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Abstra
tNeutron indu
ed �ssion 
ross se
tions of 233U, 238U, 241Am, 243Am and 245Cm in the energyrange between 500 keV and 20 MeV obtained at the n_TOF Neutron Time of Flight fa
ilityat CERN (Genève) are presented. Fission fragments had been dete
ted by a gas 
ounterwith good dis
rimination between nu
lear �ssion produ
ts and ba
kground events. A 
om-parison between the extra
ted 
ross se
tions, previous experimental results and evaluatedlibraries is reported.Keywords: neutron, �ssion, n_TOF, �ssion ionization 
hamberSommarioIn questa tesi sono presentate le sezoni d'urto indotte da neutroni di energia 
ompresa tra500 KeV e 20 MeV su 233U, 238U, 241Am, 243Am e 245Cm ottenute alla fa
ility di tempo divolo n_TOF al CERN (Genève). I frammenti di �ssione sono stati rivelati da un 
ontatore agas 
on una buona 
apa
it�a di dis
riminare i prodotti di �ssione dagli eventi di ba
kground.La tesi riporta un paragone tra le sezioni estratte, i dati sperimentali ottenuti in passato daaltri gruppi e le prin
ipali librerie valutative.Parole 
hiave: neutroni, �ssione, n_TOF, 
amera di �ssione a ionizzazione
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Prefa
e "Remember your humanity, and forget the rest"(J�ozef Rotblat)This thesis reports on experimental determination of neutron indu
ed �ssion 
ross se
-tions of 233U, 238U, 241Am, 243Am and 245Cm in the energy range between 500 keV and 20MeV. The work has been performed within the n_TOF 
ollaboration.Data had been 
olle
ted in 2004 at the neutron Time Of Flight fa
ility at CERN (Genève)in the frame of a resear
h proje
t involving isotopes relevant for nu
lear astrophysi
s andnu
lear te
hnologies.Pre
ise and 
onsistent σ(n,f) of a
tinides are required for the design of systems based onthe Th/U fuel 
y
le, for A

elerator Driven Systems (ADS), and the so 
alled Generation-IV(Gen-IV) nu
lear rea
tors. More a

urate �ssion 
ross-se
tions are required - among otherphysi
al parameters - to rea
h higher fuel burn-up, thus in
reasing the e�
ien
y of the fuel
y
le, and to improve the safety of future systems, whi
h aim at a higher a
tinide fra
tion inthe fuel mix. Dis
repan
ies between data from previous measurements performed at otherfa
ilities rea
h 15% for some isotopes in the fast energy region of the in
ident neutron spe
-trum. The n_TOF Collaboration aimed at adding its own 
ontribution in order to redu
esu
h dis
repan
ies. Obtained results are extremely pre
ise, meeting - for some isotopes - therequired standard established by the Nu
lear Energy Agen
y (NEA, a spe
ialized agen
ywithin the Organization for E
onomi
 Co-operation and Development - OECD) nu
lear s
i-en
e 
ommittee.Fission fragments had been dete
ted by a gas 
ounter with good dis
rimination betweennu
lear �ssion produ
ts and ba
kground events. Neutron indu
ed �ssion 
ross-se
tions aredetermined relative to 235U, whi
h is a standard for (n,f) rea
tions from thermal energiesup to 200 MeV. This isotope experien
ed the same neutron �ux as the investigated samples,being housed inside the same dete
tor. Corre
tions for dead-time are in
luded and MonteCarlo simulations performed in order to take into a

ount the thi
kness of the samples. Inthis work the extra
ted neutron indu
ed �ssion 
ross se
tions are provided with an un
er-tainty representing only the stati
al one.The thesis is organized in the following way: Chapter 1 reports on the need of σ(n,f) forurani
 and transurani
 elements. In Chapter 2 the n_TOF fa
ility is presented, while inChapter 3 the employed dete
tor is des
ribed. In Chapter 4 some information about thedata a
quisition and storage systems is given. The main 
hapter, 
ontaining the analysispro
edure, follows. Finally the results are presented in Chapter 6 and dis
ussed in Chapter 7.
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1 Introdu
tion "The real issue is freedom. We must deal withthe energy problem on a war footing."J. Carter (15th July 1979)The Earth is the only one Planet of the Solar system and of the known Universewhere di�erent fa
tors met and made human life possible. Our so
iety is now theresult of the mankind 
apability to learn from experien
e, develop ideas and turnthem into reality. This allowed the population to grow. But we are now at a pointwhere our development, on
e in syntony with the environment, is not sustainableanymore.1.1 The need of ele
tri
ityIt took 50000 years for population to rea
h 1 billion (109), a little more than a
entury to rea
h 2 billions, 33 years to rea
h 3 billions, 14 years to rea
h 4 billions,13 years to rea
h 5 billions and 12 years to rea
h 6 billions. Nowadays there are 6,6billion people on Earth and by 2050 this number will grow to 9 billions [1; 2℄. In su
hs
enario, energy 
onsumption is going to in
rease (Fig. 1).Moreover, looking at our world as it is nowadays, a 
omplete unbalan
ed situationis found. 20% of the population 
onsumes 80% of the natural resour
es [3℄. About25% of people have no a

ess to ele
tri
ity today [4℄ and 
lean water is a serious issuein several 
ountries. The situation will be even worst as many people populate ourplanet and as developed and developing 
ountries pollute the environment.Finally fossil fuels, the most widely used energeti
 sour
e, are going to �nish andthe 
onsequently in
reased 
ontra
tual power of 
ertain 
ountries without some basi
rights or not parti
ularly stable where reserves are lo
ated, arises politi
al 
on
erns.Renewable 
lean sour
es are the only way. But, as for now, they would not besu�
ient. Nowadays hydroele
tri
 power stations provide 16% of world ele
tri
ity.One of the main advantage of this energy sour
e (renewable and 
lean) relies in thepossibility of easily stop and start the produ
tion pro
ess to meet peak-load demand.For this reason it is usually thought as 
omplementary to wind power stations. Otherrenewable (i.e. solar, wind, biomass and geothermal power) provide only 2.3% of theworld ele
tri
ity generation and, even with subsidy and resear
h support, are foreseento 
ontribute for no more than 6% by 2030.Wind energy is in fa
t intermittent and should be 
oupled with other solutions(for example hydroele
tri
 power stations). Sin
e regions with strong winds are not1



the easiest pla
e to live, the grid e�
ien
y has to be 
onsidered.Geothermal sour
es (Geysers) are available only in some parts of the world, likein New Zealand. Some other options, like tidal, wave and o
ean thermal energy areunder study with some pilot proje
ts.Biofuel seems not to have been a great idea. Land has to be subtra
ted to agri
ul-ture, and the energy inputs for growing, fertilizing and irrigate 
rops 
an be greaterthan the energy gained by the produ
ed fuel.The most 
ommon known method for solar energy exploitation 
onsists in pho-tovoltai
 
ells. More e�
ien
y 
an be gained by using their 
on
entrating version,i.e. a sort of paraboli
 mirror. Thought their e�
ien
y (50%) is still far from being
omparable with fossil fuels, it must be said that in few years big steps have beenmade and the hope in further improvements is well reposed.The 
leanest and lowest 
ost sour
e of ele
tri
ity remains by the way energy saving.But industry 
an not base its produ
tion on it. Therefore as for now, summarizing,less than 20% of the world ele
tri
ity generation 
an be provided by 
lean and re-newable sour
es (Fig. 2).1.2 The nu
lear optionNowadays we 
an rely on 13000 rea
tor years of experien
e [5℄. The �rst nu
learpower plant built for 
ivil purposes and 
onne
ted to the grid was the AM-1 (ÀòîìÌèðíûé, i.e. pea
eful atom) Obninsk Nu
lear Power Plant (Russian Federation). Itwas operative from 27th June 1954 up to 29th April 2002 and produ
ed around 5 MW(ele
tri
al).Today nu
lear power stations generate more ele
tri
ity than it was produ
ed 50years ago by all sour
es. They provide almost 15% of the world ele
tri
ity and inFran
e the share rea
hes 75%. In this moment 436 rea
tors are operative in 30
ountries with 372000 MWe of total 
apa
ity. Nearly 300 resear
h rea
tors are usedall around the world to study the subatomi
 stru
ture, improve te
hnology and 
reateradioisotopes for medi
al appli
ations. Meanwhile about 220 nu
lear propelled shipsand submarines are sailing our o
eans [6℄.Nu
lear �ssion generates mu
h more energy than any other pro
ess. Typi
al heat
onversion values for di�erent fuels are reported in Table 1. Moreover, thought notrenewable, this energy sour
e is 
onsidered "
leaned", meaning with this word thatit doesn't release greenhouse gases in the atmosphere. For these reasons several
ountries are adopting a pro-nu
lear position.
2



Figure 1: World marketed energy 
onsumption. Yellow data(history) from [7℄, orange data (proje
tion) from [8℄.

Figure 2: Ele
tri
ity generation by fuel in 2008. Data takenfrom [9℄ and revised in a pie graph.
3



Without entering into e
onomi
al and politi
al 
onsiderations, where mathemati
sseems to be an opinion, three fa
ts 
an not be denied:
• renewable and 
lean sour
es are not yet 
apable to ful�ll the world energy de-mand
• 436 rea
tors are working, another 52 are in 
onstru
tion, 135 are planned and295 proposed (See Table 2).
• nu
lear rea
tors (power as well as resear
h) generate wasteCurrent uranium usage is about 65000 t/yr, whi
h means that at the presentexploitation rate easily available reserves 1 are enough to run thermal rea
tors (i.e.rea
tors where �ssion is indu
ed by thermal neutrons) for another 80 years. Trying todisentangle ourselves among optimisti
 disquisitions about the amount of this majora
tinide re
overable from stokpiles and weapons, about our limited knowledge of theEarth's 
rust as well as about the balan
e between the 
ost of exploration e�ortsand the in
ome deriving by the dis
overy of new mines and pessimisti
 spee
hesdealing with the in
rease in the exploitation rate and with fore
ast of market pri
eswhi
h would make 
ompetitive the now expensive te
hnology to extra
t uranium fromseawater, the only 
ertainty is the �nite quantity of this element on our Planet.Table 1: Heat 
onversion values. Data from [6; 10; 11℄.Sour
e Heat Values[MJ/Kg℄Firewood 16Brown 
oal 9Bla
k 
oal (low quality) 13-20Bla
k 
oal 24-30Natural gas 42Crude Oil 45-46Hydrogen 142Uranium* - in light water rea
tor 500000

1i.e. Reserves of U ore, implying a mineral form that 
an e
onomi
ally be re
overedby dissolution in sulfuri
 a
id. Seawater does not belong to this 
ategory.4



NUCLEAR REACTORS REACTORS REACTORS REACTORS URANIUMELECTRICITY OPERABLE UNDER PLANNED PROPOSED REQUIREDGENERATION 1 De
. 2009 CONSTRUCTION De
. 2009 De
. 2009 20092008 1 De
. 2009TWh %E N MWe N MWe N MWe N MWe Tonnes UArgentina 6,8 6,2 2 935 1 692 1 740 1 740 122Armenia 2,3 39.4 1 376 0 0 0 0 1 1000 51Bangladesh 0 0 0 0 0 0 0 0 2 2000 0Belarus 0 0 0 0 0 0 2 2000 2 2000 0Belgium 43,4 53,8 7 5728 0 0 0 0 0 0 1002Brazil 14,0 3,2 2 1901 0 0 1 1245 4 4000 308Bulgaria 14,7 32,9 2 1906 0 0 2 1900 0 0 260Canada 88,6 14,8 18 12652 2 1500 4 4400 3 3800 1670China 65,3 2,2 11 8587 18 19240 35 37000 90 79000 2010Cze
h Republi
 25,0 32,5 6 3686 0 0 0 0 2 3400 610Egypt 0 0 0 0 0 0 1 1000 1 1000 0Finland 22,0 29,7 4 2696 1 1600 0 0 0 1000 446Fran
e 418,3 76,2 58 63236 1 1630 1 1630 1 1630 10569Germany 140,9 28,3 17 20339 0 0 0 0 0 0 3398Hungary 14,0 37,2 4 1870 0 0 0 0 2 2000 274India 13,2 2,0 17 3779 6 2976 23 21500 15 20000 961Indonesia 0 0 0 0 0 0 2 2000 4 4000 0Iran 0 0 0 0 1 915 2 1900 1 300 143Israel 0 0 0 0 0 0 0 0 1 1200 0Italy 0 0 0 0 0 0 0 0 0 17000 0Japan 240,5 24,9 53 46236 2 2285 13 17915 1 1300 8388Kazakhstan 0 0 0 0 0 0 2 600 2 600 0North Korea 0 0 0 0 1 950 0 0 0 0 0South Korea 144,3 35,6 20 17716 6 6700 6 8190 0 0 3444
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NUCLEAR REACTORS REACTORS REACTORS REACTORS URANIUMELECTRICITY OPERABLE UNDER PLANNED PROPOSED REQUIREDGENERATION 1 De
. 2009 CONSTRUCTION De
. 2009 De
. 2009 20092008 1 De
. 2009TWh %E N MWe N MWe N MWe N MWe Tonnes ULithuania 9,1 72,9 1 1185 0 0 0 0 2 3400 134Mexi
o 9,4 4,0 2 1310 0 0 0 0 2 2000 242Netherlands 3,9 3,8 1 485 0 0 0 0 1 1000 97Pakistan 1,7 1,9 2 400 1 300 2 600 2 2000 65Poland 0 0 0 0 0 0 0 0 6 6000 0Romania 7,1 17,5 2 1310 0 0 2 1310 1 655 174Russia 152,1 16,9 31 21743 9 7310 7 8000 37 36680 3537Slovakia 15,5 56,4 4 1760 2 840 0 0 1 1200 251Slovenia 6,0 41,7 1 696 0 0 0 0 1 1000 137South Afri
a 12,7 5,3 2 1842 0 0 3 3565 24 4000 303Spain 56,4 18,3 8 7448 0 0 0 0 0 0 1383Sweden 61,3 42,0 10 9399 0 0 0 0 0 0 1395Switzerland 26,3 39,2 5 3237 0 0 0 0 3 4000 531Thailand 0 0 0 0 0 0 4 4000 2 2000 0Turkey 0 0 0 0 0 0 2 2400 1 1200 0Ukraine 84,3 47,4 15 13168 0 0 2 1900 20 27000 1977UAE 0 0 0 0 0 0 3 4500 11 15500 0U. K. 52,5 19 11035 0 0 4 6600 6 9600 0 2059USA 809,0 19,7 104 101119 1 1180 11 13800 19 25000 18867Vietnam 0 0 0 0 0 0 2 2000 8 8000 0WORLD 2601 15 435 372,707 53 49,588 136 149,645 299 304,005 65,405Table 2: World Nu
lear Power Rea
tors & and Uranium RequirementsRea
tor data: WNA to 01/12/09IAEA: for nu
lear ele
tri
ity produ
tion & per
entage of ele
tri
ity (%e) 5/09WNA: Global Nu
lear Fuel Market (Referen
e s
enario) for U.Operating = Conne
ted to the gridBuilding/Constru
tion = �rst 
on
rete for rea
tor poured or major refurbishment under wayPlanned = Approvals and funding in pla
e, or 
onstru
tion well advan
ed but suspended inde�nitelyProposed = 
lear intention but still without funding and/or approvals.TWh = Terawatt/hours (billion kilowatt-hours),MWe = megawatt net (ele
tri
al as distin
t from thermal),Kwa = kilowatt/hour
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It is therefore important:
• maximizing the e�
ien
y of nu
lear power plants
• 
onsidering other �ssionable isotopes beyond the most 
ommer
ially exploited

235U
• fa
e with the waste produ
tion problem and proliferation risksThis last item would remain even shutting down all 
ivil and military rea
tors,unless humanity is ready to renoun
e to produ
e radioisotopes for medi
al diagnosisand 
an
er therapy.1.3 The need of nu
lear dataBurn-up e�
ien
y maximization, optimization of alternative fuel 
y
les and wasteelimination are goals a
hievable only through an improved knowledge of nu
lear data.The 
on
ept of "
ross se
tion" is explained in � 5. For the moment it is enough toknow that a rea
tion 
ross se
tion is a s
alar numeri
al value, with its own dimension(b, named barn and equal to 10−24 
m2), proportional to the probability 2 of thatrea
tion to o

ur. This quantity, designated with the Greek letter σ, is a fun
tion ofthe energy of the parti
le produ
ing the studied pro
ess and thus assumes di�erentvalues for di�erent in
ident energies.With neutron indu
ed �ssion 
ross se
tion (σ(n,f)(E)), the �ssion probability 
ausedby in
ident neutrons of energy E is meant.1.3.1 Burning e�
ien
yThe main �ssile isotopes 3 are 233U, 235U, 239Pu and 241Pu. Among these, only

235U is found in nature and is therefore the prin
ipal sour
e of energy produ
tionexploited by a
tual rea
tors.Thermal rea
tors are loaded with uranium dioxide pellets (3.6% 235U and 96.4%
238U). In order to enri
h the fuel, natural U is divided into two streams. Part of the
235U from one stream is "transferred" to the other one, resulting in enri
hed uraniumon one side and depleted uranium (where the 235U 
ontent is < 0.25%) on the other.This "tail" is then employed in radiation shielding, its density being higher than thatof lead. But its potential energeti
 
ontent is lost forever.The �ssile isotope of uranium generates a 
hain rea
tion, while fast neutrons emit-ted in the �ssion pro
ess provoke just a small fra
tion of 238U to split. Some of the2Cross se
tions 
an assume values ranging from 0 on, while a probability 
an not ex
eed1. By the way, the higher the 
ross se
tion value and the higher is the probability.3A �ssile material is one that is 
apable of sustaining a 
hain rea
tion of nu
lear �ssion,a �ssionable isotope is simply one isotope whi
h 
an �ssion. Not all �ssionable isotopesare therefore �ssile. 7



238U in the rea
tor 
ore is turned into plutonium and about half of this is also �s-sioned, providing about one third of the rea
tor's energy output. With a frequen
yof on
e per year or on
e every 18 months, about 1
3
of the spent fuel has to be repla
edby fresh fuel.In su
h rea
tors just a small fra
tion of fuel is exploited, the rest resulting in nu-
lear waste and therefore potentially 4 lost.Being 
apable of maximizing the burning rate, would result in a longer availablyof uranium reserves. The rea
tor 
ore is a mixture of all di�erent isotopes 
reatedfollowing �ssion, neutron 
apture, α emission,... The time evolution of the 
ore isreally 
ompli
ated and a pre
ise knowledge of 
apture and rea
tion 
ross se
tions,in
luding σ(n,f) of several transurani
 elements, would allow to tune the neutron �uxon the point of maximum fuel burn-up and energy produ
tion.1.3.2 Alternative fuel 
y
les

238U and 232Th are the two most abundant fertile 5 nu
lei on earth. Followingneutron 
apture they are transformed respe
tively into the �ssile 239Pu and 233U,giving rise to two di�erent fuel 
y
les.The U/Pu fuel 
y
le, here s
hemati
ally reported, has been widely exploited in fastrea
tors (i.e. rea
tors where �ssion is indu
ed by fast - MeV - neutrons). Thought
239Pu is an even-Z, odd-N isotope, the �ssion to absorption ratio favors its employ-ment in the fast energy region of the neutron spe
trum. For 0.025 eV in
ident neu-trons 239Puσ(n,f) = 747 b ,239Puσ(n,γ) = 270 b. Hen
e at thermal energies �ssionprobability is about 2.76 times higher than 
apture probability. For 1 MeV in
identneutrons instead 239Puσ(n,f) = 1.7 b ,239Puσ(n,γ) = 0.025 b, and therefore �ssion prob-ability is about 70 times higher than 
apture probability.

238
92 U + n → 239

92 U
23min−→ 239

93 Np + β− + ν

ց239
94 Pu + β− + ν (T1/2=2,3 d)Fast rea
tors have the advantage of �ssioning part of the produ
ed a
tinides andtherefore end up with a lower waste toxi
ity (see next paragraph). The reason whyrea
tors based on the U/Pu 
y
le have been built, while the Th/U 
y
le has not beendeeply investigated relys in the availability of the �ssile material. Though neither

233U nor 239Pu exists in nature, this last isotope had been largely produ
ed in ther-mal rea
tors.With the reinassen
e of nu
lear interest, new attention is being paid to the Th/U4Countries like USA, Switzerland and Sweden do not repro
ess waste.5A fertile material is a nu
lide whi
h is turned into �ssile by neutron absorption.8



fuel 
yl
e [12℄. As s
hemati
ally shown here, the working prin
iple of the two 
y
lesis exa
tly the same:
232
90 Th + n → 233

90 Th
22min−→ 233

91 Pa + β− + ν

ց233
92 U + β− + ν (T1/2=27 d)In a 
omparison of advantages and disadvantages, the Th/U fuel 
y
le (reportedin Fig. 3) results the winner. Its bene�ts are the following:1. Thorium is 3 to 4 times more abundant than Uranium.2. Thorium is isotopi
ally pure, while natural Uranium is a mixture of 234U,235Uand 238U.3. Thorium is a better fertile material than 238U in thermal rea
tors. The absorp-tion 
ross-se
tion for thermal neutrons of 232Th (7.4 b) is almost 3 times that of

238U (2.7 b). A higher 
onversion to 233U is therefore possible with 232Th, thanto 239Pu with 238U.4. Contrary to what happens for 235U and 239Pu, the number of neutrons emittedper neutron absorbed (η) by 233U. is greater than 2.0 over a wide energy rangeof the thermal neutron spe
trum. Hen
e, while in the U/Pu fuel 
y
le breedingis a
hievable only with fast neutrons, the Th/U fuel 
y
le 
an be operated withthermal, epithermal as well as with fast neutrons.5. The Th/U fuel 
y
le ends up with a lower produ
tion of MA (minor a
tinides)with respe
t to the U/Pu one. This is be
ause the 
y
le starts with a lighternu
leus: 6 units in mass and 2 in atomi
 number. Moreover the 
apture 
rossse
tion of 233U is smaller (46 b) than that of 235U (101 b) and 239Pu (271 b) forthermal neutrons, while their �ssion 
ross se
tions are of same order of magni-tude (525 b, 577 b and 742 b respe
tively for 233U, 235U and 239Pu). Thereforeneutron absorption leading to higher isotopes (234U, 236U and 240Pu) with higherabsorption 
ross se
tion is less probable.6. Uranium ashes produ
ed 
an be used as seeds for further utilization.7. Thanks to generation of 232U via 233U(n,2n)232U rea
tions, the Th/U fuel 
y
leis 
onsidered intrinsi
ally proliferation resistant. This is be
ause 232U has a halflife τ1/2 = 73.6 y and de
ays to 212Bi and 208Tl, strong gamma emitters, making
233U handling more di�
ult.
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Its disadvantages are the following:1. There is not already available 233U.2. The Th based fuel 
ontains 232U whi
h, if on one side makes the Th/U fuel 
y
leintrinsi
ally proliferation resistant, on the other gives rise to build-up radiationand in
reases the 
ost of this fuel 
y
le.3. The time taken by 233Pa to de
ay to 233U is mu
h longer (∼ 27 d) than the timetaken by 239Np to de
ay to 239Pu. An on-line extra
tion of 233Pa followed byreinje
tion after it has de
ayed is one possible solution.4. La
k of experien
e and of nu
lear data.Both 
y
les, when the high energy region of the neutron spe
trum is exploited,end up with produ
tion of the �ssile material at a rate higher than it is 
onsumed.Su
h fast rea
tors are known as breeders. Making use of the more available 238U and
232Th, these systems, thought a little bit more tri
ky than the thermal ones be
auseof some te
hnologi
al 
hallenges, are forseen to in
rease from 80 to 400 years ourpossibility of produ
ing nu
lear energy. Therefore the U/Pu fuel 
y
le is not goingto be abandoned and 3 out of the 6 proposed proje
ts for new Generation rea
torsare going to be fast rea
tors based on it.Sin
e bene�ts highly ex
eed disadvantages, one of the Generation IV rea
tors [13℄under study is based on the Th/U fuel 
y
le. Rea
tor generations are dis
riminatedon the basis of te
hnologi
al improvements with respe
t to previous systems and oftheir safety level, whi
h is as to say a

ording to the period of 
onstru
tion. Earlyprototypes rea
tors built in the 1950s and 1960s represented the 1st Generation.Current rea
tors in operation around the world are generally 
onsidered 2nd (large
ommer
ial power plants built from the 1970s to 1990s) or sometimes 3rd (built fromthe 1990s on) generation systems. Generation IV rea
tors are a set of 6 rea
tordesigns whi
h should be operative from 2030 or later.Given the forseen employment of the Th/U fuel 
y
le for one of the proposedrea
tor types, an extremely a

urate knowledge of 232Th(n,γ) and 233U (n,f) 
rossse
tions is of primary importan
e. For this reason the European Union is �nan
ingfeasibility studies. Among them the n_TOF experiment.

