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Περίληψη

Η µελέτη ενεργών διατοµών πυρηνικών αντιδράσεων νετρονίων παρουσιάζει ιδιαίτερο ενδια-

ϕέρον τόσο για την Βασική ΄Ερευνα της Πυρηνικής Φυσικής και της Αστροφυσικής, όσο και

για τον τοµέα των Εφαρµογών στην πυρηνική τεχνολογία, τη δοσιµετρία, την ιατρική και τη

ϐιοµηχανία. Πιο συγκεκριµένα, τα πειραµατικά δεδοµένα ενεργών διατοµών είναι αναγκαία

για τον έλεγχο των πυρηνικών µοντέλων και τον ακριβή προσδιορισµό των παραµέτρων τους.

Ιδιαίτερα οι ενεργές διατοµές των ισοµερών καταστάσεων παρέχουν πληροφορίες για τη µελέτη

του µηχανισµού αποδιέγερσης του σύνθετου πυρήνα, λόγω του ότι ο εποικισµός τους εξαρ-

τάται άµεσα από το σπίν των ενεργειακών σταθµών που τροφοδοτούν τις ισοµερείς καταστάσεις

καθώς και από την κατανοµή των σπίν στην περιοχή του συνεχούς. Για αυτούς τους λόγους

χρειάζονται πυρηνικά δεδοµένα υψηλής ακρίβειας σε µεγάλο ενεργειακό ϕάσµα, που σήµερα

δεν υπάρχουν στις ϐάσεις δεδοµένων.

΄Ετσι, σκοπός της παρούσας διατριβής είναι η πειραµατική και ϑεωρητική µελέτη των ενερ-

γών διατοµών των αντιδράσεων
197

Au(n,2n)
196

Au,
191

Ir(n,2n)
190

Ir,
191

Ir(n,3n)
189

Ir και

193
Ir(n,2n)

192
Ir µε τη µέθοδο της ενεργοποίησης, καθώς και ο ανεξάρτητος πειραµατικός προσ-

διορισµός των ενεργών διατοµών για τις δύο ισοµερείς στάθµες των παραγόµενων πυρήνων:

197
Au(n,2n)

196
Au

m2
και

191
Ir(n,2n)

190
Ir
m2

.

Οι πειραµατικές µετρήσεις πραγµατοποιήθηκαν στο Εργαστήριο του Επιταχυντή 5.5 MV

Tandem T11/25 του ΕΚΕΦΕ ¨∆ηµόκριτος¨ για ενέργειες δέσµης νετρονίων από 15.3 έως 20.9

MeV, µε τη µέθοδο της ενεργοποίησης. Η παραγωγή των νετρονίων έγινε µέσω της αντίδρα-

σης
3
H(d,n)

4
He (D-T) και η ενεργειακή κατανοµή τους έχει ήδη µελετηθεί, µέσω της µεθόδου

πολλαπλής ενεργοποίησης (multiple foil activation). Η ϱοή των νετρονίων, η οποία είναι απα-

ϱαίτητη για τον προσδιορισµό της ενεργού διατοµής των έξι αντιδράσεων, υπολογίζεται µέσω

των ενεργών διατοµών αντιδράσεων αναφοράς :
27

Al(n,α)
24

Na και
93

Nb(n,2n)
92

Nb
m

. Μετά το

πέρας των ακτινοβολήσεων, η ενεργότητα των υπό µελέτη δειγµάτων και των στόχων αναφοράς

µετρήθηκε µέσω ϕασµατοσκοπίας-γ µε ανιχνευτές υπερκαθαρού γερµανίου (HPGe).

Τις πειραµατικές µετρήσεις συνόδευσαν Monte Carlo προσοµοιώσεις των πειραµατικών

διατάξεων. Συνδυάστηκαν οι κώδικες NeuSDesc και MCNP5 για την προσοµοίωση της διάδο-

σης της δέσµης των νετρονίων, ενώ MCNP5 προσοµοιώσεις χρησιµοποιήθηκαν επίσης, για τον

προσδιορισµό της ενδοαπορρόφησης των ακτίνων-γ µέσα στα ακτινοβοληθέντα δείγµατα. Στα

vii
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πλαίσια της παρούσας διατριβής, µία πρόσφατα εφαρµοσµένη µέθοδος χρησιµοποιήθηκε για

τον προσδιορισµό της ενεργού διατοµής της αντίδρασης
193

Ir(n,2n)
192

Ir, η οποία µολύνεται από

την αντίδραση
191

Ir(n,γ)
192

Ir που ενεργοποιείται από χαµηλοενεργειακά, παρασιτικά νετρόνια.

Επιπλέον, υλοποιήθηκαν ϑεωρητικοί υπολογισµοί των ενεργών διατοµών των έξι αντιδράσε-

ων ενδιαφέροντος, στα πλαίσια της ϑεωρίας Hauser-Feshcbach, χρησιµοποιώντας τις τελευταίες

εκδόσεις των κωδίκων EMPIRE και TALYS. Οι ϑεωρητικοί υπολογισµοί πραγµατοποιήθηκαν

για ένα µεγάλο εύρος ενεργειών, µεταξύ 10
−8

και 35 MeV, µε σκοπό χρησιµοποιώντας τις ίδιες

παραµέτρους, να γίνει η αναπαραγωγή της ενεργού διατοµής για διάφορα κανάλια αντιδράσε-

ων, όπως (n, elastic), (n,2n), (n,3n), (n,p), (n,α) και (n,total). Η αναπαραγωγή των ενεργών

διατοµών των αντιδράσεων που οδηγούν σε ισοµερείς καταστάσεις,
197

Au(n,2n)
196

Au
m2

και

191
Ir(n,2n)

190
Ir
m2

, συνέστησε σηµαντικό περιορισµό στους ϑεωρητικούς υπολογισµούς, λόγω

της µεγάλης ευαισθησίας τους σε µικρές αλλαγές των τιµών των παραµέτρων εισόδου (input

parameters).



Abstract

Neutron induced reaction cross sections are of considerable importance for technological

applications such as nuclear technology, dosimetry, medicine and industry. Also, they

play a significant role in Nuclear Physics and Astrophysics fundamental research. More

specifically, cross section experimental data is necessary when the nuclear models need to

be checked and their parameters be accurately determined. Especially, cross sections of

isomeric states provide important supplementary information for the study of the compound

nucleus de-excitation mechanism due to the fact that their population directly depends on

the spin of the levels from which the isomeric states are fed and on the spin distribution

in the continuum. For the aforementioned reasons, highly accurate nuclear data in a wide

energy range, that does not exist in the databases, is needed.

Thus, the purpose of the present thesis is the experimental and theoretical study of the

cross sections of the
197

Au(n,2n)
196

Au,
191

Ir(n,2n)
190

Ir,
191

Ir(n,3n)
189

Ir and
193

Ir(n,2n)
192

Ir re-

actions, as well as the independent experimental cross section determination for the two iso-

meric states of the produced nuclei, namely the:
197

Au(n,2n)
196

Au
m2

and
191

Ir(n,2n)
190

Ir
m2

ones. The measurements were performed at the 5.5 MV Tandem T11/25 Accelerator Lab-

oratory of NCSR ‘‘Demokritos" for neutron beam energies ranging from 15.3 to 20.9 MeV

using the activation technique. The neutrons were produced by means of the
3
H(d,n)

4
He

(D-T) reaction and their energy distribution has already been studied, implementing the

multiple foil activation technique. The neutron flux, which is necessary for the determina-

tion of the cross sections of the six reactions, is determined relative to the
27

Al(n,α)
24

Na

and
93

Nb(n,2n)
92

Nb
m

reference reaction cross sections. After the end of the irradiations,

the induced activity in the target and reference foils was measured by γ-ray spectroscopy,

using High Purity Germanium detectors (HPGe).

The experimental measurements are accompanied by Monte Carlo simulations of the

experimental setups. A combination of the MCNP5 and NeuSDesc codes is implemented for

the simulation of the neutron beam transfer, while the MCNP5 code is also used in order

to determine the γ-ray self-absorption in the irradiated samples. In the framework of the

present thesis, a recently applied methodology was implemented for the determination of the

193
Ir(n,2n)

192
Ir reaction cross section which is contaminated by the

191
Ir(n,γ)

192
Ir reaction

ix
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which is activated by low energy parasitic neutrons.

Furthermore, the study concerning the six reactions is accompanied by theoretical cross

section calculations performed in the framework of the Hauser-Feshcbach theory, using the

latest versions of the EMPIRE and TALYS codes. The theoretical calculations are carried

out over a wide energy range between 10
−8

and 35 MeV in order to reproduce several

experimental reaction channels using the same parametrization, such as the (n, elastic),

(n,2n), (n,3n), (n,p), (n,α) and the (n,total) ones. The reproduction of the cross section for the

two isomeric states of the produced nuclei in the
197

Au(n,2n)
196

Au
m2

and
191

Ir(n,2n)
190

Ir
m2

reactions constitutes a significant constraint due to their enhanced sensitivity for small

changes in the input parameter values.
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Εκτεταµένη Περίληψη

Εισαγωγή

Η µελέτη πυρηνικών αντιδράσεων νετρονίων παρουσιάζει ιδιαίτερο ενδιαφέρον τόσο για την

Βασική ΄Ερευνα της Πυρηνικής Φυσικής και της Αστροφυσικής, όσο και για τον τοµέα των

Εφαρµογών στην πυρηνική τεχνολογία, τη δοσιµετρία, την ιατρική και τη ϐιοµηχανία [1, 2].

Από την εποχή που ανακαλύφθηκε το νετρόνιο [3], έγιναν προσπάθειες για την κατανόηση

της επίδρασής του σε ιστούς, οι οποίες οδήγησαν στην χρήση των νετρονίων για την αντιµε-

τώπιση του καρκίνου. Σε αντίθεση µε τα ϕορτισµένα σωµάτια ή τα ϕωτόνια, που οδηγούν σε

άµεση απελευθέρωση ηλεκτρονίων, τα νετρόνια αλληλεπιδρούν µε τους πυρήνες του στόχου

και παράγουν ποικίλα είδη ϕορτισµένων σωµατίων, όπως πρωτόνα, σωµάτια α ή και ϐαρύτε-

ϱα σωµάτια. ΄Ετσι, η κατανόηση της αλληλεπίδρασης νετρονίου-πυρήνα είναι αναγκαία για

τον ακριβή υπολογισµό της δόσης και το σχεδιασµό µίας ϑεραπείας [4]. Εποµένως, µία από

τις σηµαντικές εφαρµογές της δοσιµετρίας είναι η χρήση της σε νοσοκοµεία που εφαρµόζουν

νετρονικές ϑεραπείες. ΄Ενα άλλο ϑέµα είναι ότι, καθώς περνούν τα χρόνια, η ανάγκη για την

διαχείριση των ϱαδιενεργών πυρηνικών αποβλήτων που περιέχουν πλουτώνιο και άλλες ακτι-

νίδες, γίνεται όλο και πιο έντονη. Οι ακτινίδες εκπέµπουν νετρόνια είτε από την αυθόρµητη

σχάση τους, είτε από αντιδράσεις (α,n) [5]. Ως εκ τούτου, ο ακριβής υπολογισµός των νετρονίων

που εκπέµπονται από τα πυρηνικά απόβλητα είναι πολύ σηµαντικός, τόσο για το περιβάλλον,

όσο και για τους ανθρώπους.

Ιδιαιτέρα οι αντιδράσεις κατωφλίου (n,xn) σε ισότοπα του Au και του Ir, που µελετώνται στην

παρούσα διατριβή, προτείνονται για δοσιµετρία υψηλοενεργειακών νετρονίων [6–8]. Η χρήση

διαφορετικών ϱαδιοχηµικών ανιχνευτών και διαφορετικών πυρηνικών αντιδράσεων επιτρέπει

τον προσδιορισµό διαφόρων ενεργειακών περιοχών του ϕάσµατος της ϱοής των νετρονίων σε

νετρονικά περιβάλλοντα (π.χ αντιδραστήρες σύντηξης) και γι αυτό χρειάζονται ακριβή δεδοµένα

ενεργών διατοµών. Η παθητική µέθοδος της δοσιµετρίας νετρονίων που λειτουργεί ενεργοποι-

ώντας κατάλληλα υλικά (όπως Au και Ir), που συνήθως αναφέρονται ως ¨ανιχνευτές ενεργοπο-

ίησης¨ ("activation detectors"), έχει αποδειχθεί ως η πιο ευαίσθητη µεταξύ άλλων µετρητικών

οργάνων. Για παράδειγµα, στον σχεδιασµό προσωπικών δοσιµέτρων, οι ¨ανιχνευτές ενεργοπο-

ίησης¨ ϑεωρούνται οι πιο κατάλληλοι για τη δοσιµετρία νετρονίων, λόγω του ότι έχουν µεγάλη

3
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ευαισθησία και χαµηλώνουν το κατώτερο όριο της δόσης που µπορεί να ανιχνευθεί. Πρέπει

να σηµειωθεί ότι ιδιαίτερα οι ενεργές διατοµές των αντιδράσεων (n,2n), αλλά και γενικότερα

των (n,xn), στον Au, συµπεριλαµβάνονται στην Λίστα Πυρηνικών ∆εδοµένων Πρώτης Προτε-

ϱαιότητας του Οργανισµού Πυρηνικής Ενέργειας (NEA Nuclear Data High Priority Request

List).

