Target station: 
material Liquid Hg 
Avg. Power 1.4 MW 
Neutron beam 
ports=24



• More High energy neutrons 

• Measure when off (low backgrounds) 

• Higher peak power possible 

• Sharp pulses-high resolution 

• Time of flight bandwidth controlled by 
source frequency 

• Broader range of  energy/wavelength 

• Lower environmental footprint 

• More Low energy neutrons (since the 
higher moderator efficiency) 

• Easier to shield (low backgrounds) 

• High average flux 

• Sequence of choppers can be used to cut 
the continuous beam in pulses 

• Experimental flexibility 

• Environmental footprint

Pulsed  sources-> neutrons are provided in 
bursts with a given repetition rate. These source 
are mainly accelerator driven sources

Continuous—-> constant flux of neutrons 
over the running time. Mainly reactors

Pulsed and Continuous Neutron Sources



C vs P: Technical and Applicative Differences
Continuous source favour those applications that 
require high time average flux (much lower fast and 
very high energy neutron background)—->PSI 

Long Pulse length of proton beam longer than time to 
slowdown the neutrons in the moderator.  They are 
more suitable for high intense cold neutron beams or 
for application requiring high resolution with low 
wavelength, such as small-angle scattering —->ESS  

Short pulses  are required for epithermal neutron 
spectrum or for highest resolution in thermal region 
(serve better those applications with high peak flux at 
appropriate rate—-> ISIS)

Spallation 
source

Short pulse Long pulse Continuous 

Imp. Length a few μs a few ms -

Facilities ISIS, SNS, 
JPARC ESS PSI

Reactor Long pulse

Imp. Length a few tens of ms

Facilities IBR-2 DUBNA

Accelerator main differences 

✓ Synchrotrons or accumulator (compressor) rings provide 
short neutron pulses (ISIS,SNS) 

✓ Linear accelerators provide  long neutron pulse (ESS).Long 
pulses do  not to require pulse compressing ring 

✓ Cyclotrons provide continuous beams of protons—> 
neutrons (PSI)

The attraction of pulsed source is obvious: intense burst of 
neutrons is produced in a time which is short compared with 
the period between pulses and so the heat generated during 
pulses can be efficiently removed.

Long pulse do not suffer from thermal shock one has to deal with in the targets of high power short pulse source



Remarkable Exceptions: “Pulsed Reactor” and “Continuous Spallation Source”

590 MeV proton and a current of approximately 1.2 mA.The beam 
power available for SINQ will thus be roughly 0.75 MW.  

The proton beam is diverted by bending magnets vertically upwards 
from underneath into the heavy metal target (on Pb/Zr ) 

Spallation continuous source - the first and only one of its kind in the 
world - with a flux of about 10^14 n/cm2/s.  

Beside thermal neutrons, a cold moderator of liquid deuterium (cold 
source) slows neutrons down and shifts their spectrum to lower 
energies.

Pulsed fast reactor, IBR-2, 

In this type of reactors neutron pulses with widths of 
several tenths of microseconds are generated periodically 
by mechanical modulation of reactivity.  

The IBR-2 reactor with its unique technical approach 
produces one of the most intense neutron fluxes at the 
moderator surface among the world's reactors: ~10^16 n/
cm2/s, with a power of 1850 MW in pulse

IBR2SINQ

Cannelloni rod target



Neutron Beam Lines & 

Time of Flight Technique



Shield, Shutter and Instruments Layout (TS1 ISIS)

Shutter =2 m of iron and concrete 
Dose rate at the shield surface < 0.75 mSV/h 
Take as reference that the dose of 1Ci AmBe at 10 cm 
from the center is about 0.35mSV/h

ENS PSI, Villingen, 2- 5 Sep 2019
ISIS TS-1 experimental hall ISIS TS-2 experimental hall

5    

Overview

ISIS: ACCELERATOR COMPLEX AND INSTRUMENTS

TS1 hall TS2 hall

Targets 2 × W (Ta coated)

Protons 800 MeV

Number of Instruments

TS1 27 (20n+7!)
TS2 11

The ISIS accelerator produces a beam pulse at 50Hz with every 
fifth pulse delivered to TS-2, the rest to TS-1. 

Currently ISIS has two spallation targets, TS1 operating at 
proton beam powers of up to 200 kW, and TS2 operating to 45 
kW. 

Instruments Flight path to 
sample

Maps 12m
Vesuvio 11 m
Merlin 11.8 m

Mari 11.739 m
Pearl  12.8 m

Ines, Tosca 23.8 m
Polaris 14m

Instruments are located 
at several tens of meters 

from moderators. The 
detailed distances for 
ISIS TS1 is reported in 

the table 



Spallation Sources for Scattering: Main Energy and 
Time Requirements

In order to use neutron scattering for condensed 
matter study by TOF: 

• Neutrons have to be between 10 eV and 0.1 meV 
(MODERATOR) 

• Short beam pulses at the shutter entrance 

Time-of -flight techniques rely on approximation 
that all neutrons start out down a flight path at the 
same time. 