10



Figure 3: Th/U fuel 
y
le. Pi
ture taken from [14℄.
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1.3.3 Waste produ
tion and weapon proliferationThe produ
tion of nu
lear energy and the use of radioa
tive materials in industrialappli
ations as well as in resear
h and medi
ine, 
reates radioa
tive waste. In 1994International Atomi
 Energy Agen
y (IAEA) published a 
lassi�
ation of radioa
tivewaste whi
h is nowadays internationally a

epted [15℄. These 
lasses in whi
h wasteis grouped address a
tivity 
ontent, radiotoxi
ity and thermal power. The prin
ipalwaste 
lasses in
lude exempt waste (EW: the re
ommended a
tivity 
on
entrationsare dependent on the individual radionu
lide and range from about 0.1 Bq/g to about104 Bq/g), low and intermediate level waste (LILW: requiring no or little shielding),whi
h may be subdivided into short lived (τ1/2 < 30 y) and long lived (τ1/2 ≥ 30 y),and high level waste (HLW).High-level waste is material that remains at dangerously high levels of radioa
tiv-ity for hundreds or even thousands of years and has therefore to be kept isolated fromthe biosphere for periods as long as the human history. This poses several 
onstraintson the features of geologi
al disposals.There are two types of high level waste: �ssion produ
ts, transurani
s and α-, β-and γ-emitters separated from the spent fuel 6 during the repro
essing 7, and thespent fuel elements themselves from the rea
tor 
ore when they are not repro
essed.While representing only 3% of the volume of all radwaste, it holds 95% of the ra-dioa
tivity.A

ording to IAEA, nu
lear power generation fa
ilities produ
e about 200000 m3of LILW and 10000 m3 of HLW (in
luding spent fuel designated as waste) ea
h yearworldwide. Keeping in mind that the Yu

a Mountain 
apa
ity is 150000 m3, a210000 m3 dis
harge per year is - provo
atively speaking - as �lling 1 Yu

a Moun-tain ea
h 8 months and a half. As evident, a �rst problem is represented by physi
alspa
e.Another remarkable point is that the so 
alled spent fuel is not spent in the sensethat all its energy has been 
ompletely extra
ted. It is 
omposed for 96% by uranium(
omparable to natural uranium), 1% transurani
 elements (prin
ipally plutonium,but also other a
tinides), the rest being radioa
tive and stable �ssion produ
ts anda
tivation elements.The residual energy 
ontent of the uranium and a
tinides 
ould be extra
ted inpower rea
tors. The a
tinides alone have an energy 
ontent equivalent to 30% of the6Spent fuel is fuel removed from the rea
tors when its rea
tivity has de
reased dueto the buildup of �ssion and a
tivation produ
ts and be
ause the me
hani
al integrity ofthe fuel has been redu
ed. It has undergone at least one year's de
ay sin
e being usedas a sour
e of energy in a power rea
tor, and has not been 
hemi
ally separated intoits 
onstituent elements by repro
essing. Spent fuel in
ludes spe
ial nu
lear material,byprodu
t material, sour
e material, and other radioa
tive materials asso
iated with fuelassemblies.7Repro
essing 
onsists in separation of elements 
omposing waste in order to re
overpart of them. 12



energy released by �ssion during generation of the spent fuel. The remaining uraniumhas a very large residual energy 
ontent - about two orders of magnitude higher thanthe energy released during �ssion.A reutilization of the spent fuel would allow to re
over the primary sour
e ne
essaryto operate nu
lear rea
tors, in
reasing the time availability of present ore reserves.A possible solution to spa
e and energy problems was identi�ed in partitioning(separation of di�erent isotopes 
omposing waste) and transmutation (
onversion ofone isotope into another isotope by indu
ing a 
hange in the nu
leus). When anisotope is subje
t to a neutron �ux, among the possible pro
esses whi
h 
an takepla
e, there are transmutation and indu
ed �ssion. This last is still 
onsidered trans-mutation, but it is properly known as in
ineration. So a distin
tion must be madebetween a
tinides and �ssion produ
ts. Under a neutron �ux, the former 
an eitherbe transmuted, the result being another a
tinide, or �ssioned, hen
e produ
ing en-ergy and �ssion produ
ts. Fission produ
ts 
an instead only be transmuted. Thegoals of transmutation are therefore the redu
tion of highly radioa
tive elements tostable (or shortly radioa
tive) ones, with a 
onsequent de
rease of the spa
e allo
atedfor geologi
al disposal and a more e�
ient exploitation of the nu
lear fuel.Transmutation 
an be a
hieved using normal 
riti
al rea
tors, both fast and ther-mal. Nevertheless, transmutation in 
riti
al rea
tors has been pra
ti
ally abandonedbe
ause of its low e�
ien
y and high hazardness (due to di�
ulty in maintaining
riti
ality in delayed neutrons de�
ien
y 
onditions). A

elerator Driven Systems(ADS) have been proposed.ADS are sub
riti
al rea
tors equipped with an external neutron sour
e (
ouplingof an a

elerator with a spallation target) and a partitioning fa
ility. The in
iner-ation e�
ien
y is basi
ally determined by the neutron e
onomy, whi
h makes theexternal neutron sour
e ne
essary, and the neutron energy spe
trum of the 
riti
al orsub-
riti
al rea
tor.The a
tinide nu
lei with and odd number of neutrons, like 233U, 235U and 239Pu,have large thermal �ssion 
ross se
tions. Vi
e-versa, isotopes with even neutron num-bers only �ssion by fast neutrons. Some of the latter transmute to thermally �ssilenu
lei by neutron 
apture, like 232Th and 238U, as already seen. Most of the �ssionprodu
ts have large thermal 
apture 
ross se
tions and also large epithermal reso-nan
e 
apture 
ross se
tions in 
omparison with the 
ross se
tions for fast neutrons.This means that a thermal or a fast neutron transmutation system 
an only trans-mute a 
ertain fra
tion of the nu
lear waste in an optimal way. A rea
tor having afast neutron spe
trum is needed to in
inerate the non-thermally �ssile transurani
isotopes. Among them there are isotopes of the so 
alled minor a
tinide elements(Np, Am and Cm), whi
h 
onstitute a primary goal to in
inerate. The 
ontrol ofa self-sustained 
hain rea
tion, or 
riti
ality 
ontrol, relies on the small fra
tion ofdelayed neutrons emitted from the �ssion produ
ts "long time" after the �ssion it-13



self. This small fra
tion of delayed neutrons determines the 
riti
ality safety margins,whi
h put some serious 
onstraints on the �ssile fuel 
omposition, for example rea
-tors 
an't operate purely on minor a
tinide fuel, be
ause of the very low fra
tion ofdelayed neutrons.Several ADS proje
ts are under study and few are already in 
onstru
tion. A per-fe
t knowledge of the neutron indu
ed �ssion 
ross se
tions of minor a
tinides (i.e.Am, Np and Cm) is essential.While representing a solution to two important problems, the partitioning ne
-essary to transmutation seems to worsen the issue of nu
lear weapon proliferationby making �ssile materials (like 239Pu) available. Separation of perfe
tly 
al
ulatedharmless mixes of isotopes are forseen.1.4 Nu
lear libraries and experimental dataSummarizing 233U σ(n,f) are highly requested in view of the 
onstru
tion of Gen-eration IV rea
tors based on the Th/U fuel 
y
le, while a pre
ise knowledge of minora
tinides (n,f) 
ross se
tion is desirable in order to perform transmutation and tunethe energy of the neutron spe
trum looking for higher burn-up e�
ien
y.Thanks to the synergy between experiments and theoreti
al models, data libraries
an be 
ompiled. Unfortunately, due to our limited knowledge of the nu
lear inter-a
tions and to experimental limits (rea
hable purity of �ssion deposits, α a
tivity ofthe sample, pre
ise knowledge of the dete
tion e�
ien
y and of the neutron sour
eintensity), results are not always in agreement. Experimental data often reports hugedis
repan
ies and di�erent evaluations are �lled assigning them di�erent weights, oreven ignoring them in some energy ranges in order to mat
h some ben
hmarks.There are evaluation libraries dedi
ated to photonu
lear rea
tions, fusion pro-
esses, ion beams,... As for nu
lear data of interest in this thesis, referen
e eval-uations are represented by JENDL (Japanese Evaluated Nu
lear Data Libraries),ENDF/B (Evaluated Nu
lear Data File version B, USA), JEF (Joint Evaluated File,Europe) and JEFF (Joint Evaluated Fission and Fusion �le, NEA Data Bank, Eu-rope), CENDL (Chinese Evaluated Nu
lear Data Library), BROND (library of re
om-mended neutron data, Russian Federation), RUSFOND (RUSsian File Of evaluatedNeutron Data,Russian Federation) and Minsk A
tinide Library (Maslov's Evalua-tions, Russian Federation). Libraries are being 
ontinuously updated thanks to ex-perimental results. A number is asso
iated to ea
h version. The higher the number,the most re
ent the version.Experimental data are 
olle
ted in EXFOR �les (Experimental Nu
lear Rea
tionData).Nu
lear libraries are of primary importan
e be
ause they allow to proje
t fa
ilities.Knowing that the �ssion probability of one isotope for a 
ertain in
ident parti
le in a14



de�ned energy range is null, no one will spend money to build a fa
ility ful�lling su
h
onditions. Moreover safety margins are de
ided on the basis of the present evalua-tions. Finally, nu
lear data libraries are loaded in Monte Carlo 
odes. By runningsimulations, a realisti
 idea of the results got in a 
ertain experiment is obtained. Thisallows to tune experimental parameters in optimal way, avoiding to waste money bybuilding di�erent trial set-ups. Simulations a
t also as a test. If results obtained byrunning Monte Carlo 
odes and experiments are di�erent, it means either the imple-mented 
ode/model is wrong, or nu
lear data are not pre
ise.As for the minor a
tinides, experimental data la
k and evaluations are thereforea�e
ted by high un
ertainties. This does not prevent rea
tors from working, but of
ourse a�e
ts their performan
e. A working party on International Evaluation Co-operation has been established by the OECD/NEA Nu
lear s
ien
e 
ommittee [16℄.Among its duties, a study to evaluate the impa
t of neutron 
ross se
tion un
ertaintieson some integral parameters (like 
riti
ality) related to the 
ore and fuel 
y
le of Gen-eration IV rea
tors was performed. The most stringent requirements were indi
atedfor Advan
ed Minor A
tinides Burners [13℄. Table 3 reports the required a

ura
iesfor neutron indu
ed �ssion 
ross se
tions for the minor a
tineds analyzed in this work.Table 3: Target a

ura
ies.Isotope Rea
tor Energy Range Un
ertaintyType [MeV℄ [%℄Initial Required
λ = 1 λ 6= 1

241Am SFR 6.07 - 2.23 11.7 6.8 6.82.23 - 1.35 9.8 6.4 6.51.35 - 0.498 8.3 5.8 5.8GFR 6.07 - 2.23 11.7 3.3 3.62.23 - 1.35 9.8 3.3 3.61.35 - 0.498 8.3 3.0 3.3LFR 1.35 - 0.498 8.3 5.2 5.6ADMAB 19.6 - 6.07 12.7 5.6 5.66.07 - 2.23 11.7 1.7 1.72.23 - 1.35 9.8 1.4 1.40.498 - 0.183 8.3 3.9 3.9
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Isotope Rea
tor Energy Range Un
ertaintyType [MeV℄ [%℄Initial Required
λ = 1 λ 6= 1

243Am SFR 6.07 - 2.23 11.0 8.2 8.12.23 - 1.35 9.2 7.2 7.2ADMAB 6.07 - 2.23 11.0 2.3 2.32.23 - 1.35 6.0 1.9 1.90.498 - 0.183 9.2 1.6 1.6

245Cm
SFR 2.23 - 1.35 44.2 14.3 15.21.35 - 0.498 49.4 8.8 8.80.498 - 0.183 37.2 6.6 6.60.183 - 0.0674 47.5 6.7 6.80.0674 - 0.0248 26.5 8.8 8.80.0248 - 0.0912 13.5 9.1 9.1EFR 1.35 - 0.498 49.6 43.1 40.90.498 - 0.183 37.2 37.3 35.80.183 - 0.0674 47.4 41.8 39.1GFR 1.35 - 0.498 49.4 16.3 16.70.498 - 0.183 37.2 13.3 13.90.183 - 0.0674 47.5 10.7 11.40.0674 - 0.0248 26.5 10.8 11.6LFR 1.35 - 0.498 49.4 11.1 11.90.498 - 0.183 37.2 7.0 7.50.183 - 0.0674 47.5 7.2 7.80.0674 - 0.0248 26.5 8.9 9.4

ADMAB 6.07 - 2.23 31.0 7.1 7.12.23 - 1.35 44.2 5.8 5.81.35 - 0.498 49.4 3.3 3.30.498 - 0.183 37.2 2.9 2.90.183 - 0.0674 47.5 2.9 2.90.0674 - 0.0248 26.5 3.2 3.20.0248- 0.00912 13.5 3.3 3.40.00912 - 0.0203 13.2 3.6 3.60.00203 - 0.000454 13.0 4.7 4.7
λ is a 
ost parameter giving a relative �gure of merit of the di�
ulty of improvinga

ura
ies.ADMAB = Advan
ed Minor A
tinides Burners;SFR = Sodium-Cooled Fast Rea
tor;LFR = Lead-Cooled Fast Rea
tor;EFR = European Fast Rea
tor;GFR = Gas-Cooled Fast Rea
tor.
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2 The n_TOF fa
ilitySalagadoola me
hi
ka boola bibbidi-bobbidi-boo(1950)An extensive measurement 
ampaign for redu
ing the σn,f un
ertainties for bothminor and major a
tinides was performed at the n_TOF (Neutron Time of Flight)fa
ility [17℄. Thanks to its 
hara
teristi
s, summarized in � 2.4, the installation re-sults the best station for studying not only the neutron indu
ed �ssion 
ross se
tionsof the isotopes dis
ussed in this thesis, but also for a wider resear
h proje
t involvingneutron indu
ed rea
tions of elements relevant for nu
lear te
hnology and nu
learastrophysi
s.The n_TOF fa
ility is a high �uen
e spallation neutron sour
e lo
ated at CERN(Geneva, Switzerland), in the Meyrin site. The installation was proposed by Rubbiaet al. [18℄ in 1998 and its 
onstru
tion was �nished in 2001. The �rst 
ommissioningtook pla
e in 2002 and data analyzed in this thesis were 
olle
ted in 2004. After 4years of stop, due to radioa
tive problems of the spallation target, in 2008 n_TOFbegun a se
ond life and it is now fully operative.The fa
ility was built in order to measure neutron indu
ed 
ross se
tion rea
tions.Neutrons are produ
ed by 
ollision of 20 GeV/
 protons on a Pb spallation target,and driven to an experimental area through a va
uum pipe. The neutron kineti
energy is determined by time of �ight.The installation in
ludes:
• proton extra
tion line
• spallation target with moderation and 
ooling system
• neutron beam opti
s
• experimental area (EAR-1)
• beam dumpProtons are 
reated through hydrogen ionization by a duoplasmatron [19℄ andinje
ted at 100 keV in a linear a

elerator (lina
-2). Here their kineti
 energy isin
reased up to 50 MeV, before immission in a Booster (PSB). The PSB 
onsists of4 superimposed rings supplying the CERN Proton Syn
hrotron (CPS or simply PS)with 1.4 GeV kineti
 energy protons. The PS is a 
ir
ular a

elerator delivering 20GeV/
 proton bun
hes to the n_TOF experiment.17



Figure 4: PS Complex. Pi
ture taken from [20℄.Two di�erent PS beam 
on�gurations are exploited: dedi
ated and parasiti
. Inthe �rst 
ase, all protons are extra
ted and sent to the n_TOF spallation target.The nominal bun
h intensity is 7 × 1012 protons. In parasiti
 mode, the beam issplit into two independent bun
hes, with a nominal intensity of 4 × 1012 and 2 ×1011 respe
tively. Both bun
hes are a

elerated up to 20 GeV kineti
 energy. Then,a bun
h rotation 8 is applied to make bun
hes as short as possible and the largerone is extra
ted by a ki
ker 9 (fast extra
tion) in the TT2 line towards n_TOF. Theremaining bun
h is a

elerated to 24 GeV kineti
 energy and slowly extra
ted to theEast Area [21℄.Proton bun
hes are delivered in super-
y
les (SC). One SC is a time interval ofabout 14.4 s. Considering both the higher a

eptable power dissipation on the leadtarget and the radiation level in the target area, a maximum of 4 bun
hes per SC (allparasiti
, all dedi
ated or some parasiti
 and some others dedi
ated) is possible 10.Though a lower beam intensity is delivered in the parasiti
 mode, this 
on�gurationallows an easier s
heduling, as the beam is shared with other experiments.A shorter bun
h, means a smaller un
ertainty on the proton position inside thebun
h itself. Thus, bun
h rotation enhan
es the TOF resolution and hen
e also theenergy resolution (for more information about energy resolution see � 2.2.2).8Bun
h rotation = redu
tion of the energy spread.9Ki
ker magnet = fast pulsed magnet used to de�e
t bun
hes without a�e
ting thepre
eeding or following ones. The transition times between no and full de�e
tion 
an beof the order of tenths of ns.10These data refer to the 2001-2004 measurements. Now one SC is about 48 s and amaximum of 10 bun
hes per super-
y
le was tested [22℄.18



All bun
hes delivered towards the n_TOF fa
ility have the following 
hara
teris-ti
s:- 20 GeV kineti
 energy- 7 ns r.m.s.The PS division takes 
are about everything related to the beam.2.1 Des
ription2.1.1 Proton extra
tion lineThe proton extra
tion line (FTN) is equipped with bending magnets to de�e
t thebeam, quadrupoles to fo
us it and beam position as well as beam 
urrent monitors.This last one (TRA 468 ) is a 
urrent transformer (two 
oupled 
oils). A signalproportional to the proton beam intensity (
urrent) is dete
ted and visible on a s
reeninside the n_TOF 
ontrol room.The FTN interse
ts the neutron beam line at an angle of about 10◦.2.1.2 Spallation moduleAt the n_TOF fa
ility neutrons are generated by spallation rea
tions. This pro-
ess was preferred to other neutron sour
e me
hanisms be
ause it o�ers the best
oupling of the energy range of operation and the provided �ux (see Appendix A,pag. 133).The term spallation was 
oined by W. H. Sullivan and G. T. Seaborg at Lawren
eRadiation Laboratory (Berkeley, California) on 20th August 1947 [23℄ to address thepro
ess in whi
h a heavy nu
leus emits a large number of parti
les as a result of beinghit by a light and high-energy proje
tile. Thought this de�nition meets a wide varietyof pro
esses, for example �ssion, only some rea
tions 
an be 
lassi�ed as "spallation".The in
ident parti
le is a nu
leon or a light proje
tile and its minimum kineti
 en-ergy must be 100 ÷ 150 MeV. Below this threshold other pro
esses, and other nu
learmodels, take over [24℄ :
• elasti
 s
attering → opti
al model
• pre-equilibrium rea
tions → ex
iton model
• equilibrium rea
tions → Hauser-Feshba
h model
• �ssion. 19



The spallation rea
tion 
an be des
ribed as a two-steps me
hanism: an intranu
lear
as
ade (INC) followed by pre-equilibrium and equilibrium evaporation. Fig. 5 showsthe 
hain of events o

urring when 1 GeV proton strikes a target.At su
h high in
ident energies, the De-Broglie wavelength asso
iated to the pro-je
tile is so small that more quasi free nu
leon-nu
leon 
ollisions o

ur. This is theintranu
lear 
as
ade stage. In this dire
t pro
ess (t ≈ 10−22 s), kno
k-out of nu
le-ons is 
aused. Sin
e the energy of the proje
tile ex
eeds the threshold for parti
leprodu
tion in nu
leon-nu
leon 
ollisions, intermediate-energy hadron generation andemission takes pla
e as well.
Incident

particle

TARGET

NUCLEUS

Secondary particles

Nucleons +

other hadrons

HIGHLY

EXITED

NUCLEUS

Intranuclear cascade
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Figure 5: S
hemati
 representation of a spallation pro
ess
aused by 1 GeV in
ident proton. The solid arrows refer tointranu
lear 
as
ade, while dotted arrows to internu
lear
as
ade [24℄.
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The residual energy given to a nu
leus through the 
ollision is distributed amongall its nu
leons. Sin
e there is no preferential way of sharing energy, it may happenthat at a 
ertain time, even before attainment of statisti
al equilibrium, all energyis given to only one nu
leon and pre-
ompound emission takes pla
e (t < 10−18 s).Another possible rea
tion in this stage is �ssion. When the thermalization pro
ess�nishes (t < 10−15 s), a 
ompound nu
leus is left and evaporation of slow neutronstakes over. Again a 
ompeting rea
tion is �ssion. On
e below the threshold forneutron emission, the nu
leus de-ex
ites by γ and β de
ay.Se
ondary parti
les 
an now travel until they strike another nu
leus. A

ording totheir momenta, they will pro
eed through di�erent paths. The intermediate-energyse
ondary parti
les produ
ed in kno
k-out, provoke the whole pro
ess to start bys
rat
h (internu
lear 
as
ade), while the low-energy se
ondary parti
les promptlyform a 
ompound nu
leus with the 
olliding body. Evaporation follows soon after,while the INC and pre-equilibrium stage are skipped.The number of neutrons produ
ed in spallation rea
tions strongly varies with thetarget material and in
ident energy of the proje
tile, but rea
hes a saturation aboveabout 2 ÷ 3 GeV as shown in Fig. 6.

Figure 6: Number of neutrons per in
ident proton as a fun
tionof the proton energy [25℄.
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In order to a
hieve a proper p/n 
onversion in the spallation pro
ess, di�erent highA materials are available. Negle
ting uranium and transurani
 elements be
ause oftheir radioa
tivity, the 
hoi
e was essentially between lead and tungsten. Owing toits better radiation damage resistan
e, prompt availability (from the TARC exper-iment [26℄) and high transparen
y to low energy (≤ 1 MeV) neutrons, the de
isionfell on lead.The geometry of the spallation target was a

urately studied [27℄ 11. As a 
om-promise among neutron �ux intensity, neutron energy and the a
hievable pre
isionin its knowledge, a high purity (99.99%) 80 × 80 × 60 
m3 lead blo
k (Fig. 7), indire
t 
onta
t with demineralized water, a
ting both as a 
ooling and as a moderator,was installed. H2O thi
kness is 3 
m at the target entran
e, to avoid unne
essaryrea
tions, and 5 
m at the exit, for better moderation, and �ows in a 
losed loop forsafety reasons.The window between the va
uum tube and the lead blo
k is in aluminum alloy(AA 6082) be
ause of well known material 
omposition and good physi
al properties.Six thermo
ouples monitor the temperature of the lead target.The spallation target is mounted into a stainless steel support,whi
h makes itshandling easier. The area is shielded by 
onventional 
on
rete, with addition of mar-ble blo
ks (marble su�ers less a
tivation under radiation than 
on
rete). A pi
tureof the target zone is shown in Fig. 8.

60
cm

20
cm

80
cm

8
0

c
m

p beam Figure 7: Lead target.11Information here reported des
ribes the spallation target layout dealing with themeasurement 
ampaign treated in this thesis. After 2004 a new spallation target wasinstalled [28℄.
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Figure 8: Pi
ture of the target zone.2.1.3 Neutron beam opti
sThe time of �ight tube is 199.607 m long and extends from the water tank, throughthe experimental area down to the beam dump, allowing extraordinary energy resolu-tion. Ba
kground minimization is a
hieved thanks to the presen
e of shielding walls.In order to redu
e beam 
ontamination by fast relativisti
 parti
les and γ radiation,the neutron tube draws an angle of 10◦ with the proton line. A sweeping magnetremoves the remaining 
harged parti
les.The neutron tube is divided in di�erent se
tors of de
reasing diameters for beamshaping purpose. A layout of the TOF line is reported in Fig. 9. A �rst aluminumalloy se
tor 3.9 m long and with ⊘ = 80 
m is dire
tly �anged onto the water tank.A ∼ 70 m long stainless steel tube, of the same diameter, follows. A se
ond se
tor,with ⊘ = 60 
m and in stainless steel, extends for another ∼ 70 m. The third se
tor,still in stainless steel and with ⊘ = 40 
m, is equipped with a �lter station and two
ollimators. It extends for ∼ 40 m and goes through the sweeping magnet (Fig. 10).The �lter station allows ba
kground study thanks to 8 thi
k �lters with strong neu-tron resonan
es. The �rst 
ollimator, in iron and 
on
rete, simply redu
es the beamdiameter, while the se
ond one even shapes the neutron spe
trum, thanks to thepolyethylene hydrogen and 10B 
ontent, whi
h respe
tively a
ts as a moderator and
aptures slow neutrons [29℄. Sin
e 
apture and �ssion measurements optimization23



require di�erent beam sizes 12, the internal radius of the se
ond 
ollimator 
an bede
reased or in
reased a

ording to ne
essity. Just two values are possible: 4 
m and9 
m (see Table 4). In both 
ollimators the entran
e radius is equal to the exit radius.The experimental area (EAR-1) is lo
ated between the third and fourth se
tor, 
alledneutron es
ape line (NEL) and is delimited by shielding walls. The NEL extends for12 m beyond the EAR-1, before beam dump.
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Figure 9: Neutron beam line
12Sin
e sample thi
kness a�e
ts FFs dete
tion e�
ien
y, a large and thin sample is moredesirable than a thi
k one for �ssion measurements.24



Figure 10: Sweeping magnet.
Table 4: Collimator parameters.Collimator Segment Material Inner-Outer radius Length[
m℄ [m℄1st 1-Iron 5.5-25.0 12-Con
rete 5.5-25.0 12nd C.M.a 1-Borathed polyethylene 0.9-20.0 0.52-Iron 0.9-20.0 1.253-Borathed polyethylene 0.9-20.0 0.752nd F.M.b 1-Borathed polyethylene 4.0-20.0 0.52-Iron 4.0-20.0 1.253-Borathed polyethylene 4.0-20.0 0.75

a C.M. = Capture mode.
b F.M. = Fission mode.
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2.1.4 Experimental AreaThe experimental area extends from 182.5 m downstream from the spallation tar-get up to 190 m and 
an house several movable dete
tors and �ux monitors at thesame time 13. A list of all available dete
tors follows:
• SIMON (SIli
on MONitor) [30℄ : 6Li based �ux monitor
• MICROMEGAS [31℄ : 10B and 235U based �ux monitor
• PTB (from Physikalis
h-Te
hnis
he Bundesanstalt Institute) [32℄ : parallel plateionization 
hamber as 235U and 238U based �ux monitor
• Medipix [33℄ : 6Li and Polyethylene (H) based Sili
on dete
tor for beam pro�ledetermination
• TAC (Total Absorber Calorimeter) [34℄ : A 4 π dete
tor using 40 BaF2 s
intil-lators for 
apture measurements
• K6D6 (Karlsruhe C6D6) [35℄ : deuterated benzene liquid s
intillators for 
apturemeasurements
• PPAC (Parallel Plate Avalan
he Counter) [36℄ : for �ssion measurements
• FIC (Fission Ionization Chamber) [37; 38℄, � 3 : for �ssion measurements
• CR-39 [39℄ : solid state tra
k edge dete
tors2.1.5 Beam dumpThe beam dump is situated at the end of the NEL and 
onsists in a 490 × 490 ×475 mm3 polyethylene box 
omposed by 19 490 × 490 × 25 mm3 plates. Ea
h side is
overed by one 
admium foil and additional polyethylene, so that the total dimensionof the beam-dump is 543 × 527 × 528 mm3.A thi
k 
on
rete wall separates the EAR-1 from this box, whi
h is situated 12 mdownstream from the shielding in order to further redu
e ba
ks
attering.The polyethylene box houses 3 BF3 (boron tri�uoride 
ounters) for neutron posi-tion and �ux monitoring.13In order to avoid undesired s
attering or �ux attenuation, and be
ause of the limitedphysi
al spa
e, the EAR-1 never houses all dete
tors 
ontemporally.
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2.2 Beam 
hara
teristi
sTwo main quantities are relevant for beam 
hara
terization: the neutron �ux andthe energy resolution.2.2.1 Neutron �uxThe spallation of 20 GeV kineti
 energy protons against a massive lead targetgives rise to a white (i.e. energeti
ally wide) neutron spe
trum. The p/n 
onversionis estimated to be about 1:300. For this reason, thought only one neutron out of 107rea
hes the end of the TOF tube, the instantaneous beam intensity at the EAR-1position is 
omparable and even higher than in other dedi
ated fa
ilities with shorter�ight-paths (see Fig. 11). This makes the n_TOF station parti
ularly suitable formeasurements with a low signal to ba
kground ratio. As a result, neutron indu
ed
ross se
tion rea
tion determination of extremely low masses of signi�
antly radioa
-tive isotopes is possible (for quantitative example see � 3). It is worthwhile underlyingthat, at instantaneous neutron �ux parity, the advantage of a 200 m long beam lineon energy resolution is overwhelming (see next paragraph).In Fig. 11 n_TOF is 
ompared to other fa
ilities available at Los Alamos labora-tory (LANSCE) and at IRMM-Gel (GELINA).

Figure 11: Instantenous neutron flux at different fa
ilities.Thanks to the low repetition rate, no proton bun
h overlap o

urs at the n_TOFfa
ility. The averaged neutron �ux is thus a little lower than at other fa
ilities(Fig. 12), but the mentioned advantage of this situation strongly ex
eeds the lit-27



tle longer running time ne
essary to gain the same statisti
s as at LANSCE ([40℄) orGELINA ([41℄).

Figure 12: Averaged neutron flux at different fa
ilities.An extensive study of the neutron �ux at the EAR-1 position was performed withMonte Carlo Simulations. The FLUKA [42℄, MNCPX [43℄ and EA-MC [44℄ 
odeswere employed. The result of the simulations, 
ompared to experimental measure-ment, is shown in Fig. 13, where the total number of neutrons entering the exper-imental area is plotted in isolethargi
 units: dn/dlnE/
m2/7×1012 protons. Theneutron �ux determination was performed in 
apture measurements 
on�guration(inner radius of the se
ond 
ollimator equal to 4 
m). Di�erent features are visible:
• a �at shape from 1 eV to 10 keV, 
on�rming the isolethargi
 
hara
ter due tothe presen
e of a moderator
• some lo
al depletions be
ause of neutron 
apture in stru
tural material as alu-minum.The agreement between simulation and experimental data is ex
ellent, the 20%dis
repan
y below 1 MeV being due to a simulated moderated thi
kness of 5 
minstead of 5.8 
m 14.14On proje
ts the thi
kness of the moderation at the target exit was 5 
m. After theremoval of the spallation blo
k, it was found out that in reality it was 5.8 
m and not just5 
m. 28



Figure 13: Measured and Monte Carlo simulated neutron fluxin the experimental area.2.2.2 Energy resolutionWhen a neutron strikes a nu
leus, it ex
ites and many rea
tion 
hannels open.The energy region where individual states are ex
ited is known as resonan
e region.A resonan
e o

urs where the 
ross se
tion has a maximum. Ea
h dis
rete state isunstable against de
ay and therefore has a 
ertain width. When resonan
es are so
losed together that their widths are larger than their spa
ings, a 
ontinuum results.This happens at higher momenta, where energy resolution is worst and resonan
es
an not be isolated.Negle
ting the 
ontribution of dete
tors, energy resolution is determined by:
• Doppler broadening
• in
ident beam-pulse width
• moderation timeDoppler broadening is important for the determination of the resolution fun
tion,i.e. where resonan
es 
an be resolved. The data analysis reported in this thesisdeals with in
ident neutron energies En ≥ 0.5 MeV and Doppler broadening 
an be29



negle
ted.The TOF energy resolution ∆E due to the beam time un
ertainty ∆t for a neutronof kineti
 energy, is given by [18℄:
∆E

E

∣

∣

∣

BEAM
=

2∆t

t
≈ 2c

L

√

2 E
mn

1 + E
mn

∆t (1)Fig. 14 shows the trend of neutron energy relative un
ertainty for L = 185 m and
∆t = 10 ns.