Εκτός από τις παραπάνω Τεχνολογικές Εφαρµογές των αντιδράσεων (n,xn) στον Au και στο

Ir, υπάρχουν και άλλα ϑέµατα που αφορούν αυστηρά στην Βασική ΄Ερευνα της Πυρηνικής

Φυσικής. Οι παραγώµενοι πυρήνες από τις αντιδράσεις (n,2n) στον
197

Au και στο
191

Ir, έχουν

ισοµερείς στάθµες υψηλού σπίν. Οι ενεργές διατοµές των τελευταίων, δίνουν σηµαντικές πλη-

ϱοφορίες για τη µελέτη του µηχανισµού αποδιέγερσης του σύνθετου πυρήνα, διότι ο εποικισµός

τους εξαρτάται άµεσα από το σπίν των ενεργειακών σταθµών που τροφοδοτούν τις ισοµερείς κα-

ταστάσεις καθώς και από την κατανοµή των σπίν στην περιοχή του συνεχούς. Επιπλέον, όσον

αφορά στις ενεργές διατοµές των ισοµερών καταστάσεων, τα υπάχοντα πειραµατικά δεδοµένα

είτε παρουσιάζουν σηµαντικές διαφορές µεταξύ τους, είτε είναι ελλιπή. Γι αυτό το λόγο, τα νέα

δεδοµένα είναι απαραίτητα και ακόµα, ϑα δώσουν µία ώθηση στις πειραµατικές εφαρµογές,

εφόσον δίνουν τη δυνατότητα µίας άµεσης και λιγότερο χρονοβόρας ανάλυσης, λόγω των µι-

κρότερων χρόνων ηµιζωής (σε σύγκριση µε τη ϐασική στάθµη) που εµπλέκονται. Εκτός αυτού,

τα νέα και ακριβή πειραµατικά δεδοµένα είναι πολύ σηµαντικά για την αξιολόγηση (evaluation)

των ενεργών διατοµών αυτών των αντιδράσεων, εφόσον δεν υπάρχουν αξιολογήσεις για αυτές

τις αντιδράσεις. Μία ακόµα συνεισφορά της παρούσας διατριβής στην πειραµατική ϕυσική, ε-

ίναι η πρόσφατα εφαρµοσµένη µέθοδος ανάλυσης που χρησιµοποιήθηκε για τον προσδιορισµό

της ενεργού διατοµής της αντίδρασης
193

Ir(n,2n)
192

Ir, λόγω της µόλυνσης από την αντίδραση

191
Ir(n,γ)

192
Ir. Αυτή η µέθοδος, διορθώνει τον αριθµό των γεγονότων που χρησιµοποιείται για

τον υπολογισµό της ενεργού διατοµής, ώστε να ληφθούν υπόψη τα γεγονότα που προκύπτουν

από χαµηλοενεργεικά, παρασιτικά νετρόνια και µπορεί να εφαρµοσθεί σε κάθε µέτρηση που

γίνεται µε µονοενεργειακή δέσµη, σε διατάξεις που δεν έχουν τη δυνατότητα της µέτρησης του

χρόνου πτήσης των νετρονίων (TOF - Time of Flight).

Βιβλιογραφία και Νέες Μετρήσεις

Στα πλαίσια της παρούσας διδακτορικής διατριβής µελετήθηκαν οι εξής έξι αντιδράσεις :

◦ 197
Au(n,2n)

196
Au

◦ 197
Au(n,2n)

196
Au

m2

◦ 191
Ir(n,2n)

190
Ir

◦ 191
Ir(n,2n)

190
Ir
m2

◦ 191
Ir(n,3n)

189
Ir

◦ 193
Ir(n,2n)

192
Ir

και τα υπάρχοντα πειραµατικά δεδοµένα στην ϐιβλιογραφία [9], για την κάθε µία, ϕαίνονται

στο Σχήµα 3.
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Figure 3: Πειραµατικά δεδοµένα που υπάρχουν στην διεθνή ϐιβλιογραφία [9] για τις ενεργές

διατοµές (cross section)των έξι αντιδράσεων που µελετώνται στα πλαίσια της παρούσας διατρι-

ϐής :

(a)
197

Au(n,2n)
196

Au, (b)
197

Au(n,2n)
196

Au
m2

,

(c)
191

Ir(n,2n)
190

Ir, (d)
191

Ir(n,2n)
196

Ir
m2

,

(e)
191

Ir(n,3n)
189

Ir and (f)
193

Ir(n,2n)
192

Ir.

Τα πράσινα σηµεία είναι παλιές µετρήσεις της οµάδας Πυρηνικής Φυσικής του ΕΜΠ [10],

που δηµοσιεύθηκαν το 2007 και 2011, από τον Ν. Πατρώνη κ. ά [11] και τον Α. Τσιγγάνη κ.

ά [12], αντίστοιχα. Η παρούσα εργασία αποτελεί συνέχεια της προηγούµενης, µε σκοπό να

προσδιορισθούν οι ενεργές διατοµές σε υψηλότερες ενέργειες νετρονίων.
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Για ενέργειες πάνω από 15 MeV, µόνο πέντε σετ µετρήσεων υπάρχουν στην ϐιβλιογραφία

[13–17] και τα αντίστοιχα δεδοµένα παρουσιάζουν σηµαντικές διαφορές µεταξύ τους. Για την

ενεργό διατοµή της αντίδρασης
191

Ir(n,2n)
190

Ir, για το άθροισµα της ϐασικής και της πρώτης

µετασταθούς στάθµης (g+m1) (ϐλέπε Σχήµα 3c) µόνο έξι σετ µετρήσεων υπάρχουν [11,18–22],

τα οποία έχουν λίγα πειραµατικά σηµεία για ενέργειες πάνω από 15 MeV. Μία ακόµα χειρότερη

περίπτωση, είναι αυτή της δεύτερης µετασταθούς στάθµης του πυρήνα
190

Ir (Σχήµα 3d), διότι

παρόλο που υπάρχουν δύο σετ δεδοµένων [21, 23] στο ενεργειακό εύρος µεταξύ 15 και 18

MeV, παρουσιάζουν σηµαντικές διαφορές µεταξύ τους, ενώ για µεγαλύτερες ενέργειες, δεν

υπάρχουν καθόλου πειραµατικά δεδοµένα. ΄Οσον αφορά στην ενεργό διατοµή της αντίδρασης

191
Ir(n,3n)

189
Ir (Σχήµα 3e), υπάρχουν µόνο δύο σετ δεδοµένων σε όλο το ενεργειακό εύρος,

µε λίγα πειραµατικά σηµεία. Τέλος, για την αντίδραση
193

Ir(n,2n)
192

Ir (Σχήµα 3f), έξι σετ

δεδοµένων υπάρχουν στην ϐιβλιογραφία [18–21, 24, 25], αλλά η πλειοψηφία των σηµείων

ϐρίσκεται στην περιοχή του πλατώ. Για ενέργειες κάτω από 13 και πάνω από 16 MeV, είναι

εµφανές ότι χρειάζονται και άλλα πειραµατικά σηµεία.

Εποµένως, ο σκοπός της παρούσας διατριβής είναι ο πειραµατικός προσδιορισµός των

ενεργών διατοµών των έξι παραπάνω αντιδράσεων, για ενέργειες δέσµης νετρονίων µεταξύ 15

και 21 MeV. Επιπλέον, στα πλαίσια αυτής της εργασίας, αναλύθηκαν πειραµατικά δεδοµένα

που είχαν ληφθεί το 2005 και 2006, µε δέσµες νετρονίων µεταξύ 10 και 11.3 MeV, ειδικά για

την ενεργό διατοµή της αντίδρασης
193

Ir(n,2n)
192

Ir. Τα δεδοµένα που είχαν ληφθεί από τις ίδιες

ακτινοβολήσεις για την αντίδραση
191

Ir(n,2n), δηµοσιεύθηκαν το 2007 από τον Ν. Πατρώνη κ.

ά [11].

Πειραµατικό Μέρος

Οι µετρήσεις πραγµατοποιήθηκαν στο Εργαστήριο του Επιταχυντή Tandem 5.5 MV του ΕΚΕΦΕ

¨∆ηµόκριτος¨ στην Αθήνα (ϐλέπε Σχήµα 4).

Σχήµα 4: Εργαστήριο του Επιταχυντή Tandem 5.5 MV του ΕΚΕΦΕ ¨∆ηµόκριτος¨ στην Αθήνα

[26].

Η παραγωγή των µονοενεργειακών δεσµών νετρονίων έγινε µέσω της αντίδρασης
3
H(d,n)

4
He (D-

T). Η µεγάλη τιµή Q (Q = 17.59 MeV) και ο χαµηλός ατοµικός αριθµός έχουν σαν αποτέλεσµα

την αποδοτική παραγωγή υψηλοενεργειακών νετρονίων, για χαµηλές ενέργειες εισερχόµενων

δευτερίων [27]. Η ενεργός διατοµή της αντίδρασης D-T ϕαίνεται στο Σχήµα 5 για ένα ευρύ

ϕάσµα ενεργειών.

Στις µετρήσεις της παρούσας διατριβής, οι ενέργειες των δευτερίων κυµάνθηκαν από 1 έως 4.3

MeV, ενώ η ενεργός διατοµή της αντίδρασης για αυτές τις ενέργειες ϕαίνεται στο Σχήµα 6.
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Σχήµα 5: Πειραµατικά δεδοµένα και η καµπύλη αξιολόγησης της ϐιβλιοθήκης ENDF/B-VI

για την ενεργό διατοµή της αντίδρασης
3
H(d,n)

4
He (D-T), συναρτήσει της ενέργειας της δέσµης

δευτερίων [9,28].

Σχήµα 6: Πειραµατικά δεδοµένα και η καµπύλη αξιολόγησης της ϐιβλιοθήκης ENDF/B-VI

για την ενεργό διατοµή της αντίδρασης
3
H(d,n)

4
He (D-T), συναρτήσει της ενέργειας της δέσµης

δευτερίων, εστιασµένα στην περιοχή ενδιαφέροντος [9,28].

Αξίζει να αναφερθεί ότι, µονοενεργειακή πηγή νετρονίων είναι αυτή που δίνει ένα ϕάσµα

νετρονίων που αποτελείται από µία πολύ λεπτή κορυφή, σε µία ενέργεια. Τέτοια νετρόνια

µπορούν να προκύψουν µόνο από αντιδράσεις δύο-σωµατίων, γι αυτό στην πράξη εκτός από

τα νετρόνια της κύριας ενέργειας παράγονται επιπλέον νετρόνια "υποβάθρου" [29]. Αυτά τα

νετρόνια, αναφέρονται και ως παρασιτικά, ενώ ξεκινούν από ενέργειες ϑερµικών νετρονίων και

ϕθάνουν έως µερικά MeV [30].
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Σχήµα 7: Η άκρη της γραµµής ακτινοβόλησης στον πειραµατικό χώρο του Εργαστηρίου του

Επιταχυντή Tandem 5.5 MV στον ¨∆ηµόκριτο¨.

Οι αντιδράσεις που µπορούν να οδηγήσουν στην παραγωγή παρασιτικών νετρονίων παρουσι-

άζονται στον Πίνακα 1:

Πίνακας 1: Οι ϐασικές αντιδράσεις παραγωγής παρασιτικών νετρονίων, µαζί µε την προέλευσή

τους, τα ενεργειακά κατώφλια και τις αντίστοιχες τιµές Q. ΄Ολες οι τιµές υιοθετήθηκαν από την

ϐιβλιοθήκη NNDC από τον "υπολογιστή τιµών Q" (Q-value calculator) [31].

Προέλευση Αντίδραση Κατώφλι Κύρια Ενέργεια ∆έσµης Τιµή Q

(MeV) Νετρονίων (MeV) * (MeV)

Στόχος (Εµφύτευση)
2
H(d,n)

4
He 0.000 - 3.269

Στόχος (Built up)
12

C(d,n)
13

N 0.328 14.960 -0.281

Γραµµή Ακτινοβόλησης
16

O(d,n)
17

F 1.829 17.710 -1.625

Αντιδράσεις ∆ιάλυσης
3
H(d,np)

3
H 3.710 20.304 -2.225

Αντιδράσεις ∆ιάλυσης
3
H(d,2n)

3
He 4.984 21.841 -2.988

Αντιδράσεις ∆ιάλυσης
3
H(d,nd)

2
H 10.435 - -6.257

Αντιδράσεις ∆ιάλυσης
3
H(d,2np)

2
H 14.145 - -8.482

Αντιδράσεις ∆ιάλυσης
3
H(d,3n)2p ** 17.876 - -10.707

* Η κύρια ενέργεια της δέσµης νετρονίων υπολογίστηκε µε τον κώδικα NeuSDesc, ο οποίος

λειτουργεί για ενέργειες δέσµης δευτερίων µέχρι 10 MeV.

** Οι ενέργειες κατωφλίου και οι τιµές Q υιοθετήθηκαν από την αναφορά [32].
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Προκειµένου να παρακολουθείται και να καταγράφεται η διακύµανση της δέσµης των νε-

τρονίων κατά τη διάρκεια των ακτινοβολήσεων, ένας απαριθµητής τριφθοριούχου ϐορίου (BF3,

ϐλέπε Σχήµα 8) τοποθετήθηκε σε απόσταση ∼3 m από την πηγή των νετρονίων.

Σχήµα 8: Απαριθµητής BF3 που χρησιµοποιείται για την παρακολούθηση των διακυµάνσεων

της δέσµης των νετρονίων, κατά τη διάρκεια των ακτινοβολήσεων.

Τα δεδοµένα του BF3 αποθηκεύονταν ανά τακτά χρονικά διαστήµατα µέσω ενός πολυκαναλικού

αναλυτή (MCS) και αυτή η πληροφορία που αφορά στις αστάθειες της δέσµης (ϐλέπε Σχήµα 9),

λήφθηκε υπόψη στην ανάλυση που έγινε µεταγενέστερα, ώστε να γίνει η απαραίτητη διόρθωση

για τους πυρήνες που παρήχθηκαν και αποδιεγέθηκαν κατά τη διάρκεια της ακτινοβόλησης

(παράγοντας fc).

Σχήµα 9: Οι διακυµάνσεις της δέσµης νετρονίων για την ακτινοβόληση στα 20.0 MeV. Η

ακτινοβόληση διήρκεσε 36480 s και τα δεδοµένα του απαριθµητή BF3 αποθηκεύοταν κάθε 40

s.
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Πρέπει να σηµειωθεί ότι ο απαριθµητής BF3 λειτουργεί µόνο ως µετρητής νετρονίων και δε

µπορεί να παρέχει πληροφορία, ούτε για την ενέργεια των νετρόνιων, αλλά ούτε για το πλήθος

τους. Η απόλυτη ϱοή των υψηλοενεργειακών νετρονίων υπολογίζεται µέσω των αντιδράσεων

αναφοράς, ενώ στη πλαίσια της παρούσας διατριβής αναπτύχθηκε µία µέθοδος ανάλυσης για

την ποσοτική και ποιοτική εκτίµηση της χαµηλοενεργειακής περιοχής των νετρονίων.

