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Introduction
The goal of these exercises is to give a basic introduction on how to run the Monte Carlo code FLUKA (acronym for FLUktuierende KAskade) [1], a general-purpose tool for simulating the interaction of radiation with matter. This physics code is applied to solve problems on a wide range of fields, from high-energy physics (e.g. study of the ATLAS detector at CERN) to medical and radiation physics (e.g. calculation of doses to astronauts by NASA). Namely, it has been thoroughly used for the design of ADS for waste transmutation and energy production. In fact, the development of the Energy Amplifier, carried out by the Emerging Energy Technologies group at CERN, was performed using FLUKA, among other computer programs. This code was simulating the nuclear cascade produced by high-energy protons (occurring mainly in the spallation target of the device), coupling its results with EA-MC [2], to accurately transport the low-energy neutrons and calculate the burn-up evolution, using the latest point-wise cross-section libraries.
The FLUKA input defines a cylindrical target, where the type of incident particle, its kinetic energy and the target material composition may be varied, in order to study the effect of these parameters on the general neutronics of the system.
The output files shall show the particle yields and spatial distributions, energy deposition, fission density and particle energy spectrum in the target, residual nuclei distributions, absorbed doses, etc... allowing us to extract useful conclusions concerning the design of the system.
[bookmark: _Toc520519471]Table 1. Neutron yields for different materials and proton energies.
	
	Proton energy (GeV)

	
	0.1
	0.25
	0.5
	1.0
	1.5
	2.0

	Target material
	C
	  6.2540E-02 (13.0%)
	4.3334E-01 (20.9%)
	1.2358E+00 (24.1%)
	2.1365E+00 (26.6%)
	2.7915E+00 (27.2%)
	3.2537E+00 (27.2%)

	
	Al
	1.1640E-01 (21.1%)
	6.8203E-01 (27.2%)
	  2.0159E+00 (29.6%)
	3.7299E+00 (31.9%)
	4.9877E+00 (32.5%)
	5.9578E+00 (32.6%)

	
	Fe
	1.6808E-01 (28.4%)
	1.0300E+00 (33.6%)
	3.4583E+00 (35.9%)
	9.2286E+00 (37.9%)
	1.4055E+01 (38.6%)
	1.8247E+01 (38.9%)

	
	Ta
	4.3042E-01 (53.2%)
	2.8384E+00 (57.0%)
	1.0061E+01 (58.7%)
	2.7543E+01 (59.7%)
	4.3484E+01 (59.7%)
	5.7647E+01 (59.4%)

	
	Hg
	4.1285E-01 (51.8%)
	2.8059E+00 (55.6%)
	9.8787E+00 (57.4%)
	2.6880E+01 (58.8%)
	4.1865E+01 (58.9%)
	5.5005E+01 (58.7%)

	
	PbBi
	4.1385E-01 (54.4%)
	2.7221E+00 (59.7%)
	9.4410E+00 (61.7%)
	2.5090E+01 (62.9%)
	3.8025E+01 (63.0%)
	4.9320E+01 (62.8%)

	
	Nat U
	7.3482E-01 (57.9%)
	4.5712E+00 (61.5%)
	1.6493E+01 (63.0%)
	4.5477E+01 (63.9%)
	7.2521E+01 (64.0%)
	9.7106E+01 (63.9%)



Table 2. Neutron yields for projectile particles and incident energies.
	
	Energy of the projectile (GeV)

	
	0.1
	0.25
	0.5
	1.0
	1.5
	2.0

	Projectile particle
	Proton
	4.1385E-01 (54.4%)
	2.7221E+00 (59.7%)
	9.4410E+00 (61.7%)
	2.5090E+01 (62.9%)
	3.8025E+01 (63.0%)
	4.9320E+01 (62.8%)

	
	Deuteron
	4.8050E+00 (57.1%)
	9.2308E+00 (62.1%)
	1.5673E+01 (63.3%)
	3.0111E+01 (63.8%)
	4.5317E+01 (64.0%)
	5.9433E+01 (64.0%)

	
	Neutron
	7.4127E+00 (61.7%)
	1.2945E+01 (64.0%)
	2.0679E+01 (64.8%)
	3.4335E+01 (64.8%)
	4.5943E+01 (64.2%)
	5.6452E+01 (63.7%)