Figure 14: Relative energy un
ertainty due to the proton beamtime spread.The 
ontribution due to moderation path λ inside the 5.8 
m water thi
kness isinstead given by:
∆E

E
=

2λ

λ + L
(2)

λ 
hanges a

ording to the neutron energy and, sin
e moderation is a sto
hasti
pro
ess, the varian
e ∆λ 
an be estimated either as the r.m.s of the λ distribution orthe standard deviation from a Gaussian �t of the peaks. Fig 15 shows the moderationtime 
ontribution 
al
ulated in these two di�erent ways (bla
k and red lines) for L= 185 m, and the apport given by the in
ident beam-pulse to the energy resolution(green line) for the same �ight-path. In the energy range of interest for the analysisreported in this thesis, this last term prevails.30



Figure 15: Relative energy un
ertainty due to moderation pathand beam time spread.2.3 Ba
kgroundIn neutron 
apture rea
tions it is not possible dis
riminating between γ's from theinvestigated pro
ess or 
oming from other sour
es just as in �ssion measurements adistin
tion between (n,f) events due to spallation neutrons or to di�erently generatedneutral nu
leons is not feasible. For this reason the n_TOF Collaboration devotedbig e�orts to ba
kground minimization. After deep investigation it was found thatthe most relevant ba
kground sour
es in a spallation fa
ility are represented by:
• γ-�ash, i.e. γ's and relativisti
 parti
les generated in the spallation pro
ess andtravelling in the neutron beam line
• negative muons 
reated in the spallation pro
ess: the fastest 
ontributes to the

γ-�ash, while the µ− 
aptures give rise to additional neutrons
• γ rays from neutron 
apture in stru
tural material
• neutrons s
attered in the beam line or ba
ks
attered in the beam dumpThese are known as in-beam 
omponents. Sample-related ba
kground has to be 
on-sidered as well.Thought a sweeping magnet removed 
harged parti
les from the beam line, addi-tional 
on
rete walls were built. A suppression of a fa
tor of 1000 in the number of

µ− rea
hing the experimental area was a
hieved [45℄.31



The third and fourth 
omponents were studied by measurements in absen
e ofany sample [27℄. Moreover, as already mentioned, the beam-dump was positioned12 m downstream the end of the experimental area and equipped with polyethylenelayers.The sample related ba
kground was strongly suppressed using low neutron sensi-tivity dete
tors. A series of measurements (in absen
e of any sample and with C, Pband Fe targets) showed that a further redu
tion of the γ 
ontamination of the beam
ould be obtained by simple geometri
al 
onsiderations [27℄.A separate spee
h is needed for the γ-�ash (see � 5). This ba
kground 
omponentis somehow desirable, sin
e it gives the real trigger used in data analysis. But whenit is too strong it represents a problem, be
ause its intensity makes dete
tors blind.2.4 Performan
e summaryThe n_TOF fa
ility is unique in terms of the possibilities it o�ers. Neutron in-du
ed �ssion 
ross se
tions in data libraries are obtained mat
hing data from variousexperiments, ea
h one performed in a spe
i�
 and limited energy range. Thanks tospallation of high momenta protons,at present n_TOF is the only one fa
ilityallowing to sweep on 10 orders of magnitude in energy, from thermal up to250 MeV 15.The 200 m long neutron beam line assures ex
ellent energy resolution, while thehigh instantaneous (i.e. per proton bun
h) neutron �ux and low repetition rate openthe way to measurements of strongly radioa
tive samples.Table 5: Chara
teristi
s of the n_TOF fa
ility.Proton beam momentum 20 GeV/
Intensity 7×1012 dedi
ated beam4×1012 parasiti
 beamRepetition frequen
y 1 pulse/2.4sPulse width 6 nsn/p 300Target material Pb (99.99%)Target dimension 80 × 80 × 60 × 
m3Cooling and moderation material Ordinary waterEnergy resolution � 187.5 m a
∆E/E = 3.0E-4 (∼ 1 eV)
∆E/E = 5.5E-4 (∼ 1 keV)
∆E/E = 4.2E-3 (∼ 1 MeV)
∆E/E = 2.1E-2 (∼ 100 MeV)

a = Collimator for 
apture mode15As visible from the neutron spe
trum reported in Fig. 13, and 
onsidering total energy
onservation, the maximum neutron energy is of the order of GeV. Thought potentiallymu
h more powerful, the fa
ility su�ers signal �u
tuations at relativisti
 time limits, whi
hmakes measurements in this region still too impre
ise.32



3 The dete
tor "Wel
ome, Ion."(Plato Dialogue)Measurements of neutron indu
ed �ssion 
ross-se
tions at the n_TOF fa
ility havebeen 
arried out using three Fast Ionization Chambers (FIC) [37; 38℄ and a ParallelPlate Avalan
he Counter [36℄. The FICs were built in the frame of a 
ollaborationbetween the Joint Institute of Nu
lear Resear
h (JINR, Dubna, Russian Federation),the Institute of Physi
s and Power Engineering (IPPE, Obninsk, Russian Federation),INFN, and CERN. Two identi
al 
hambers were designed for samples with high (FIC1 and FIC 0) α-a
tivities, and a third (FIC 2) was intended for 235U and 238U samplesto be used as a �ux monitor. Data analyzed in the frame of this PhD were 
olle
tedwith FIC 1.The FICs were designed in order to meet the following requests, dis
ussed indetailed in 3.3:1. maximum safety2. fast 
harge 
olle
tion time3. maximization of the energy range of operation4. minimization of neutron intera
tion with the material of the 
hamber3.1 Working prin
ipleAn ionization 
hamber is a gas-�lled dete
tor sensing dire
t ionization 
aused byradiation. When a 
harge passes through the a
tive volume, ele
tron-ion pairs are
reated. Their drifting under the appli
ation of an ele
tri
 �eld gives rise to a 
urrentsignal revealing the pro
ess.The FICs are optimized for �ssion fragment re
ognition. They work in ionizationregime, whi
h means that all pairs generated by dire
t ionization are 
olle
ted, butno 
harge multipli
ation takes pla
e. The higher the 
harge and kineti
 energy ofthe passing-by parti
le, the more pairs it produ
es and the higher the amplitude ofthe dete
ted 
urrent. The isotopes housed in the FIC 1 naturally de
ay emitting
4He nu
lei and, when hit by in
ident neutrons, undergo �ssion. These represent thetwo dete
table ionization sour
es for the 
onsidered samples. The energy releasedin �ssion as kineti
 energy of FFs is about 180 MeV and is distributed inverselyproportional to their masses. Helium nu
lei are instead emitted with a kineti
 energyaround 5 MeV. The neutron indu
ed rea
tions are thus expe
ted to produ
e mu
h33



larger signals, whi
h allows the use of a simple amplitude dis
rimination to re
ognizeFFs.3.2 Design of FIC 1A simpli�ed layout of the FIC 1 is shown in Fig. 16. The basi
 
ell is 
omposedof three aluminum ele
trodes 12 
m in diameter. The 
entral ele
trode is 100 µm inthi
kness and is plated on both sides with the �ssile isotope under study. This 
entralele
trode is 
onne
ted to the bias voltage for de�ning the ele
tri
 �eld of 800V/
m inthe 5 mm wide gas-�lled gaps. The two outer ele
trodes 15 µm in thi
kness are keptat ground potential. The sample layers are 8 
m in diameter. The whole dete
toris 50 
m long and houses 16 basi
 
ells perpendi
ular to the neutron beam. Giventhe 2π geometry of the 
hamber, the dete
tion e�
ien
y for �ssion events is 
lose to100% for ea
h 
ell.

Figure 16: S
hemati
 layout of 4 FIC 1 
ells.An additional 
ell is added at the downstream extremity of the dete
tor and is po-sitioned perpendi
ular to the previous sixteen. It houses a 235U sample for neutronba
kground monitoring.Table 6 reports the samples a

omodated in FIC 1, while in Table 7 the workingparameters of the dete
tor are shown. 34



Table 6: FIC 1 samples.Position Position Isotope Label Mass DAQin the from [mg℄ 
hannelbeam 235U1 0.052 Dummy 92 0.042 245Cm 48-49 0.806 153 0.031 245Cm 46-47 0.905 144 0.021 233U 7-8 15.35 165 0.01 233U 5-6 15.49 136 0.0 235U 11-12 31.8 127 0.01 238U 26-27 25.2 118 0.021 238U 24-25 27.1 109 0.046 243Am 38-39 1.141 710 0.057 243Am 40-41 1.244 511 0.067 243Am 42-43 1.095 412 0.078 243Am 44-45 1.306 813 0.088 241Am 30-31 0.464 614 0.099 241Am 32-33 0.559 315 0.109 241Am 34-35 0.640 116 0.12 241Am 36-37 0.598 2BG 235U 5-4,5-1 ? -
Table 7: FIC 1 working parameters.Gas 
omposition 90% Ar + 10% CF4Gas pressure 720 mbApplied Voltage -400 VInter-ele
trode gap 5 mmEle
trode diameter 12 
mSample diameter 8 
mBa
king thi
kness 100 µm (Al)Ele
trode thi
kness 15 µm (Al)Windows diameter 12 
m
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3.3 Dete
tor 
hara
teristi
sAs already mentioned, the dete
tors had to ful�ll some stringent requests.3.3.1 Maximum safetyIn order to ful�ll CERN safety regulations, the FICs had to be 
erti�ed as ISO/04/43323, i.e. "sealed sour
es for a general neutron sour
e appli
ation", of the standardISO 2919 (sealed radioa
tive sour
es). Their design and operation parameters werede
ided keeping in mind this 
onstraint.Being operated in ionization regime, no gas �ow 
ir
ulation is needed. Dealingwith highly radioa
tive isotopes, this is of great advantage. The gas pressure (720mbar) was 
hosen to be lower than atmospheri
 pressure, in order to avoid spills in
ase of damage of its stru
ture, while the applied voltage was kept far away fromele
tri
 dis
harge risk.Sin
e CERN has neither the permission for 
onstru
tion of radioa
tive sealedsour
es, nor the infrastru
ture for required tests, the FICs were assembled in a ClassA Laboratory at Paul S
herer Institut (PSI) and the 
erti�
ation for their use wasobtained in a se
ond moment.3.3.2 Fast 
harge 
olle
tion timeThe time o

upan
y of the dete
tor depends on the time taken by ele
trons todrift between ele
trodes. For FIC 1, at the 
hosen working parameters of ele
tri
 �eldand gas pressure (see Table 7), only CH4,CF4, and ArCF4 show a good mobility (seeTable 8). Isobutane is �ammable and was thus dis
arded. Freon is highly problemati
from an environmental point of view. Moreover inhalation of high quantities of CF4
auses arythmia and leads to death people with heart-problems, while argon is lessdangerous. Ar, if inhalated in ex
essive dose, provokes loss of 
ons
iousness and 
ouldjust indire
tly lead to death, be
ause of 
onfusion or errors in judgement. For thesereasons, the �nal 
hoi
e fell on ArCF4, 
orresponding to a maximum time o

upan
yof the dete
tor equal to 5 mm
88 (mm/µs)

= 56.8 ns.3.3.3 Maximization of the energy range of operationThought only FIC 2 was intended for �ux monitoring, all ionization 
hambershouse at least one 235U sample. This isotope is a standard for (n,f) rea
tions in awide energy range, namely from thermal up to 200 MeV and its presen
e makes itpossible extra
ting neutron indu
ed �ssion 
ross se
tions with referen
e to it.36



Table 8: Ele
tron drift velo
ity in different gas mixtures in mm/µs [46℄.Field strength per unit pressure [V·m/N−1℄Gas 0.075 0.15 0.3 0.45 0.6 0.75 1.5 3 4.5 6 7.5 15H2 3.1 5 6.8 8.0 9.2 10 15 23 30 36 42 70He 2.7 4 6 7 8.5 9.6 15 36N2 3.1 3.9 5 6 7 8 14 22 30 36 43 80Ne 4 5 7 10 12 16 26 52Ar 2.3 2.7 3.2 3.5 3.9 4.1 6.2 13 30Kr 1.5 1.8 2.1 2.4 2.5 3.1Xe 1.0 1.2 1.4 1.6 1.7 1.8CO2 0.56 1.1 2.3 3.4 4.6 5.7 11 33 66 94 109 137CO 4.8 6.5 9.4 11 13 14 17 20 25 28 29BF3 0.13 0.25 0.5 0.75 1.0 1.3 2.5 5.0 7.5 10 12.5 25Air 3.5 5 8 9.3 11 12 17 26 34 43 51 88CH4 8 24 60 80 95 100 100CF4 30 51 74 87 96 101 117 140 141 129 116 95Ar/CH4 49 55 45 36 32 30 26 24Ar/N2 4 6 9 13 16.8 19.3 27.3Ar/C2H2 14.3 27.3 44.3 49.3 48.3 45.3 45.2Ar/CF4 34 63 100 120 120 111 66He/CF4 6 10.8 19.2 25.8 31.4 36
3He/CO2 0.30 0.56 0.99 1.4 1.7 2.0 2.5Ar/CO2 5 10.6 26.5 37.5 43 42All binary mixtures are 90% - 10% by volume
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3.3.4 Minimization of neutron intera
tion with the material of the 
hamberCare was taken to minimize the quantity of material interposed on the way of thein
ident neutron �ux in order to limit its attenuation. Along the about 16 
m wherealuminum ele
trodes, aluminum windows and various samples follow one other, the�ux redu
tion depends on σ(n,tot) of the material. Attenuation is mainly due to(n,γ) rea
tions in aluminum 16.Fig. 17 shows the result of a FLUKA [42℄ simulation 17. It reports the numberof neutrons per in
ident neutral nu
leon 
al
ulated at di�erent positions inside theFIC 1. Four mono
hromati
 neutron beams with r = 4 
m were 
onsidered. The�rst point 
orresponds to the ba
kward surfa
e of the dummy ele
trode, the last isafter the fourth 241Am sample, while all others are referred to the ba
kward fa
e ofAl windows following the sample mentioned on the graph.

Figure 17: Neutron flux attenuation at different positions insideFIC (FLUKA simulation).Sin
e low energy neutron libraries for 245Cm are not available in FLUKA, this isotopewas repla
ed by 233U 18. The maximum �ux attenuation (less than 4%) is found for100 keV in
ident neutrons, representing only a small fra
tion of all neutrons (seeFig. 13). Results should be integrated over the whole neutron spe
trum and �uxattenuation 
an thus be dis
arded be
ause negligible.16Neutron absorption takes pla
e also inside samples, but their thi
kness is negligible if
ompared with Al layers.17FLUKA is a Monte Carlo multipurpose multiparti
le 
ode treating parti
le transportand intera
tions with matter.18The 
hoi
e was performed after 
onsidering various (n,f) 
ross se
tions for even Z andodd N isotopes. 38



4 FIC Front-end ele
troni
s and DAQHow mu
h wood 
ould a wood
hu
k 
hu
k,if a wood
hu
k 
ould 
hu
k wood?He'd 
hu
k all the wood that a wood
hu
k 
ould 
hu
k,if a wood
hu
k 
ould 
hu
k wood!About the n_TOF DAta a
Quisition a detailed paper has been written [47℄. Forthis reason only a s
hemati
 view of the FIC 1 front-end ele
troni
s and few wordsabout DAQ are here summarized.4.1 Front-end ele
troni
sAs already seen in � 3.2, the �ssion ionization 
hamber #1 houses 16 samples andis fed by -HV. In Fig. 18 a 
able for HV (in red) is 
onne
ted to a metalli
 boxpositioned above the FIC 1. Inside the box is a 
ir
uit delivering the -HV to theele
trodes fa
ing samples. The 16 bla
k 
ables pi
k up the 16 output signals.

Figure 18: FIC 1 signal pi
k-up.Fig. 19 shows the steps through whi
h signals are shaped and pro
essed.39
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Figure 19: FIC 1 Front-end ele
troni
s. Layout 
opied from the n_TOFweb-site
Ea
h bla
k 
able of Fig. 18 is 
onne
ted to the FIC at one end, and to a preampli�er(PA) at the other extremity. The PA integrates the ele
tri
 signal, assuring propor-tionality between its amplitude and the quantity of 
harge produ
ed in the ionizationpro
ess inside the FIC sensitive volume. In order to 
ut its long tail, the signal is thendi�erentiated in an ampli�er (A). In a parallel 
hain, at the moment t0 (time-start)trigger arrives (from PS) and a 80 ms gate G for signal a
quisition opens. The signalon the left part of the diagram 
ontinues its travel. A Linear Ampli�er splits it intotwo parts: one - line A - is sent to a Constant Fra
tion Dis
riminator (CFD) and theother one - line B - to a �ash-ADC (digitizer). The CFD is a devi
e taking an ana-logi
 signal as input and delivering a digital 
onstant value as output. First it 
he
ksif the gate for a
quisition is opened. If it is 
losed, it delivers a 0 to the following
omponent of the front-end ele
troni
s. In 
ontrary 
ase, it 
he
ks if the signal is40



higher than a set threshold and its output assumes value 0 before the zero 
rossingpoint 19, and 1 after that. A Time to Digital Converter (TDC) 
al
ulates the time tas the di�eren
e between the moment when it re
eives a "true" ( = 1) from the CFDand t0. In 
ase of "false" value (a
quisition gate already 
losed, i.e. t-t0 > 80 ms, orsignal lower than threshold), a prede�ned output (for example -10.0) is sent to the
onne
ted PC, otherwise the digitized 
al
ulated time is 
ommuni
ated. On line A,the signal passes through the �ash-ADC and, if trigger arrived, is translated into aninteger number, otherwise a 
onstant null output is delivered. The range of possiblevalues depends on the resolution of the digitizer. The �ash-ADC modules used forFIC have a resolution of 8 bit and were exploited at 100 MHz sampling rate. Thismeans that 100·106 times per se
ond (or equally on
e every 1 s
100·106 = 10 ns) the signalis sampled. The analogi
 value (sampled amplitude of the signal) is translated intoan integer, said "
hannel", spanning on 28 possible numbers from 0 to 255. A PC,lo
ated in the experimental area, re
eives both the digital amplitude of the signalfrom the �ash-ADC, and the digital time from the TDC. If this number is di�erentfrom -10.0, data are pro
essed, otherwise they are dis
arded.The �ash-ADC modules employed for FIC 1 have 4 
hannels for data input andone for trigger. Every signal is read separately, i.e. ea
h bla
k 
able of Fig. 18 is
onne
ted to a di�erent entran
e of the 4 possible ones o�ered by a single �ash-ADC.This means that the 16 ele
trodes of FIC 1 are read by 4 �ash-ADC.4.2 DAQThe memory allo
ated to store information 
olle
ted thanks to the previouslydes
ribed ele
troni
 
hain would be really huge. For this reason PCs operate an on-line data redu
tion. Only true event signals with amplitude higher than a value set by�ash-ADCs, along with a pre-sele
ted number of samplings before and after threshold
rossing, are kept for storage [47℄. Data from ea
h ele
trode are organized in bu�ers,i.e. a 
ertain quantity of memory allo
ated. A bu�er 
an be for example 800MByte.Bu�ers from 8 di�erent ele
trodes are grouped in streams and thus identi�ed by asame "stream number". Additional information from the PS (bun
h intensity,type,..)is integrated in a separate stream.The 
hain of events that follows is sket
hed in Fig. 20. In a �rst moment data arestored in a lo
al disk pool, readable through a 
omputer interfa
e. When no pla
eis left for additional data, they are moved to the Cern Advan
e STORage managerCASTOR [48℄, making the lo
al disk pool able to house new data. From CASTORdata are migrated to tapes. CASTOR 
omprises both the physi
al tapes where dataare stored and the program interfa
e to a

ess them.19Zero 
rossing point = time at whi
h the signal 
rosses the set threshold, or better,be
omes higher than a �xed fra
tion of its maximum amplitude.41



Figure 20: Data flow from dete
tors to tapes. Pi
ture takenfrom [47℄.
4.3 The n_TOF singularityDue to the required high speed of data read-out, the n_TOF Collaboration de
idedto fully base its a
quisition system on �ash-ADCs. Other experiments had previouslyemployed this kind of digitizers, but never at the sampling rate exploited at n_TOF,nor so extensively.
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5 Analysis "Curiosity begins as an a
t of tearing to pie
es or analysis."(Samuel Alexander)A wave fun
tion Ψi(~x,t) 
an be asso
iated to ea
h parti
le and a nu
leus 
an bedes
ribed in terms of an appropriate ∑

i Ψi [Kra87; Erb97℄. Without entering intodetails, when two parti
les approa
h, their wave fun
tions approa
h as well, and whena 
ollision o

urs, the wave fun
tions superimpose. This happens only if the kineti
energy K of the proje
tile is high enough, while the impa
t parameter must be low.Negle
ting this last term by 
onsidering a large beam impinging on the 
enter of anextensive sample, di�erent degrees of overlap of wave fun
tions result as a fun
tionof K.A 
urrent of parti
les is mathemati
ally given by:
j =

~

2mi
(Ψ∗

∂Ψ

∂r
− ∂Ψ∗

∂r
Ψ) (3)The 
ross se
tion of a pro
ess is the probability for that pro
ess to o

ur and islinked both to the entering and exiting 
urrent of parti
les, i.e. depends on how wavefun
tions mat
h.If the kineti
 energy of the proje
tile is low, its De Broglie wavelength is quitelong. The in
ident parti
le sees the average nu
lear �eld and is s
attered by that(potential s
attering or shape elasti
 s
attering). At in
reasing K, the proje
tile 
anpenetrate the nu
lear �eld and intera
ts with it giving life to a 
ompound nu
leus(CN). The energy brought by the in
ident parti
le is shared among all nu
leons andthe nu
leus results in an ex
ited state.Sin
e the CN levels are dis
rete, the overlap between the wave fun
tion of the in-
ident parti
le and of the target nu
leus is really good just for some pre
ise in
identkineti
 energies. A good superposition means high probability for the rea
tion too

ur, or equivalently, a high 
ross se
tion. Ex
itation of di�erent individual statesis thus re�e
ted in maxima in the 
ross se
tion, that is in a series of resonan
es.A qualitative explanation of their formation is obtained by representing the nu-
lear potential as a square well. The os
illatory inside and outside wave fun
tions (seeFig. 21) must mat
h smoothly at the boundary. Varying the energy of the in
identparti
le, the relative phase of the inner and outer wave fun
tions, as well as theirrelative amplitudes, 
hange. Going from 
ase (a) to situation (
) the probability forthe in
ident parti
le to penetrate the nu
leus in
reases. Only for 
ertain in
identenergies 
ondition (
) results. These are the energies of the 
apture resonan
es in the
ross se
tions. 43



Ea
h dis
rete ex
ited state is unstable against de
ay and therefore has a 
ertainwidth. The lower the energy of the proje
tile and the fewer 
ombinations of sharingit among nu
leons are possible. This results in fewer available de
ay modes, thus ina longer life of the ex
ited states of the 
ompound nu
leus and therefore a smallerwidth. As the energy of the proje
tile in
reases, more rea
tion 
hannels open, thelife time of the ex
ited state gets smaller and its width larger. Resonan
es begin tooverlap be
ause their distan
e de
reases, while their FWHM enhan
es. The rea
tion
ross se
tion 
onsequently be
omes smooth.

Figure 21: Mat
hing of wave fun
tions at the boundary of asquare potential well. (a) Far from resonan
e the exteriorand interior wave fun
tions mat
h badly, and little penetra-tion of the nu
leus o

urs. (b) As the mat
hing improves, thepenetration gets higher. (
) The in
ident parti
le has a highpenetration probability and the 
ross se
tion shows a maximum.This is the resonant 
ondition. (Pi
ture taken from [Kra87℄.)As the kineti
 energy of the proje
tile further in
reases, the wavelength asso
iatedto the in
ident wave fun
tion gets smaller and smaller. The in
oming nu
leon doesnot see anymore the average nu
lear potential, but 
an distinguish single nu
leonsand dire
tly intera
ts with them. No 
ompound nu
leus is formed. Rea
tion me
ha-nisms are really fast. Elasti
 s
attering as well as non elasti
 rea
tions 
an take pla
e.In the last 
ase the residual target nu
leus is left in an ex
ited state, from whi
h it
an de
ay in di�erent ways. Resonan
es o

ur, but due to the large in
ident kineti
44



energy, they overlap and the rea
tion 
ross se
tion is smooth.Conventionally the passage from the energy regime where resonan
es are due toex
itation of the 
ompound nu
leus to the region where they 
orrespond to ex
itationof the residual target nu
leus is assumed to o

ur at a redu
ed De Broglie wavelengthof the in
ident neutron more or less equivalent to the dimension of a nu
leon. Con-sidering λ ∼ 1 fm, and thus pr = h
λ
, from

K + m0c
2 =

√

(m0 c2)2 + (pr c)2 (4)with m0c
2 = 938.9 MeV (nu
leoni
 rest mass), K = 20 MeV is obtained. This is justan agreed value and in reality a neutron energy around 10 - 20 MeV 
orrespondsto transition from 
ompound nu
leus to dire
t rea
tions, so that both pro
esses 
ano

ur. The analysis reported in this thesis deals with neutral proje
tiles with energyhigher than 500 keV. The extra
ted neutron indu
ed �ssion 
ross se
tion is thereforesmooth and due sometimes to de
ay of a CN and other times to s
ission of the resid-ual ex
ited target nu
leus.5.1 Experimental 
ross-se
tion determination5.1.1 Reading raw dataThe number of a spe
i�
 type of rea
tions o

urring in a target is proportional tothe ratio between the in
oming and out
oming 
urrent of parti
les:

Reaction Rate ∝ jout

jin
(5)Experimentally this is determined by 
ounting the amount of signatures the studiedpro
ess leaves, in our spe
i�
 
ase (gas dete
tor), ea
h �ssion event is 
hara
terizedby the emission of two fragments in opposite dire
tions 20. Given the 2π geometry ofdete
tor 
ells, the amount of �ssion fragments seen by one ele
trode is equal to thenumber of �ssion events.What is revealed by the FIC is an output signal (translated into 
hannels by�ash-ADCs) as a fun
tion of time (see Fig. 22). In a 
ertain moment a signal ofstart for time 
ounting arrives (t = 0) and the a
quisition system is thus "alerted".After x ns a pre-trigger arrives and the a
quisition opens (t = 5200 ns) before beamstart. When protons run in the PS ring, the trigger is given by their passage insidethe 
oil TRA648 (2.1.1) and a time window of 80 ms opens. If during this period20The �ssion rea
tions analysed in this work are indu
ed by neutrons of 20 MeV maxi-mum kineti
 energy. 45



the dete
ted signal falls for long under the threshold set on the �ash-ADC, it is notregistered (data redu
tion). After the 80 ms time window, the a
quisition is 
losedand a new alert message is waited for.

Figure 22: Raw data.Negle
ting for the moment the region around 10500 ns, signals due to 
harge 
ol-le
tion after gas ionization in the FIC are visible as depressions in Fig. 22. The deeperis the hole and and the higher is the speed and/or 
harge of the ionizing parti
le.This makes possible dis
riminating between α's and �ssion fragments.5.1.2 Time Of Flight (TOF)Ea
h signal with amplitude greater than a 
ertain threshold is 
aused by a neutronrea
tion inside the target. From the TOF of the neutral proje
tile, its kineti
 energy
an be 
al
ulated, and thus ea
h �ssion event 
an be asso
iated to the K value of thenu
leon whi
h 
aused it.With referen
e to Fig. 23, at the time tγ light and relativisti
 parti
les produ
edin the spallation target rea
hes the experimental area and a γ-�ash is dete
ted. Thisinforms that the beam is on. At t∗ a signal reveals the o

urren
e of a �ssion event(amplitude higher than a 
ertain threshold). The time between spallation and �ssionfragment dete
tion in the FIC is the neutron time of �ight (TOF).
46



5200 ns

t0 ts

10500 ns

tγ t∗

∆t = 617 ns

TOFFigure 23: Time s
heme of the re
orded signal.Ele
tromagneti
 radiation generated in the spallation pro
ess is re
orded by dete
torsafter travelling the va
uum tube length. Sin
e the beam pipe extends for L = 186.95m before rea
hing the FIC and light travels at speed c, the γ-�ash is dete
ted aftert = L/c = 617 ns from proton 
ollision with the Pb target. Thus:
TOF = t∗ − ts = t∗ − tγ + 617 ns (6)In order to 
onsider the time spent by neutrons inside the moderator [49℄ and thesto
hasti
 behavior of their �ight-path in water, eq. 6 was slightly modi�ed:

TOF = t∗ − tγ + 617 ns − 64 ns + (1.0 − 2.0 ∗ r) ∗ 5 ns (7)with r∈ [0,1℄ a random variable. From the relativisti
 formula:
γm0c

2 =
1

√

1 − L2

(tc)2

= K + m0c
2 (8)given the TOF t, for ea
h �ssion event the kineti
 energy of the neutron indu
ing itis known.5.1.3 Data treatmentLooking again at Fig. 23, indeed from about 10500 ns to 16000 ns the situationis quite 
onfused. The γ-�ash produ
ed by prompt γ-rays and relativisti
 parti
lesoriginating from spallation rea
tions in the Pb target is so intense that even after3000 ns the ele
troni
 
hain is still a�e
ted by its fading away and signal re
ognitionis impossible.The problem of strong �u
tuations in the time evolution of the signal amplitude
an be solved, up to a given energy, by observing that two adja
ent ele
trodes rea
tto the same γ-�ash radiation in identi
al ways (see Fig. 24). Therefore, a software47




ompensation te
hnique [50℄ 
an be applied in order to extra
t the signals of �ssionfragments. The te
hnique 
onsists in subtra
ting the output of two adja
ent ele
-trodes. The results of this pro
edure is illustrated in Fig. 25.

Figure 24: Re
orded raw signals from neighboring ele
trodes.

Figure 25: Signals after subtra
tion of γ-flash.
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Sin
e the more intense the beam and the stronger the γ-�ash, with allproblems it 
auses, the high energy analysis presented in this thesis wasperformed 
onsidering only parasiti
 pulses.The obtained signals are then subje
ted to a pulse shape and amplitude analy-sis [50℄ dis
riminating between �ssion fragments and α parti
les (see Fig. 26). Ea
htrue event is 
hara
terized by a charge
amplitude

value Gaussian distributed around a mean.Virtual signals 
an show the same amplitude as the real ones, but their integral (i.e.
harge) is really low. Residual ele
troni
 noise is thus redu
ed by 
onsidering the
harge-to-amplitude ratio of the signals.