Στα πλαίσια αυτής της εργασίας έγιναν έξι ακτινοβολήσεις στο Εργαστήριο του Επιταχυντή

Tandem 5.5 MV στο ΕΚΕΦΕ ¨∆ηµόκριτος¨, οι λεπτοµέρειες των οποίων παρουσιάζονται στον

Πίνακα 2.

Πίνακας 2: Η ενέργεια δέσµης των δευτερίων (Ed), η ενέργεια δέσµης των νετρονίων (En), το

τυπικό ϱεύµα της δέσµης δευτερίων (I) και η διάρκεια της κάθε ακτινοβόλησης.

Ed En Ι ∆ιάρκεια

(MeV) (MeV) (µΑ) (h)

1.0 15.3 ± 0.5 1.5 26.1

1.5 17.1 ± 0.3 1.0 96.1

2.0 17.9 ± 0.3 0.3 9.7

2.7 18.9 ± 0.3 0.5 27.8

3.5 20.0 ± 0.2 0.2 10.1

4.3 20.9 ± 0.2 0.3 32.4

Προκειµένου να µελετηθεί η δέσµη των νετρονίων σε διάφορες ενεργειακές περιοχές, χρησιµο-

ποιήθηκαν αντιδράσεις µε διαφορετικά ενεργειακά κατώφλια (ϐλέπε Πίνακα 3).

Πίνακας 3: Χρόνοι ηµιζωής, ενέργειες ακτίνων-γ, εντάσεις των πιο εντατικών ακτίνων-γ και

ενεργειακά κατώφλια (threshold), τόσο των µετρούµενων ατιδράσεων, όσο και των αντιδράσεων

αναφοράς.

Αντίδραση T1/2 Eγ Iγ Ethreshold Ethreshold*

(keV) (%) (MeV) (MeV)

Αντιδράσεις προς µέτρηση

197
Au(n,2n)

196
Au 6.183 d 355.7 87.0 8.11 8.25

191
Ir(n,2n)

190
Ir 11.78 d 518.6 34.0 8.07 8.20

191
Ir(n,3n)

189
Ir 13.2 d 245.1 6.0 14.48 15.00

193
Ir(n,2n)

192
Ir 73.829 d 316.5 82.86 7.81 8.00

Αντιδράσεις αναφοράς

27
Al(n,α)

24
Na 14.9590 h 1368.6 100 3.25 6.75

93
Nb(n,2n)

92
Nb

m
10.15 d 934.5 99.15 8.93 9.09

197
Au(n,γ)

198
Au 2.6941 d 411.8 95.62 0.0 0.0

115
In(n,inl)

115
In
m

4.486 h 336.2 45.9 0.0 0.5

* Αυτή η στήλη αντιστοιχεί στις ενέργειες των νετρονίων πάνω από τις οποίες οι αντιδράσεις έχουν

αρκετή ενεργό διατοµή ώστε να δίνουν υψηλούς ϱυθµούς ενεργοποίησης (reaction rates).
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Η διάταξη των στόχων που ακτινοβολήθηκαν παρουσιάζεται στο Σχήµα 10 για κάθε ακτινοβόλη-

ση. Σε κάθε περίπτωση, χρησιµοποιήθηκαν υψηλής καθαρότητας ϕύλλα Al, Au και Ir (πάχους

0.4-0.5 mm και διαµέτρου 13-14 mm), ενώ τα δείγµατα προς µέτρηση τοποθετήθηκαν κοντά

σε δείγµατα αναφοράς, προκειµένου να είναι δυνατός ο ακριβής υπολογισµός της νετρονικής

ϱοής. Αξίζει να σηµειωθεί, ότι κατά τη διάρκεια των ακτινοβολήσεων που πραγµατοποιήθηκαν

στα πλαίσια της παρούσας διδακτορικής διατριβής, κάποια επιπλέον δείγµατα τοποθετήθηκαν

στις διατάξεις (όπως Am, Hf και Er, ϐλέπε Σχήµα 10), τα οποία είναι µέρος διαφορετικών

εργασιών και δεν αφορούν την παρούσα διατριβή.

Σχήµα 10: Σχηµατική αναπαράσταση των πειραµατικών διατάξεων κατά τη διάρκεια των ακτι-

νοβολήσεων σε ενέργειες δέσµης νετρονίων : (a) 15.3 MeV, (b) 17.1 MeV, (c) 17.9 MeV, (d) 18.9

MeV, (e) 20.0 MeV και (f) 20.9 MeV, αντίστοιχα.
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Επιπλέον, δεν υπάρχει κενό µεταξύ των διαδοχικών στόχων, αλλά παρουσιάζονται έτσι στο

Σχήµα 10 για λόγους ευκρίνειας. Ακόµα, τα δείγµατα Cd1 και Cd2 στο Σχήµα 10d τοποθε-

τήθηκαν µπροστά και πίσω από το δείγµα Au1, ως απορροφητές χαµηλοενεργειακών νετρονίων.

΄Οπως ϕαίνεται στο Σχήµα 10, όλοι οι στόχοι τοποθετήθηκαν σε απόσταση∼2 cm από τον στόχο

του TiT, ώστε να ϐρίσκονται εντός γωνιακού ανοίγµατος ±19
◦
, όπου η δέσµη των νετρονίων

µπορεί να ϑεωρηθεί µονοενεργειακή (ϐλέπε Σχήµα 11).

Σχήµα 11: Η ενέργεια των νετρονίων συναρτήσει της γωνίας, για κάθε ακτιβόληση, σύµφωνα

µε την κινηµατική της αντίδρασης D-T (πρόγραµµα "Cire", Παράρτηµα ∆, Αναφορά [33]).

Στα Σχήµατα 12a και 12b παρουσιάζονται ϕωτογραφιές που λήφθηκαν πρίν την έναρξη των

ακτινοβολήσεων στα 15.3 και 17.1 MeV, αντίστοιχα.

(a) Ακτινοβόληση µε νετρόνια ενέργειας 15.3 MeV. (b) Ακτινοβόληση µε 17.1 MeV νετρόνια.

Σχήµα 12: Φωτογραφίες που λήφθηκαν πρίν την έναρξη των ακτινοβολήσων.

Η µελέτη της ενεργειακής κατανοµής των νετρονίων πραγµατοποιήθηκε µε τους κώδικες

NeuSDesc [34] και MCNP5 [35]. Οι ενέργειες των νετρονίων, καθώς και οι αβεβαιότητές τους,

παρουσιάζονται στον Πίνακα 2 και στο Σχήµα 13, ενώ τα αποτελέσµατα των προσοµοιώσεων,

τα οποία συµφωνούν µε τις πειραµατικά προσδιορισµένες ϱοές των νετρονίων σε κάθε ακτινο-

ϐόληση, παρουσιάζονται στο Σχήµα 14 µαζί µε τις πειραµατικές τιµές της ϱοής των νετρονίων.
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Σχήµα 13: Η κύρια κορυφή στο ενεργειακό ϕάσµα των νετρονίων για τις ακτινοβολήσεις σε

ενέργειες (a) (15.3± 0.5) MeV, (b) (17.1± 0.3) MeV, (c) (17.9± 0.3) MeV, (d) (18.9± 0.3) MeV,

(e) (20.0 ± 0.2) MeV και (f) (20.9 ± 0.2) MeV, σύµφωνα µε τον κώδικα NeuSDesc [34]. Επίσης,

δίνονται οι παράµετροι που εισήχθησαν στον κώδικα NeuSDesc για κάθε ακτινοβόληση, εκτός

από την γωνία εκποµπής των νετρονίων (neutron emission angle) και το µέσο ϱεύµα (typical

deuteron beam current), τα οποία ήταν 0
◦
και 1 µΑ αντίστοιχα, σε κάθε περίπτωση. Η ακτίνα

του ανιχνευτή (detector radius) ϑεωρήθηκε ως η ακτίνα του πρώτου (σε σχέση µε την πηγή των

νετρονίων) στόχου Al, ενώ οι αποστάσεις από τον στόχο του τριτίου υιοθετήθηκαν από το Σχήµα

10 και αυξήθηκαν κατά 3 mm, τα οποία αντιστοιχούν στο υπόστρωµα του στόχου (Cu, πάχους

1 mm) και στο πάχος του παραθύρου της ϕλάντζας (Al, 2 mm).
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Σχήµα 14: Πειραµατικά προσδιορισµένες ϱοές νετρονίων στους στόχους αναφοράς και ϱοές

νετρονίων από προσοµοιώσεις µε τον κώδικα MCNP5 για τις ακτινοβολήσεις σε ενέργειες νε-

τρονίων : (a) (15.3 ± 0.5) MeV, (b) (17.1 ± 0.3) MeV, (c) (17.9 ± 0.3) MeV, (d) (18.9 ± 0.3)

MeV, (e) (20.0 ± 0.2) MeV και (f) (20.9 ± 0.2) MeV. Οι αποστάσεις των πρώτων στόχων Al από

την ϕλάντζα µε τον στόχο του τριτίου στις γεωµετρίες που προσοµοιώθηκαν είναι : (a) 2.0 cm,

(b) 2.0 cm, (c) 2.0 cm, (d) 1.9 cm, (e) 1.8 cm και (f) 1.7 cm, αντίστοιχα. Στο Σχήµα 14d, η

προσοµοιωµένη ϱοή των νετρονίων δεν υπολογίστηκε για τα ϕύλλα Cd1 και Cd2, εφόσον τοπο-

ϑετήθηκαν στο µπροστά και πίσω µέρος του στόχου Au1 ως απορροφητές χαµηλοενεργειακών

νετρονίων.
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΄Οπως ϕαίνεται στο Σχήµα 14, τα αποτελέσµατα των προσοµοιώσεων έχουν πολύ καλή συµφωνία

µε τα πειραµατικά για όλες τις ακτινοβολήσεις.

Μετά το πέρας των ακτινοβολήσεων, η ενεργότητα των υπό µελέτη στόχων (Au, Ir) και των

στόχων αναφοράς, µετρήθηκε µε ανιχνευτές γερµανίου υψηλής καθαρότητας (HPGe) σχετικής

ανιχνευτικής απόδοσης 100, 80, 56 και 16%.

Σχήµα 15: Ο ανιχνευτής γερµανίου µε 100% σχετική ανιχνευτική απόδοση, ο οποίος είχε κα-

τάλληλη ϑωράκιση, ώστε να µειωθεί η συνεισφορά της ακτινοβολίας υποβάθρου στις µετρήσεις.

Οι µετρήσεις της ενεργότητας όλων των στόχων έγιναν σε απόσταση 10 cm από το παράθυρο

του ανιχνευτή, ώστε να µην χρειάζονται διορθώσεις για ϕαινόµενα συσσώρευσης (pile-up) ή

άθροισης (summing) παλµών. Στην ίδια απόσταση τοποθετήθηκε µία σηµειακή πηγή
152

Eu,

για τον υπολογισµό της απόλυτης απόδοσης του κάθε ανιχνευτή. Στο Σχήµα 16 παρουσιάζεται

ένα τυπικό διάγραµµα απόλυτης απόδοσης ανιχνευτή, που αντιστοιχεί στον ανιχνευτή του

Σχήµατος 15.

Σχήµα 16: Η απόλυτη απόδοση συναρτήσει της ενέργειας των ακτίνων-γ, για τον ανιχνευτή σχε-

τικής ανιχνευτικής απόδοσης 100% του Σχήµατος 15. Η κόκκινη γραµµοσκιασµένη περιοχή

δηλώνει τα διαστήµατα εµπιστοσύνης (condidence bands) εντός 95%.

Τυπικά ϕάσµατα ακτίνων-γ των στόχων Au και Ir, τα οποία λήφθηκαν µετά το πέρας των

ακτινοβολήσεων µε ανιχνευτές γερµανίου (HPGe), παρουσιάζονται στο Σχήµα 17.
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(a) Ο χρόνος της µέτρησης ήταν 16 h. (b) Ο χρόνος της µέτρησης ήταν 19 h.

(c) Ο χρόνος της µέτρησης ήταν 10 h.
(d) Ο χρόνος της µέτρησης ήταν 72 h.

(e) Ο χρόνος της µέτρησης ήταν 56 h. (f) Ο χρόνος της µέτρησης ήταν 54 h.