The distribution in emission time must be much 
smaller than the flight time: order of microseconds 
rather than tens of milliseconds. 

The difference between arrival and departure is the 
time-of-flight, and  knowing the distance (classical 
approach is applicable), the neutron velocity can be 
derived. It directly also gives energy and 
wavelength.

Shutter entrance 
window toward INES

Time distribution of neutrons 
at the shutter inlet is of the 
order of a few microseconds 
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Production of neutrons and muons — in general

2.2  Moderators and reflectors — optimising 
the neutrons for the instruments

The neutrons emitted from spallation targets have 
energies of the order of 1 mega-electron-volt (MeV), 
whereas the instruments for looking at the structure of 
materials require neutrons with energies in the milli-
electron-volt to electron-volt (meV – eV) region — some 
seven or eight orders of magnitude less. Not only that,  
the neutrons come out of the target in all directions,  
and need to be channelled into the instruments used by  
the scientists.

To achieve the necessary reductions in energy, i.e. to 
moderate the neutrons, the target is surrounded by 
moderator(s) made from low-atomic-number material in 
which neutron absorption is small. As the primary neutrons 
enter the moderator they rapidly lose energy by scattering 
repeatedly off the light nuclei (see Fig. 2.2). After a 
sufficient number of collisions, the neutrons achieve 
thermal equilibrium with the moderator material.The 
moderator(s) are surrounded by a reflector to try to return 
to the moderator neutrons that have started to scatter out 
of the moderators, and of course neutron absorption in the 
reflector must also be small to limit the number of neutrons 
lost. Reflectors are often made from either beryllium or 
heavy water — both are weak absorbers of neutrons.

Fig. 2.2. Schematic representation of neutron 
moderation. Neutrons (white) undergo successive 
collisions with recoiling hydrogen atom nuclei (red), 
slowing them down. After some 14 collisions in hydrogen, 
neutrons with energies in the MeV region slow down to 
energies in the meV – eV region.

The moderator material has a low atomic number so 
that the neutrons lose energy as quickly as possible, 
and absorption has to be small so that as few neutrons 
as possible are lost during the moderation process.

These neutrons (now with energies in the meV – eV 
range) are used by the scientists in their instruments at 
ISIS, and the atoms and molecules in samples of 
materials placed inside these instruments scatter some 
of the neutrons into detectors surrounding the samples. 
The spatial distributions and energy distributions of the 
scattered neutrons can then be related to arrangements 
of atoms and molecules inside the samples (see Fig. 2.3).

Fig. 2.3. Schematic representation of neutron scattering.

+

+

+

Neutron 
source

Sample

Scattered 
neutrons 

Detector

Thermal neutrons take 
about  10 ms to arrive at 
the sample,  20 m  
downstream from neutron 
moderators

 ISIS TS1 FLUKA Model of the Upgraded TRAM 

Ref: Proceedings SATIF-14 (NEA/NSC/R(2021)2 -267 

Neutron E_dep Gamma E_depProton E_depTotal E_dep



TIME OF FLIGHT NEUTRON SPECTROMETRY

NEUTRON TIME-OF-FLIGHT DIFFRACTION 313

as well as remaining high energy neutrons. For commonly used
moderators the maximum of the Maxwell-distribution is at 0.15 nm
approximately. The time dependent pulse shape is asymmetric now,
having a steep raise but a smoother slope. Its width is in the range
of 100/zs or more.

The pulse width strongly influences the resolution of the TOF
diffraction experiment. Figure 2 illustrates the situation. At the
moderator surface x0 the pulse is composed of all wavelengths.
After a short flight path X the pulses for different wave lengths are
slightly separated but still overlapped. Arriving at the long distance
point x2 the pulses for the same wavelengths are separated
completely with respect to their time of flight.

Therefore, high resolution is obtained by the use of long flight
paths. On the other hand, the beam intensity goes down propor-
tional to the square of the flight path. An optimum has to be found.
To decrease the loss of intensity neutron guide tubes are widely
used. The intensity gain is obtained at the expense of beam
divergency using the total reflection of neutrons at metallic mirrors
(especially Ni). The critical angle of total reflection is proportional
to the neutron wavelength. Therefore, the use of neutron guide
tubes may influence the resolution power considerably for long
wavelengths.