Figure 26: Pulse height distribution of 235U fission events. Thedis
rimination threshold set on the CDF is also visible. Pi
turetaken from [27℄.5.1.4 Cross se
tion extra
tionThe emission rate of parti
les b (Rb), is linked to the 
urrent of proje
tiles a perunit time (Ia) and the number of target nu
lei per unit area N through σ, whi
h forsimpli
ity 
an be thought as a term of proportionality meaning their halos, a

ordingto the relation:
Rb = σIaN (9)49



σ has thus the dimension of an area. Netherless it 
an be mu
h larger or far smallerthan the target nu
leus seen by the in
ident beam and must be 
onsidered a quantitysaying how probable a pro
ess is.Given the 2π geometry of the dete
tor, no solid angle has to be 
onsidered and theneutron indu
ed �ssion 
ross se
tion in a generi
 target X 
an be simply extra
tedby eq. 9 with referen
e to a 235U sample, as:
σX

σ235
=

Rb−X

IaNX
· IaN235

Rb−235
(10)with Rb−X = YX

t
number of �ssion fragments emitted by the isotope X in the unittime t and Ia 
onstant be
ause, as seen in se
tion � 3.3.4, doesn't 
hange appre
iablyon the dete
tor length. 235U was 
hosen as referen
e isotope be
ause it is a standardfor (n,f) rea
tions between 0.15 MeV and 200 MeV. Among all possible availablelibraries, the IAEA evaluation of ENDF (Evaluated Nu
lear Data File) was preferred.Sin
e the number n of nu
lei in a sample of mass m for an isotope of mass numberA is n = mNA

A
, for an area S it results N =n

S
= m NA

A S
and eq. 10 
an be written:

σxxx = σ235 ·
YX

Y235
· m235

mX
· AX

A235
(11)5.2 Corre
tions to the the 
ross-se
tion determinationFormula 11 is 
omplete, but theori
al. In the reality of fa
t we do not have Y, i.e.the number of �ssion fragments emitted. We only have the amount of dete
ted FFs,whi
h we designate as y. Therefore the experimental in
omplete formula is:

σxxx = σ235 ·
yX

y235
· m235

mX
· AX

A235
(12)Care must be taken that di�erent isotopes are normalized to the same number ofprotons. On
e this is done, in order to pass from the number of FFs dete
ted y tothe amount of �ssion fragments emitted Y , dead-time and thi
kness 
orre
tions haveto be 
onsidered.5.2.1 Dead time 
orre
tionEa
h time a signal is seen, the ele
troni
 
hain is busy. In 
ase of high 
ount rates,this represents a problem. Thanks to the use of �ash-ADCs the dead time due toele
troni
s is pra
ti
ally zero. But the signal re
onstru
tion routine introdu
es a 270ns dead time, whi
h has to be 
onsidered.The dead time of a 
ounting system 
an be treated by assuming a paralysable or50



a non-paralysable response [Kno79℄. In the non-paralysable mode a �xed dead timeis assumed for ea
h re
orded event. Signals falling in this time window are lost, sothat a 
orre
tion has to be applied in the extra
ted 
ross-se
tion. A non-paralysablemodel has been used in the present analysis.In order to pass from the dete
ted 
ount rate (Cd) to the true intera
tion rate (Cr)the following formula was employed [Kno79℄:
Cr =

Cd

1 − Cd∆t
(13)with ∆t = 270 ns. Sin
e in formula 12 Y stands for the number of dete
ted�ssion events, ea
h yX has to be multiplied times a 
orre
tion fa
tor WX = Cr

Cd
andthe referred equation be
omes:

σxxx = σ235 ·
yX

y235

· WX

W235

· m235

mX

· AX

A235

(14)For most of the measured isotopes, the dead-time 
orre
tion goes from a fewper
ent at low energy, to 20% at higher energy. However, sin
e the 
ount-rate inthe various isotopes is similar, the 
orre
tions mostly 
an
el out in the ratio, witha residual e�e
t of the order of a few per
ent, with a 
orresponding un
ertainty lessthan 1%.5.2.2 Thi
kness 
orre
tionAnother 
orre
tion that needs to be applied in extra
ting the 
ross-se
tion is re-lated to the dete
tion e�
ien
y. The number of parti
les leaving the sample as well asthe spe
trum of energy loss in the gas volume, is determined by the sample thi
kness,so that di�eren
es in the dete
tion e�
ien
y may exist for the di�erent measured iso-topes. The e�e
t of fragment absorption in the sample thi
kness was estimated bysimulating the energy loss of �ssion fragments in the gas with the FLUKA 
ode [42℄.The 
onsidered geometry was minimal. In ea
h simulation only half of the target andthe gas in front of that were drawn (see Fig. 27).For ea
h isotope, FFs are generated a

ording to the Adeev's [51℄ mass and 
hargedistribution (see Appendix B and C, pag. 136 and pag. 147 for details). Fig 28 showsthe mass distribution of fragments generated in neutron indu
ed �ssion of 235U. TheFFs are emitted isotropi
ally in angle on 4π and their emission point is homogeneouslysampled inside the target. Targets are 
ylinders of radius equal to 4 
m and are in theform of an oxide (U3O8, AmO2 and CmO2). The �ssion fragments are sampled onlyin the forward dire
tion, sin
e a ba
king (not simulated) would stop those emittedba
kwards. In order to take into a

ount energy 
onservation, the total available ki-51



neti
 energy K of FFs is given as the sum of two 
ontribution: the Coulomb repulsionand the in
ident neutron kineti
 energy, sampled from the experimental spe
trum.The total K is then distributed between the 2 fragments inversely proportional totheir mass (Fig. 29):
EL

EH
=

MH

ML
(15)with EL= kineti
 energy of the light fragment, EH= kineti
 energy of the heavyfragment, ML = atomi
 mass of the light fragment and MH = atomi
 mass of theheavy fragment.

Figure 27: Geometry 
onsidered in ea
h FLUKA [42℄ simulation.

Figure 28: Mass distribution ofFFs generated in neutron in-du
ed fission of 235U. Figure 29: Kineti
 energy dis-tribution of FFs generatedin neutron indu
ed fission of
235U.The gas thi
kness and pressure strongly determines the shape of the distributionof the energy deposited by FFs. Sin
e the 
ell width is 0.5 
m, most fragments loosejust part (80%) of their energy (see Fig. 30 and Fig. 31). In
reasing the gas thi
knessup to 7 
m, the 
hara
teristi
 double humped distribution is visible (see Fig. 32).52



The simulated distributions of the energy deposited by the �ssion fragments in thegas volume of the 
hamber were folded with an energy resolution 
al
ulated for ea
hisotope (see next 
hapter) to mat
h the measured pulse height spe
trum as shown inFig. 33.

Figure 30: Energy deposited in0.5 
m of ArCF4 by light FFsgenerated in neutron indu
edfission of 235U. Figure 31: Energy deposited in0.5 
m or ArCF4 by heavy FFsgenerated in neutron indu
edfission of 235U.

Figure 32: Energy deposited in7 
m or ArCF4 by the FFs gen-erated in neutron indu
ed fis-sion of 235U.
Deposited Energy [MeV]

0 20 40 60 80 100 120 140 160 180 200

C
o

u
n

ti
n

g
s

0

1000

2000

3000

4000

5000

Amp [ch]
0 50 100 150 200 250 300 350 400

Experimental histogram of amplitudes

Simulated energy deposition

Amp[ch]=m*E[MeV]+q

m= 2.082044

q=-3.627404

Resolution factor applied to the histogram of the deposited energy = 14,5%

Amp[ch]=m*E[MeV]+q

m= 2.082044

q=-3.627404
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trum.The threshold at 
hannel 35
orresponds to a depositedenergy of about 18 MeV.53



Thanks to the 
hannel to energy 
alibration, the dete
tion e�
ien
y 
an be 
al
u-lated for ea
h isotope, taking into a

ount the threshold applied in the pulse shapeanalysis. Sin
e the neutron indu
ed �ssion 
ross se
tions are extra
ted with respe
tto 235U, the total 
orre
tion fa
tor to be applied to formula 14 has to 
onsider boththe investigated isotope and the referen
e one. The dete
tion e�
ien
y relative to asample X results as the per
entage of FFs loosing an energy higher than a 
ertainvalue in the gas. That is:
DX =

# of FFs depositing in the gas an energy higher than threshold

# of FFs loosing energy in the gas
(16)and thus eq. 14 be
omes:

σxxx = σ235 ·
yX

y235
· WX

W235
· m235

mX
· AX

A235
· D235

DX
(17)where yX

DX
· WX = YX , with YX from eq. 11.For almost all samples here the simulated e�
ien
y is very high, ranging between95% and 98%. Therefore, when extra
ting the 
ross-se
tion for the various isotopesrelative to 235U, a 
orre
tion of only a few per
ent has to be applied. Consequently,the un
ertainty related to the dete
tion e�
ien
y is below 1%.5.3 Un
ertainties analysis5.3.1 Un
ertainty on neutron energyAlthough the samples are separated by 10 mm, a 
ommon �ight-path (186.95 m)was used in the analysis. From the non-relativisti
 formula of the kineti
 energy, arough estimation of the introdu
ed un
ertainty 
an be obtained:

K =
m L2

2 t2
(18)Deriving K with respe
t to L:

∂K

∂L
=

m L

t2
(19)and:

∂K

K
=

∂L

2 L
(20)with ∂L equal to the sensitive FIC length (18 
m) and L = 186.95 m. The 
or-responding un
ertainty of about 0.04% in neutron energy introdu
ed in this way is54



negligible in view of the smooth 
ross se
tion trend in the MeV region.The 
ontribution of the 7 ns in
ident beam-pulse width to the energy un
ertaintyis visible in Fig. 14. It in
reases with the neutron energy and ranges from a minimumof 0.1% around 1 MeV to a maximum of about 1.3 % for 1 GeV.5.3.2 Cross se
tion un
ertaintyDi�erent fa
tors 
ontribute to the 
ross se
tion un
ertainty. First, the mass oftargets was derived from α spe
trometry and is thus provided with a per
entageerror (see Table 9), whi
h never ex
eeds 1.4%.Even the mass numbers are given with their un
ertainty, equal to one half of thelast signi�
ative digit. This 
ontribution is 
ompletely negligible, a�e
ting results forless than 0.002%.As for the dete
tion e�
ien
y, it mostly 
an
els out in the ratio between the
orre
tion to be applied to the investigated isotope and to the referen
e one, remainingbelow 1%. The same argument applies for dead time.For normalization to 235U, the ENDF [52℄ (Evaluated Nu
lear Data File) library,version B-VII.0 was used. It is assumed error-free, thought being the result of themat
hing between theoreti
al models and experimental data, an un
ertainty analysishas been performed by 
ompilers. By the way, up to 20 MeV in
ident neutron kineti
energy, error bars asso
iated to 235U(n,f) 
ross se
tions are smaller than 1% of itsvalue [53℄.The neutron �ux attenuation along the FIC length was simulated and found to benegligible (see � 3.3.4).The 
hange in the beam pro�le from 186.95 m ba
kwards with respe
t to thespallation target to 187.11 
m was 
al
ulated using a FLUKA [42℄ tool available on then_TOF web site [54℄. The variation in its shape resulted 
ompletely negligible [55℄.Fig. 34 shows the beam pro�le for neutron energies between between 100 keV and 100MeV for L = 186.95 m and L = 187.11 m. The neutron �ux attenuation due only tothe geometri
al divergen
e of the beam was found to be less than 0.17% 
onsideringthe whole energy range.As for the statisti
al un
ertainty, let us de�ne N as the number of nu
lei 
omposinga sample and n the amount of nu
lei of this sample whi
h experien
e �ssion (n ≤ N).For simpli
ity let us think about a target made of 3 heavy nu
lei: one red, one yellowand one green. If the probability, under neutron irradiation, of one nu
leus to �ssionis, for absurd, p = 1/3 (its 
omplementary being q = 1 -1/3 = 2/3), then all possibles
enarios should be 
onsidered. It may be that only the yellow nu
leus splits (p1 · q2),or only the red one, or the green one, or two nu
lei �ssion (p2 · q1), or all three orno one. Sin
e, under neutron irradiation, it is not know whi
h ones of the n nu
leiout the N 's 
omposing the target will experien
e �ssion, (n,f) probability must be55



treated as a binomial distribution.
(

N

n

)

pn · qN−nThis redu
es to the Poisson law be
ause the number of �ssion events o

urring isfar smaller than N . Following the Poissonian distribution the statisti
al un
ertaintyon the number of �ssion events n is thus 
al
ulated as its root square, i.e. σ =√
N . In our spe
i�
 
ase Y is the amount of (n,f) rea
tions dete
ted and indu
edby neutrons in a pre
ise energy range (histogram bin). Both √

YX and √
Y235 are
onsidered be
ause (n,f) 
ross se
tions are obtained from the dete
ted YX and Y235(see eq. 17). The statisti
al 
omponent represents the most important 
ontributionto the total un
ertainty on the extra
ted 
ross se
tions and 
an not be negle
ted.Considering all e�e
ts and 
orre
tions introdu
ed in extra
ting the 
ross-se
tions,the overall systemati
 un
ertainty on the extra
ted 
ross-se
tion for the two isotopeshere investigated is slightly higher than 4%, mostly determined by the un
ertaintyon the mass of the various deposits (in
luding the 235U sample used as referen
e).In order to avoid 
onfusion about the meaning of σ, in the following mathemati
alderivation S stands for 
ross se
tion, while σ is the error asso
iated to the derivedterm. From eq. 17:

∂S

S
=

√

(

∂S

∂m235

)2

σ2
m235

+

(

∂S

∂mX

)2

σ2
mX

+

(

∂S

∂A235

)2

σ2
A235

+

(

∂S

∂AX

)2

σ2
AX

+

(

∂S

∂Y235

)2

σ2
Y235

+

(

∂S

∂YX

)2

σ2
YX

(21)In the light of the present dis
ussion, results reported in this PhD thesis are pro-vided only with the statisti
al un
ertainty, thus eq. 21 redu
es to:
∂S

S
=

√

(

∂S

∂Y235

)2

σ2
Y235

+

(

∂S

∂YX

)2

σ2
YX

(22)with σY235 = √
Y235 and σYX

= √
YX
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Table 9: FIC 1 mass un
ertainties.Mass values refer to the ra-dioa
tive isotope 
ontained in the sample.Nu
lide Sample Mass∗ Un
ertainty DAQ[mg℄ % 
hannel
233U U3O8

8.04 1.2 137.45 1.27.49 1.3 167.86 1.1
235U U3O8

15.2 1.4 1216.4 1.3
238U U3O8

12.8 1.4 1112.4 1.413.4 1.2 1013.7 1.4
241Am AmO2

0.234 1.1 60.230 1.20.280 1.2 30.279 1.20.304 1.2 10.336 1.20.321 1.2 20.277 1.2
243Am AmO2

0.556 1.2 70.585 1.30.613 1.3 50.631 1.30.537 1.2 40.558 1.20.595 1.3 80.710 1.2
245Cm CmO2

0.367 1.3 140.538 1.20.407 1.3 150.399 1.3
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m.
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6 Experimental results I want to believe(The X-Files)Cross-se
tions obtained during this PhD are ex
tra
ted with referen
e to the σn,fU-5 ENDF standard, therefore a detailed analysis of the 235U sample is mandatory.6.1 235
92 UInside the fast ionization 
hamber (FIC) there is only one 235U sample. This meansthat there are two deposits of this isotope separated by a ba
king and read by thesame ele
trode. In Table 10 the "identy 
ard" of this sample is reported.Table 10: 235U sample 
hara
teristi
s.Nu
lide τ 1

2
Mass α-a
tivity DAQ Sample Sample[years℄ [mg℄ [Bq℄ 
hannel mass[mg℄

235U 7.1 × 108 31.8 2.5 K 12 U3O8 37.576.1.1 Pulse shape analysisFig. 35 shows that there are a lot of small amplitude pulses in the high neutronenergy region. They are due to fragmentation (not �ssion), i.e. more than two nu
leiare present in the exit 
hannel. A 10 
hannels threshold set in the routine to downloaddata from CASTOR [48℄ is visible.Be
ause of its long half-life, the 235U sample is not supposed to show α pile-upand the 
hannel dis
riminating between 4He nu
lei and �ssion fragments in the pulse-shape analysis is expe
ted to be quite low. The amplitudes distribution obtained for
235U shows that α parti
les extend up to 
hannel number 35 (see Fig. 36. Again a 10
hannels threshold set in the routine to download data from CASTOR [48℄ is visible.).Only peaks with amplitude higher than this 35-
hannels threshold are 
onsidered inthe analysis.
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Figure 35: Experimental 
orrelation between amplitude of de-te
ted dignsls and energy of the in
ident neutrons for 235U
ase. Small amplitude pulses in the high neutron energy re-gion are due to fragmentation.
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Figure 36: Experimental amplitude distribution for 235U . Signalswith an amplitude higher than 35 
hannels are due to ionizationof the FIC gas by fission fragments.
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In order to get rid of virtual signals the ratio of 
olle
ted 
harge 21 to amplitudeof dete
ted events is plotted towards their amplitude. In Fig. 37 the 
oloured areais bent towards low amplitudes. This is due to the 10 
hannel o�set previously seenand an additional variable o�set gained in 
harge 
al
ulation on
e only signals withan amplitude higher than 35 
hannels are 
onsidered. By the way this o�set 
an benegleted here. The verti
al line at 
hannel 175 is due to a saturation e�e
t. Lookingat Fig. 37 two regions are visible: one with a higher density of points and anotherwith a lower density of points. Sin
e most of 
ountings are situated in the zone abovea 
harge to amplitude ratio equal to 8 
hannels, it is assumed that virtual signals aresituated under this threshold. These events are dis
arded.
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Figure 37: Experimental distribution of the 
harge to amplituderatio versus amplitude for 235U. Events below the dot line 
or-respond to vitual signals. A threshold of 35 
hannels on am-plitude is applied.From pulse shape analysis it is derived that, in order to isolate FFs, the following
onditions apply to 235U:






amplitude ≥ 35 ch

charge
amplitude

> 8.06.1.2 FFs histogramFig. 38 shows the number of dete
ted �ssion events (the y235 value in eq. 17)indu
ed by neutrons with energy between En and En+ dEn (that is, neutron energyin a de�ned energy bin).21Charge of a signal: in this PhD thesis, for 
harge of a signal the integral on amplitudesof a peak i is meant, i.e. qi = Σi ampi. 61
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Figure 38: Experimental distribution of the number of dete
tedfission events as a fun
tion of the energy of the neutron in-du
ing it. A threshold of 35 
hannels on amplitude is appliedand events with a 
harge to amplitude ratio smaller than 8are dis
arded.6.1.3 Dead Time Corre
tionThe peak re
onstru
tion routine introdu
es a dead time of 270 ns ea
h time itsees a signal with amplitude greater than 35 
hannels. For this reason the dead time
orre
tion is obtained from an histogram similar to the one shown in Fig. 38, withthe di�eren
e that no 
harge to amplitude threshold is applied.The width of ea
h energy bin is translated into a ∆t and the dete
tion rate Cd ofeq. 13 is simply given by Y235

∆t
. The 
orre
tion fa
tor W235, that is the ratio of thereal 
ount rate to the dete
ted one, is shown in Fig. 39.
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Figure 39: Dead time 
orre
tion fa
tor.
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The 
orre
tion fa
tor is always quite low and shows a maximum (∼12%) for neu-tron energy around 2 MeV, where the neutron �ux is higher (see for instan
e Fig 13).6.1.4 Thi
kness Corre
tionIn order to evaluate the 
orre
tion for the 
hosen amplitude threshold and the sam-ple thi
kness, the histogram of the energy deposited inside the sensitive volume of theFIC obtained through a FLUKA [42℄ simulation (see � 5.2.2), has to be 
alibratedon the experimental amplitude, or equivalently 
harge, distribution(see � 6.5.2). Atthe beginning for simpli
ity the �rst option was 
hosen, while later on the se
ond onewas preferred be
ause of the better resolution: while amplitudes extend on 256 
han-nels, 
harges run up to more than 6000 
h. By the way results are almost the sameof 
ourse, and sin
e the relation between 
harges and amplitude will be introdu
edin the se
tion about 241Am, for now we report the "standard analysis" performed.Fig. 40 and Fig. 41 show the experimental amplitude distribution and the simu-lated energy deposition for 235U. The peak at 
hannel 175 in Fig. 40 is not physi
al,but due to a saturation e�e
t and therefore has not to be 
onsidered. Indeed shapesare similar and the two histograms 
an be superimposed.
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Figure 40: Experimental 
hargedistribution for 235U isotope. Deposited Enegy [MeV]
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Figure 41: Simulated energy de-position for 235U isotope.
The distribution of the energy deposited by �ssion fragments obtained with FLUKAis 
ompletely "reality-free". But the experimental setup has its own energy resolutionwhi
h spreads the theoreti
al distribution. In other words, a nominal 1 eV will neverbe dete
ted as 1 eV, but as an energy with a value in the range 1 eV ± x%. Theenergy resolution of the ele
troni
 
hain of 235U was determined to be 10% 22.Calibration was performed through a root routine looking for the energy and 
harge22For details about the energy resolution determination see 241Am se
tion.63




hannel 
orresponding to the maximum in both distributions, and then 
onsideringas referen
e points prede�ned per
entages of the peak height (90%, 80%,70%,...). SeeTable 11 for details. Fig. 43 shows the 
alibration 
urve.From 
alibration it is found that dis
arding signals whose amplitude is lower than35 
h means that only �ssion fragments depositing more than 19.8 MeV inside FICare being 
onsidered. These represent 95.1382% of all fragments emitted.The FIC e�
ien
y for 235U is thus 95.14%.Table 11: Corresponden
e between the amplitude of signals de-te
ted in fission of 235U and the similuted energy deposited inthe gas 
ell by FFs 
oming from 235U sample.% Peak Position w.r.t Amplitude Energy[MeV℄ the peak [
h℄ [MeV℄30 left 37 20.540 38 2150 39 21.560 40 21.970 41 22.380 42 22.790 45 23.2100 peak 47 25.190 right 53 27.580 59 3070 64 33.260 68 36.450 79 39.940 88 43.530 104 48.6
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6.2 238
92 U

238U is a standard for (n,f) rea
tions from 2 MeV up to 200 MeV [56℄. It is �s-sionable, but not �ssile. Being an even Z - even N isotope, it presents a threshold toneutron indu
ed �ssion [Kra87℄. In this se
tion σn,f for this isotope is derived.Inside FIC 2 238U samples were lodged. This means there are four deposits of thisisotope, grouped 2 by 2 and thus read by two ele
trodes. One ele
trode presentedinstability problems and was therefore negle
ted. In Table 12 is the "identity 
ard"of the sample used. Table 12: 238U sample 
hara
teristi
s.Nu
lide τ 1
2

Mass α-a
tivity DAQ Sample Sample[mg℄ [Bq℄ 
hannel mass[mg℄
238U 4.47 × 109 25.2 313 11 U3O8 29.76.2.1 Pulse shape analysisSin
e the a
tivity of the 238U sample is 8 times lower than the a
tivity of the 235Uone, the α ba
kground is expe
ted to be 
ompletely negligible. On the other hand,a 
al
ulation of the neutron indu
ed �ssion rate on the basis of the 235U(n,f) and

238U(n,f) ENDF/B-VII.0 (IAEA) 
ross se
tions reveals that for this isotope the (n,f)rea
tion rate is far smaller as well, and - in proportion - it is diminished by a fa
torgreater than the ones α de
ays is redu
ed by. Therefore we expe
t a smaller α to FFsrate ratio. Fig. 44 
on�rms this fore
ast.The threshold on amplitudes to dis
riminate between �ssion fragments and Henu
lei is set again at 35 
h and the ratio 
harge to amplitude at 8 (see Fig. 45).Summarizing, from pulse shape analysis the following 
onditions to isolate FFs areobtained :






amplitude ≥ 35 ch

charge
amplitude

> 8.0
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Figure 44: Experimental amplitude distribution for 238U. Signalswith an amplitude higher than 35 
hannels are due to ionizationof the FIC gas by fission fragments.
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Figure 45: Experimental distribution of the 
harge to amplituderatio versus amplitude for 238U. Events below the dot line 
or-respond to virtual signals. A threshold of 35 
hannels on am-plitude is applied.
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6.2.2 FFs histogramFig. 46 shows the number of dete
ted �ssion events (the Y238 value in eq. 17)indu
ed by neutrons with energy between En and En+ dEn (that is, neutron energyin a de�ned energy bin). Be
ause of the �ssion threshold of even-even nu
lei, FFsbefore 1 MeV -as expe
ted - are not numerous at all.
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Figure 46: Experimental distribution of the number of dete
tedfission events as a fun
tion of the energy of the neutron in-du
ing it. A threshold of 35 
hannels on amplitude is appliedand events with a 
harge to amplitude ratio smaller than 8are dis
arded.6.2.3 Dead Time Corre
tionBeing both the α a
tivity and �ssion rate of 238U smaller than that of 235U, thedead time for the even-even investigated sample is lower than that for the previouslyexamined isotope. Fig. 47 shows the trend of the 
orre
tion fa
tor to be applied.Around 2 MeV it doesn't ex
eed 4%, against the 12% of 235U.6.2.4 Thi
kness Corre
tionThe 
alibration of 238U was performed taking into a

ount an energy resolutionequal to 11.95% 23. The obtained results are shown in Fig. 48 and Fig. 49.
23For details about the energy resolution determination see 241Am se
tion.68
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tion fa
tor.
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Dis
arding signals whose amplitude is lower than 35 
h means therefore that only�ssion fragments depositing more than 18.5 MeV inside FIC are being 
onsidered.These represent 97.4% of all fragments emitted.The FIC e�
ien
y for 238U is thus 97.4%.6.2.5 ResultsThe upper panel of Fig. 50 shows a 
omparison between 238U (n,f) 
ross se
tionsobtained at the n_TOF fa
ility and the ENDF/B-VII.0 evaluations, releasedin De-
ember 2006. The agreement doesn't look really good.
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Figure 50: Calibrazione.In order to quantify previous 
onsiderations, in the lower panel of Fig. 50 the per-
entage di�eren
e between n_TOF results and the ENDF/B-VII.0 library is plotted.n_TOF 
ross se
tions, for energies higher than 2 MeV, are always lower than theENDF/B-VII.0, and the dis
rpean
y varies between 2% and 10%.In the low energy region instead the di�eren
e between n_TOF and ENDF/B-VII.0 238U σ(n,f) strongly os
illates from -38% to +45%.The reason of su
h high dis
repan
ies in this standard isotope is dis
ussed in the
on
lusions.For a better 
ross-
he
k, a 
omparison between n_TOF experimental results andother evaluations was 
onsidered (Fig. 51).70



As already seen our results are below the ENDF/B-VII.0 evaluation from 2 MeVon. This library di�ers from its previous version (ENDF/B-VI.8) only at high ener-gies. Around 18 MeV in fa
t ENDF/B-VII.8 mat
hes n_TOF results. The dis
rep-an
y between the two evaluations in the high energy region is due to availability ofnew data in 2006, when the more re
ent version was 
ompiled. JEFF-3.1 238U σ(n,f)grows faster than the two ENDF libraries between 1 MeV and 2 MeV and thereforemat
hes our results. Nevertheless between 2 MeV and 3 MeV it is almost 16% higherthan n_TOF. In the energy region 3 MeV - 10 MeV it follows the two ENDF librariesand soon after grows faster than ENDF/B-VII.0, rea
hing again a 15% dis
repan
ywith our results.Fig. 52 shows a 
omparison between the n_TOf (n,f) 
ross se
tions for 238U andother evaluations. Again our results are 
omplexively lower than the referred libraries.Sin
e evaluations are based both on theoreti
al nu
lear models and experimentaldata, a 
omparison between our and previous results is plotted. Given the high dis-
repan
ies met up to now, a detailed dis
ussion makes little sense and only general
onsiderations follow. Fig. 53 and Fig. 54 dire
tly reports 238U σ(n,f) / 235U σ(n,f).When su
h data are available, they're preferred, in order to avoid to introdu
e dis-
repan
ies between 238U σ(n,f) due to a normalization based on di�erent 235U (n,f)
ross se
tion.In Fig. 53 some experimental data are plotted. Kanda et al. [57℄, Goverdovskij etal. [58℄, Behrens et al. [59℄ and Fursov et al. [60℄ all agree with ea
h other, but from1.3 MeV neutron in
ident kineti
 enrgy on they are always higher than n_TOF,rea
hing 16% dis
repan
y with our data. Nevertheless, n_TOF 238U σ(n,f) reprodu
ethe shape of all other experimental data.As shown in Fig. 54, �rst data by Lisowski's et al. [61℄ os
illates around n_TOFresults, leading to a fairly good agreement (at some energies data superimpose). Butthis trend is not 
on�rmed neither by the more re
ent data from Lisowski's et al. [62℄,nor by Sh
herbakov's et al. [63℄, whi
h show 
ross se
tions 
omplexively higher thanours.In order to quantify the agreement/disagreement between the extra
ted 233U σ(n,f)and reported libraries or experimental data, 
ross se
tions were integrated over theenergy region of overlap of the di�erent data sets. Table 13 shows the results. In the�rst 
olumn is reported the name of the referred library/author, the minimum andmaximum extremes of integration follow. The per
entage di�eren
e is 
al
ulated as:
[
∫

σ(n,f)(E) dE]n_TOF − [
∫

σ(n,f)(E) dE]ref.