Σχήµα 17: Φάσµατα ακτίνων-γ που λήφθηκαν µετά το τέλος των ακτινοβολήσεων στα: (a)

15.3 MeV, (b) 15.3 MeV, (c) 15.3 MeV, (d) 15.3 MeV, (e) 20.9 MeV και (f) 17.1 MeV, για τον

προσδιορισµό των ενεργών διατοµών των αντιδράσεων:

(a)
197

Au(n,2n)
196

Au
m2

, (b)
197

Au(n,2n)
196

Au
g+m1+m2

,

(c)
191

Ir(n,2n)
190

Ir
m2

, (d)
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

,

(e)
191

Ir(n,3n)
189

Ir και (f)
193

Ir(n,2n)
192

Ir.
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Ανάλυση ∆εδοµένων

Οι πειραµατικές ενεργές διατοµές των έξι υπό µελέτη αντιδράσεων υπολογίσθηκαν από τη

σχέση:

σmeasured = σreference ·
Nγmeasured

Nγreference

·
(εγ · Iγ · F ·D · fc ·Nτ ) reference
(εγ · Iγ · F ·D · fc ·Nτ )measured

· CΦ (1)

όπου Νγ είναι το ολοκλήρωµα της κορυφής των ακτίνων-γ στο ϕάσµα που λήφθηκε µε τον

ανιχνευτή γερµανίου (HPGe), εγ είναι η απόλυτη απόδοση του ανιχνευτή στην αντίστοιχη ενέρ-

γεια, Ιγ είναι η ένταση της ακτίνας-γ και F είναι ένας διορθωτικός παράγοντας που υπολογίζεται

µέσω προσοµοιώσεων Monte Carlo (MCNP5 [36]) για την ενδοαπορρόφηση των ακτίνων-γ στο

δείγµα. Επιπλέον, χρησιµοποιείται ένας διορθωτικός παράγοντας για τον τρόπο λήψης των

δεδοµένων:

D = e−λ·t1 − e−λ·t2 (2)

όπου t1 και t2 είναι τα χρονικά διαστήµατα που µεσολαβούν από το τέλος της ακτινοβόλησης

µέχρι την αρχή και το τέλος της µέτρησης µε τον ανιχνευτή γερµανίου, αντίστοιχα και λ είναι

η σταθερά αποδιέγερσης του παραγώµενου πυρήνα. Οι διακυµάνσεις της δέσµης και οι πα-

ϱαγώµενοι πυρήνες που διασπώνται κατά την διάρκεια της ακτινοβόλησης λαµβάνονται υπόψη

µέσω του παράγοντα fc:

fc =

∫ tB
0 eλ t f(t) dt∫ tB

0 f(t) dt
e−λ tB (3)

όπου f(t) είναι η ϱοή των νετρονίων σε τυχαίες µονάδες, όπως δίνεται από τον ανιχνευτή BF3, ανά

τακτά χρονικά διαστήµατα dt και tB είναι η διάρκεια της ακτινοβόλησης. Ακόµα, ο αριθµός των

πυρήνων του στόχου, Ντ , υπολογίστηκε µέσω της διορθωµένης µάζας (m) για την αφθονία του

κάθε ισοτόπου (Abund), τον µαζικό αριθµό A και τον αριθµό του Avogadro µέσω της σχέσης :

Nτ = NA
m ·Abund

A
(4)

Ο παράγοντας CΦ, που αντιστοιχεί στον λόγο της ϱοής των νετρονίων στον στόχο αναφοράς προς

τη ϱοή στον υπό µελέτη στόχο:

CΦ =
Φreference

Φmeasured
(5)

υπολογίστηκε µε καλή συµφωνία µέσω πειραµατικών αποτελεσµάτων και προσοµοιώσεων Monte

Carlo, µε χρήση του κώδικα MCNP5. Επιπλέον, οι τιµές της ενεργού διατοµής της αντίδρα-

σης αναφοράς
27

Al(n,α)
24

Na (σreference) υιοθετήθηκαν από την ϐιβλιοθήκη δεδοµένων IRDFF

1.05 [28]. Τα δεδοµένα που χρησιµοποιήθηκαν για τις αποδιεγέρσεις των παραγώµενων πυ-

ϱήνων, τόσο για τις υπό µελέτη αντιδράσεις, όσο και για τις αντιδράσεις αναφοράς, συνοψίζονται

στον Πίνακα 4.
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Πίνακας 4: ∆εδοµένα που χρησιµοποιήθηκαν για τις αποδιεγέρσεις των παραγώµενων πυ-

ϱήνων.

Αντίδραση T1/2 Eγ (keV) Iγ (%) Αναφορά

197
Au(n,2n)

196
Au

g+m1+m2
6.183 d 355.7 87.0 [37]

333.0 22.9 [37]

426.0 7.0 [37]

197
Au(n,2n)

196
Au

m2
9.6 h 147.8 43.0 [37]

188.3 37.4 & 34.0 [37] & [38]

191
Ir(n,2n)

190
Ir
g+m1+0.086m2

11.78 d 518.6 34.0 [39]

558.0 30.1 [39]

569.3 28.5 [39]

191
Ir(n,2n)

190
Ir
m2

3.087 h 616.5 90.14 [39]

502.5 89.38 [39]

191
Ir(n,3n)

189
Ir 13.2 d 245.1 6.0 [39]

193
Ir(n,2n)

192
Ir 73.829 d 316.5 82.86 [39]

468.1 47.84 [39]

308.5 29.7 [39]

27
Al(n,α)

24
Na 14.959 h 1368.6 100 [37]

Μία σύνοψη των αβεβαιοτήτων όλων των ϐασικών µεγεθών που χρησιµοποιούνται για τον

προσδιορισµό της ενεργού διατοµής δίνεται στον Πίνακα 5.

Πίνακας 5: Σύνοψη αβεβαιοτήτων.

Μέγεθος Αβεβαιότητα (%)

Ενέργεια νετρονίων 1-3

Ροή νετρονίων 4-7

Στατιστική στους στόχους αναφοράς 1-2

Στατιστική στους υπό µελέτη στόχους 1-29

Απόδοση του ανιχνευτή 2-11

Ενεργός διατοµή αντίδρασης αναφοράς 3

Υπό µελέτη ενεργός διατοµή (Συνολική αβεβαιότητα) 5-30

΄Οπως ϕαίνεται στον Πίνακα 5, η κυρίαρχη αβεβαιότητα είναι αυτή της στατιστικής των υπό

µελέτη στόχων, η οποία οφείλεται είτε σε χαµηλές τιµές της ενεργού διατοµής (στην περίπτωση

της αντίδρασης
191

Ir(n,3n)), είτε σε σηµαντική επιµόλυνση από άλλη αντίδραση (στην περίπτω-
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ση της αντίδρασης
193

Ir(n,2n)). Επιπλέον, η αβεβαιότητα της απόδοσης του ανιχνευτή είναι

σηµαντική σε κάποιες περιπτώσεις, εφόσον ποικίλει από 2 έως 11%, ανάλογα µε την προσαρ-

µογή (fit) των πειραµατικών δεδοµένων της απόλυτης απόδοσης του ανιχνευτή µε συνάρτηση

της ΙΑΕΑ (ϐλέπε Appendix C) και την ενεργειακή περιοχή. Αυτές οι αβεβαιότητες εκτιµήθηκαν

µέσω Ϲωνών εµπιστοσύνης σε επίπεδο 95%. Επιπλέον, η αβεβαιότητα της ϱοής των νετρονίων

συµπεριλαµβάνεται στην συνολική αβεβαιότητα και είναι εξίσου σηµαντική, αφού αποτελεί το

4-7%. Η αβεβαιότητα των ενεργών διατοµών των αντιδράσεων αναφοράς ϑεωρήθηκε 3% σε

κάθε περίπτωση, ενώ αυτή της στατιστικής των στόχων αναφοράς µπορεί να ϑεωρηθεί αµελητέα

(1-2%).

Συγκεκριµένα για την ανάλυση της ενεργού διατοµής της αντίδρασης
193

Ir(n,2n)
192

Ir, µία

επιπλέον διόρθωση εφαρµόσθηκε λόγω της επιµόλυνσης από την αντίδραση
191

Ir(n,γ)
192

Ir, η

οποία ενεργοποιείται από χαµηλοενεργειακά, παρασιτικά νετρόνια. Μία µέθοδος ανάλυσης

εφαρµόσθηκε πρόσφατα, η οποία ϐασίζεται σε ενηµερωµένες ϐιβλιοθήκες ενεργών διατοµών

και σε προσοµοιώσεις µε τον κώδικα MCNP5. Η µέθοδος αυτή µπορεί να παρουσιαστεί σε τρία

ϐήµατα:

1. Προµοιώσεις µε MCNP5

Πραγµατοποιούνται προσοµοιώσεις της πειραµατικής διάταξης ακτινοβόλησης, στις οπο-

ίες η γεωµετρία όλης της πειραµατικής περιοχής περιγράφεται µε λεπτοµέρεια (ϐλέπε

Σχήµα 18).

Σχήµα 18: Σχήµα 3-διαστάσεων που αναπαριστά την κάτοψη της πειραµατικής περιοχής στο

εργαστήριο του επιταχυντή Tandem στο ΕΚΕΦΕ ¨∆ηµόκριτος¨, όπως περιγράφεται µε τον κώδι-

κα MCNP5.

Αυτές οι προσοµοιώσεις πραγµατοποιούνται για καλή στατιστική, 10
9

προσοµοιωµένα



20

σωµατίδια (η εκτέλεση διαρκεί ∼ 11 d για κάθε ακτινοβόληση) και µε χαµηλό ενεργειακό

όριο διακοπής της παρακολούθησης των νετρονίων (10
−11

MeV).

2. Επιβεβαίωση µέσω της αντίδρασης
197

Au(n,γ)

Το αποτέλεσµα της προσοµοίωσης ϕαίνεται στο Σχήµα 19.

Σχήµα 19: Ενεργειακή κατανοµή της ϱοής των νετρονίων σύµφωνα µε την προσοµοίωση µε τον

κώδικα MCNP5, για την ακτινοβόληση στα 15.3 MeV.

Αυτή η κατανοµή (Σχήµα 19) κανονικοποιείται έτσι ώστε να συµφωνεί µε το πείραµα και

αυτό επιτυγχάνεται µέσω της αντίδρασης
197

Au(n,γ)
198

Au. Η σχέση που χρησιµοποιείται

για την κανονικοποίηση είναι η ακόλουθη:

φnormalized (Ei)
( n

cm2 s

)
=
φAuexperimental

( n

cm2 s

)
· φmcnp (Ei)∑30

Ei=8MeV φmcnp (Ei)
· Scale Factor (6)

όπου φAuexperimental

( n

cm2 s

)
είναι η πειραµατικά προσδιορισµένη ϱοή των νετρονίων που

προσέπεσαν στον στόχο του Au κατά τη διάρκεια της ακτινοβόλησης και φmcnp (Ei) είναι

η µη κανονικοποιηµένη (unnormalized) ϱοή των νετρονίων, όπως δίνεται από τον κώδικα

MCNP5. Η αρχική τιµή του Scale Factor είναι 1 και υπάρχει στην Εξ. 6 για να διορ-

ϑώσει για παρασιτικά νετρόνια που δεν έχουν συµπεριληφθεί στην προσοµοίωση, όπως

νετρόνια από αντιδράσεις (d,n) στα υλικά της γραµµής ακτινοβόλησης και νετρόνια από

την αντίδραση D(d,n) που πραγµατοποιείται λόγω δευτερίων που έχουν εµφυτευθεί στον

στόχο TiT.

Χρησιµοποιώντας το φnormalized (Ei), ο αναµενόµενος ϱυθµός ενεργοποίησης (expected

reaction rate, RR) υπολογίζεται από την σχέση:

RR expected =
∑
Ei

σ(Ei) · φnormalized (Ei) (7)
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όπου σ (Ei) είναι η ενεργός διατοµή της αντίδρασης
197

Au(n,γ)
198

Au σε κάθε ενεργειακό

διάστηµα (ϐλέπε Σχήµα 20). Πρέπει να σηµειωθεί ότι τα ενεργειακά διαστήµατα έχουν

υιοθετηθεί από την ϐιβλιοθήκη ENDF/B-VII.1 [28].

Figure 20: Ενεργός διατοµή της αντίδρασης
197

Au(n,γ)
198

Au συναρτήσει της ενέργειας των

νετρονίων. Η καµπύλη αξιολόγησης αντιστοιχεί στην ϐιβλιοθήκη ENDF/B.VII.1 [28].

Επιπλέον, ο ϱυθµός ενεργοποίησης µπορεί να προσδιορισθεί πειραµατικά (experimental

reaction rate) µέσω της ακόλουθης σχέσης :

RR experimental =
λ ·Np

Nτ (1− eλtB )
(8)

όπου Np είναι ο αριθµός των πυρήνων που παρήχθησαν κατά τη διάρκεια της ακτινο-

ϐόλησης και δίνεται από την σχέση:

Np =
Nγ

εγ · I · F ·D
(9)

Συνδυάζοντας τις εξισώσεις 8 και 9, το ολοκλήρωµα του αριθµού των ακτίνων-γ, Nγ ,

δίνεται ως εξής :

Nγ =
εγ · I · F ·D ·Nτ

(
1− eλtB

)
·RR experimental

λ
(10)

ενώ ο αναµενόµενος αριθµός ακτίνων-γ, Nγ expected, χρησιµοποιώντας την προσοµοιω-

µένη ϱοή των νετρονίων είναι :

Nγ expected =
εγ · I · F ·D ·Nτ

(
1− eλtB

)
·RR expected

λ
(11)

΄Ολα τα µεγέθη στην Εξ. 11 αντικαθιστώνται µε αυτά που αντιστοιχούν στην ανάλυση

της ακτίνας-γ στα 411.8 keV, που εκπέµπεται κατά την αποδιέγερση του πυρήνα
198

Au,
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η τελική τιµή του Scale Factor επιλέγεται έτσι ώστε το ολοκλήρωµα της ακτίνας-γ στα

411.8 keV να αναπαράγεται εντός του πειραµατικού σφάλµατος. ΄Ετσι, ο τελικός σκοπός

είναι να συµφωνεί το Nγ expected µε το Nγ experimental για την ακτίνα-γ στα 411.8 keV.

Η πειραµατικά προσδιορισµένη τιµή του Scale Factor χρησιµοποιείται στο επόµενο

ϐήµα, ώστε να γίνουν οι απαραίτητες διορθώσεις για τον υπολογισµό της ενεργού διατο-

µής της αντίδρασης
193

Ir(n,2n)
192

Ir, η οποία µολύνεται από την
191

Ir(n,γ)
192

Ir.

3. Συνεισφορά της αντίδρασης
191

Ir(n,γ)

Μία κανονικοποίηση ανάλογη µε αυτήν που εφαρµόσθηκε στο δεύτερο ϐήµα, εφαρµόζε-

ται προκειµένου να προσδιορισθεί η ϱοή των νετρονίων στον στόχο του Ir, σύµφωνα µε

την σχέση:

φnormalized (Ei)
( n

cm2 s

)
=
φ Irexperimental

( n

cm2 s

)
· φmcnp (Ei)∑30

Ei=8MeV φmcnp (Ei)
· Scale Factor (12)

όπου φ Irexperimental

( n

cm2 s

)
είναι η πειραµατικά προσδιορισµένη ϱοή των νετρονίων που

προσέπεσαν στον στόχο του Ir κατά τη διάρκεια της ακτινοβόλησης, φmcnp (Ei) είναι η

µη κανονικοποιηµένη (unnormalized) ϱοή των νετρονίων, όπως δίνεται από τον κώδικα

MCNP5 και ο Scale Factor έχει προσδιορισθεί στο προηγούµενο ϐήµα. Εποµένως, η

κατανοµή της ϱοής των νετρονίων είναι γνωστή (ϐλέπε Σχήµα 21).