Considering the vertical const.-0 line in Figure 3 representing
Bragg’s law for the TOF experiment, all nonforbidden diffraction
peaks are recorded at a fixed Bragg angle simultaneously. The

T=T T=T;

x0 x 2
Figure 2 Behaviour of the polycromatic neutron pulse. At time TO the pulse leaves
the moderator surface. It contains all wavelengths. After a short time T the
.2-neutrons arrive at the point Xl. The 3-neutrons have passed it already, the 1
neutrons are slower. Passing a long flight path x2 (long time T2) the three different
wavelength pulses are separated completely.

• Time-of-f l ight technique relies on 
approximation that all neutrons start out 
down a flight path at the same time. 

• At t i m e t 0 t h e p u l s e l e ave s t h e 
moderator surface. It contains all 
wavelengths.  

• After a short time t the neutrons arrive 
at the point X1. The λ3-neutrons have 
passed it already, the λ1 neutrons are 
slower. 

• Passing a long flight path x2 (long time 
t2) the three different wavelength pulses 
are separated completely. 

ToF=Difference between arrival and departure time-of-flight 

Knowing the distance, the neutron velocity can be derived.  

It directly also gives energy and wavelength.



Neutron Energy Measurements: TOF (Time of Flight) 
• Time of flight method:  to measure  neutron energy of white spectrum 

• Time t: Time for  a neutron to reach the sample after pulse beam hit the 
neutron target 

• Kinetic energy is determined by measuring t, knowing the fight length (L)

• Better energy resolution: Decreasing 
Δt or Increasing L 

• Increasing L—-> Decreasing flux, 
therefore try to decrease Δt 

• L should be decided by considering 
the energy resolution and neutron 
flux required for an instrument

Δt1 → Proton Beam Pulse Width

Δt2 → Target Moderator Scattering time Width

Δt3 → Detector & DAQ response Width

ΔE
E

= 2
Δt
t

= 0.02766
Δt(μsec)

L(m)
E(eV )

Time-of-flight (TOF) resolution

distance

time

 

Δt
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A rotating device that can shape the neutron beam in time 
and space by means of a rotating disk with cutouts

Typical Components of an Instrument Beam Line
• Collimators: define the spatial and angular distributions of neutron beam on the sample, 

acting independently of wavelength. They are made of apertures trough materials 
opaque to neutrons. 

• Mirrors and waveguide. Neutrons reflect perfectly from some surfaces which acts as 
mirrors provided that the grazing angle of incidence is smaller than the critical angle for 
the given wavelength  (usually made of very flat Ni surface ) 

• Chopper (spectrometers): It is essentially a disc rotated at high speeds with some 
apertures through which neutrons may only pass during certain periods of the discs 
rotation.	 It  consists of disk, motor, photosensor, and a housing. The chopper disk is 
generally made of two stainless steel slices with an absorber material  (i.e cadmium) 
between them. Both steady and pulsed sources have several chopper spectrometers  
optimised for different applications  (i.e high resolution, access the desired Q. etc)  

• Detector—-> neutron detection for getting sample properties measurements . Specific 
for each instruments. High efficiency and  prompt answer are required 

Time distance diagram

• Time distance diagram of white beam instrument with Pulse 
shaping chopper .

50

2.2. AN INSTRUMENT SUITE FOR THE ESS 41
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Figure 2.21: (top) Time-distance diagram of a white-beam instrument with a pulse-shaping chopper. �
and T are the source pulse-width and repetition period, respectively, and L1 and L2 are the source-
chopper distance and chopper-detector distance, respectively. The figure shows the ”natural” length for
an instrument with a pulse-shaping chopper: fully filling the time frame without the need for wavelength-
frame multiplication. (bottom) Time-distance diagram of a white-beam instrument with a pulse-shaping
chopper and triple wavelength-frame multiplication

which will be required. The work is still on-going, but it is already clear that the instrument concepts of
the reference suite will perform very well. Several di�erent chopper schemes for RRM have been identified
which are able to achieve the varying frame lengths required for the di�erent incident energies, and are
in the process of being further optimized. Detailed WFM calculations have demonstrated the feasibility
of the method in simulations, and test experiments and prototyping are well under way. It has been
shown [110] that guides as long as 300 m can deliver almost perfect brilliance transfer up to the sample
for realistic beam divergences of both thermal and cold neutrons. Enhancing signal over noise is clearly

use of chopper at distance L1 for long pulse or reactor 

Neutron Optics

•The phase space density of neutrons cannot be increased 
•Absorption and finite efficiency of optical components means that phase space density 
decreases 
•Neutron optics designed to transport phase space density as well as possible 

•Focus decreases size of beams, but increases divergance 
•Collimation decreases divergance but reduces flux 

•Neutron mirrors and guides can be constructed by using the critical angle 
•In particular neutron guides use internal reflection in a similar fashion to that of optical 
fibres. 
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internal reflection (similar as optical fiber):  
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Useful Links and Funny Apps….on Neutrons

https://www.ill.eu/users/support-labs-infrastructure/software-scientific-tools
neutrons4science
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