[
∫

σ(n,f)(E) dE]n_TOFtherefore a plus sign signi�es that n_TOF results are higher than the re�ered ones,while a minus has the opposite meaning.71
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Figure 51: Comparison between n_TOF (20 bins/de
ade) 238U (n,f)experimental 
ross se
tions and different evaluations.
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Figure 53: Comparison between n_TOF (20 bins/de
ade) 238U (n,f)experimental 
ross se
tions and previous experimental data.
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Table 13: 238U summary.Referred data set Emin Emax Di�eren
e[MeV℄ [MeV℄ [%℄ENDF/B-VII.0 0.5 20.0 -8.7ENDF/B-VI.8 0.5 20.0 -6.2JEFF-3.1 0.5 20.0 -10.0JENDL-3.3 0.5 20.0 -7.5ROSFOND 0.5 20.0 -8.7BROND-2.2 0.5 20.0 -7.6Kanda 1.52 15 -2.5Goverdovskij 5.44 10.4 -5.6Behrens 0.5 20.0 -7.0Fursov 0.981 7.0 -7.2As evident, our results for the 238U (n,f) 
ross se
tions are not 
orre
t. The reasonis probably due to instability of the ele
troni
 
hain. For more details see �7.
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6.3 233
92 U

233U is an even Z - odd N isotope and therefore presents no threshold to neutronindu
ed �ssion rea
tions [Kra87℄. Inside FIC two 233U samples were lodged. In Ta-ble 14 their "identity 
ard" is presented.Table 14: 233U sample 
hara
teristi
s.Nu
lide τ 1
2

Mass α-a
tivity DAQ Sample Sample[years℄ [mg℄ [Bq℄ 
hannel mass[mg℄
233U 1.59 × 105 15.49 5.48 M 13 U3O8

18.3215.35 5.53 M 16 18.166.3.1 Pulse shape analysisThought the α ba
kground is higher than in previous dis
ussed 
ases, from pulseshape analysis α pile-up is seen not to play a signi�
ant role. The amplitude 
hanneldis
riminating between 4He nu
lei and FFs is pla
ed at 
hannel 35, as for 238U and
235U, as shown in Fig. 55.
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Figure 55: Experimental amplitude distribution read by the twoele
trodes of 233U separately, normalized for the value of thesample mass.
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In order to dis
riminate between 4He nu
lei and FFs, a threshold on the q/A valueis set. In Fig. 56 all dete
ted �ssion signals for 233U were 
onsidered, adding data
oming from all available 233U samples. Events below the dot line 
orrespond tovirtual signals. The threshold value for q/A is 8.0.
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Figure 56: Experimental distribution of the 
harge to amplituderatio versus amplitude for 233U. Events below the dot line 
or-respond to virtual signals. A threshold of 35 
hannels on am-plitude is applied.On
e again, from pulse shape analysis, the following 
onditions to dis
riminatebetween α parti
les and �ssion fragments are derived:






amplitude ≥ 35 ch

charge
amplitude

> 8.06.3.2 FFs histogramThe total �ssion yield normalized for the mass of the sample 
orresponds to the�ssion yield per unitary mass. Therefore, when more targets are available for a sameisotope, the distribution of the amount of dete
ted �ssion fragments as a fun
tion ofthe energy of the neutron indu
ing that 
an be used as a 
ross 
he
k on their masses.Two samples of same isotopi
 
omposition, 
omparable mass24 and subje
ted to a
ommon neutron �ux are indeed expe
ted to experien
e an equal number of (n,f)rea
tions.The FIC houses 2 samples of 233U and Fig. 57 shows a very good 
ompatibility ofthe two distributions.24If masses are totally di�erent, the thi
kness 
orre
tion plays a dominant role.76
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Figure 57: Experimental distribution of dete
ted fission eventsfor unit mass as a fun
tion of the neutron energy. The 
om-patibility between the two histograms is used as a 
ross 
he
kon the values of the sample masses.6.3.3 Dead Time Corre
tionFig. 58 dire
tly reports the total dead time 
orre
tion fa
tor obtained as a ratiobetween the ones to be applied to 233U and 235U. This 
orre
tion fa
tor is mostlysmaller than 1 be
ause the 
onsidered 235U sample is more massive than the 233Uone. Its maximum dis
repan
y from 1 is rea
hed around 2 MeV in
ident-neutronkineti
 energy, where the neutron �ux is higher, and around 10 MeV, where thedi�eren
e in (n,f) 
ross se
tion between the two isotopes diminishes and thereforemasses play a signi�
ant role.6.3.4 Thi
kness Corre
tionThe 
alibration of 233U was performed 
onsidering an energy resolution equal to14.6% for ele
trode number 13 and 17.6% for ele
trode number 16 respe
tively 25.The obtained results are weighted on the isotope masses, i.e.:
ǫtot(%) = ǫEl13(%) · massEl13

masstot
+ ǫEl16(%) · massEl16

masstotFrom 
alibration it is found that the FIC e�
ien
y for 233U is 97.7%. Asalready seen, the e�
ien
y for 235U is instead 95.1%. The result is 
ompatible withexpe
tations, sin
e the U-5 sample is thi
ker than the U-3 one and therefore moreFFs are blo
ked inside 2335U than inside 233U. As a 
onsequen
e, the di�eren
e in25For details about the energy resolution determination see 241Am se
tion.77



e�
ien
y is equal to 1 - 0.951/0.977 = 2.65%.
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Figure 58: Total dead time 
orre
tion fa
tor to be applied tothe analysis of the 233U isotope.
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Figure 59: Simulated energy de-position (14.5% energy resolu-tion is applied) 
alibrated onthe experimental histogramof amplitudes for ele
trode #13.
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Figure 60: Simulated energy de-position (17.6% energy resolu-tion is applied) 
alibrated onthe experimental histogramof amplitudes for ele
trode #16.
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6.3.5 ResultsThe upper panel of Fig. 61 shows a 
omparison between experimental 233U (n,f)
ross se
tions obtained at the n_TOF fa
ility and the ENDF/B-VII.0 evaluations,released in De
ember 2006. A good agreement is visible on the whole energy range
onsidered, thought around 13 MeV a dis
repan
y shows up.In order to quantify previous 
onsiderations, in the lower panel of Fig. 61 the per-
entage di�eren
e between n_TOF results and the ENDF/B-VII.0 library is plotted.n_TOF 
ross se
tions are 
omplexively higher than the ENDF/B-VII.0, but the dis-
repan
y is generally below 5% and rea
hes 10% only in the high energy region.
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Figure 61: Comparison between n_TOF (20 bins/de
ade) andENDFB-VII.0 σ(n,f).For a better 
ross 
he
k, a 
omparison between n_TOF experimental results andother evaluations was 
onsidered (Fig. 62). The JEFF-3.1 library was not reported,sin
e it is based on the JENDL-3.3 original data. At low energies (below 1 MeV)the agreement with ENDF/B-VI.8 is very good, between 1 MeV and 8 MeV n_TOF
ross se
tions are 
ompatible with both the two versions of the Evaluated Nu
learData Files, while above 8 MeV our data better approa
h ENDF/B-VII.0.
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Figure 62: Comparison between n_TOF (20 bins/de
ade) 233U (n,f)experimental 
ross se
tions and different evaluations.
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Figure 63: Comparison between n_TOF (20 bins/de
ade) 233U (n,f)
ross se
tions and previous experimental data.
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Sin
e the ENDF/B-VII.0 evaluation of 233U(n,f) is mainly based on Kanda et.al [64℄, Meadows et. al [65; 66℄ and Lisowski's et. al [67℄ data [68℄, Fig. 63 reportsthe 
omparison between n_TOF and the referred experimental 
ross se
tions 26. Theagreement with Lisowski et. al [67℄ is very good, apart for one point at low energy(≈ 0.6 MeV) and one at high energy (≈ 13 MeV). As for the low energy region (En ≤0.7 MeV), the referred datum is ≈ 5.5% higher than the n_TOF one and therefore, ifnormalized, would approa
h more ENDF/B-VI than ENDFB/B-VII.0. At about 11MeV, the dis
repan
y between Lisowski et. al [67℄ and ENDF/B-VI or ENDFB/B-VII.0 is the same be
ause the overlap of the two evaluations is 
omplete. The only
on
lusion we 
an thus tra
e is that our 
ross se
tion looks ≈ 8% higher in this point.Kanda et. al [64℄ and Meadows et. al [65; 66℄ data very good agree with n_TOFresults, 
on�rming - if 
onverted to 233U σ(n,f) using the 235U σ(n,f) IAEA evaluationexploited for our data- ENDF/B-VI at low energies (En ≤ 0.7 MeV) and ENDF/B-VII.0 in the high energy region (En ≥ 0.7 MeV). The reason why ENDF/B-VII.0
233U σ(n,f) library provides higher values than the ones used to 
reate that, is that"a somewhat higher 235U �ssion 
ross se
tion was used to 
onvert experimental data,sin
e it produ
es better agreement with fast 
riti
al ben
hmark" [68℄. On the otherhand ENDF/B-VII.0 at low energies (En ≤ 0.9 MeV) results less 
ompatible thanENDF/B-VI.0, as proved in the following pages by 
onsidering more experimentaldata.Fig. 64 shows that n_TOF data, at low energies (En ≤ 0.7 MeV) , are in agreementwith Fursov et. al [69℄ and Carlson et. al [70℄, 
on�rming on
e again the ENDF/B-VI library. Above 1 MeV instead our results are always ≈ 3% higher than the re-ferred ones. For Sh
herbakov et. al [71℄ the same 
onsiderations previously made forLisowski et. al [67℄ apply.Fig. 65 dire
tly reports 
ross se
tions be
ause Tovesson et. al [72℄ data were ex-tra
ted with referen
e to 237Np, while CENBG [73℄ (Centre d'Etudes Nu
leaires deBordeaux Gradignan) 233U σ(n,f) were provided us in this form. n_TOF experimen-tal 
ross se
tions agrees both with Tovesson et. al [72℄ and CENBG [73℄, but result
omplexively ≈ 1% ÷ 2% lower.A 
he
k of self-
onsisten
y of n_TOF data was performed by 
omparing the neu-tron indu
ed �ssion 
ross se
tions extra
ted in the high energy regime (En ≥ 0.5MeV) with those obtained at low energies [50℄(En ≤ 2 MeV) with the same dete
tor.The two analysis were divided be
ause di�erent data treatment apply. This 
he
k isimportant be
ause n_TOF is the only one fa
ility giving the possibility to extra
tneutron indu
ed 
ross se
tions ranging on so many orders of magnitude. Moreover26For some experiments, the EXFOR web site provides both 233U σ(n,f) relative to

235U σ(n,f) and already normalized 233U σ(n,f), while for some other experiments only
233U σ(n,f) relative to 235U σ(n,f) are available. Moreover di�erent authors used di�erent
235U σ(n,f) libraries (ENDF/B-V, JENDL3.2,...) for normalization purposes. For sake ofeasy 
omparison, only 233U σ(n,f) relative to 235U σ(n,f) were plotted. This line is followedfor experimental results along the whole PhD work.81



low energy data extend from 0.027 eV up to about 2 MeV, giving the 
han
e to testthe possible ne
essity of normalization fa
tors by 
omparison with resonan
es. Nonormalization was applied to the n_TOF extra
ted 233U σ(n,f) neither in the highenergy region, nor in the low, and results are reported in Fig. 66. The agreement isvery good.
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Figure 64: Comparison between n_TOF (20 bins/de
ade) 233U (n,f)
ross se
tions and different experimental data.
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Figure 65: Comparison between n_TOF (20 bins/de
ade) 233U (n,f)experimental 
ross se
tions and different experimental data.
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Figure 66: Comparison between n_TOF (100 bins/de
ade) 233U(n,f) experimental 
ross se
tions obtained in the high and lowenergy analysis. ENDF/B-VII.0 and ENDF/B-VI.8 are reportedas referen
e.As an additional 
he
k, 
ross se
tions extra
ted analyzing data 
olle
ted with theFIC were 
ompared to 233U σ(n,f) obtained by the PPAC [36℄ dete
tor [74℄, always atthe n_TOF fa
ility. Results are reported in Fig. 67
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Figure 67: Comparison between n_TOF (20 bins/de
ade) 233U (n,f)experimental 
ross se
tions obtained in the high energy analy-sis of FIC data with σ(n,f) extra
ted by PPAC analysis.
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As before, in order to quantify the agreement/disagreement between the extra
ted
233U σ(n,f) and reported libraries or experimental data, 
ross se
tions were integratedover the energy region of overlap of the di�erent data sets. Table 15 shows the results.Table 15: 233U summary.Referred data set Emin Emax Di�eren
e[MeV℄ [MeV℄ [%℄ENDF/B-VII.0 0.5 20.0 +3.20.5 1.0 +2.2ENDF/B-VI.8 0.5 20.0 +6.10.5 1.0 -0.02ROSFOND 0.5 20.0 +4.8JENDL-3.3 0.5 20.0 +3.9Lisowski 0.583 20.0 +0.8Meadows 0.5 9.367 +2.1Kanda 0.5 6.97 +1.3Fursov 0.5 7.4 +4.3Carlson 0.5 20.0 +6.3Sh
herbakov 0.577 20.0 +1.9CENBG 0.950 6.49 -1.0Tovesson 1.0 7.5 -2.4n_TOF FIC - Low Energy 0.5 1.2 -1.3n_TOF PPAC 0.5 20.0 +3.5
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6.4 243
95 Am

243Am is an odd Z - even N isotope and therefore presents a threshold to neutronindu
ed �ssion [Kra87℄. Inside FIC 4 243Am samples were lodged. In Table 16 is their"identity 
ard". Table 16: 243Am sample 
hara
teristi
s.Nu
lide τ 1
2

Mass α-a
tivity DAQ Sample Sample[years℄ [mg℄ [Bq℄ 
hannel mass[mg℄
243Am 7.37 × 103

1.095 8.092 M 4 AmO2

1.2391.244 9.139 M 5 1.4081.141 8.432 M 7 1.2911.305 9.644 M 8 1.4776.4.1 Pulse shape analysisSin
e the α a
tivity of the 
onsidered samples of 243Am is higher than for previousisotopes, in order to visually dis
riminate between FFs and 4He nu
lei only signalswith amplitude higher than 35 
hannels (
onsidered the minimum in the light of whatseen up to now) are plotted in Fig. 68. Otherwise the α ba
kground would be so hugethat the tail of the α parti
les strongly a�e
ts the FFs one.Only three ele
trodes out of four were 
onsidered, sin
e the number 7 showed someinstability problems. In Fig. 68 the signal seen by ele
trode # 8 is shifted of about10 
hannels. A di�erent gain of the ele
troni
 
hain was supposed for this ele
trodeand amplitudes of raw data were lowered by 20% before being passed to the peakre
ognition routine. This 
aused the "spikes" visible in Fig. 69.In Fig. 69 the minimum between the peaks of α and FFs distributions falls atdi�erent 
hannels for di�erent ele
troni
 
hains (see Table 17) :Table 17: Channel dis
riminating between FFs and α parti
les.Ele
trode Amp. Ele
trode Amp. Ele
trode Amp.4 38 5 41 8 39
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Figure 68: Experimental amplitude distribution read by thethree ele
trodes of 243Am separated, normalized for the valueof the mass sample.An offset of 10 
hannels is visible for ele
-trode # 8.
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Figure 69: Experimental amplitude distribution read by thethree ele
trodes of 243Am separated, normalized for the valueof the mass sample. The amplitudes of signals seen by ele
-trode # 8 are 
orre
ted for the offset.
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As for all other isotopes, a threshold on the value q/a in order to dis
riminatebetween virtual and real signals was looked for. Sin
e the obtained ratio was foundto be the same for the three ele
trodes separately, Fig. 70 reports data for all of themwithout distin
tion.
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Figure 70: Experimental distribution of the 
harge to amplituderatio versus amplitude for all 243Am samples. Events below thedot line 
orrespond to virtual signals.Summarizing, from pulse shape analysis, the following 
onditions are derived:
Electrode #4 =







amplitude ≥ 38 ch

charge
amplitude

> 10.0

Electrode #5 =







amplitude ≥ 41 ch

charge
amplitude

> 10.0

Electrode #8 =







amplitude ≥ 39 ch

charge
amplitude

> 10.06.4.2 FFs histogramApplying the previously listed 
onditions, the distribution of the amount of de-te
ted �ssion fragments as a fun
tion of the energy of the neutron indu
ing that isplotted. Sin
e more 243Am samples are available, the distribution normalized for thevalue of sample masses is used as a 
ross 
he
k on the mass values. Fig. 71 showsquite good 
ompatibility of the three distributions, thought dis
repan
ies up to 15%show up between ele
trode #4 and ele
trode #5 at about 1.7 - 1.8 MeV. This wouldlead to a 15% di�eren
e in the 
ross se
tions extra
ted for the di�erent ele
trodes at87



that in
ident neutron energy, but 
onsidering all the available statisti
s and the totalmass of 243Am 
ontained inside the FIC dete
tor, �u
tuations are averaged.
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Figure 71: Experimental distribution of dete
ted fission eventsfor unit mass as a fun
tion of the neutron energy. The 
om-patibility among the three histograms is used as a 
ross 
he
kon the values of the sample masses.6.4.3 Dead Time Corre
tionFig. 72 dire
tly reports the total dead time 
orre
tion fa
tor obtained as the ratioof the ones to be applied to 243Am and 235U. As for 233U, this 
orre
tion fa
tor ismostly smaller than one be
ause the 
onsidered 243Am samples are less massive thanthe 235U one. Dis
repan
y from 1 rea
hes a maximum of 10% around 2 MeV, mu
hmore than the about 2.5% used for 233 U. On
e again, the di�eren
e lies in tha massof the samples. At about 10 MeV the total 
orre
tion fa
tor for 243Am is mu
h higherthan for 233U (
ompare Fig. 72 and Fig. 58) be
ause the former isotope �ssions athigh energies, while the latter at low.6.4.4 Thi
kness Corre
tionThe 
alibration of the amplitude distribution on the distribution of the energydeposited by FFs inside the FIC dete
tor was performed for the three ele
troni

hains involved in the 243Am analysis saparately. The 
onsidered energy resolutionswere respe
tively 12.9% for ele
trode number 4, 14.0% for ele
trode number 5 and11.7% for ele
trode number 8 27. Sin
e the obtained e�
ien
ies were similar, theywere averaged on the sample masses as for the 
ase of 233U and the three deposits of
243Am were treated as one target.27For details about the energy resolution determination see 241Am se
tion.88



The FIC e�
ien
y for 243Am is 99.7%. Therefore, being the e�
ien
y of the
235U sample equal to 95.14%, in agreement with its larger thi
kness, the 
orre
tionfa
tor to apply to 243Am is 1 - 0.95514/0.997 = 95.7%.
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Figure 72: Total dead time 
orre
ton fa
tor to be applied tothe analysis of the 243Am isotope.6.4.5 ResultsThe upper panel of Fig. 73 shows a 
omparison between experimental 243Am (n,f)
ross se
tions obtained at the n_TOF fa
ility and the ENDF/B-VII.0 evaluations,released in De
ember 2006. A good agreement is visible on the whole energy range
onsidered, thought again, as for 233U, around 13 MeV a dis
repan
y shows up.In order to quantify previous 
onsiderations, in the lower panel of Fig. 73 the per-
entage di�eren
e between n_TOF results and the ENDF/B-VII.0 library is plotted.The n_TOF 
ross se
tion agrees really well (dis
repan
ies around 5%) with the eval-uation between 1 MeV and 10 MeV. A problem shows up around 13 MeV. Below 1MeV, the dis
repan
y with ENDF/B-VII.0 rea
hes almost 40%. Before drawing fast
on
lusions, it must be remembered that 243Am �ssions at high energy and therefore(n,f) 
ross se
tion - both n_TOF and evaluated - is about 0 at low energies. Byperforming the ratio of one almost null value to another almost null value, it is reallyeasy obtaining a huge number as a result. In fa
t, errors asso
iated to the 
rossse
tion are very similar to 
ross se
tion itself.
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Figure 73: Comparison between n_TOF (20 bins/de
ade) andENDFB-VII.0 σ(n,f).For a better 
ross 
he
k, a 
omparison between n_TOF experimental results andother evaluations was 
onsidered. In Fig. 74 the only ENDF data visible are fromversion B-VI.8. ENDF/B-VII.0 data are 
overed by σ(n,f) the previous version, be-
ause no 
hanges were made in the passage from ENDF/B-VI.8 and ENDF/B-VII.0for this nu
lear rea
tion (see pag. 92). The agreement between n_TOF and ENDF
σ(n,f) looks good (≈ 2% ÷ 3%) in the whole energy range, but between 13 MeV and20 MeV. Nentherless, 
onsidering the shape, JENDL-AC2008 better suits to our datain the double humped region around 2 MeV. The agreement with this evaluation(JENDL-AC2008) is by the way worst (around 4% dis
repan
y) than with ENDF/B-VII.0 and with JENDL-3.3 for 8 MeV in
ident neutrons.Fig. 75 shows a 
omparison between the ex
tra
ted n_TOF neutron indu
ed �s-sion 
ross se
tion of 243Am and other evaluated libraries. Again the agreement looksreally good (≈ 2% ÷ 3%) up to 13 MeV.
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Fig. 76 reports the 
omparison between n_TOF and some experimental results.Cross se
tions were dire
tly plotted for Ai
he et al. [75℄ be
ause data were not ex-tra
ted with referen
e to any isotope. For Seeger et al. [76℄ the plotted values arethe only available data and Fursov et al. [77℄ employed 237Np as a monitor. Crossse
tions are instead provided by the EXFOR data base both as absolute and withreferen
e to the 235U standard, and the 
hoi
e to superimpose Laptev's et al. [78℄
σ(n,f) on Fig. 76 was performed in order to visually underline the big dis
repan
iesamong existing experimental determinations. Up to 1 MeV n_TOF 
ross se
tionsagree with all available data, but the height at whi
h the �rst 
han
e �ssion 
hannelopens, and thus also σ(n,f) in the plateau region, strongly varies (≈ 20%) from Fursovet al. [77℄ to Laptev et al. [78℄. Here (n,f) 
ross se
tions ex
tra
ted during this PhDare about 2% higher than Fursov et al. [77℄ and up to 5% lower than Ai
he et al. [75℄. Seeger et al. [76℄ stays more or less midway between n_TOF and Laptev et al. [78℄Fig. 77 shows the only available experimental data extending up to higher energies.Again a huge dis
repan
y shows up in the region of the �rst 
han
e �ssion plateau,where Behrens et al. [79℄ 
on�rms Laptev et al. [78℄, while Fomi
hev et al. [80℄ agreeswith n_TOF σ(n,f). At high energies, taking into a

ount that may be the 235U �ssionyield use to extra
t our data is lower than it should be, n_TOF is in agreement withFomi
hev et al. [80℄, while Behrens et al. [79℄ os
illates between Laptev et al. [78℄ andFomi
hev et al. [80℄.Summarizing, as noted by the ENDF/B-VII evaluators, �ssion 
ross se
tions exper-imental data tend to 
luster in two distin
t groups, in the 1-6 MeV range, separatedby about 20% from ea
h other. The most re
ent experimental data set available atthe time of the ENDF/B-VII.0 release was by Laptev et al. [78℄, and those valueslie in the higher-energy group, about 20% higher than the ENDF/B-VI evaluation.Nentherless su
h higher values are in disagreement with the averaged 
ross se
tionsobtained in the ZEBRA rea
tor spe
trum [82℄.This explains why ENDF/B-VII.0 eval-uators de
ided to keep the ENDF/B-VI evaluated values un
hanged. n_TOF data,as well as Fomi
hev, therefore agree with the ZEBRA data (rea
tor ben
hmark [83℄) .The same 
he
k of self 
onsisten
y performed for 233U, was repeated for 243Am neu-tron indu
ed �ssion 
ross se
tions. Fig. 78 reports the 
omparison between 243Am
σ(n,f) extra
ted in the high energy regime and those obtained at low energies [50℄with the same dete
tor. No normalization was applied, neither in the high nor in thelow energy region and the agreement is very good.On
e again, in order to quantify the agreement/disagreement between the ex-
tra
ted 243Am σ(n,f) and reported libraries or experimental data, 
ross se
tions wereintegrated over the energy region of overlap of the di�erent data sets. Table 18 showsthe results.
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Figure 76: Comparison between n_TOF (20 bins/de
ade) 243Am(n,f) 
ross se
tions and previous experimental data.
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Figure 77: Comparison between n_TOF (20 bins/de
ade) 243Am(n,f) 
ross se
tions and previous experimental data.
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Figure 78: Comparison between n_TOF (80 bins/de
ade) 243Am(n,f) 
ross se
tions obtained in the high and low energy anal-ysis. Table 18: 243U summary.Referred data set Emin Emax Di�eren
e[MeV℄ [MeV℄ [%℄ENDF/B-VII.0 (=ENDF/B-VI.8) 0.5 20.0 +1.6JENDL-3.3 0.5 20.0 +5.4JENDL-AC2008 0.5 20.0 +6.6JEFF-3.1 0.5 20.0 +5.4BROND-2.2 0.5 20.0 +4.3ROSFOND 0.5 20.0 +5.0Fursov 0.5 7.4 +5.7Laptev 0.577 20.0 -15.3Ai
he 1.841 7.350 -3.4Seeger 0.5 2.973 -6.5Fomi
hev 0.588 20.0 +5.2Goverdovskiy 4.97 10.41 -11.8Behrens 0.5 20.0 -6.4n_TOF FIC - Low Energy 0.5 2.0 +2.15
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6.5 241
95 Am

241Am is an odd Z - even N isotope and therefore presents a threshold to neutronindu
ed �ssion [Kra87℄. Inside FIC 4 241Am samples were lodged. In Table 19 is their"identity 
ard". Table 19: 241Am sample 
hara
teristi
s.Nu
lide τ 1
2

Mass α-a
tivity DAQ Sample Sample[years℄ [mg℄ [Bq℄ 
hannel mass[mg℄
241Am 432.7 0.640 81.3 M 1 AmO2

0.730.598 75.9 M 2 0.680.559 70.9 M 3 0.640.464 58.9 M 6 0.53Be
ause of the huge α a
tivity, a di�erent approa
h was ne
essary in order toex
tra
t (n,f) 
ross se
tion of 241Am. In the following paragraphs the attempt tolead the usual analysis is des
ribed, bringing to light the impossibility of obtainingreliable results withouth an unwanted normalization. The new approa
h is thereforedes
ribed soon after.6.5.1 Pulse shape analysisSin
e the α a
tivity of the 
onsidered samples of 241Am is higher than for previousisotopes, in order to visually dis
riminate between FFs and 4He nu
lei, as for 243Am,only signals with amplitude higher than 35 
hannels are plotted. Otherwise the αba
kground would be so huge that the tail of the α parti
les strongly a�e
ts the FFsone.Three ele
trodes were 
onsidered, the fourth presenting instability problems. InFig. 79 the minimum between the peaks of α and FF distributions falls at di�erent
hannels for di�erent ele
troni
 
hains (see Table 20) :Table 20: Channel dis
riminating between FFs and α parti
les.Ele
trode 1 2 3Amplitude 58 54 57
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Figure 79: Experimental amplitude distribution read by thethree ele
trodes of 241Am separated and normalized for thevalue of the mass sample.As a matter of fa
t, in reality, the thresholds dis
riminating between 4He nu
leiand FFs are higher than those reported in Table 20. Di�erently from what happenedfor 243Am, the a
tivity of ea
h 241Am sample is so high, that a long tail prolong farbehind the minimum between the peaks of α and �ssion fragments distributions. Asfor now this fa
t is negle
ted, but will be 
onsidered while ex
tra
ting σn,f for 241Amsamples.As for all other isotopes, a threshold on the value q/a in order to dis
riminatebetween virtual and real signals was looked for. Fig. 80, Fig. 81 and Fig. 82 reportdata for the three ele
trodes separately. In Fig. 81, points seem to 
luster aroundtwo di�erent lines (q/a = 16 and q/a = 13). For the moment this observation wasnot 
onsidered.
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Figure 80: Experimental distribution of the 
harge to amplituderatio versus amplitude for ele
trode # 1 of the isotope 241Am.Only amp ≥ 58 were 
onsidered. Events below the dotted line
orresponds to virtual signals.96
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Figure 81: Experimental distribution of the 
harge to amplituderatio versus amplitude for ele
trode # 2 of the isotope 241Am.Only amp ≥ 58 were 
onsidered. Events below the dotted line
orresponds to virtual signals.
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Figure 82: Experimental distribution of the 
harge to amplituderatio versus amplitude for ele
trode # 3 of the isotope 241Am.Only amp ≥ 58 were 
onsidered. Events below the dotted line
orresponds to virtual signals.
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Summarizing, from pulse shape analysis, the following 
onditions are derived:
Electrode #1 =







amplitude ≥ 58 ch

charge
amplitude

> 15.0

Electrode #2 =







amplitude ≥ 54 ch

charge
amplitude

> 12.0

Electrode #3 =







amplitude ≥ 57 ch

charge
amplitude

> 15.0These 
onditions lead to the impossibility of determining the thi
kness
orre
tion fa
tor, sin
e they make unfeasible performing a 
alibration ofthe amplitude distributions based on the distribution of the energy de-posited inside the ArCF4 by FFs. Cutting amplitudes lower than morethan 50 
hannels means 
utting the main referen
e point (i.e. the peak)ne
essary for 
alibration. Fig. 83 shows the amplitude distribution of signals readby ele
trode # 1. As visible the left side of the histogram is missing. As far as know,the rising of the amplitude distribution 
ould 
ulminate at a 
hannel di�erent fromthe one where the peak seems to be pla
ed, be
ause the peak is 
ut.
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Figure 83: Experimental amplitude distribution of signals readby ele
trode # 1. Conditions derived from pulse shape analysishave been applied.The usual analysis 
an be performed with respe
t to a referen
e point at low en-ergy (in the RRR - resolved resonan
e region - regime). However the 
orre
tion fore�
ien
y due to the sample thi
kness 
an not be 
onsidered with high a

ura
y. Inorder to avoid, when possible, normalization, a new approa
h was 
hosen.98



6.5.2 Preliminary 
onsiderationsIn order to pro
eed to (n,f) 
ross se
tion extra
tion, some preliminary observationsand 
onsiderations have to be mentioned [85℄.6.5.2.1 Basi
 assumptionThe basi
 assumption is that extra
ting neutron indu
ed �ssion 
ross se
tions byusing all available "
leaned" data or by using only a portion of them, opportunely
hosen, both for 235U and for the investigated isotope, should play no di�eren
e inresults.6.5.2.2 Observations1. The distribution of the ratio charge
amplitude

as a fun
tion of the amplitude of a signal,is bent at low amplitudes. This happens for all isotopes. In Fig. 84 and Fig. 85,as in all plots from here on, the amplitude runs up to a maximum of 160 - 170
hannels, be
ause at 
hannel 180 the saturation peak is present.