Σχήµα 21: Κανονικοποιηµένη κατανοµή της ϱοής των νετρονίων συναρτήσει της ενέργειας,

σύµφωνα µε την Εξ. 12, για την ακτινοβόληση στα 15.3 MeV.

Παροµοίως µε το δεύτερο ϐήµα, ο αναµενόµενος ϱυθµός ενεργοποίησης (expected reac-

tion rate) για την αντίδραση
191

Ir(n,γ)
192

Ir δίνεται από την σχέση:

RR expected =
∑
Ei

σ(Ei) · φnormalized (Ei) (13)

όπου σ (Ei) είναι η ενεργός διατοµή της αντίδρασης
191

Ir(n,γ)
192

Ir σε κάθε ενεργειακό

διάστηµα (ϐλέπε Σχήµα 22).
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Σχήµα 22: Ενεργός διατοµή της αντίδρασης
191

Ir(n,γ)
192

Ir συναρτήσει της ενέργειας των νε-

τρονίων. Η καµπύλη αξιολόγησης αντιστοιχεί στην ϐιβλιοθήκη ENDF/B.VII.1 [28].

Εποµένως, σύµφωνα µε την Εξ. 11, µπορεί να υπολογιστεί το Nγ correction, το οποίο αντι-

στοιχεί στον αριθµό των γεγονότων που πρέπει να αφαιρεθούν από τον συνολικό αριθµό

γεγονότων στο ϕάσµα, προκειµένου να διορθωθεί η συνεισφορά των χαµηλοενεργειακών,

παρασιτικών νετρονίων :

Nγ correction = Nγ expected =
εγ · I · F ·D ·Nτ

(
1− eλtB

)
·RR expected

λ
(14)

΄Ολα τα µεγέθη στην Εξ. 14 αντιστοιχούν σε αυτά της ανάλυσης των δεδοµένων των

τριών πιο ισχυρών ακτίνων-γ (316.5, 468.1 ανδ 308.5 keV) που εκπέµπονται κατά την

αποδιέγερση του πυρήνα
192

Ir.

΄Ετσι, τα χρήσιµα γεγονότα για τον προσδιορισµό της ενεργού διατοµής είναι τα ακόλου-

ϑα:

Nγ = Nγ spectrum −Nγ correction (15)

Το σχετικό σφάλµα τουNγ correction ϑεωρήθηκε ίδιο µε το σχετικό σφάλµα τουNγ experimental

για την ακτίνα-γ στα 411.8 keV, ενώ η αβεβαιότητα του τελικού, διορθωµένου Nγ , ϐρέθη-

κε από την τετραγωνική άθροιση των δύο επιµέρους σφαλµάτων.

Οι τελικές, πειραµατικές τιµές των ενεργών διατοµών που προέκυψαν από το σταθµισµένο µέσο

όρο δύο ή τριών πειραµατικών τιµών (ανάλογα µε τον αριθµό των ακτίνων-γ που αναλύθηκαν

σε κάθε περίπτωση) παρουσιάζονται για όλες τις υπό µελέτη αντιδράσεις στον Πίνακα 6.
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Πίνακας 6: Πειραµατικές τιµές σταθµισµένου µέσου όρου ενεργών διατοµών για τις έξι υπό µελέτη αντιδράσεις. Τα δεδοµένα στις χαµηλές

ενέργειες νετρονίων (10-11.3 MeV) για την ενεργό διατοµή της αντίδρασης
193

Ir(n,2n) λήφθηκαν το 2005-2006, από τον Ν. Πατρώνη κ. ά, αλλά δεν

συµπεριλήφθηκαν στην αναφορά [11]. Οι απαραίτητες διορθώσεις για την συνεισφορά των παρασιτικών νετρονίων πραγµατοποιήθηκαν στα πλαίσια

της παρούσας διατριβής, µέσω προσοµοιώσεων µε τον κώδικα MCNP5. Επιπλέον, όσον αφορά στις αντιδράσεις µε χρήση στόχου Au, στις χαµηλές

ενέργειες νετρονίων (10-11.3 MeV), τα αποτελέσµατα δηµοσιεύθηκαν το 2011 από τον Α. Τσιγγάνη κ. ά [12].

En Σταθµισµένοι µέσοι όροι ενεργών διατοµών (b)

(MeV)
197

Au(n,2n)
196

Au
197

Au(n,2n)
196

Au
m2 197

Au(n,2n)
196

Au
m2

*
191

Ir(n,2n)
190

Ir
191

Ir(n,2n)
190

Ir
m2 191

Ir(n,3n)
189

Ir
193

Ir(n,2n)
192

Ir

10.0 - - - - - - 1.290 ± 0.083

10.5 - - - - - - 1.590 ± 0.100

11.0 - - - - - - 1.931 ± 0.119

11.3 - - - - - - 1.953 ± 0.120

15.3 1.995 ± 0.093 0.163 ± 0.009 0.172 ± 0.010 1.786 ± 0.076 0.179 ± 0.008 - 1.830 ± 0.076

17.1 1.772 ± 0.086 0.196 ± 0.012 0.212 ± 0.013 1.465 ± 0.072 0.203 ± 0.015 0.167 ± 0.043 1.390 ± 0.068

17.9 1.651 ± 0.080 0.213 ± 0.014 0.223 ± 0.015 1.291 ± 0.082 0.210 ± 0.012 - -

18.9 1.394 ± 0.064 0.195 ± 0.013 0.204 ± 0.013 0.991 ± 0.052 0.178 ± 0.010 0.716 ± 0.179 0.769 ± 0.082

20.0 1.049 ± 0.091 0.169 ± 0.020 0.178 ± 0.013 0.731 ± 0.091 0.134 ± 0.013 - -

20.9 0.716 ± 0.056 0.120 ± 0.013 0.126 ± 0.014 0.479 ± 0.037 0.086 ± 0.007 1.096 ± 0.198 0.270 ± 0.053

* Οι εντάσεις των ακτίνων-γ υιοθετήθηκαν από την αναφορά [38].
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Θεωρητικοί Υπολογισµοί

Εκτός από τις πειραµατικές µετρήσεις, στα πλαίσια της παρούσας διατριβής έγιναν ϑεωρητικοί

υπολογισµοί ενεργών διατοµών µε χρήση των κωδίκων EMPIRE 3.2.2 [40,41] και TALYS 1.8

[42, 43], τόσο για τις έξι υπό µελέτη αντιδράσεις, όσο και για άλλα κανάλια που αφορούν

στους ίδιους πυρήνες-στόχους, όπως (n,elastic), (n,3n), (n,p), (n,α) και (n,total). Οι ϑεωρητικοί

υπολογισµοί υλοποιήθηκαν σε ένα µεγάλο εύρος ενεγειών (έως 35 MeV) για τρείς διαφορετικούς

πυρήνες-στόχους, τους
197

Au,
191

Ir και
193

Ir. Τρεις ϐασικοί µηχανισµοί αντιδράσεων λήφθηκαν

υπόψη και στους δύο κώδικες, οι αντιδράσεις σύνθετου πυρήνα, οι αντιδράσεις προϊσορροπίας

και οι άµεσες. Ο τελικός σκοπός δεν ήταν να γίνει σύγκριση µεταξύ των δύο κωδίκων, αλλά να

ϐρεθεί ο ϐέλτιστος συνδυασµός παραµέτρων για κάθε κώδικα, ο οποίος να δίνει ικανοποιητικά

αποτελέσµατα σε σύγκριση µε τα υπάρχοντα πειραµατικά δεδοµένα της κάθε αντίδρασης για

διάφορα κανάλια εξόδου. Ιδιαίτερη προσοχή δόθηκε στις περιπτώσεις των ενεργών διατοµών

των ισοµερών καταστάσεων.

Στον παρακάτω πίνακα (ϐλέπε Πίνακα 7) δίνονται οι ϐασικές εντολές που χρησιµοποιήθη-

καν στα αρχεία εισόδου του κώδικα EMPIRE για τις αντιδράσεις των νετρονίων µε τα τρία

ισότοπα που µελετήθηκαν.

Πίνακας 7: Εντολές και τιµές που χρησιµοποιήθηκαν στο αρχείο εισόδου του κώδικα EMPIRE.

EMPIRE 3.2.2

Εντολή Τιµή για :

197
Au

191
Ir

193
Ir

LEVDEN 0 0 0

DIRECT 0 0 0

HRTW 3 3 3

GSTRFN 1 1 1

OMPOT (n) 401 401 401

OMPOT (p) 5405 5405 5405

OMPOT (α) 9600 9600 9600

PCROSS 2.2 2.99 2.0

Οι ενεργές διατοµές των αντιδράσεων σύνθετου πυρήνα υπολογίστηκαν στα πλαίσια της

ϑεωρίας Hauser-Feshbach [44]. Η προκαθορισµένη (default) επιλογή του κώδικα EMPIRE

χρησιµοποιήθηκε για την περιγραφή της πυκνότητας των ενεργειακών καταστάσεων σύµφω-

να µε το Βελτιωµένο Γενικευµένο Πρότυπο Υπερρευστού (Enhanced Generalized Superfluid

Model - EGSM [45]). Για να ληφθεί υπόψη η συσχέτιση του καναλιού εισόδου µε τα κανάλια

εξόδου στην ελαστική σκέδαση, εφαρµόσθηκε το µοντέλο των Hofmann, Richert, Tepel και Wei-

denmuller model (HRTW) για τις διορθώσεις του εύρους των διακυµάνσεων (width fluctuation

corrections), για ενέργειες εισερχόµενων νετρονίων µέχρι 3 MeV. ΄Οσον αφορά στην εκποµπή

ακτίνων-γ, οι αντίστοιχες συναρτήσεις (γ-ray strength functions) περιγράφηκαν µε τροποποιη-

µένες Lorentzians (MLO1) µε παραµέτρους διαθέσιµες στην ϐιβλιοθήκη δεδοµένων RIPL-3 [46].

Οι παράµετροι του οπτικού δυναµικού για τα εξερχόµενα πρωτόνια υιοθετήθηκαν από την ϐι-

ϐλιοθήκη RIPL-3, µε χρήση των παραµέτρων των A. J. Koning κ. ά [47], ενώ οι παράµετροι

των V. Avrigeanu κ. ά [48] χρησιµοποιήθηκαν για τα εξερχόµενα σωµατίδια α. Προκειµένου
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να επιλεγεί το οπτικό δυναµικό για τα εξερχόµενα νετρόνια από την ϐιβλιοθήκη RIPL-3, όλα

τα διαθέσιµα για κάθε ισότοπο δυναµικά δοκιµάσθηκαν και τελικά αυτό των D. Wilmore κ.

ά [49] επιλέχθηκε ως το πιο κατάλληλο και για τα τρία ισότοπα. Επιπλέον, η συνεισφορά των

αντιδράσεων προϊσορροπίας περιγράφηκε µε το κλασικό µοντέλο των εξιτονίων [50,51], µέσω

της υπορουτίνας PCROSS [52] που είναι διαθέσιµη στον κώδικα EMPIRE. Στους παραπάνω

υπολογισµούς, οι συντελεστές διάδοσης (transmission coefficients) υπολογίσθηκαν µε χρήση

υπορουτίνων οπτικών µοντέλων (κώδικας ECIS06 [53, 54]) που είναι διαθέσιµες στον κώδικα

EMPIRE. Επίσης, πρέπει να σηµειωθεί ότι χρησιµοποιήθηκαν σφαιρικά οπτικά δυναµικά.

Στον παρακάτω πίνακα (ϐλέπε Πίνακα 8) δίνονται οι ϐασικές εντολές που χρησιµοποιήθη-

καν στα αρχεία εισόδου του κώδικα TALYS για τις αντιδράσεις των νετρονίων µε τα τρία ισότοπα

που µελετήθηκαν.

Πίνακας 8: Εντολές και τιµές που χρησιµοποιήθηκαν στο αρχείο εισόδου του κώδικα TALYS.

TALYS 1.8

Εντολές Τιµές για :

197
Au

191
Ir

193
Ir

ldmodel 3 3 3

alimit 79 198 16.827 77 192 16.4 77 194 20.6

alimit 79 197 16.736 77 191 16.3 77 193 20.0

alimit 79 196 16.645 77 190 16.1 77 192 20.2

alimit 79 195 16.554 77 189 16.1 -

spherical n n n

widthfluc 3 3 3

widthmode 2 2 2

gammax 4 4 4

strength 1 1 1

jlmomp n n n

alphaomp 6 6 6

preequilibrium y y y

preeqmode 3 3 3

preeqspin 3 3 3

rspincut 1.5 0.7 0.7

spincutmodel 1 2 2

cstrip α 2 α 2 α 2

΄Οσον αφορά στους ϑεωρητικούς υπολογισµούς µε τον κώδικα TALYS, οι ενεργές διατοµές

των αντιδράσεων σύνθετου πυρήνα υπολογίσθηκαν και πάλι στα πλαίσια της ϑεωρίας Hauser-

Feshbach [44], ενώ οι πυκνότητες ενεργειακών καταστάσεων περιγράφηκαν µέσω του Γενικευ-

µένου Πρότυπου Υπερρευστού (Generalised Superfluid Model - GSM). Το εύρος της κατανοµής

των στροφορµών της πυκνότητας καταστάσεων (spin cut-off parameter, σ2
) περιγράφηκε είτε

µέσω της σχέσης :

σ2 = c
α

α̃

√
U

α
(spincutmodel 1) (16)
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Είτε µέσω της σχέσης :

σ2 = c

√
U

α
(spincutmodel 2) (17)

όπου c είναι µία σταθερά, α είναι η παράµετρος πυκνότητας καταστάσεων, η οποία καθορίζεται

είτε από πειραµατικές πληροφορίες, είτε από ευρέως διαδεδοµένες συστηµατικές, α̃ είναι η

ασυµπτωτική παράµετρος πυκνότητας καταστάσεων, η οποία προκύπτει σε περίπτωση που δεν

υπάρχουν ϕαινόµενα ϕλοιών ( α̃=α(Ε→∞) ) και

U = E −∆ (18)

όπου E είναι η ενέργεια διέγερσης και ∆ είναι µία εµπειρική παράµετρος που σχετίζεται µε

την ενέργεια σύζευξης και λαµβάνει υπόψη τα ϕαινόµενα περιττού-άρτιου αριθµού νουκλεο-

νίων του πυρήνα. Επιπλέον, η παράµετρος σ2
πολλαπλασιάστηκε µε κατάλληλο παράγοντα

(0.7 ≤ rspincut ≤ 1.5), ώστε να επιτυγχάνεται ικανοποιητική αναπαραγωγή των πειραµατι-

κών δεδοµένων της ενεργού διατοµής, ειδικά για τις περιπτώσεις των ισοµερών καταστάσεων.