	
	Electron
	3.2335E-02 (24.1%)
	8.2050E-02 (24.6%)
	1.8262E-01 (25.0%)
	3.6515E-01 (26.1%)
	5.5384E-01 (26.2%)
	7.3294E-01 (26.5%)





The data in these tables will bring forward that, for energies below 1 GeV, the increase in neutron yield as a function of energy follows an exponential pattern, whereas for energies above ~1.5 GeV this progression is attenuated, roughly to a linear increase. Gnuplot may be used to plot this data, producing results similar to those illustrated by Figure 1.(a), where the neutron yield evolution as a function of energy is shown.
Figure 1.(b) presents the evolution of the neutron yield efficiency by normalising the previous results over the incident particle energy. This procedure effectively allows us to infer the optimum energy of neutron production through spallation.
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Figure 1. Neutron yield in Hg for different types of projectile.

The obtained result permit a simple fit for energies up to 1.5 GeV,


Y(E,A) ={0.1(EGeV–0.120)(A+20), except fissionable materials;

Y(E,A) =50.(EGeV – 0.120), for 238U .







Table 3. Neutron yields for increasing radii and incident energies: protons on PbBi (60 cm long).
	
	Energy of the projectile (GeV)

	
	0.1
	0.25
	0.5
	1.0
	1.5
	2.0

	Target Radius cm
	10
	4.1385E-01 (54.4%)
	2.7221E+00 (59.7%)
	9.4410E+00 (61.7%)
	2.5090E+01 (62.9%)
	3.8025E+01 (63.0%)
	4.9320E+01 (62.8%)

	
	15
	4.2438E-01 (54.4%)
	2.8682E+00 (59.6%)
	1.0275E+01 (61.5%)
	2.7989E+01 (62.6%)
	4.3055E+01 (62.7%)
	5.6268E+01 (62.5%)

	
	20
	4.2612E-01 (54.3%)
	  2.9688E+00 (59.7%)
	1.0819E+01 (61.4%)
	2.9944E+01 (62.5%)
	4.6324E+01 (62.5%)
	6.0765E+01 (62.3%)

	
	25
	4.2807E-01 (54.2%)
	3.0264E+00 (59.6%)
	1.1216E+01 (61.4%)
	3.1221E+01 (62.4%)
	4.8506E+01 (62.4%)
	6.3886E+01 (62.2%)





Table 4. Neutron yields for increasing length and incident energies: protons on PbBi (10 cm radius).
	
	Energy of the projectile (GeV)

	
	0.1
	0.25
	0.5
	1.0
	1.5
	2.0

	Target length cm
	60
	4.1385E-01 (54.4%)
	2.7221E+00 (59.7%)
	9.4410E+00 (61.7%)
	2.5090E+01 (62.9%)
	3.8025E+01 (63.0%)
	4.9320E+01 (62.8%)

	
	80
	4.1404E-01 (54.4%)
	2.7350E+00 (59.8%)
	9.4164E+00 (61.7%)
	2.5226E+01 (62.9%)
	3.9021E+01 (63.0%)
	5.0908E+01 (62.8%)

	
	100
	   4.1406E-01 (54.4%)
	2.7363E+00 (59.8%)
	9.4550E+00 (61.7%)
	2.5220E+01 (62.9%)
	3.9170E+01 (63.0%)
	5.1419E+01 (62.8%)

	
	120
	4.1406E-01 (54.4%)
	2.7360E+00 (59.8%)
	9.4529E+00 (61.7%)
	2.5285E+01 (62.9%)
	3.0392E+00 (62.4%)
	5.1468E+01 (62.8%)


Discussion
It is natural to speculate on the appropriate proton energy to drive a spallation system. A summary observation is that the total neutron yield, proportional to the proton energy in the neighborhood of 1 GeV, falls off at higher energies mainly due to the loss of energy from the hadron cascade through the very rapid πo decay (yielding two 70-MeV photons, which escape the hadron cascade). For energies above about 3.0 GeV, the yield of neutrons per proton varies as E0.80.

In spite of this, it may be that to achieve given power or neutron production rate, higher energies are preferable to lower ones, because higher energy may be easier to accomplish than higher current.
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