Figure 84: Experimental distri-bution of the 
harge to am-plitude ratio versus amplitudefor 233U signals 
olle
ted byele
trode number 13. Figure 85: Experimental distri-bution of the 
harge to am-plitude ratio versus amplitudefor 241Am signals 
olle
ted byele
trode number 1.These diagrams in
lude all the available statisti
s (but α's) for the 
onsideredisotopes, with no distin
tion between real and virtual signals. By the way, look-ing at Fig. 84 and Fig. 85, it seems that virtual signals appear mainly at low99



amplitudes. Sin
e there's no reason why they should o

ur preferentially in aregion of the diagrams instead than all along the whole plots, we may infer thatthe behaviour is not physi
al, but arti�
ial.2. A linear relation is visible between amplitude and 
harge of signal for all isotopes(see Fig. 86 and Fig. 87 )
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Figure 86: Experimental distri-bution of the 
harge to am-plitude ratio versus amplitudefor 233U signals 
olle
ted byele
trode number 13.
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Figure 87: Experimental distri-bution of the 
harge to am-plitude ratio versus amplitudefor 241Am signals 
olle
ted byele
trode number 1.In both plots, the "interpolation line" is not in the form y = mx, but y =mx + q. An o�set is therefore present. It is introdu
ed in the analysis routinesand its value is always about 12 - 13 
h. Of 
ourse, if both the 
harge and theamplitude are high enough, the in�uen
e of a tenth of 
hannels o�set results neg-ligible and this explains why the bending put in eviden
e in Fig. 84 and Fig. 85is visible only in the low amplitude signals 28.From the observation of a linear relation between the amplitude and 
hargeof real signals, it follows that, in order to derive the thi
kness 
orre
tion to ap-ply to di�erent isotopes, the 
alibration of the histogram reporting the energydeposited in the gas by FFs 
an be indi�erently performed on the 
harge or am-plitude distributions. Results are indeed the same, but the former option givesthe advantage of better resolution: while amplitudes extend on 256 
hannels,
harges run up to more than 6000 
h.From the observed equivalen
e between 
harge and amplitude of real signals,it moreover follows that for ea
h threshold 
ondition or 
ut imposed in ampli-28In Fig. 84 the average q/a value is about 15. For signals with an amplitude equal to35, this 
orresponds to q = a · 15 = 35 · 15 = 525. In this 
ase an o�set of 12 
hannelsleads to q / (a - o�set) = 525 / (35 - 12) = 22.8. The dis
repan
y with the average valueis therefore (22.8 - 15)/15 = 52%.For signals with an amplitude equal to 150 instead an average q/a value equal to 15
orresponds to q = a · 15 = 100 · 15 = 2250. In this 
ase an o�set of 12 
hannels leadsto q / (a - o�set) = 2250 / (150 - 12) = 16.3. The dis
repan
y with the average value istherefore (16.3 - 15)/15 = 8.6%. 100



tude, a 
orresponding threshold 
ondition or 
ut to set in 
harge must exist.Fig. 88 shows, as an example, the equivalen
e between 
harge and amplitude 
ut
onditions.
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Figure 88: Experimental distribution of dete
ted fission eventsas a fun
tion of the neutron energy. As shown pulse shapeanalysis 
an be performed on 
harge or amplitude distributionequivalently.The 
onditions derived from pulse shape analysis of 235U, that is:






amplitude ≥ 35 ch

charge
amplitude

> 8.0are equivalent to:






charge ≥ 351 ch

charge
amplitude

> 8.03. The distribution of the ratio charge
amplitude−offset

(i.e. the distribution of the ratio
charge

amplitude

orre
ted for the the o�set) as a fun
tion of the amplitude of a signal,shows a Gaussian shape, visible in Fig. 89 and Fig. 90.
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Figure 89: Experimental distri-bution of the 
harge to ampli-tude ratio 
orre
ted for theoffset value versus amplitudefor 233U signals 
olle
ted byele
trode number 13.
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Figure 90: Experimental distri-bution of the 
harge to ampli-tude ratio 
orre
ted for theoffset value versus amplitudefor 241Am signals 
olle
ted byele
trode number 1.Virtual signals at low value of the ratio Charge/(Amplitude - O�set) are stillvisible, but they're distributed along all amplitude range proportionally to thedensity of dete
ted signals in ea
h subrange region.At the light of what just found out, the basi
 assumption 
an be translatedin other words: extra
ting neutron indu
ed �ssion 
ross se
tions by using all"
leaned" data or by using only x sigmas of the Gaussian distributions obtained,both for 235U and for the investigated isotope, should play no di�eren
e.4. All Gaussians have di�erent 
entroids (i.e. Charge
(Amplitude−Offset)

) and width (there-fore σ or r.m.s.).Looking at the distributions of the energy deposited by �ssion fragments inthe 
ell gas for di�erent samples, it is evident that, at least up to 40 MeV (whi
his almost the limit used in 
alibration), they 
an be superimposed by stret
hing,i.e. by a relation Edist1 = m Edist2, where Edist1 is the energy distribution of oneisotope, and Edist2 the energy distribution of the se
ond one. This is possiblebe
ause shapes are similar.The expression des
ribing the spe
i�
 energy loss, known as Bethe formula,is written [84℄ [Kno79℄:
− dE

dx
=

4 π e4 z2

m0 v2
· N · Z · B (23)where:

B = [ln
2 m0 v2

I
− ln(1 − v2

c2
) − v2

c2
]with v and ze velo
ity and 
harge of the primary parti
le (i.e. �ssion frag-ment), N and Z number density and atomi
 number of the absorber, m0 ele
tronrest mass, e ele
troni
 
harge and I average ex
itation and ionization potential.102



For non relativisti
 
harged parti
les, only the �rst term in B is signi�
ative 29.Therefore eq. 23 
an be written:
− dE

dx
=

4 π e4 z2

m0 v2
· N · Z · [ln2 m0 v2

I
] (24)Both the atomi
 mass and 
harge distribution of FFs are peaked around 2values. Sin
e all isotopes housed inside the FIC dete
tor have similar atomi
masses (ranging from 233 amu to 245 amu) and 
harge numbers (spanning from92 to 96), in the same 
onditions the distribution should superimpose within 5%
on�den
e level.But of 
ourse 
onditions are not the same and, what plays a key role on theshape of the energy deposited by FFs inside the gas, is the thi
kness (∆x) of thedeposit. When ∆x is thin (∼ 10−7 
m), FFs leave the target after loosing a littleportion of their energy and a se
ond hump is visible. On the 
ontrary, whenthe thi
kness of the sample is ∼ 10−5 
m, fragments 
an deposit little or hugeamounts of energy inside the a
tinide before rea
hing the gas, and the shapeof the energy released inside ArCF4 results smooth. Sin
e the se
ond hump,if present, appears around 40 MeV, up to this energy distributions are reallysimilar and 
an be superimposed.The 
harge distribution of the dete
ted signals due to (n,f) events resemblesthe distribution of the energy deposited inside the gas 
ell by FFs,therefore whatjust said holds for the experimental histograms as well. Unfortunately, be
ausethe ele
troni
 
hains of the 16 FIC ele
trodes behave di�erently (di�erent o�-sets and energy resolutions), it is not possible deriving the multipli
ation fa
torfrom the simulated distribution of the energy deposition and applying that tothe histograms of signal amplitudes. And it is not feasible neither extra
ting thestret
hing fa
tor by superimposing the amplitude distributions, sin
e for 241Amthe referen
e peak is not a

essible.What is instead possible is superimposing the Gaussians. The resulting mul-tipli
ation fa
tor is then applied to derive 241Am thi
kness 
orre
tion as a fun
-tion of the 
alibration obtained for another isotope, i.e. the referen
e 235U (see� 6.5.5).This method was �rst applied to 233U to 
he
k its validity and then employed toextra
t neutron indu
ed �ssion 
ross se
tions of 241Am. Sin
e σ(n,f) are obtained withreferen
e to 235U, this isotope and the investigated one (241Am) are treated in parallelin the following pages.29As a pra
ti
al matter a parti
le is 
onsidered relativisti
 when its kineti
 energy isgreater than 2% of its rest-mass energy [Bar01℄. The lighter FFs have atomi
 mass around90 a.m.u (Fig. 28)., i.e. 83.8 GeV. In order to be 
onsidered relativisti
, FFs should havea kineti
 energy K ≥ 0.02 · 83.8 GeV, whi
h means K ≥ 1.6 GeV. But from it results thatthe lightest (and fastest) FFs are emitted with kineti
 energies around 110 MeV(Fig. 29).103



6.5.3 O�set sele
tion6.5.3.1 235UFig. 91 shows the linear relation between the 
harge and amplitude of signals forthe 235U sample. All the available statisti
s for FFs (amplitude ≥ 35 
h) is reported.No other 
ondition is imposed. The o�set was found to be 13 
hannels.
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Figure 91: Experimental 
harge distribution of signals versustheir amplitudes for 235U sample. A linear relation is visible.Fig. 92 and Fig. 93 report the distribution of the 
harge to amplitude versusamplitude ratio before and after applying the o�set 
orre
tion.6.5.3.2 241AmAs previously noted (� 6.5.1), the α a
tivity of 241Am samples is so high to 
ause
onsiderable α pile-up. Thresholds reported in Table 20 therefore still allow appre
ia-ble ba
kground. A linear �t of the peak due both to α parti
les and �ssion fragmentsfor ele
trode number 1 is shown in Fig 94.As a 
ompromise between ba
kground redu
tion and statisti
s, it was de
ided toput amplitude thresholds dis
riminating between 4He nu
lei and FFs at 
hannel #70, where the linear �t takes a value ≤ 1% with respe
t to the 
orresponding heightof the amplitude spe
trum. Table 21 reports the new 
onsidered thresholds:Table 21: Amplitudes 
hosen as threshold dis
riminating be-tween FFs and 4He nu
lei after α pile-up 
onsideration.Ele
trode 1 2 3Amp. 70 70 69104
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Figure 92: Experimental distri-bution of the 
harge to am-plitude ratio versus amplitudefor 235U. A distorsion at lowamplitudes is visible.
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Figure 93: Experimental distri-bution of the 
harge to ampli-tude ratio 
orre
ted for theoffset value versus amplitudefor 235U.
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Figure 94: Linear fit of the peak of the amplitude distributiondue to FFs and α parti
les.
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6.5.3.2.1 Ele
trode #1Fig. 95 shows the linear relation between the 
harge and amplitude of signals
olle
ted by ele
trode #1 for the 241U sample. All the available statisti
s for FFs(amplitude ≥ 70 
h) is reported. No other 
ondition is imposed. The o�set wasfound to be 12 
hannels.
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Figure 95: Experimental 
harge distribution of signals versustheir amplitudes. A linear relation is visible.Fig. 96 and Fig. 97 report the distribution of the 
harge to amplitude versusamplitude ratio before and after applying the o�set 
orre
tion.
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Figure 96: Experimental distri-bution of the 
harge to am-plitude ratio versus amplitudefor ele
trode #1.
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Figure 97: Experimental distri-bution of the 
harge to ampli-tude ratio 
orre
ted for theoffset value versus amplitudefor ele
trode #1 of 241Am.
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6.5.3.2.2 Ele
trode #2Fig. 98 shows the linear relation between the 
harge and amplitude of signals
olle
ted by ele
trode #2 for the 241U sample. All the available statisti
s for FFs(amplitude ≥ 70 
h) is reported. No other 
ondition is imposed.
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Figure 98: Experimental 
harge distribution of signals versustheir amplitudes. A linear relation is visible.The o�set was found to be 13 
hannels, but 2 lines are visible. Single runs were
he
ked, in order to see if during the time the gain had 
hanged. This was not the
ase, sin
e data 
luster around two di�erent lines even in a same data a
quisition(i.e. in 
orresponden
e of a single proton bun
h). For this reason the ele
trode was
onsidered unstable.This problem makes present analysis not possible and data obtained through thisele
troni
 
hain were dis
arded.6.5.3.2.3 Ele
trode #3Fig. 99 shows the linear relation between the 
harge and amplitude of signals 
ol-le
ted by ele
trode #3 for the 241Am sample. All the available statisti
s for FFs(amplitude ≥ 68 
h) is reported. No other 
ondition is imposed. The o�set wasfound to be 13 
hannels.Fig. 100 and Fig. 101 report the distribution of the 
harge to amplitude versusamplitude ratio before and after applying the o�set 
orre
tion.
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Figure 99: Experimental 
harge distribution of signals versustheir amplitudes. A linear relation is visible.
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Figure 100: Experimental distri-bution of the 
harge to am-plitude ratio versus amplitudefor Ele
trode # 3 of 241Am.
Amplitude [ch]

0 20 40 60 80 100 120 140 160

A
m

p
lit

u
d

e 
- 

O
ff

se
t

C
h

ar
g

e

0

5

10

15

20

25

30

35

40

0

1

2

3

4

5

6

7

Figure 101: Experimental distri-bution of the 
harge to ampli-tude ratio 
orre
ted for theoffset value versus amplitudefor ele
trode #3 of 241Am.
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6.5.4 Analysis of the 
harge to amplitude ratio distributionIn all plots reporting the 
harge to amplitude distribution of signals versus theiramplitude, a Gaussian shape is visible. This is an obvious 
onsequen
e of how dete
torand ele
troni
 
hain form the output signal. The density of points reported has amaximum in 
orresponden
e of the 
entroid of the Gaussian. It is moreover visiblethat the density of plotted points is distributed as a Gaussian and therefore �tting thebidimensional histograms is equivalent to �t monodimensional histograms reportingthe o

urren
e of a 
ertain value of the Charge/(Amplitude - O�set) ratio.6.5.4.1 235UIn Fig. 102 the monodimensional histogram reporting the o

urren
e of a 
ertainvalue of the Charge/(Amplitude - O�set) ratio is shown.From the Gaussian �t, the following values are extra
ted:






σ = 1.65

x = 15.8
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Figure 102: Experimental distribution of 
harge to amplituderatio 
orre
ted for the offset.Fig. 102 was obtained by 
onsidering all the available statisti
s, i. e. imposing asonly 
ondition that the amplitude of signals must be higher than 35 
hannels. A trialperformed 
onsidering only amplitudes higher than 68 
h (i.e. putting a thresholde�e
tive to 
ut α's 
ontamination in the 241Am) gave a similar result (x = 16, σ =1.65 ).The ratio σ
x
gives the resolution employed to fold the simulated distri-bution of the energy deposited by �ssion fragments inside the 
ell gas.109



6.5.4.2 241Am6.5.4.2.1 Ele
trode # 1From the Gaussian �t of the plot reported in Fig. 103, the following values areextra
ted:






σ = 2.6

x = 22.2
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Figure 103: Experimental distribution of 
harge to amplituderatio 
orre
ted for the offset for ele
trode # 1 of 241Am.Fig. 103 was obtained by 
onsidering as only 
ondition that the amplitude of sig-nals must be higher than 70 
hannels. The tail at low amplitudes at the left side ofthe Gaussian should 
orrespond to ele
troni
 noise (virtual signals)6.5.4.2.2 Ele
trode # 2A monodimensional histograms reporting the o

urren
e of a 
ertain value of theCharge/(Amplitude - O�set) ratio was built for ele
trode # 2, 
onsidering only sig-nals whose amplitude is higher than 70 
hannels. As visible in Fig. 104, a broaddistribution is visible, whi
h makes analysis not possible.
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Figure 104: Experimental distribution of 
harge to amplituderatio 
orre
ted for the offset for ele
trode # 2 of 241Am.6.5.4.2.3 Ele
trode # 3From the Gaussian �t of the plot reported in Fig. 105, the following values areextra
ted:






σ = 3.1

x = 20.99
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Figure 105: Experimental distribution of 
harge to amplituderatio 
orre
ted for the offset for ele
trode # 3 of 241Am.
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6.5.5 Overlap of Charge ditributionsIt was noted [85℄ that by using a 
orre
t multipli
ative fa
tor, the tails of the 
hargedistributions 
an be superimposed (see Fig. 106). It was inferred that 
alibrationsof di�erent isotopes are in the same relation as 
entroids. This is be
ause, as seenin � 6.5.2.2, the Charge/(Amplitude - O�set) ratio is Gaussian distributed around a"medium" value (
entroid), whi
h 
hanges with the 
onsidered ele
troni
 
hain. Inother words:
QX = centroidX · (AX − OffX) (25)with Q = Charge, A = Amplitude, O� = o�set and X = ele
trode 
olle
ting theionization 
harges generated by neutron indu
ed �ssion of the isotpe X. By 
onsid-ering eq. 25 both for 235U and 241Am, the following reltio is obtained:

Q241 = Q235 ·
centroid241

centroid235
· (A241 − Off241)

(A235 − Off235)
(26)The experimental Charge distribution for the 235U isotope (Q235) is known, sin
efor this sample there are no α ba
kground problems. From the previous analysis

centroid241 and centroid235 were extra
ted. What is still unknown, looking at theright side of eq. 26, is A241. By the way, be
ause of the poor resolution of theAmplitude distributions, the ratio (A241−Off241)
(A235−Off235)

should not di�er from 1 for more thana small per
entage 30. Therfore this fa
tor 
an be negleted in a �rst approximation.This is the relation we were looking for, sin
e it allows to perform 
alibration.
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Figure 106: Experimental distribution of 
harge for 235U and forele
trode # 1 of 241Am. This last was 
orre
ted for the ratioof the Gaussian 
entroids. Tails overlap.30extimated in the dis
ussion of results. 112



6.5.6 Signal sele
tion6.5.6.1 241Am6.5.6.1.1 Ele
trode # 1As previously seen, in order to dis
riminate FFs by 4He nu
lei and α pile-up athreshold of 1400 
h on the signal-
harge (i.e. amplitude ≥ 70 
h) was set. Virtualsignals were dis
arded through a q
a
ratio higher than 11.6.5.6.1.2 Ele
trode # 3In order to dis
riminate FFs by 4He nu
lei and α pile-up a threshold of 1270 
hon the signal-
harge (i.e. amplitude ≥ 69 
h) was set. Virtual signals were dis
ardedthrough a q

a
ratio higher than 11.6.5.6.2 235UIn prin
iple data sele
tion of this isotope 
ould have been 
hosen equal to theone 
onsidered for previous analysis in order to in
rease the statisti
s. By the way,while performing various 
he
ks, it was realized that at an amplitude of 35 
h 235U inreality still presents little α ba
kground. This does not a�e
t 233U results, sin
e theemployed thresholds were the same and e�e
ts partially 
an
el (a
tually 233U σ(n,f)
ould be 0.5% lower), nor the extra
ted 243Am (n,f) 
ross se
tions (where the littlehigher threshold imposed on the investigated isotope and the di�erent behaviour ofN-odd and N-even samples 
ompensate for the 235U ba
kground).By the way, the di�eren
e in amplitude threshold between 241Am (70 
h) and

241Am (35 
h) would be so high (200%) to a�e
t results. Therefore it was de
idedto 
onsider equivalent lower limits of the amplitude (or better 
harge) distributions.Averaging on the 996 
h and 1270 
h derived from 
al
ulations shown in the followingparagraph, a threshold of 1133 
h on the 235U distribution was imposed.6.5.7 CalibrationThe thi
kness 
orre
tion was extra
ted again for 235U by 
alibrating the histogramof the energy deposited by FFs inside the 
ell gas on the 
harge distribution. Resultsare the same as before, but the resolution is better (see Fig. 107 ).For the 
orresponden
e set before, a 
ut at q = 1400 
h for ele
trode # 1 of 241Amis equal to a 
ut at q ≈ 1400 * (
entroid_235)/(
entroid_241) = 1400 * 15.8/22.2= 996 
h. A

ording to 235U 
alibration, this is 33.5 MeV, whi
h is translated into33.5 MeV * (
entroid_241)/(
entroid_235) = 47.1 MeV for 241Am and therefore an113



e�
ien
y equal to 45.5%.Through the same "mathemathi
s", a 
ut in 
harge of 1270 
h is translated into50.7 % e�
ien
y for ele
trode #3.As mentioned before, 235U was 
ut at a threshold equivalent to the one used for
241Am. A 
ut at 
harge q = 1133 
h for 235U is equivalent to a 
ut at energy 36.6.FFs depositing in the gas an energy higher than this value are 45.3% of the total
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Figure 107: Simulated energy deposition (10% energy resloutionis applied) 
alibrated on the experimental histogram of ampli-tudes for 235U .6.5.8 Cross se
tion extra
tionFig. 108 reports the 
omparison among results obtained imposing the previouslylisted 
onditions (� 6.5.6), and 
onsidering all signals satisfying them:1. only data within (
entroid -1 sigma) ≤ q
a−offset

≤ (
entroid + 1 sigma)2. (
entroid -2 sigma) ≤ q
a−offset

≤ (
entroid + 2 sigma)3. no additional 
ondition appliedThe small dis
repan
ies in Fig. 108 are due to the di�
ulty of exa
tly de�ned the
entroid and r.m.s. of Guassians. By the way, results are in agreement, vali-dating the hypothesys that sele
ting opportunely 
hosen portions of there
orded �ssion events or all of them, makes no di�eren
e.
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Figure 108: Comparison among 241Am σ(n,f) extra
ted by sele
tingdifferent portions of all available data.6.5.9 Results
241Am σ(n,f) were extra
ted 
onsidering 20 bins/de
ade as always. Be
ause of thelow statisti
s available it was de
ided to show here results obtained with variablebinning.Moreover, the developed method is based on normalization of one distribution withrespe
t to another. Sin
e the shapes of the energy distributions are slightly di�erent,the 
alibration extra
ted is a�e
ted by an un
ertainty whi
h is di�erent for di�erent
harge-thresholds imposed. The maximum un
ertainty for the 
onditions imposed inthis analysis was estimated to be 13%.The upper panel of Fig. 109 shows a 
omparison between experimental 241Am (n,f)
ross se
tions obtained at the n_TOF fa
ility and the ENDF/B-VII.0 evaluations,released in De
ember 2006. A good agreement is visible on the whole 
onsideredenergy range.In order to quantify the dis
repan
y between our experimental data and the re-ferred library, in the lower panel of Fig. 109 the per
entage di�eren
e between n_TOFresults and the ENDF/B-VII.0 
ross se
tions is plotted. For energies higher than 1.2MeV dis
repan
ies never ex
eed 5%, and between 0.6 MeV and 1.2 MeV they remainbelow 13%, whi
h is the estimated un
ertainty linked to the employed method.Below 0.6 MeV, the dis
repan
y with ENDF/B-VII.0 rea
hes even 43%. Before draw-ing fast 
on
lusions, it must be remembered that 241Am, as 243Am, �ssions at highenergy and therefore (n,f) 
ross se
tion - both n_TOF and evaluated - is about 0 atlow energies. By performing the ratio of one almost null value to another almost nullvalue, it is really easy obtaining a huge number as a result.115
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Figure 109: Comparison between n_TOF (variable binning) andENDFB-VII.0 σ(n,f).For a better 
ross 
he
k, a 
omparison between n_TOF experimental results andother evaluations was 
onsidered. In Fig. 110, as already underlined, the agree-ment between n_TOF and ENDF/B-VII.0 σ(n,f) looks good (i.e. within the esti-mated 13% un
ertainty) in the whole energy range (but around 0.5 MeV). Above 8MeV ENDF/B-VI.8 shows 
ross se
tions about 8% higher than ENDF/B-VII.0, andtherefore the dis
repan
y with our results is worst. Netherless, sin
e the rising of theENDF/B-VI.8 241Am σ(n,f) between 6 and 8 MeV has a greater slope than the risingof ENDF/B-VII.0, our datum at about 7 MeV agrees within 4% with both evalua-tions. The di�eren
e between the two ENDF evaluations for energies higher than 8MeV lays in the employed 
odes [86℄. JEFF-3.1 follows ENDF/B-VII.0, but again itsrising between 6 and 8 MeV has a greater slope than the rising of ENDF/B-VII.0.Our datum at about 7 MeV agrees with both. n_TOF experimental 241Am (n,f)
ross se
tions follow CENDL-2 up to 1.5 MeV. For higher energies the evaluation issometimes about 6-8% higher than ENDF/B-VII.0 and sometimes superimpose withour results. Dis
repan
y with n_TOF data varies from about 0% around 3 MeV to12% around 10 MeV.In Fig. 111 a 
omparison of the extra
ted 241Am σ(n,f) with other evaluations isreported. The agreement with ROSFOND is really good (< 1%) up to 1 MeV and116



in the energy region 2 MeV - 12 MeV, while from 1 MeV to 2 MeV the dis
repan
yis always around 6% ÷ 7%. From 0.5 MeV up to 2 MeV JENDL-3.3, JENDL/AC-2008 and BROND-2.2 are about 1%-2% higher than ROSFOND, and therefore theagreement with our data is really good. For energies higher than 10 MeV the 3 evalu-ations show di�erent shapes, but be
ause of the low statisti
s the number of reportedn_TOF data is too little to 
on�rm or deny one of the 3 trends.Fig. 112 shows the 
omparison between n_TOF and some experimental results.Cross se
tion ratios are reported. Our results follow the same trend as Behren's etal. [87℄, but the absolute value is quite di�erent, rea
hing more than 11% dis
repan
yaround 5 MeV and more than 16% dis
repan
y around 10 MeV. Knitter et al. [88℄ is
ompatible with n_TOF 
ross se
tions up to 2 MeV, but the last reported 2.5 MeVdatum is about 12% higher than ours. Before 1 MeV Fomushkin et al. [89℄ a littlelower (3%) than data ex
tra
ted in the present work, but above 1 MeV the dis
rep-an
y with n_TOF data rea
hes about 15%.In Fig. 113 
ross se
tions, and not 
ross se
tion ratios, are reported. The only
241Amσ(n,f) available extending to more than 8 MeV are Dabbs et al. [90℄. The agree-ment of the extra
ted n_TOF 
ross se
tions with Dabbs et al. [90℄ is very good (≤3%) on the whole energy range where data exist (0.5 MeV ÷ 11 MeV). The agree-ment with Shpak et al. [91℄ is a little worst (≤ 4%). For Can
e et al. [92℄ only 2data are available: the low energy one (between 0.9 and 1 MeV) 
on�rms Nobles etal. [93℄, whi
h is about 30% lower than our data, while the high energy one (about1.5 MeV) overlaps to n_TOF 
ross se
tions. As visible from Fig. 113, Nobles etal. [93℄ 241Amσ(n,f) are always far lower than other experimental data and thereforenot reliable.On
e again, in order to quantify the agreement/disagreement between the ex-
tra
ted 241Am σ(n,f) and reported libraries or experimental data, 
ross se
tions wereintegrated over the energy region of overlap of the di�erent data sets. Table 22 showsthe results. Looking at the table, un
ertainties of up to 13% have to be 
onsidered.
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Table 22: 241Am summary.Referred data set Emin Emax Di�eren
e[MeV℄ [MeV℄ [%℄ENDF/B-VII.0 0.5 20.0 -3.2ENDF/B-VI.8 0.5 20.0 -6.3JEFF-3.1 0.5 20.0 -2.9CENDL-2.2 0.5 20.0 -7.7BROND-2.2 0.5 20.0 +0.008ROSFOND 0.5 20.0 -1.6JENDL-3.3 0.5 20.0 -2.9JENDL/AC-2008 0.5 20.0 -4.2Dabbs 0.5 18.7 -1.8Can
e 0.930 2.66 -12.3Shpak 0.5 3.3 +1.1Nobles 0.5 7.34 +22.4Behrens 0.588 20.0 -9.7Knitter 4.97 2.65 -3.9Fomushkin 0.5 3.62 0.91
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6.6 245
96 Cm

245Am is an even Z - odd N isotope and therefore does not present any thresholdto neutron indu
ed �ssion [Kra87℄. Inside FIC 2 245Cm samples were lodged. InTable 23 is their "identity 
ard".Table 23: 245Cm sample 
hara
teristi
s.Nu
lide τ 1
2

Mass α-a
tivity DAQ Sample Sample[years℄ [mg℄ [Bq℄ 
hannel mass[mg℄
245Cm 8.5 × 103 0.806 81.3 M 15 AmO2

0.730.905 75.9 M 14 0.68By looking at Table 23, a situation similar to that of 233U, i.e. a low α ba
kground,is expe
ted. On the 
ontrary, this is not the 
ase. The sample was 
ontamined by
244Cm, with an half life τ 1

2
= 18.1 years. The impurity represents 6.6% of the totalmass of samples (see Fig. 114) and therefore the α ba
kground dete
ted by ele
trodes# 14 and #15 is about 100 MBq. Su
h a high rate of 4He nu
lei emission 
ausesnot only a huge α pile-up, but also spa
e-
harge a

umulation, preventing the FICfrom working �ne [37℄. This does not allow us to perform any 
alibration and boththe analysis method seen up to now 
an be indi�erently employed. Results hereex
tra
ted are therefore normalized with respe
t to ENDF/B-VII.0 1 MeV datum.6.6.1 Pulse shape analysisAs already mentioned, the α ba
kground due to 244Cm 
ontamination is higherthan in all previous 
ases. Again, in order to visually dis
riminate between FFs and

4He nu
lei, signals with amplitude higher than 35 
hannels are plotted. Both 245Cmsamples were 
onsidered.Be
ause of the pile-up, the thresholds dis
riminating between 4He nu
lei and FFsare higher than those 
orresponding to the minimum between the two peaks. As a�rst guess it was de
ided to put the amplitude threshold where the linear �t assumesa value ≤ 1% with respe
t to the 
orresponding height of the amplitude spe
trum(see Fig. 115 ), as for 241Am. Table 24 reports the inferred thresholds. As will beshown later (see � 6.6.2), values shown in Table 24, are still too low.
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Figure 114: Isotopi
 
omposition of the Cm samples housed inFIC. The spe
tros
opi
 analysis was performed in Dubna (JINR,Russian Federation).
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Figure 115: Linear fit of the peak of the amplitude distributiondue to FFs and α parti
les.)
122



Table 24: Channel dis
riminating between FFs and α parti
les.Ele
trode 14 15Amplitude 75 756.6.2 O�set sele
tion6.6.2.1 245Cm6.6.2.1.1 Ele
trode #14Fig. 116 shows the linear relation between the 
harge and amplitude of signals 
ol-le
ted by ele
trode #14 for the 245Cm sample. All the available statisti
s (amplitude
≥ 35 
h) is reported. No other 
ondition is imposed. The o�set was found to be12 
hannels.