Η ασυµπτωτική παράµετρος πυκνότητας καταστάσεων (α̃) για τους εµπλεκόµενους σύνθετους

πυρήνες που ϕαίνονται στον Πίνακα 8 δηλώθηκαν ξεχωριστά µέσω της παραµέτρου alimit, και

οι τιµές υιοθετήθηκαν από τις αναφορές [55] και [46]. ∆ιορθώσεις για το εύρος διακυµάνσε-

ων (width fluctuation corrections) έγιναν µέσω του µοντέλου HRTW για νετρόνια ενέργειας

µέχρι 3MeV. ΄Οσον αφορά στην εκποµπή ακτίνων-γ, λήφθηκαν υπόψη µεταβάσεις µε πολυπο-

λικότητα έως 4 και χρησιµοποιήθηκαν κατάλληλες συναρτήσεις (strength functions) οι οποίες

υπολογίστηκαν µικροσκοπικά από τον S. Goriely, σύµφωνα µε το µοντέλο των Hartree-Fock-

Bogolyubov που εξαρτάται από την ϑερµοκρασία. Για τα εξερχόµενα πρωτόνια και νετρόνια,

χρησιµοποιήθηκε το οπτικό δυναµικό των Koning και Delaroche [47], ενώ για τα σωµατίδια

α υιοθετήθηκαν οι παράµετροι από τους Avrigeanu κ. ά [56]. Για τις αντιδράσεις προϊσορ-

ϱοπίας χρησιµοποιήθηκε το µοντέλο των εξιτονίων, ενώ η κατανοµή των σπίν για τους παρα-

γόµενους πυρήνες από αντιδράσεις προϊσορροπίας ϐασίστηκε στις πυκνότητες καταστάσεων

σωµατιδίου-οπής (particle-hole state densities). Για τις αντιδράσεις απογύµνωσης (stripping)

και υφαρπαγής (pick-up) εξερχόµενων σωµατιδίων α κατά την προϊσορροπία χρησιµοποιήθηκε

ένας πολλαπλασιαστικός παράγοντας µέσω της εντολής cstrip α [57]. ΄Οσον αφορά στις άµεσες

αντιδράσεις, χρησιµοποιήθηκε η µέθοδος των συζευγµένων [58] καναλιών µε οπτικό δυναµικό

για παραµόρφωµένους πυρήνες. Οι συντελεστές διάδοσης υπολογίστηκαν µέσω του κώδικα

ECIS06.

Τα αποτελέσµατα των ϑεωρητικών υπολογισµών για όλες τις αντιδράσεις παρουσιάζονται

στην επόµενη ενότητα, µαζί µε τα υπάρχοντα πειραµατικά δεδοµένα, αλλά και µε τα πειραµα-

τικά αποτελέσµατα της παρούσας διατριβής.

Αποτελέσµατα και Συµπεράσµατα

Μετρήθηκαν οι ενεργές διατοµές των αντιδράσεων
197

Au(n,2n)
196

Au,
197

Au(n,2n)
196

Au
m2

,

191
Ir(n,2n)

190
Ir
g+m1+0.086m2

,
191

Ir(n,2n)
196

Ir
m2

,
191

Ir(n,3n)
189

Ir και
193

Ir(n,2n)
192

Ir, για έξι

ενέργειες της δέσµης νετρονίων στο εύρος 15.3-20.9 MeV και τα αποτελέσµατα παρουσιάζονται

στα Σχήµατα 23a-23f µαζί µε τα ήδη υπάρχοντα δεδοµένα στη ϐιβλιογραφία [9] και µε την

καµπύλη αξιολόγησης ENDF/B-VII.1 [28] (σε όποιες αντιδράσεις υπάρχει).
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Σχήµα 23: Πειραµατικά αποτελέσµατα για τις ενεργές διατοµές των έξι αντιδράσεων που µε-

τρήθηκαν στα πλαίσια της παρούσας διατριβής, µαζί µε προϋπάρχοντα πειραµατικά δεδο-

µένα [9] και την καµπύλη αξιολόγησης ENDF/B-VII.1 [28] (για όποιες αντιδράσεις υπάρχει):

(a)
197

Au(n,2n)
196

Au, (b)
197

Au(n,2n)
196

Au
m2

, (c)
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

,

(d)
191

Ir(n,2n)
196

Ir
m2

, (e)
191

Ir(n,3n)
189

Ir και (f)
193

Ir(n,2n)
192

Ir. Στο Σχήµα b τα κόκκινα σηµεία

έχουν προκύψει χρησιµοποιώντας τις τιµές των εντάσεων των ακτίνων-γ (Iγ ) της αναφοράς [38],

ενώ τα µπλε σηµεία µε τις τιµές (Iγ
′
) της αναφοράς [37]. Στα Σχήµατα c και e τα δεδοµένα

µε τον αστερίσκο αντιστοιχούν στην ολική ενεργό διατοµή (n,2n) του κάθε καναλιού, ενώ τα

υπόλοιπα στην ενεργό διατοµή των σταθµών g+m1.
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Τα πειραµατικά αποτελέσµατα για την ενεργό διατοµή του αθροίσµατος των ισοµερών κα-

ταστάσεων και της ϐασικής (Σχήµα 23a) ακολουθούν τη γενική τάση των προγενέστερων πειρα-

µατικών σηµείων σε όλο το ενεργειακό εύρος. Ειδικά για την περιοχή του πλατώ (∼14 MeV),

το σηµείο στα 15.3 MeV υποδεικνύει ότι η τιµή της ενεργού διατοµής ϐρίσκεται µεταξύ των

υψηλότερων και χαµηλότερων πειραµατικών σηµείων. ΄Οσον αφορά στην ενεργό διατοµή της

µετασταθούς (Σχήµα 23b), το πειραµατικό σηµείο στα 15.3 MeV συµφωνεί µε τους Ghorai κ.

ά [14] και Tewes κ. ά [13] εντός των πειραµατικών αβεβαιοτήτων. Τα υπόλοιπα σηµεία, µεταξύ

17.1 και 20.9 MeV, ϐρίσκονται λίγο πιο ψηλά σε σχέση µε τα προηγούµενα δεδοµένα, ενώ

το σηµείο στα 20.9 MeV ακολουθεί την τάση των σηµείων στα 19.5, 19.76 και 22.6 MeV των

Majerle κ. ά [17], Prestwood κ. ά [16], και Uno κ. ά [15], αντίστοιχα. Οι τιµές των ενερ-

γών διατοµών που προέκυψαν χρησιµοποιώντας τις τιµές των εντάσεων των δύο πιο ισχυρών

ακτίνων-γ (147.8 και 188.3 keV) από την αναφορά [38], ϐρίσκονται ελαφρώς πιο ψηλά από τα

αποτελέσµατα που υπολογίσθηκαν χρησιµοποιώντας τις αντίστοιχες εντάσεις της ϐιβλιοθήκης

Lund [37]. Παρόλα αυτά, συµφωνούν µεταξύ τους εντός των πειραµατικών αβεβαιοτήτων και

υποδεικνύουν ότι το κεντροειδές της καµπύλης της ενεργού διατοµής ϐρίσκεται περίπου στα

17 MeV, και όχι στα 15 MeV, όπως µπορούσε να ϑεωρηθεί µε ϐάση τα παλαιότερα δεδοµένα.

΄Οσον αφορά στην ενεργό διατοµή της αντίδρασης
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

, τα πειρα-

µατικά αποτελέσµατα (Σχήµα 23c) ακολουθούν τη γενική τάση των προγενέστερων σηµείων σε

όλο το ενεργειακό εύρος. Ειδικά το σηµείο στα 15.3 MeV, αποκαλύπτει ότι η τιµή της ενεργού

διατοµής στην περιοχή του πλατώ ϐρίσκεται κοντά στις κεντρικές τιµές των Filatenkov [19] κ. ά,

Konno κ. ά [24] και Temperley κ. ά [20] και όχι τόσο κοντά στα σηµεία των Herman κ. ά [21],

Bayhurst κ. ά [18] και Qaim κ. ά [59] (παρόλο που κάποια σηµεία του τελευταίου συµφωνούν

µε τα σηµεία της παρούσας διατριβής). ΄Ετσι, η τιµή της ενεργού διατοµής στην περιοχή του

πλατώ ϐρίσκεται πιο χαµηλά από την µέση τιµή που υποδεικνύεται από την καµπύλη αξιο-

λόγησης ENDF/B-VII.1 στην περιοχή 11-18 MeV. Τα νέα σηµεία για την ενεργό διατοµή της

µετασταθούς (Σχήµα 25d), δίνουν µεγαλύτερες τιµές σε σχέση µε την πλειοψηφία των παλαι-

ότερων δεδοµένων, ενώ συµφωνούν µε τα δεδοµένα από τους Bormann κ. ά [23]. Επιπλέον,

υποδεικνύουν έντονα ότι το κεντροειδές της καµπύλης της ενεργού διατοµής ϐρίσκεται περίπου

στα 17 MeV. ΄Οσον αφορά στο κανάλι
191

Ir(n,3n) (Σχήµα 23e), λίγα πειραµατικά σηµεία υπάρ-

χουν στην ϐιβλιογραφία [18,60] και τα νέα δεδοµένα από την παρούσα διατριβή παρουσίαζουν

σηµαντικές διαφορές µε αυτά. Φαίνεται ότι τα δεδοµένα των Bayhurst κ. ά [18] υπερεκτιµούν

την ενεργό διατοµή και ότι η τελευταία ξεκινά να αυξάνεται σε ενέργειες µεγαλύτερες σε σχέση

µε την καµπύλη αξιολόγησης ENDF/B-VII.1.

Η ενεργός διατοµή της αντίδρασης
193

Ir(n,2n)
192

Ir µετρήθηκε σε οκτώ ενέργειες δέσµης

νετρονίων µεταξύ 10.0 και 20.9 MeV. Οι µετρήσεις στις υψηλότερες ενέργειες (15.3-20.9 MeV)

υλοποιήθηκαν στα πλαίσια της παρούσας διατριβής, ενώ αυτές στις χαµηλότερες ενέργειες

(10.0-11.3 MeV) έγιναν το 2005-2006 από τους N. Patronis κ. ά [11]. Από αυτήν την πειρα-

µατική καµπάνια, µόνο η αντίδραση
191

Ir(n,2n) αναλύθηκε, ενώ τα δεδοµένα της αντίδρασης

193
Ir(n,2n) αναλύθηκαν στα πλαίσια της παρούσας διατριβής µε ανανεωµένη µεθόδο και έγιναν

οι απαραίτητες διορθώσεις για την συνεισφορά των χαµηλοενεργειακών, παρασιτικών νετρονίων

στον αριθµό των γεγονότων, που είναι απαραίτητος για τον προσδιορισµό της ενεργού διατο-

µής. Τα πειραµατικά αποτελέσµατα παρουσιάζονται στο Σχήµα 23f, µαζί µε προϋπάρχοντα

δεδοµένα της ϐιβλιογραφίας [9] και την καµπύλη αξιολόγησης ENDF/B-VII.1 [28]. Τα νέα

πειραµατικά σηµεία ακολουθούν τη γενική τάση των υπόλοιπων σηµείων, τόσο στη χαµηλή,
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όσο και στην υψηλή περιοχή ενεργειών. Μόνο το σηµείο στα 20.9 MeV είναι χαµηλότερα σε

σχέση µε τα δεδοµένα των Bayhurst κ. ά [18].

Τα αποτελέσµατα των ϑεωρητικών υπολογισµών που έγιναν µε τους κώδικες EMPIRE 3.2.2

και TALYS 1.8 για διάφορα κανάλια αντιδράσεων νετρονίων µε τον πυρήνα
197

Au, παρουσι-

άζονται στα Σχήµατα 24a-24g, µαζί µε τα πειραµατικά αποτελέσµατα της παρούσας διατριβής

και µε προϋπάρχοντα δεδοµένα της ϐιβλιογραφίας [9]. ΄Οπως ϕαίνεται, και οι δύο κώδικες

δίνουν µία αρκετά καλή αναπαραγωγή των πειραµατικών δεδοµένων των ενεργών διατοµών για

όλα τα κανάλια που µελετήθηκαν. ΄Οσον αφορά στην ενεργό διατοµή της µετασταθούς (Σχήµα

24b), και οι δύο κώδικες περιγράφουν πολύ καλά την τάση των πειραµατικών σηµείων και

συµφωνούν µε τα πειραµατικά δεδοµένα της παρούσας διατριβής στην ϑέση του µεγίστου της

ενεργού διατοµής που αναφέρθηκε παραπάνω. Σε αντίθεση µε την αναφορά [12], δεν υπήρξε

εµφανής ανάγκη να µειωθεί η ϱοπή αδράνειας (effective moment of inertia). Σε αυτό το σηµείο,

πρέπει να σηµειωθεί ότι και οι δύο κώδικες έχουν ϐελτιωθεί σηµαντικά τα τελευταία χρόνια.

Εκτός από το γεγονός ότι αυτό µπορεί εύκολα να παρατηρηθεί συγκρίνοντας τα αποτελέσµατα

της παρούσας διατριβής για παράδειγµα, µε αυτά που δηµοσιεύθηκαν το 2011 από την οµάδα

µας, από τους Tsinganis κ. ά [12], αναφέρεται ϱητά και στην αναφορά [57] για το TALYS και

στο εγχειρίδιο χρήσης του EMPIRE [61] (σελ.60). ΄Ετσι, η διαχείριση των υψηλών στροφορµών

στο µοντέλο EGSM του EMPIRE επηρεάζει αποτελεσµατικά την κατανοµή των σπίν για ενέρ-

γειες διέγερσης πάνω από την κρίσιµη, σε σχέση µε το GSM, ενώ στον κώδικα TALYS, µία

µικρή αύξηση της παραµέτρου αποκοπής των σπίν (spin cut-off parameter) µέσω της εντολής

rspincut, ήταν αρκετή για να δώσει επιτυχή αναπαραγωγή της ενεργού διατοµής της δεύτε-

ϱης µετασταθούς. ΄Οσον αφορά στην συνολική ενεργό διατοµή της αντίδρασης (n,2n), και οι

δύο καµπύλες είναι αποδεκτές, αλλά το TALYS για ενέργειες εισερχόµενων νετρονίων πάνω

από 15 MeV ϕαίνεται να ευννοεί το κανάλι (n,3n) (Σχήµα 24c) σε ϐάρος του (n,2n) (Σχήµα

24b). Για τις ενεργές διατοµές των αντιδράσεων µε εξερχόµενα ϕορτισµένα σωµατίδια (Σχήµατα

24d και 24e), και οι δύο κώδικες δίνουν ικανοποιητικά αποτελέσµατα παρόλο που υπάρχει

σηµαντική έλλειψη πειραµατικών δεδοµένων. Επιπλέον, τα αποτελέσµατα για την ελαστική

σκέδαση (Σχήµα 24f), και για την ολική ενεργό διατοµή (Σχήµα 24g), παρουσιάζουν πολύ

καλή συµφωνία µε τα υπάρχοντα πειραµατικά δεδοµένα σε ένα µεγάλο εύρος ενεργειών.

Τα αποτελέσµατα των ϑεωρητικών υπολογισµών της ενεργού διατοµής για αντιδράσεις νε-

τρονίων µε τον πυρήνα
191

Ir παρουσιάζονται στα Σχήµατα 25a-25f, µαζί µε τα πειραµατικά

αποτελέσµατα της παρούσας διατριβής και µε προϋπάρχοντα δεδοµένα της ϐιβλιογραφίας [9].

Η αναπαραγωγή της ενεργού διατοµής για όλα τα κανάλια που µελετήθηκαν είναι αρκετά

καλή. ΄Οσον αφορά στην ενεργό διατοµή της αντίδρασης
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

(Σχήµα

25a), και οι δύο καµπύλες είναι σε καλή συµφωνία µε τα πειραµατικά δεδοµένα, ενώ το TALYS

ϕαίνεται να υπερεκτιµά το κανάλι (n,3n) (Σχήµα 25c) και να υποτιµά το (n,2n). Πρέπει να ση-

µειωθεί ότι η αναπαραγωγή της ενεργού διατοµής της αντίδρασης
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

µπορούσε να επιτευχθεί µε πολλούς συνδυασµούς οπτικών δυναµικών και µοντέλων πυκνότη-

τας καταστάσεων και µε τους δύο κώδικες. Ο ισχυρός περιορισµός στην επιλογή του τελι-

κού συνδυασµού ήταν η ταυτόχρονη αναπαραγωγή των ενεργών διατοµών των αντιδράσεων

191
Ir(n,2n)

190
Ir
g+m1+0.086m2

και
191

Ir(n,2n)
190

Ir
m2

. Στην περίπτωση της δεύτερης µεταστα-

ϑούς (Σχήµα 25b), και οι δύο κώδικες περιγράφουν πολύ καλά την τάση των πειραµατικών

σηµείων και τη ϑέση του µεγίστου της ενεργού διατοµής. Παρόλα αυτά, η καµπύλη του EM-

PIRE (µπλε) αναπαράγει ελαφρώς καλύτερα την ενεργό διατοµή, σε σχέση µε την καµπύλη του
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Σχήµα 24: Ενεργές διατοµές για επτά κανάλια

εξόδου της αντίδρασης n+
197

Au. Τα πειραµα-

τικά αποτελέσµατα της παρούσας διατριβής,

για τα κανάλια (n,2n), µαζί µε προϋπάρχο-

ντα πειραµατικά δεδοµένα [9] και µε τα α-

ποτελέσµατα των ϑεωρητικών υπολογισµών µε

τους κώδικες EMPIRE 3.2.2 και TALYS 1.8.

Κάθε κανάλι εξόδου παρουσιάζεται χωριστά :

(a)
197

Au(n,2n)
196

Au, (b)
197

Au(n,2n)
196

Au
m2

,

(c)
197

Au(n,3n)
195

Au, (d)
197

Au(n,α)
194

Ir,

(e)
197

Au(n,p)
197

Pt
g+m

, (f)
197

Au(n,elastic) και

(g)
197

Au(n,total).
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Σχήµα 25: Ενεργές διατοµές για έξι κανάλια εξόδου της αντίδρασης n+
191

Ir. Παρουσιάζο-

νται τα πειραµατικά αποτελέσµατα της παρούσας διατριβής, για τα κανάλια (n,2n) και (n,3n),

µαζί µε προϋπάρχοντα πειραµατικά δεδοµένα [9] και µε τα αποτελέσµατα των ϑεωρητικών

υπολογισµών µε τους κώδικες EMPIRE 3.2.2 και TALYS 1.8. Κάθε κανάλι εξόδου παρουσι-

άζεται χωριστά : (a)
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

, (b)
191

Ir(n,2n)
196

Ir
m2

, (c)
191

Ir(n,3n)
189

Ir, (d)

191
Ir(n,α)

188
Re,

(e)
191

Ir(n,p)
191

Os και (f)
191

Ir(n,total). Στο Σχήµα 25a, τα δεδοµένα µε τον αστερίσκο αντι-

στιχούν στην ολική ενεργό διατοµή του καναλιού (n, 2n), ενώ τα υπόλοιπα αντιστιχούν στην

ενεργό διατοµή του αθροίσµατος g + m1.
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TALYS (γκρι), τόσο στη χαµηλή (κοντά στο κατώφλι) περιοχή, όσο και στην υψηλή ενεργειακή

περιοχή. Φαίνεται ότι αν η υπήρχε στον κώδικα TALYS η δυνατότητα ενός πολλαπλασιαστικού

παράγοντα για την συνεισφορά των αντιδράσεων προϊσορροπίας, ϑα ήταν δυνατό αν γίνει µία

καλύτερη περιγραφή της δεξιάς ουράς της καµπύλης της ενεργού διατοµής. Πρέπει να σηµειω-

ϑεί ότι η αναπαραγωγή της ενεργού διατοµής γι αυτό το κανάλι µεµονωµένα, ήταν καλύτερη

χωρίς να ληφθεί υπόψη η συνεισφορά των αντιδράσεων προϊσορροπίας (µε τον κώδικα TALYS).

΄Οµως αυτό το σενάριο δε ϑα µπορούσε να γίνει αποδεκτό, αφενός γιατί δεν είναι αναµενόµενο

από ϕυσικής άποψης και αφετέρου γιατί υπήρχε ένας επιπλέον περιορισµός που τέθηκε από

τον σκοπό να υπάρχει ταυτόχρονη αναπαραγωγή των δύο (n,2n) καναλιών και ϕαινόταν πως

όταν ϐελτιώνονταν τα αποτελέσµατα για την m2, χειροτέρευαν τα αποτελέσµατα της ενεργού

διατοµής του αθροίσµατος g+m1+0.086 m2.

Σε αυτό το σηµείο, πρέπει να σηµειωθεί ότι η ίδια συµπεριφορά όσον αφορά στην εκποµπή

των νετρονίων παρατηρήθηκε στους ϑεωρητικούς υπολογισµούς που έγιναν µε τους κώδικες

EMPIRE 3.2.2 και TALYS 1.8, για τον γειτονικό πυρήνα
197

Au [62]. Επίσης, αξίζει να αναφερθεί

ότι στους ϑεωρητικούς υπολογισµούς που έγιναν µε τον κώδικα EMPIRE για την περιγραφή του

συστήµατος n+
197
79 Au, επιλέχθηκαν οι ίδιες παράµετροι οπτικού δυναµικού (Wilmore κ. ά [49])

και ίδιο µοντέλο πυκνότητας καταστάσεων (EGSM) σε σχέση µε αυτά που χρησιµοποιήθηκαν

για την περιγραφή του συστήµατος n+
191
77 Ir [63], ως αυτά που δίνουν την πιο ικανοποιητική

αναπαραγωγή της ενεργού διατοµής όλων των υπό µελέτη καναλιών.

΄Οσον αφορά στο κανάλι (n,3n), (Σχήµα 25c) τα αποτελέσµατα και των δύο κωδίκων υποε-

κτιµούν τα δεδοµένα των Bayhurst κ. ά [18], αλλά σε σύγκριση µε τα δεδοµένα της παρούσας

διατριβής, ιδιαίτερα τα αποτελέσµατα του κώδικα EMPIRE, παρουσιάζουν πολύ καλή συµφω-

νία. Για τις ενεργές διατοµές των αντιδράσεων µε εξερχόµενα ϕορτισµένα σωµατίδια (Σχήµατα

25d και 25e), και οι δύο κώδικες αναπαράγουν ικανοποιητικά τις ενεργές διατοµές, παρόλο

που υπάρχει σηµαντική έλλειψη πειραµατικών δεδοµένων. Ακόµα, τα αποτελέσµατα και των

δύο κωδίκων για την ολική ενεργό διατοµή της αντίδρασης (Σχήµα 25f) συµφωνούν µεταξύ

τους, αλλά σε αυτήν την περίπτωση υπάρχει σηµαντική ανάγκη για πειραµατικά δεδοµένα για

ενέργειες πάνω από 10
−6

MeV. Υπάρχουν δεδοµένα για την αντίδραση (n,total) για ένα µεγάλο

ενεργειακό εύρος στην ϐιβλιογραφία, αλλά µόνο για την περίπτωση του ϕυσικού Ir και όχι για

κάθε ισότοπο χωριστά [9,64].

Επιπλέον, τα αποτελέσµατα των ϑεωρητικών υπολογισµών για τις αντιδράσεις νετρονίων µε

τον πυρήνα
193

Ir παρουσιάζονται στα Σχήµατα 26a-26d, µαζί µε τα πειραµατικά σηµεία της

παρούσας διατριβής και µε υπάρχοντα δεδοµένα της ϐιβλιογραφίας [9]. ΄Οσον αφορά στην ε-

νεργό διατοµή της αντίδρασης (n,2n) (Σχήµα 26a), και οι δύο κώδικες αναπαράγουν πολύ καλά

την τάση των πειραµατικών δεδοµένων και υποδεικνύουν ότι η τιµή της ενεργού διατοµής στην

περιοχή γύρω από τα 14 MeV, όπου υπάρχουν διάφορα δεδοµένα [18–21,24,25], είναι κοντά

στα χαµηλότερα σηµεία των Herman κ. ά [21] και Temperley κ. ά [20]. Τα κανάλια (n,3n)

και (n,elastic), για τον πυρήνα-στόχο
193

Ir, δεν παρουσιάζονται λόγω της έλλειψης δεδοµένων

στην ϐιβλιογραφία [9]. Για τις ενεργές διατοµές των αντιδράσεων µε εξερχόµενα ϕορτισµένα

σωµατίδια (Σχήµατα 26b και 26c), και οι δύο κώδικες αναπαράγουν ικανοποιητικά την ενεργό

διατοµή, παρόλο που υπάρχει σηµαντική έλλειψη δεδοµένων. Επιπλέον, τα αποτελέσµατα και

των δύο κωδίκων για την ολική ενεργό διατοµή της αντίδρασης (Σχήµα 26d) συµφωνούν µεταξύ

τους, αλλά υπάρχει επείγουσα ανάγκη για νέα πειραµατικά σηµεία σε ενέργειες πάνω από

10
−6

MeV.
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Σχήµα 26: Ενεργές διατοµές για τέσσερα κανάλια εξόδου της αντίδρασης n+
193

Ir. Παρου-

σιάζονται τα πειραµατικά αποτελέσµατα της παρούσας διατριβής για το κανάλι (n,2n), µαζί

µε προϋπάρχοντα πειραµατικά δεδοµένα [9] και µε τα αποτελέσµατα των ϑεωρητικών υπολο-

γισµών µε τους κώδικες EMPIRE 3.2.2 και TALYS 1.8. Κάθε κανάλι εξόδου παρουσιάζεται

χωριστά :

(a)
193

Ir(n,2n)
192

Ir, (b)
193

Ir(n,α)
190

Re, (c)
193

Ir(n,p)
193

Os and (d)
193

Ir(n,total). Στο Σχήµα 26a,

τα δεδοµένα µε τον αστερίσκο αντιστοιχούν στην ολική ενεργό διατοµή του καναλιού (n,2n),

ενώ τα υπόλοιπα αντιστιχούν στην ενεργό διατοµή του αθροίσµατος g + m1. Αντιθέτως, στο

Σχήµα 26b, τα δεδοµένα µε τον αστερίσκο αντιστοιχούν στην ενεργό διατοµή της µετασταθούς

στάθµης, ενώ τα υπόλοιπα σε αυτήν της ϐασικής κατάστασης.
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Σύνοψη

Στα πλαίσια της παρούσας διδακτορικής διατριβής µετρήθηκαν οι ενεργές διατοµές των εξής

αντιδράσεων:

◦ 197
Au(n,2n)

196
Au

◦ 197
Au(n,2n)

196
Au

m2

◦ 191
Ir(n,2n)

190
Ir

◦ 191
Ir(n,2n)

190
Ir
m2

◦ 191
Ir(n,3n)

189
Ir and

◦ 193
Ir(n,2n)