Figure 116: Experimental 
harge distribution of signals versustheir amplitudes. A linear relation is visible.In Fig. 116 two 
lusters are visible: one with a higher density of points and onewith a lower density. The �rst is due to pile up of α's among themselves and withFFs, while the se
ond 
orresponds to virtual signals.Fig. 117 reports the distribution of the 
harge to amplitude versus amplitude ratioafter applying the o�set 
orre
tion. Thought it was inferred that, for ele
trode #14,the α ba
kground is hindered by 
onsidering amplitudes higher than 75 
hannels (seeTable 24),Fig. 117 shows that in order to get rid of the problem a threshold of 105
h in amplitude is needed. As a result of pulse shape and o�set analysis, only datain the upper-right square of Fig. 117 are sele
ted for this ele
trods.123
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Figure 117: Experimental 
harge distribution of signals versustheir amplitudes.6.6.2.1.2 Ele
trode #15Fig. 118 shows the linear relation between the 
harge and amplitude of signals 
ol-le
ted by ele
trode #15 for the 245Cm sample. All the available statisti
s (amplitude
≥ 35 
h) is reported. No other 
ondition is imposed. The o�set was found to be12 
hannels.
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Figure 118: Experimental 
harge distribution of signals versustheir amplitudes.The same 
onsiderations made for Fig. 116, apply to Fig. 118.Fig. 119 reports the distribution of the 
harge to amplitude versus amplitude ratioafter applying the o�set 
orre
tion. Again the threshold to impose in order to get ridof the ba
kground is far higher than the one reported in Table 24.As a result of pulse shape and o�set analysis, only data in the upper-right square124



of Fig. 119 are sele
ted for this ele
trode.
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Figure 119: Experimental 
harge distribution of signals versustheir amplitudes.6.6.2.2 235UFor 235U pra
ti
ally no ba
kground is present. Nevertheless, as already seen for
241Am, any threshold on the 
harge (or amplitude) of signals, a�e
ts the shape ofthe 
orrespondent distributions. In order to limit the e�e
ts of a distorsion of theyield distribution, we are therefore pushed to perform our analysis by 
onsideringequivalent amplitude thresholds on the signals dete
ted both for the investigated andthe referen
e isotopes.6.6.3 Spa
e-
harge equivalen
e6.6.3.1 245Cm6.6.3.1.1 Ele
trode # 14By 
onsidering the yield distribution of �ssion fragments as a fun
tion of thein
ident neutron energy, it was (see Fig. 120)found that an amplitude threshold of105 
h is equivalent to set a minimum 
harge equal to 2240 
h.6.6.3.1.2 Ele
trode # 15By 
onsidering the yield distribution of �ssion fragments as a fun
tion of the in
i-dent neutron energy, it was found that an amplitude threshold of 110 
h is equivalentto set a minimum 
harge equal to 2440 
h (Fig. 121).125
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Figure 120: Experimental distribution of dete
ted fission eventsas a fun
tion of the neutron energy. The equivalen
e betweenperforming an analysis on the 
harge of signals or on theiramplitude is evident.
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Figure 121: Experimental distribution of dete
ted fission eventsas a fun
tion of the neutron energy. The equivalen
e betweenperforming an analysis on the 
harge of signals or on theiramplitude is evident.
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6.6.3.2 235UThe threshold to impose on the 
harge distribution for this isotope 
an be statedonly after the determination of the 
entroids of the usual Gaussians distributions forthe two ele
trodes of 245Cm.6.6.4 Analysis of the 
harge to amplitude ratio distribution6.6.4.1 245CmWithout reporting all pi
tures, by the same Gaussian �ts performed in � 6.5.4,results summarized in Table 25 were obtained.Table 25: Parameters obtained by the Gaussian Fits of the
harge to amplitude distributions (offset 
orre
tion applied).
245Cm Centroid σEl14 24.4 2.75El15 25.3 2.08El12∗ 15,8 1.65
∗ Values taken from � 6.5.4From the supposed 31 relationship among the 
entroids of the Gaussian distribu-tions and the 
harge histograms, the threshold to impose on the 235U 
an be 
al
u-lated.A threshold equal to 1240 
h on the 
harge of El # 14, is equivalent to the 
ondi-tion q ≥ 1240 · centroid235U

centroid241Am−El14
≈ 1451.A threshold equal to 1440 
h on the 
harge of El # 15, is equivalent to the 
ondi-tion q ≥ 1440 · centroid235U

centroid241Am−El15
≈ 1524.The average value of 1487 
hannels was used in the analysis.6.6.5 Cross se
tion extra
tionUp to now all the statisti
s dete
ted for the 245Cm samples has been 
onsideredin order to isolate, among all data, those 
orresponding to �ssion events. But thesele
ted signals 
an be due to (n,f) rea
tions o

urred in 245Cm as well as in the

244Cm 
ontaminant.
244Cm is an even N isotope and therefore presents a threshold to neutron indu
ed�ssion [Kra87℄. Its (n,f) 
ross se
tion, as far as is known, in the MeV region assumes31Be
ause of spa
e 
harge a

umulation, the 
entroids of the Gaussian �ts relative tothe 245Cm samples 
an be slightly di�erent from the real value the would assume for alower α ba
kground. 127



values similar to the 245Cm σ(n,f). Negle
ting the 
ontribution of the 
ontaminantwould therefore lead to a 6.6% un
ertainty on the obtained results. For this reason,after 
ross se
tion extra
tion, the 6.6% 
ontribution due to 244Cm σ(n,f) was sub-tra
ted. The evaluation 
onsidered for this operation is ENDF/B-VII.0 244Cm (n,f)and results presented in
lude this 
orre
tion. No 
orre
tion e�
ien
y was instead
onsidered.6.6.6 Results
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Figure 122: Comparison between n_TOF (variable binning) andENDFB-VII.0 σ(n,f).The upper panel of Fig. 122 shows a 
omparison between experimental 245Cm (n,f)
ross se
tions obtained at the n_TOF fa
ility and the ENDF/B-VII.0 evaluations,released in De
ember 2006.The normalization fa
tor was extra
ted by performing the ratio between the ENDF/B-VII.0 
ross se
tion at 1 MeV and our not-yet-normalized results.In order to quantify dis
repan
ies, in the lower panel of Fig 122 the per
entagedi�eren
e between n_TOF results and the ENDF/B-VII.0 library is plotted. Then_TOF 
ross se
tions os
illates around the 
onsidered evaluation, but remains 
om-plexively lower than that. Dis
repan
ies ranges up to 45%. This was forseen,sin
ethe statisti
s is low and the threshold imposed on on the referen
e isotope is a�e
tedby sure un
ertainty due to spa
e-
harge e�e
ts.128



For a better 
ross 
he
k, a 
omparison between n_TOF experimental results andother evaluations was 
onsidered.
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Figure 123: Comparison between n_TOF (variable binning) and di�erentevaluationsENFB/B-VII.0 and JEFF-3.1 took data from JENDL-3.3, but for sake of 
onti-nuity ENFB/B-VII.0, and not JENDL-3.3, is 
onsidered in Fig. 123.The Russian ROSFOND and ENDF/B-VI.0 evaluations 
oin
ide, therefore onlythe last one was reported. CENDL-2.2 and BROND-2.2 doesn't provide any evalua-tion for neutron indu
ed �ssion 
ross se
tions of 245Cm.For energies higher than 7 MeV (but lower than 15 MeV), n_TOF data seemsto better agree with JENDL/AC-2008. Above 7 MeV, for this library, an eye-guided
ross-se
tion 
urve was dwawn [94℄ adopting the data of Fursov et al. [95℄ and Moore etal. [96℄.Around 19 MeV it is quite unprobable that the �rst 
han
e �ssion 
ross se
-tion falls so qui
kly, therefore our 245Cm data are reliabble up to 15 MeV. By theway, all evaluation at that energy are based on the only 14.9 MeV available data byFursov et al..Dis
repan
ies in the 1 MeV - 7 MeV region are quite high, but below 20%, withrespe
t to all evaluations.In Fig 124 are all the available experimental data. Cross se
tions are dire
tly re-ported be
ause only one author used 235U as a referen
e.Below 1 MeV our data are in agreement, within 5% dis
repan
y, with Fursov etal. [95℄, Ivanin et al. [97℄, White et al. [98℄ and Gokhberg et al. [99℄, while di�eren
ieswith Fomushkin et al. [100℄ and Moore et al. [96℄ are already 
onsistent (> 5%).129



Between 1 MeV and 2 MeV dis
repan
ies with other experimental data in
reaseup to 15% with respe
t to Gokhberg et al. [99℄, and even rea
hing 15% with respe
tto Moore et al. [96℄.In the region 3 MeV - 7 MeV n_TOF os
illates around Fursov et al. [95℄, Fo-mushkin et al. [100℄ and White et al. [98℄, while dis
repan
ies with Ivanin et al. [97℄results about 30%.The 10 MeV datum overlap with White et al. [98℄, and the 13 MeV datum is 
om-patible with Fursov et al. [95℄, but not with Fomushkin et al. [101℄.
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7 Con
lusions Why do all good things 
ome to an end?Nelly FurtadoNeutron indu
ed �ssion 
ross se
tion of a
tinides are relevant both in view of thegrowing energy demand and 
onsumption and of the subsequent ne
essity of get-ting rid of the produ
ed wastes. While waiting to perfe
tionate studies and developte
hnology allowing to rea
h higher e�
ien
ies in the exploitation of alternative ener-geti
 sour
es, several 
ountries are showing a renewed interest towards nu
lear powerplants. Sweden is the latest European 
ountry to 
hange its mind about nu
learpower. UK poli
y has gone from negle
t to support sin
e 2005, Italy announ
ed apro-nu
lear 
hange in 2008 and the Netherlands is likely to adopt a pro-nu
lear po-sition next year [102℄. Belgium, Germany and Spain remain the only 
ountries inthe world that use nu
lear power but wish to shut it down, thought, as for Germany,Members of Chan
ellor Merkel's new 
enter-right allian
e in September 2009 reaf-�rmed their 
ommitment to delay Germany's nu
lear phase-out [103℄.More a

urate �ssion 
ross-se
tions are required - among other physi
al param-eters - to rea
h higher fuel burn-up on one side and in
rease the safety of futuresystems, whi
h aim at a higher a
tinide fra
tion in the fuel mix, on the other. In-fa
t, information inserted in databases present a

ura
ies very far (up to 40%) withrespe
t to those needed (<3% - 4%) to start with proje
ts and prototypes of rea
torsof new generation.The innovative features of the neutron beam of the n_TOF fa
ility at CERN(Gen�eve) allows to 
olle
t new and more pre
ise nu
lear data to answer to the pres-sant request of the international 
ommunity.Neutron indu
ed �ssion 
ross se
tions have been extra
ted for 233U, 238U, 241Am,
243Am, 245Cm in the energy range between 0.5 and 20 MeV with referen
e to 235U,whi
h is a standard for (n,f) rea
tions from thermal energies up to 200 MeV. Datawere 
olle
ted in 2004 with a Fission Ionization Chamber and analyzed o�-line.

233U σ(n,f) extra
ted data are a

urate within 3% and the dis
repan
y with thelatest ENDF/B evaluation on the whole energy region is 3.2%. At low energies (0.5MeV ÷ 1 MeV), by the way, we 
on�rm the ENDF/B-VI.8 library.The extra
ted 238U σ(n,f) are lower than expe
ted. In order to understand if theproblem was in the ele
troni
s or in the method, a 
he
k was performed. Sin
e 233U
σ(n,f) derived with respe
t to 235U σ(n,f) agree with previous data and with di�erentevaluations, it was de
ided to try to extra
t 233U σ(n,f) with respe
t to 238U σ(n,f).This would have revealed if maybe both 233U and 235U FFs signals are a�e
ted bysome distorsions in the same way, so that in the ratio the e�e
t 
an
els. The obtained131



neutron indu
ed 233U 
ross se
tions (extra
ted with referen
e to 238U) was found tobe higher than expe
ted, 
on�rming a problem in the ele
troni
 
hain of the 238Usample.
243Am (n,f) 
ross se
tions are provided with an a

ura
y of 3%, thus meeting therequests by the Working Party on International Evaluation Co-operation for SFR(Sodium 
ooled Fast Rea
tors). Previous �ssion 
ross se
tion experimental datatended to 
luster in two distin
t groups in the 1 ÷ 6 Mev range, separated by about20% from ea
h other. The most re
ent experimental data set available at the time ofthe ENDF/B-VII.0 release was by Laptev et al. [78℄ (2007), and those values lie in thehigher-energy group, about 20% higher than the ENDF/B-VI evaluation. n_TOFdata instead 
on�rm the ENDF/B-VI evaluation, mat
hing the ZEBRA [82℄ rea
torben
hmark.The extra
ted 241Am σ(n,f) pra
ti
ally overlap with the BROND-2.2 evaluation.n_TOF data for this isotope are again a

urate within 3%, meeting the requestsby the Working Party on International Evaluation Co-operation for SFR (Sodium
ooled Fast Rea
tors), GFR (Gas 
ooled Fast Rea
tors), LFR (Lead 
ooled Fast Re-a
tors)and even ADMAB (A

elerator Driven Minor A
tinides Burners), where thestringest 
onditions apply (thought request here are met averaging on the whole en-ergy range, but not for all single subranges). The agreement of our 
ross-se
tionswith previous experimental data moreover validate the di�erent analysis performed.
245Cm (n,f) 
ross se
tions is highly requested, due to the la
kness of experimentaldata. This is 
on�rmed also by the large un
ertainties allowed by the Working Partyon International Evaluation Co-operation. Unfortunately, be
ause of a 
ontamina-tion by the mu
h more α-radioa
tive 244Cm, it was not possible to obtained reliablenor highly a

urate results for 245Cm σ(n,f).New data are being 
olle
ted in the measurement 
ampaign programmed for May2010. Thanks to the extremely high a

ura
y of the 
ross se
tions obtained atn_TOF, the fa
ility is playing a valuable role in the 
ontinuous 
hanges and up-dates of nu
lear evaluation libraries.
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APPENDIX A: Other neutron sour
esSpallation rea
tions are not the only possibility for neutron produ
tion. Other white(i.e. wide energy range) neutron sour
es are:1. Nu
lear rea
tors.Fig. 125 shows the neutron spe
trum from a thermal and fast rea
tor [104℄The energy distribution of neutrons from �ssion is always essentially the same,thus the di�eren
e between the two 
urves is due to the presen
e/absen
e of amoderator. As visible, the maximum neutron energy is not higher than ∼10MeV.2. Ele
tron-neutron 
onverters.An ele
tron beam impinges on a thi
k target and gives rise to γ radiation throughBremsstrahlung pro
ess. Photoele
tron emission is maximum in the region ofthe Giant Dipole Resonan
e (GDR). A GDR is a 
oherent motion of all pro-tons against neutrons, whi
h is des
ribed by a 
olle
tive parti
le-hole vibrationalmode in the nu
leus. This state turns out, in experiments, in a large dipole mo-ment. In other words, when the energy of the in
ident photons is 
lose to thebinding energy of the nu
leons (> 5-15 MeV), photoabsorption 
auses a relativedispla
ement of tightly bound neutrons and protons inside the nu
leus. Thisresults in a giant resonan
e 
ondition. Absorption of the in
ident photons ex-
ites the nu
leus to a higher dis
rete energy state and the extra energy 
auses�ssion or is emitted in the form of neutrons in (γ,n) or (γ,2n) rea
tions. Protonemission is instead strongly suppressed in heavy nu
lei by the presen
e of theCoulomb barrier. The resonan
e energy and the resonan
e width depend littleon the mass number but are insensitive to individual nu
lear stru
tures. Thismeans that the GR 
an be ex
ited with medium energy photons pra
ti
ally inevery kind of nu
leus. At in
ident photon energies higher than 30 MeV the 
rossse
tion for giant resonan
e neutron produ
tion de
reases very rapidly and above50 MeV other pro
esses dominate.3. Fusion based systems [105℄ .In deuterium-tritium (D-T), deuterium-deuterium (D-D) and tritium-tritium (T-T) rea
tions neutrons are 
reated. If the 
olliding parti
les have negligibly smallenergies, the Q value of the rea
tion is shared between the emerging produ
ts.
2H +2 H →4 He + n (Q = 3.3MeV ) . (27)
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2H +3 H →4 He + n (Q = 17.6MeV ) . (28)
3H +3 H →4 He + n + n (Q = 11.3MeV ) . (29)The rea
tions reported in Eq. (27) and eq. (28) give rise to mono
hromati
 2.64MeV and 14.08 MeV neuron beams respe
tively, while neutrons emerging fromEq. (29) share roughly 6

8
of the Q value and show a 
ontinuum spe
trum (seeFig. 126).Table 26 reports the neutron yield per in
ident parti
le for the 
onsidered rea
tions.The higher neutron �ux is obtained employing nu
lear rea
tors. These devi
es havestri
t building and working regulations and produ
e radioa
tive waste beyond "sim-ple" stru
tural material a
tivation. Moreover,as already mentioned, the neutron en-ergy spe
trum is 
onstrained below about 10 MeV.Fusion based systems are quite expensive, provide neutrons with 14 MeV maxi-mum kineti
 energy and tritium is radioa
tive.For these reason proton and ele
tron a

elerators are the preferred 
hoi
e forneutron generation. Spallation has the advantage of a high neutron �ux, whileBremsstrahlung 
oupled to photoneutrons rea
tions, thought providing fewer neu-trons, presents lower target a
tivationTable 26: Comparison of neutron yields obtained with differentrea
tions [106℄.Nu
lear Proje
tile Beam Neutron EmittedRea
tion & energy Current yield neutrons[MeV℄ [part/s℄ [neut/part℄ [neut/s℄(e,γ) + (γ,n) 60 MeV e− 5× 1015 0.05 2× 1014(D-T) 0.3 MeV 3H 6× 1019 10 −4÷ −5 1015Fission 1 2× 1018Spallation 1 GeV p 1015 30 3× 1016
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Figure 125: Comparison of neutron spe
tra from Thermal andFast Breeder rea
tors [104℄.

Figure 126: Fusion neutron energy spe
tra [105℄.
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APPENDIX B: Preprint ÈßÈ 816/93 32�Method for 
al
ulation of the mass-energy distribution ofmedium-energy parti
le-indu
ed �ssion fragments�G. D. Adeev et al.June 1993Abstra
tAmethod to 
al
ulate the mass-energy distribution of medium-energy parti
le-indu
ed�ssion fragments was 
reated on the basis of a 
as
ade-evaporation model. In su
h anapproa
h, the 
omposite nu
lei were des
ribed with the help of the intra-nu
lear 
as
ademodel, while ex
ited nu
lei by the evaporation model. The mass-energy distributions ofthe �ssion fragments from 
omposite nu
lei with high ex
itation energy (E∗ ≥ 50MeV)were 
al
ulated on the basis of the di�usion model, while the distribution of the samenu
lei, but with low ex
itation energy (E∗ < 50MeV), were 
al
ulated by empiri
al ap-proximations.The developed 
al
ulation method well des
ribes the experimental data for mass-energy distribution of nu
lear �ssion fragments generated by proton-indu
ed and antiproton-indu
ed �ssion.1. Introdu
tionIt is known [1,2℄ that in the deep-inelasti
 intera
tion of medium energy parti
leswith a nu
leus, two stages di�erent for their nature arise:- fast stage (τ ∼ τ0) of the intranu
lear 
as
ade, during whi
h the parti
les of the
ontinuum spe
trum (produ
ts of subsequent NN and π N 
ollisions) leave the target,and after whi
h a highly thermalized residual nu
leus is 
reated;- low stage (τ ≫ τ0) of disintegration of the residual nu
leus through subsequent par-ti
le emissions or through �ssion (here τ0 ∼ 10−22 s. - time of �ight of fast parti
lesthrough the nu
leus).The �ssion pro
ess gives unique opportunities for studying energy dissipation indeep-inelasti
 intera
tions. The point is that �ssion provokes a global nu
leoni
 re-
onstru
tion of the nu
lear stru
ture in the slow pro
ess (even the shortest �ssiontime of a nu
leus with no �ssion barrier or fall time from the saddle point to thes
ission point, ex
eeds the value τmin
f ∼ 10 −20 s) [3,4℄. Therefore �ssion 
an takepla
e only during the evaporation stage of the deep-inelasti
 intera
tion and its study32Only those se
tions relevant for simulating mass, 
harge and energy distribution of �s-sion fragment in neutron indu
ed �ssion of the analyzed isotopes have been here reported.136



allows to obtain the knowledge of the 
omplex of the residual nu
lei.The spe
i�
ity of nu
lear rea
tions with medium-energy parti
les is that all residualnu
lei are 
hara
terized by a broad distribution in ex
itation energy E∗ and neutronand proton numbers N and Z. In nu
lear rea
tions initiated by parti
les with energyof a few GeV or by slow antiprotons, a large part of the residual nu
lei has a highex
itation energy E∗ ≥ 100 MeV [1,5℄. With this, as a whole a 
ertain fra
tion ofnu
lei with low ex
itation energy is always present. Moreover, next to parti
le releasefrom the residual nu
leus, in the rings of the evaporative 
hain, intermediate nu
leiwith ex
itation energies ranging from the initial value up to E∗ < Bn are 
reated (Bnis the neutron binding energy). Therefore, in order to analyze data through mediumenergy parti
le indu
ed �ssion, an evaporative model, 
apable of des
ribing disinte-gration in a wide energy ex
itation range from some MeV up to some hundreds ofMeV is ne
essary. Certainly, in the unexplored regions of very high ex
itations, newphenomena parti
ularly interesting from for studying the properties of "hot" nu
leiand the disintegration me
hanism [6℄ may arise. Nevertheless at the present stageof development of this topi
 it seems reasonable, for the improvement of evaporativemodel, basing ouserselves on the knowledge of the properties of nu
lei and their frag-mentation with E∗ ≤ 100 MeV, a

umulated in rea
tions with parti
les and heavyions of low energy.In our previous work [7℄ the evaporative model had been developed 
orre
tly tak-ing into a

ount the in�uen
e of the shell e�e
ts in nu
lei. The parameters of thismodel had been �xed on the basis of the analysis of a huge amount of data dealingwith the level density, de
ay widths and life time of nu
lei with E∗ ≤ 100 MeV. Thisallowed to in
rease not only the a

ura
y of this model, but also the extrapolationreliability in the region of high ex
itations.Nevertheless with the help of this evaporative model [7℄ only the �ssion probabilityof nu
lei in ea
h ring of the evaporative 
hain and the total �ssion probability 
ouldbe 
al
ulated. As a result, in the frame of a joint model of 
as
ade-evaporation onlya simple integral des
ription of the medium energy parti
les indu
ed �ssion 
ouldbe analyzed, i.e. the probability Pf = σf/σin (σf is the �ssion 
ross se
tion, σin isthe inelasti
 intera
tion 
ross se
tion) [8,9℄. In this work the following step in thedevelopment of the evaporative model was made [7℄ and as a result also the mass-energy distribution of �ssion fragments 
ould be 
al
ulated. The parameters of themodel were determined through the analysis of data dealing with the mass-energydistribution of FFs on nu
lei with E∗ ≤ 100 MeV, obtained in nu
lear rea
tions withparti
les and heavy ions of low energy. This enhan
ed also the extrapolation a

u-ra
y of the model in the energy region E∗ > 100 MeV. As a result, with the help ofthe 
as
ade - evaporative model, the possibility of analyzing a wider range of datadealing with medium energy parti
le indu
ed �ssion and the possibility of obtainingmore and deeper information on the set of thermalized residual nu
lei 
reated arose.137



In the se
ond 
hapter of this arti
le is given the des
ription of the statisti
al non-equilibrium approa
h based on the Fokker-Plank equation (named di�usion model)[10℄, whi
h is used in 
al
ulations of �ssion in highly ex
ited nu
lei E∗ > 50 MeVwhen shell e�e
ts disappear [7℄ and �ssion be
omes symmetri
. In the third 
hapterare derived the empiri
al approximations to 
al
ulate the mass-energy distributionof FFs on nu
lei with relatively low ex
itation energy E∗ < 30 - 50 MeV, when shelle�e
ts strongly a�e
t the �ssion pro
ess, the transmission pro
ess and the 
oexisten
eof symmetri
 and asymmetri
 �ssion. In the fourth 
hapter the 
al
ulation method ofmedium energy parti
le indu
ed �ssion is des
ribed. In the end, in the �fth 
hapter,the obtained 
as
ade-evaporative model is used for des
ribing some data dealing withmedium energy parti
le indu
e �ssion.3. Low energy �ssionLet us look now to the 
ase of �ssion of a nu
leus with A0 nu
leons, Z0 protons andex
itation energy relatively low E∗

0 < 30 - 50 MeV (temperature 33T < 1.0 - 1.5 MeV).In this energy region E∗

0, as a result of the strong a
tion of shell e�e
ts, �ssion has a
omplex nature. In parti
ular, as a result of the a
tion of these shell e�e
ts from thesurfa
e potential energy of the nu
leus, appear 2 (or even more) �ssion valleys, whi
hleads to the 
oexisten
e of symmetri
 �ssion with one or more modes of asymmetri
�ssion (see note [26℄) Advan
ed models fore
ast and qualitatively explain the natureof multimodal �ssion, but was also able to quantitatively des
ribe the mass-energydistribution of fragments of spontaneous and indu
ed �ssion of nu
lei with E∗

0 < Bn.Nowadays theoreti
al models are not yet able to take into a

ount the manifestationof shell e�e
ts for high ex
itation energies and their thermal attenuation in the mass-energy distribution of �ssion fragments. Therefore here we obtained an empiri
alapproximation for this distribution, based on experimental data analysis for E∗

0 ≤ 50MeV (T0 ≤ 1.5 MeV).3.1 Mass distribution of �ssion fragmentsAs experimentally demonstrated (see for example [29℄), the mass distribution Y(A)is made of a symmetri
 and an antisymmetri
 
omponent:
Y (A) = Yasym(A) + F · Ysym(A) (15)with F(E∗

0, A0, Z0) - fra
tion of these �ssion modes. As it follows from the work[30℄, experimental data 
an be good approximated, if for simmetri
 �ssion only one33The temperature T of a nu
leus is linked to its ex
itation energy by the simple relationE∗ = a T2, where a ≈ A/10 MeV is the parameter of the nu
lear level density.138



�ssion mode is 
onsidered:
Ysym(A) ∼ exp[

−(A − As)
2

2σ2
As

] (16)while in the asymmetri
 �ssion, 2 �ssion modes are taken into a

ount:
Yasym(A) ∼ exp[

−(A − A2)
2

2σ2
A2

] + exp[
−[(A − (A0 − A2)]

2

2σ2
A2

] +

cas · {exp[
−(A − A1)

2

2σ2
A1

] + exp[
−[(A − (A0 − A1)]

2

2σ2
A1

]} (17)Here As = A0/2, A1 e A2 average value of appropriate Gaussian; σAs
, σ2

A1
and σ2

A2their dispersions; 
as gives the ratio between the 2 asymmetri
 �ssion modes.All nu
lei, asymmetri
ally �ssioning, have the same values A1 = 134 and A2 ≈141[31-36℄, whi
h shows the universal 
hara
ter of the asymmetri
 �ssion. It is worth-while underlying that the dedu
tion about the existen
e of these universal modes is
on�rmed by the theory [37,38℄. Moreover the analysis of the experiments [34,35℄shows that 
as has a value 
as ≈ 1/2, whi
h remains more or less the same for bothnu
lei.From the analysis [33-35℄ the following values for the dispersion of asymmetri
 �ssionare obtained:
2σA1 = σA2 =







5.6 A0 ≤ 235

5.6 + 0.096(A0 − 235) A0 > 235
(18)from data [33-35℄ it does not result possible getting information on the energy de-penden
y of σA1 and σA2 , sin
e the 
hannels of asymmetri
 �ssion are 
learly seen inthe experiments only at low energies E∗

0.Con
erning the symmetri
 �ssion method, experimental data does not show anydependen
e of the dispersion σ2
As

from the mass of the �ssioning nu
leus. The energydependen
e σ2
As
(E∗

0) is shown in pi
ture 7, where the values σ2
As

got from the �ssionexperiments [23, 26, 31, 32,39-41℄ of various nu
lei with di�erent ex
itation energiesE∗

0 are represented. It is thus supposed that after the fusion of the in
oming nu
leonor light nu
leus with the target one, a 
ompound nu
leus whi
h soon vaporizes parti-
les (n, p, d, t, 3He, α, γ) of �ssions is formed. Parti
les emitted before �ssion bringwith them part of the ex
itation energy E∗

0. In order to evaluate the in�uen
e of thise�e
t on the 
al
ulation of the dependen
e σ2
As
(E∗

0) for the rea
tions shown in pi
ture7, with the help of the evaporative model [1,7℄ whi
h a

ounts for the 
ompetitionbetween parti
le emission and �ssion, the average ex
itation energy of the 
ompoundnu
leus before �ssion has been determined for ea
h level of the evaporative 
as
ade.Considering this e�e
ts leads to moving towards left the points in pi
ture 7. An139



overwhelming majority of experimental points falls, after su
h 
hanges/progresses, inthe shaded area in pi
ture 7. Sin
e experimental data deal with weakly �ssionablenu
lei, experien
ing �ssion, as a rule, in the �rst part of the evaporative 
hain afair modi�
ation of the ex
itation energy is seen at the expenses of evaporation ofparti
les before �ssion. The energy dependen
e of the dispersion of the symmetri
�ssion, 
orresponding to the shaded area in pi
ture 7, is de�nitely approximated bythe expression:
σAS

= exp (5.53 · 10−3) · E∗

0 + 2.1386 (19)(here and further the energy E∗

0 is given in MeV).In order to extra
t the terms of the fun
tion F in expression (15), let us exam-ine the ratio experimentally manured of the height of the peaks of symmetri
 andasymmetri
 �ssion. (In 
ase of a
tinides this approximatively 
orresponds to the ratiovalley/peak for asymmetri
 �ssion at low energy). In this 
ase all data are distributedin 3 groups a

ording to the 
harge of the �ssioning nu
leus: I) 90 ≤ Z0 ≤ 96; Z0= 89 ; Z0 ≤ 88; so that in ea
h one the energy dependen
e of this ratio Fsa resultsstrongly evident. Thus in the �rst group (Th and heavier nu
lei), at lower energies E∗

0asymmetri
 �ssion dominates, while at in
reasing E∗

0 , the probability of symmetri
modes fastly in
reases. In the 
ase of �ssion of A
 (se
ond group) at low E∗

0 both
an o

ur, but for lighter nu
lei (third group) for ea
h value of E∗

0 symmetri
 �ssiondominates.The energy dependen
e FsaE
∗

0 for nu
lei of the �rst and se
ond group is presentedin pi
ture 8. On pi
ture 7 the shaded area is shown, where are displa
ed experimen-tal points obtained in rea
tions with di�erent impinging parti
les, if evaporation ofparti
les before �ssion is 
onsidered. In these regions the following empiri
hal ap-proximations hold:
Fsa =















exp(0.5385 · E∗

0 − 9.9564) E∗

0 ≤ 16.25 MeV

Z0 ≥ 89

exp(0.09197 · E∗

0 − 2.7003) E∗

0 > 16.25 MeV

(20.a)
Fsa = exp(0.09197 · E∗

0 − 1.0808) Z0 = 89 (20.b)Nu
lei with Z0=86-88 attra
t parti
ular interest, sin
e in this transition region it ispossible studying how the 
hara
ter of the asymmetri
 �ssion mode inter
hanges intothe symmetri
 one for a de
reasing mass of nu
leus. Yet experimental informationabout these nu
lei is really poor. Nowadays we have only one experiment [26, 31, 32℄allowing to tra
e 
on
lusions about the ratio of these modes, in 
ase of energies E∗

0140



∼ Bf + 10 MeV, slightly ex
eeding the �ssion barrier. Starting from these data, inthe assumption that the energy dependen
e Fsa appears the same as in A
 nu
leus,we obtain:
Fsa = exp[(0.3 · (227−A0)] ·e[0.09197(E∗

0 − (Bf −7.5))−1.08808] Z0 ≤ 88 (20.
)For A0>227 and E∗

0 < Bf - 7.5 the fa
tors in the exponent indixes are put equal tonull. In order to express fun
tion F through Fsa it is enough 
onsidering the possiblein�uen
e/impa
t of the tails of the distribution of one of the modes of �ssion on thevalue of the maximum out
omes of the other mode.
F ∼= Fsa − Iasy

1 − Fsa · Isym
(21)where Iasy = Yasy(As) and Isym = (A1+A2

2
)Final 
orrelation (= ratio) assumes that the maximum out
ome of the asymmetri
mode takes pla
e for mass number ∼ (A1 + A2)/2Charge distribution of �ssion fragmentsThe issue of the 
harge distribution of fragments of mass number A was studied suf-�
iently in details both in theory and in pra
ti
e (see the previous se
tion and works[29,45,46℄). The total 
harge is distributed among �ssion fragments proportionallyto their mass, with slight 
orre
tions. Experimental data are well approximated by aGaussian with 
harge dispersion σ 2

Z ≈ 0.36 [29,45℄, not depending of the fragmentsmass and with a most probable 
harge Zp des
ribed by formula (11) with values:
δZ =















−0.45 A ≥ 134

−0.45(A − A0/2)(134 − A0/2) A0 − 134 < A < 134

+0.45 A ≤ A0 − 134

(22)Kineti
 energy of the �ssion fragmentsIn order to determine the dependen
e of the average kineti
 energy of �ssion frag-ments E k from the mass and 
harge of the �ssioning atom, the empiri
al systemati
s[24℄ is used (see pi
ture 3):
Ek = 0.1178 · Z2

0

A1/3
+ 5.8MeV (23)141



This energy, generally speaking, should be substantially distributed among �ssionfragments in various ways [23, 26, 29, 31, 32, 34, 36, 37, 40, 43℄. Here we studythe di�eren
e in this distribution only for the 2 main �ssion modes: symmetri
 andasymmetri
 �ssion. This implies that su�
ient experimental information for the 
on-stru
tion of a reliable approximation is available only for these modes.In symmetri
 �ssion the fragments with A = AS have the maximum kineti
 energy
Emax

k [23, 26, 29, 40℄. The experimental data for the evaluation of the average kineti
energy of �ssion fragments versus this maximum kineti
 energy as a fun
tion of theheaviest fragment mass are shown in pi
ture 9. They well approximate the expression:
ǫ(A) =

Ek(A)

Emax
k

=







1 − b(A−Am

A0
)2

1 − b( 10
A0

) − 2( 10
A0

)b (A−Am−10)
A0

(24)with Am=AS and b= 5.32The mean square deviation of the kineti
 energy from its averaged value in the sym-metri
 mode of the low energy �ssion is though to be independent from A and toassume the value √

σ2
E
∼= 8 MeV [29, 40℄.In asymmetri
 �ssion the maximum kineti
 energy is possessed by fragments fromthe �ssion mode where the heaviest fragment has mass A = A1 = 134. Experimen-tal data for evaluation of the averaged kineti
 energy versus this maximum kineti
energy as a fun
tion of the mass of the heaviest fragment are reported in pi
ture 9.They 
an be represented by expression (24) as well with parameters Am=A1 e b =23.5. The standard square deviation of the kineti
 energy in the asymmetri
 modeassumes the value √

σ2
E
∼= 10 MeV [26, 29, 31, 32, 36℄.In su
h a 
onstru
tion, in order to determine the �ssion fragment energy, it is ne
-essary knowing the maximum kineti
 energy (E

max

k ) i separately for the symmetri
�ssion mode (i= sym) and the asymmetri
 one (i=asy). This is obtained from theaverage kineti
 energy of fragments a

ording to the formula:
(E

max

k )i = (Ek)i · (
∫

ǫ(A)Yi(A)dA
∫

Yi(A)dA
)−1 (25)From the data analysis [26, 31, 32, 36℄ it follows that in the symmetri
 mode of �s-sion, the averaged kineti
 energy of the fragments is about 12.5 MeV smaller than inthe symmetri
 
ase. Thus: 142









(Ek)sym = Ek − 12.5 · Xasy MeV (26.a)

(Ek)asy = Ek + 12.5 · Xasy MeV (26.b)where Xasy and Xsym are the fra
tion of �ssion fragments generated in the symmetri
and asymmetri
 modes of �ssion.As a 
onsequen
e they 
an be found from the mass distributions Yasy(A) and Ysym(A) with the help of the relation:






Xsym = F
∫

Ysym(A)dA/
∫

Y (A)dA

Xasy =
∫

Yasy(A)dA/
∫

Y (A)dAFor the symmetri
 and asymmetri
 mode of �ssion, the distribution a

ordingto the kineti
 energy of A mass fragments is des
ribed by a Gaussian with averagevalue Ek(A) and dispersion √

σ2
E , whi
h 
an be obtained through the method abovementioned.

Figure 3: Dependen
e of the average kineti
 energy E fromZ2
0/A 1

3
0 : the solid line is the 
al
ulation a

ording the diffusionmodel, points a

ording to the systemati
s [24℄. Referen
es ofexperimental works are given in [10℄.
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Figure 7: Dispersion σ2
As

of the mass distribution of fragmentsof symmetri
 fission as a fun
tion of the ex
itation energy E∗

0.Experimental data [23, 26, 31, 32, 39 - 41℄ are shown with differ-ent symbols for rea
tions indu
ed by different parti
les: • =p, d; △ = 3He; ◦ = α; � = 12C; � = 16O.

Figure 8: Ratio Fsa of the symmetri
 peak to the asymmetri
 inthe mass distribution of fragments as a fun
tion of the ex
ita-tion energy E∗

0 of the fissioning nu
leus. Experimental data [29,33 - 35, 41 - 44℄ are shown with different symbols for rea
tionsindu
ed by different parti
les: � = n, △ = p; ◦ = α; • = p, d.
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Figure 9: Ratio of the average kineti
 energy of fragments tothe maximum kineti
 energy as a fun
tion of the mass number Aof the heaviest fragment Ek/Emax
k for symmetri
 (upper panel)and asymmetri
 (lower panel) fission. Lines are 
al
ulated a
-
ording to the approximation (2). Upper panel: bla
k 
ir
les are datafrom [40℄ for 53 MeV α + Bi; empty 
ir
les are data from [26, 31, 32℄ for 45MeV α + Bi. Lower panel: bla
k 
ir
les are data from [26, 31, 32℄ for 10MeV p + 241Am; empty 
ir
les are data from [37℄ for 13 MeV α + 226Ra;triangles are from [34℄ for thermal n + 235U.
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APPENDIX C: FLUKA �lesFLUKA input �leTITLE235U dioxide transparen
y to FFs. Cylinder: r=4 
m, h=1.6E-5 
m (m235=15.2mg)DEFAULTS ICARUS*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8** Simulate FFs 
oming out from the 235U targetSOURCEBEAM -100.0 HEAVYION* FFs are uniformly emitted from the U3O8 targetGEOBEGIN COMBINATLarge*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8RPP 1 -90000.0 +90000.0 -90000.0 +90000.0 -90000.0 +90000.0RPP 2 -20000.0 +20000.0 -20000.0 +20000.0 -20000.0 +20000.0* Cylinder de�ning the external va
uum worldZCC 3 0.0 0.0 4.0ZCC 4 0.0 0.0 6.0* PlanesXYP 5 0.0XYP 6 4.2633E-5XYP 7 0.5XYP 8 1.0*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8END*** Region de�nition*** Bla
khole001 10 +1 -2* Void002 10OR +2 +5OR +2 -8OR +2 -4 -5 +8* Target003 10 +3 -5 +6* Argon around the target004 10OR +4 -3 -5 +6OR +4 -6 +7 147



* Argon again005 10 +4 -7 +8*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8ENDGEOEND +5.0 +5.0 +20.0 0.0 0.0 -20.0 DEBUGGEOEND 10.0 10.0 40.0 &*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8* Material de�nitionMATERIAL 6.0 12.0107 2.0 6.0 CARBONMATERIAL 8.0 15.994 0.00133 8.0 OXYGENMATERIAL 18.0 39.948 0.00166 20.0 ARGONMATERIAL 92.0 235.044 18.9 26.0 235.0 235-UMATERIAL 9.0 18.99840 0.001696 27.0 FLUORINEMATERIAL 0.0 0.0 8.38 28.0 U3O8MATERIAL 0.0 0.0 3.656E-3 29.0 CF4MATERIAL 0.0 0.0 1.407E-3 30.0 ArCF4*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8** U3O8* CompositionCOMPOUND 8.0 8.0 3.0 26.0 U3O8**** CF4*COMPOUND 1.0 6.0 4.0 27.0 CF4*** ArCF4*COMPOUND -0.9 20.0 -0.1 29.0 ArCF4*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8* Material assignmentASSIGNMA 1.0 1.0ASSIGNMA 2.0 2.0ASSIGNMA 28.0 3.0ASSIGNMA 30.0 4.0ASSIGNMA 30.0 5.0*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8148



EVENTYPE 2.0 EVAPPHYSICS 3.0 EVAPORAT*PHOTONUCL 1.0 6.0 30.0***** S
ore the energy deposition event per event***EVENTBIN 2.0 208.0 -36.0 4.0 0.0 0.0 UNFEVENTBIN 4.0 0.0 0.0 1.0 &*...+....1....+....2....+....3....+....4....+....5....+....6....+....7....+....8RANDOMIZ 1.0START 5000000.0STOP

149



FLUKA sour
e �le*$ CREATE SOURCE.FOR*COPY SOURCE**=== sour
e ===========================================**SUBROUTINE SOURCE ( NOMORE )INCLUDE '(DBLPRC)'INCLUDE '(DIMPAR)'INCLUDE '(IOUNIT)'**������������������** Version modi�ed for FFs generation *DIMENSION ASYM(0:235)DIMENSION ANSYM(0:235)DIMENSION ADIST(0:235)DIMENSION CUMUL(0:235)DIMENSION ENEDGE (0:1099)DIMENSION FLUX (0:1099)DIMENSION TEGR(0:1099)* **������������������-**INCLUDE '(BEAMCM)'INCLUDE '(FHEAVY)'INCLUDE '(FLKSTK)'INCLUDE '(IOIOCM)'INCLUDE '(LTCLCM)'INCLUDE '(PAPROP)'INCLUDE '(SOURCM)'INCLUDE '(SUMCOU)'*LOGICAL LFIRST*SAVE LFIRSTDATA LFIRST / .TRUE. /* Neutron energy group boundaries in MeV* The n_TOF neutron �ux is usedDATA ENEDGE / 150



& 9.885531e-09,& 1.011579e-08,& [...℄& 9.660509e+02 /* Flux*�����������������������-*DATA FLUX/& 0.000000e+00,& 0.000000e+00,& [...℄,& 5.442496e+03 /*====================================** ** BASIC VERSION ** **====================================*NOMORE = 0* +����������������������-** | First 
all initializations:IF ( LFIRST ) THEN* | *** The following 3 
ards are mandatory ***TKESUM = ZERZERLFIRST = .FALSE.LUSSRC = .TRUE.* Cal
ulate the 
umulative fun
tionTEGR(0)=FLUX(0)DO I = 1, 1099TEGR(I) = TEGR(I-1) + FLUX(I)
 If you want to use a simple trapezium integration, de
omment the
 following two lines
 TEGR(I) = TEGR(I-1) + HLFHLF*(FLUX(I)+FLUX(I-1)) *
 & (I-(I-1))END DO* Normalize the 
umulative fun
tion to 1SOMMA = TEGR(1099)DO I =0, 1099TEGR(I)=TEGR(I)/SOMMAEND DO* | *** User initialization ***END IF 151



* |* +����������������������-** Push one sour
e parti
le to the sta
k. Note that you 
ould as well* push many but this way we reserve a maximum amount of spa
e in the* sta
k for the se
ondaries to be generated* Np�ka is the sta
k 
ounter: of 
ourse any time sour
e is 
alled it* must be =0NPFLKA = NPFLKA + 1* Wt is the weight of the parti
leWTFLK (NPFLKA) = ONEONEWEIPRI = WEIPRI + WTFLK (NPFLKA)* Parti
le type (1=proton.....). Ijbeam is the type set by the BEAM* 
ard* +����������������������-** Insert here the ex
itation energy of the 
ompound nu
leus* The ex
itation energy U=E(235U)+E(n)+T(n)-E(236)* with E(235U) = mass_energy of 235U* E(n) = mass_energy of neutron* T(n) = kinieti
 energy of the in
ident spallation neutron* E(236U) = mass_energy of 236U* Keep in mind that E(235U)+E(n)-E(236U) = 6.5MeV**** The kineti
 energy of the spallation neutron si sampled from the* neutron �ux spe
trum at the n_TOF fa
ility***XYZ= FLRNDM(XYZW)DO 10 I=0, 1098IF (TEGR(I) .GE. XYZ) THENTNEUTENE = ENEDGE(I) + (ENEDGE(I+1) -ENEDGE(I))*& (XYZ-TEGR(I))/(TEGR(I+1) - TEGR(I))GO TO 20 END IF10 CONTINUE20 CONTINUEEMIN = 6.5U = EMIN + TNEUTENEIF (U .LE. 16.25) THEN 152



WA = EXP(0.538*U-9.9564)END IFIF (U .GT. 16.25) THENWA = EXP(0.09197*U-2.7003)END IF*********** +����������������������-** | (Radioa
tive) isotope:IF ( IJBEAM .EQ. -2 .AND. LRDBEA ) THENIARES = IPROAIZRES = IPROZIISRES = IPROMCALL STISBM ( IARES, IZRES, IISRES )IJHION = IPROZ * 1000 + IPROAIJHION = IJHION * 100 + KXHEAVIONID = IJHIONCALL DCDION ( IONID )CALL SETION ( IONID )* |* +����������������������-** | Heavy ion:ELSE IF ( IJBEAM .EQ. -2 ) THENCUMUL(0) = ZERZERSIGMA = EXP(0.00553*U+2.1386)SIGMA1 = 0.5 *5.6SIGMA2 = 5.6IA1 = 141IA2 = 92IAINI= 235IAMEZ=235/2
 AMEZZI =INT(AMEZ) 153



IAHS=(IA1+IA2)/2
 IAHS=INT(AH1S)* AMEZZI=235./2* AHS=(A1+A2)/2* Take A/2=120 FOR 241AmDO I=0, 235ASYM(I) = EXP ( -((FLOAT(I-IAMEZ)**2))/(2.*(SIGMA**2)))ANSYM(I) = EXP(-((FLOAT(I-IA2))**2)/(2.*SIGMA2**2)) +& EXP(-((FLOAT(I-(IAINI-IA2)))**2)/(2.*SIGMA2**2)) + HLFHLF *& (EXP(-((FLOAT(I-IA1))**2)/(2.*SIGMA1**2)) +& EXP(-((FLOAT(I-(IAINI-IA1)))**2)/(2.*SIGMA1**2)) )* WRITE (lnuout,*) ASYM(I), ANSYM(I)END DOW = ((WA - ANSYM(IAMEZ))/(1-WA*(ASYM(IAHS))))DO I=0,235ADIST(I)= ANSYM(I) + W*ANSYM(I)END DO* Cal
ulate the 
umulative fun
tion (simple trapezium integration)DO I = 1, 235CUMUL(I) = CUMUL(I-1) + HLFHLF*(ADIST(I)+ADIST(I-1))END DOSUM = CUMUL(235)DO I = 1, 235CUMUL(I)=CUMUL(I)/SUMEND DO* Sample from the mass distributionXI = FLRNDM(DUMMY)* WRITE(lnuout,*) XIDO 1 I=1, 234IF (CUMUL(I) .GE. XI) THENIMASS = IGO TO 2END IF1 CONTINUE2 CONTINUEMASS = IMASSIPROA = MASSIF (MASS .GE. 134) THENDELTAZ= -0.45END IF 154



IF ((MASS .GT. 101).AND.(MASS .LT. 134)) THENDELTAZ = -0.45*FLOAT(MASS -117)/FLOAT(134-117)END IFIF (MASS .LE. 101) THENDELTAZ = 0.45END IFZPEAK = FLOAT(IMASS) * 92./235. + DELTAZCALL FLNRRN(RGAUSS)CALL FLNRRN(RGAUSS)IZ = INT(ZPEAK - 0.6*RGAUSS)IPROZ = IZIJHION = IPROZ * 1000 + IPROAIJHION = IJHION * 100 + KXHEAVIONID = IJHIONCALL DCDION ( IONID )CALL SETION ( IONID )ILOFLK (NPFLKA) = IJHION* | Flag this is prompt radiationLRADDC (NPFLKA) = .FALSE.* |* +����������������������-** | Normal hadron:ELSEIONID = IJBEAMILOFLK (NPFLKA) = IJBEAM* | Flag this is prompt radiationLRADDC (NPFLKA) = .FALSE.END IF* |* +����������������������-** From this point ..... * Parti
le generation (1 for primaries)LOFLK (NPFLKA) = 1* User dependent �ag:LOUSE (NPFLKA) = 0* User dependent spare variables:DO 100 ISPR = 1, MKBMX1SPAREK (ISPR,NPFLKA) = ZERZER100 CONTINUE* User dependent spare �ags: 155



DO 200 ISPR = 1, MKBMX2ISPARK (ISPR,NPFLKA) = 0200 CONTINUE* Save the tra
k number of the sta
k parti
le:ISPARK (MKBMX2,NPFLKA) = NPFLKANPARMA = NPARMA + 1NUMPAR (NPFLKA) = NPARMANEVENT (NPFLKA) = 0DFNEAR (NPFLKA) = +ZERZER* ... to this point: don't 
hange anything* Parti
le age (s)AGESTK (NPFLKA) = +ZERZERAKNSHR (NPFLKA) = -TWOTWO* Group number for "low" energy neutrons, set to 0 anywayIGROUP (NPFLKA) = 0*��������������������** ** Kineti
 energy of the FFs (GeV/nu
leons) ** **��������������������**** The total kineti
 energy of the fragments is about 80% * (Q +T)* You have to take into a

ount that �ssion in this 
ase is* indu
ed by neutrons with energy up to 1 GeV!!!* s
rivi an
he il Q della reazione...* TMAX = TNEUTENE + 200.0TMAX = TNEUTENE *0.8+ 167.37* TMAX = 167.37TTOT=TMAX*FLOAT(IAINI-MASS)/FLOAT(IAINI)CALL FLNRRN(RGAUSS)IF (MASS.LE.117) THENENE = TTOT - RGAUSS* 5.33END IFIF (MASS.GT.117) THENENE = TTOT - RGAUSS* 6.66END IFENE = ENE *0.001TKEFLK (NPFLKA) = ENEWRITE (LNUOUT,*) MASS,' ',IZ,' ',TNEUTENE,' ',ENE156



* Parti
le momentum* PMOFLK (NPFLKA) = PBEAMPMOFLK (NPFLKA) = SQRT ( TKEFLK (NPFLKA) * ( TKEFLK(NPFLKA)& + TWOTWO * AM (IONID) ) )** ** Cosines (tx,ty,tz)* You want a 4PI isotropi angular distributionCOSTH = ONEONE -2.D0 * FLRNDM (RRRR)IF (COSTH.GT.ONEONE) COSTH = ONEONEIF (COSTH.LT.-ONEONE) COSTH = -ONEONEANG = TWOPIP * FLRNDM (SSSS)UBEAM=SQRT( ONEONE - COSTH * COSTH) * COS(ANG)VBEAM=SQRT( ONEONE - COSTH * COSTH) * SIN(ANG)WBEAM=COSTHTXFLK (NPFLKA) = UBEAMTYFLK (NPFLKA) = VBEAMTZFLK (NPFLKA) = WBEAM* TZFLK (NPFLKA) = SQRT ( ONEONE - TXFLK (NPFLKA)**2* & - TYFLK (NPFLKA)**2 )* Polarization 
osines:TXPOL (NPFLKA) = -TWOTWOTYPOL (NPFLKA) = +ZERZERTZPOL (NPFLKA) = +ZERZER* Parti
le 
oordinates99 X1 = 0.D0X2 = 4.D0XFLK (NPFLKA) = -X2 + FLRNDM(XXXX)*TWOTWO *X2Y1 = 0.D0Y2 = 4.D0YFLK (NPFLKA) = -Y2 + FLRNDM(XXXX)*TWOTWO *Y2CHECK = YFLK (NPFLKA)**2 + XFLK (NPFLKA)**2IF (CHECK.GT.16.0) GO TO 99Z1 = 0.D0Z2 = 4.2635E-5ZFLK (NPFLKA) = ( Z2 -Z1 ) * FLRNDM(ZZZZ)* Cal
ulate the total kineti
 energy of the primaries: don't 
hangeIF ( ILOFLK (NPFLKA) .EQ. -2 .OR. ILOFLK (NPFLKA) .GT. 100000 )& THEN 157



TKESUM = TKESUM + TKEFLK (NPFLKA) * WTFLK (NPFLKA)ELSE IF ( ILOFLK (NPFLKA) .NE. 0 ) THENTKESUM = TKESUM + ( TKEFLK (NPFLKA) + AMDISC (ILOFLK(NPFLKA)))& * WTFLK (NPFLKA)ELSETKESUM = TKESUM + TKEFLK (NPFLKA) * WTFLK (NPFLKA)END IFRADDLY (NPFLKA) = ZERZER* Here we ask for the region number of the hitting point.* NREG (NPFLKA) = ... * The following line makes the starting region sear
h mu
h more* robust if parti
les are starting very 
lose to a boundary:CALL GEOCRS ( TXFLK (NPFLKA), TYFLK (NPFLKA), TZFLK (NPFLKA) )CALL GEOREG ( XFLK (NPFLKA), YFLK (NPFLKA), ZFLK (NPFLKA),& NRGFLK(NPFLKA), IDISC )* Do not 
hange these 
ards:CALL GEOHSM ( NHSPNT (NPFLKA), 1, -11, MLATTC )NLATTC (NPFLKA) = MLATTCCMPATH (NPFLKA) = ZERZERCALL SOEVSVRETURN*=== End of subroutine Sour
e ===========*END
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