192
Ir

σε έξι ενέργειες δέσµης νετρονίων, µεταξύ 15.3 και 20.9 MeV, ως προς την ενεργό διατοµή της

αντίδρασης
27

Al(n,α)
24

Na. Οι µετρήσεις πραγµατοποιήθηκαν στο εργαστήριο του επιταχυντή

5.5 MV Tandem T11/25 του ΕΚΕΦΕ ¨∆ηµόκριτος¨ στην Αθήνα, µέσω της µεθόδου ενεργοπο-

ίησης. Επιπλέον, πειραµατικά δεδοµένα που είχαν ληφθεί το 2005-2006 από τους N. Patronis

κ. ά., µε ενέργειες δέσµης νετρονίων στην περιοχή 10.0-11.3 MeV, αναλύθηκαν ειδικά για την

ενεργό διατοµή της αντίδρασης
193

Ir(n,2n)
192

Ir. Προκειµένου να αναλυθούν αυτά τα δεδοµένα

σε όλο το ενεργειακό εύρος, µία πρόσφατα εφαρµοσµένη τεχνική χρησιµοποιήθηκε, λόγω του

ότι ο πυρήνας που παράγεται από την αντίδραση
193

Ir(n,2n), ο
192

Ir, παράγεται και από την

αντίδραση
191

Ir(n,γ), η οποία ενεργοποιείται από χαµηλοενεργειακά, παρασιτικά νετρόνια. Αυ-

τή η µέθοδος διορθώνει τον αριθµό των γεγονότων που είναι απαραίτητος για τον προσδιορισµό

της ενεργού διατοµής, για την συνεισφορά από χαµηλοενεργειακά, παρασιτικά νετρόνια. Πιο

συγκεκριµένα, γίνονται λεπτοµερείς προσοµοιώσεις για την ενεργειακή κατανοµή της δέσµης

των νετρονίων, µε χρήση των κωδίκων NeuSDesc [34] και MCNP5 [36], και η τελευταία επι-

ϐεβαιώνεται µέσω της αντίδρασης
197

Au(n,γ). Επιπλέον, έγιναν ϑεωρητικοί υπολογισµοί των

ενεργών διατοµών, σε ένα µεγάλο ενεργειακό εύρος, µε χρήση των κωδίκων EMPIRE 3.2.2 [40]

και TALYS 1.8 [42], τόσο για τις αντιδράσεις που µετρήθηκαν, όσο και για άλλα κανάλια εξόδου

που αφορούν στους ίδιους πυρήνες-στόχους.

Τα νέα πειραµατικά σηµεία για τις έξι αντιδράσεις που µετρήθηκαν και προαναφέρθηκαν,

παρουσιάζονται στο Σχήµα 23. Οι τιµές των ενεργών διατοµών των αντιδράσεων
197

Au(n,2n)
196

Au

(Σχήµα 23a) και
191

Ir(n,2n)
190

Ir (Σχήµα 23c) ακολουθούν τη γενική τάση των προϋπάρχο-

ντων στην ϐιβλιογραφία δεδοµένων και ειδικά τα σηµεία στα 15.3 MeV, δίνουν πληροφορία

για την τιµή της ενεργού διατοµής στο πλατώ, όπου υπάρχουν σηµαντικές διαφορές µεταξύ

των πειραµατικών σηµείων της ϐιβλιογραφίας. ΄Οσον αφορά στα κανάλια που οι παραγόµε-

νοι πυρήνες ϐρίσκονται σε ισοµερείς καταστάσεις, τα
197

Au(n,2n)
196

Au
m2

(Σχήµα 23b) και

191
Ir(n,2n)

190
Ir
m2

(Σχήµα 23d), τα νέα πειραµατικά σηµεία αποκαλύπτουν τόσο το κεντροει-

δές της ενεργού διατοµής, όσο και το σχήµα της. Τα νέα σηµεία για την ενεργό διατοµή της

αντίδρασης
191

Ir(n,3n)
189

Ir, που παρουσιάζονται στο Σχήµα 23e, έχουν σηµαντικές διαφορές

µε τα υπάρχοντα στην ϐιβλιογραφία δεδοµένα των Bayhurst κ. ά [18]. Επιπλέον, όσον αφορά

στην ενεργό διατοµή της αντίδρασης
193

Ir(n,2n)
192

Ir, (Σχήµα 23f) τα νέα σηµεία πάνω από τα

15 MeV συµφωνούν µε τα παλαιότερα πειραµατικά δεδοµένα, ενώ τα σηµεία στην περιοχή των
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10 MeV δίνουν λογικές τιµές και γεµίζουν το κενό που υπήρχε σε εκείνη την ενεργειακή πε-

ϱιοχή της ενεργού διατοµής. Εκτός από τα νέα δεδοµένα, η τελευταία αντίδραση είχε ιδιαίτερο

ενδιαφέρον διότι ήταν η ιδανική περίπτωση για να ελεγχθεί η πρόσφατα εφαρµοσµένη τεχνική

που χρησιµοποιήθηκε για την διόρθωση της συνεισφοράς των χαµηλοενεργειακών νετρονίων

στον αριθµό των γεγονότων, που είναι απαραίτητος για τον προσδιορισµό της ενεργού διατο-

µής. Τα αποτελέσµατα αυτής της µεθοδολογίας ήταν λογικά κι έτσι αυτή η τεχνική µπορεί να

εφαρµοσθεί σε κάθε µέτρηση µε µονοενεργεική δέσµη νετρονίων, σε εργαστήρια που δεν έχουν

την δυνατότητα της µέτρησης του χρόνου πτήσης τους.

Τα αποτελέσµατα των ϑεωρητικών υπολογισµών των ενεργών διατοµών παρουσιάζονται στα

Σχήµατα 24, 25 και 26. Σε γενικές γραµµές, και οι δύο κώδικες (EMPIRE [40] και TALYS [42])

έδωσαν πολύ ικανοποιητικά αποτελέσµατα και ειδικά στις περιπτώσεις των µετασταθών (Σχήµα-

τα 24b και 25b) ϕάνηκε ότι οι κώδικες έχουν ϐελτιωθεί τα τελευταία χρόνια. Τα αρχεία εισόδου

που χρησιµοποιήθηκαν σε κάθε κώδικα για τις αντιδράσεις των νετρονίων στα ισότοπα
197

Au,

191
Ir και

193
Ir, ήταν σχεδόν ίδια (π.χ µοντέλο πυκνότητας καταστάσεων, οπτικό δυναµικό,

µοντέλο αντιδράσεων προϊσορροπίας κτλ.). Παρόλο που αυτές οι οµοιότητες ϑα ήταν αναµε-

νόµενες για γειτονικούς πυρήνες, η επιτυχής αναπαραγωγή των πειραµατικών σηµείων των

ενεργών διατοµών είναι µία ενθαρρυντική επιβεβαίωση για την αποτελεσµατικότητα των ϑεωρη-

τικών υπολογισµών σε αυτή την περιοχή µαζών.

Επιπλέον, ϑα ήταν ιδιαίτερα ενδιαφέρον για το µέλλον :

◦ Να γίνουν µετρήσεις ενεργών διατοµών σε γειτονικούς πυρήνες-στόχους, όπως
187

Re,

192
Os,

198
Hg και

203
Tl.

◦ Να ελεγχθεί αν µε τη χρήση των παραµέτρων που επιλέχθηκαν για τους ϑεωρητικούς υπο-

λογισµούς της παρούσας διατριβής, ϑα µπορούσε να γίνει αναπαραγωγή των αντίστοιχων

ενεργών διατοµών των εµπλεκόµενων αντιδράσεων για γειτονικούς πυρήνες, µε χρήση

των κωδίκων EMPIRE και TALYS.

◦ Να γίνουν µετρήσεις ενεργοποίησης µε ανιχνευτές που ϑα µετρούν την ενεργότητα την

στιγµή της ακτινοβόλησης (in beam measurements), ώστε να µπορούν να µετρηθούν πυ-

ϱήνες µε µικρότερους χρόνους ηµιζωής. Προκειµένου να γίνει κάτι τέτοιο, µια συστοιχία

ανιχνευτών γερµανίου ϑα ήταν απαραίτητη, όπως η συστοιχία GEANIE στο εργαστήριο

WNR, στο Los Alamos Neutron Science Center [65], ή όπως αυτήν της συνεργασίας

AGATA [66].

◦ Να γίνουν µετρήσεις ενεργοποίησης µε ταυτόχρονη µέτρηση του χρόνου πτήσης των

νετρονίων (time of flight-TOF) στο ΕΚΕΦΕ ¨∆ηµόκριτος¨, µετά την αναβάθµιση του ερ-

γαστηρίου και να ελεγχθεί η χαµηλοενεργειακή περιοχή του ϕάσµατος των νετρονίων.

Για να επιτευχθεί κάτι τέτοιο, είναι απαραίτητη µία δέσµη νετρονίων που ϑα εκπέµπεται

παλµικά, ώστε να είναι δυνατή η µέτρηση του χρόνου πτήσης των νετρονίων (start and

stop). Πιθανώς η µέγιστη διαδροµή δεν ϑα µπορούσε να ξεπερνάει τα 10 m, αλλά αυτή

η απόσταση είναι αρκετή για χαµηλοενεργειακά νετρόνια.
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Introduction

Accurate neutron induced reaction cross sections are of considerable importance for prac-

tical applications in nuclear technology, dosimetry, medicine and industry, as well as for

fundamental research in Nuclear Physics and Astrophysics [1,2].

Since the time of the discovery of the neutron [3], efforts have been made to under-

stand the effects of neutron radiation in tissue and, eventually, to use neutrons for cancer

treatment. In contrast to charged particle or photon irradiations which directly lead to the

release of electrons, neutrons interact with the target nuclei and induce the emission of

several different types of charged particles such as protons, alpha particles or heavier ions.

Thus, a fundamental understanding of the neutron-nucleus interaction is necessary for

dose calculations and treatment planning with the needed accuracy [4]. Hence, one part

of the indispensability of dosimetry concerns the hospitals in which the neutron therapy is

provided.

Another issue is that, as the years pass by, the need for the reprocessing of ‘‘high burnup"

nuclear fuels containing plutonium and other higher actinides increases. The latter decay

by spontaneous fission or produce neutrons via (α,n) reactions [5]. Therefore, the accurate

determination of the neutron emission by nuclear waste is critical, for both the environment

and the humans.

Especially (n,xn) threshold reactions on Au and Ir isotopes, which are under investiga-

tion in the present thesis, are proposed for high energy neutron dosimetry [6–8]. In order

to determine the neutron fluence in neutron environments (i.e fusion reactor), the use of

different radiochemical detectors and different nuclear reactions allows for a sampling of

different energy regions of a neutron energy spectrum and for this purpose, accurate cross

section data is needed. The passive method of neutron dosimetry which works by activating

appropriate materials (i.e Au and Ir), which are also referred to as ‘‘activation detectors", has

been proven to be the most sensitive one, concerning measuring instruments. For exam-

ple, in designing personnel dosimeters, the ‘‘activation detectors" are considered the most

appropriate supplement that produces a sensitive neutron dosimeter which can lower the

dose detection limits. It should be noted that especially (n,2n), and generally (n,xn), reaction

cross sections on Au are included in the NEA Nuclear Data High Priority Request List (HPRL),

39
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since they are essential for improvement and validation of the evaluated data [67,68].

Apart from the aforementioned technological applications of (n,xn) reactions on Au and

Ir, there are more issues strictly related to the basic research in Nuclear Physics.

The study of neutron threshold reactions is of considerable importance for testing and

improving nuclear model parameters, therefore accurate cross section experimental data

is needed. More specifically, the residual nuclei of the (n,2n) reactions on
197

Au and
191

Ir

present high-spin isomeric states. The cross sections of the latter provide important infor-

mation for the study of the compound nucleus de-excitation mechanism, due to the fact that

the population of isomeric states directly depends on the spin of the levels from which they

are fed and on the spin distribution in the continuum. Moreover, concerning isomeric states

reaction cross sections, the existing data points either present significant discrepancies, or

they are absent. Therefore, the new data could give a boost to experimental applications,

since they offer the possibility for an immediate and less time-consuming activation anal-

ysis, due to the shorter (compared to the ground state’s) half-lives involved. Furthermore,

the existence of accurate experimental data is of crucial importance for the evaluation of

these reaction cross sections, since there are no evaluated data in the libraries, concerning

the production of isomeric states.

Furthermore, the rapid evolution of computational codes and methods the last decade,

allowed for another contribution in experimental physics. Through the use of current com-

putational power, an analysis method, which could not be applied in the past, is imple-

mented in order to determine the
193

Ir(n,2n)
192

Ir reaction cross section, which is contam-

inated by the
191

Ir(n,γ)
192

Ir one. This method corrects the yield that is used for the cross

section determination for the contribution of low energy parasitic neutrons, by using up-

dated evaluated data libraries and Monte Carlo simulations. This method provides a quite

good estimation of the neutron energy distribution over the whole energy range (from 10
−11

to tens of MeV) and can also be used in any measurement using a quasi-monoenergetic

neutron beam, in facilities which do not possess Time-of-Flight experimental capabilities.

Literature Survey and New Measurements

The six reaction cross sections which were studied in the framework of the present thesis

are the following:

◦ 197
Au(n,2n)

196
Au

◦ 197
Au(n,2n)

196
Au

m2

◦ 191
Ir(n,2n)

190
Ir

◦ 191
Ir(n,2n)

190
Ir
m2

◦ 191
Ir(n,3n)

189
Ir

◦ 193
Ir(n,2n)

192
Ir
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Figure 27: Existing datasets in literature [9] for the six reaction cross sections of interest in

the framework of the present thesis:

(a)
197

Au(n,2n)
196

Au, (b)
197

Au(n,2n)
196

Au
m2

,

(c)
191

Ir(n,2n)
190

Ir, (d)
191

Ir(n,2n)
196

Ir
m2

,

(e)
191

Ir(n,3n)
189

Ir and (f )
193

Ir(n,2n)
192

Ir.

The green data points are previous measurements from our group [10], published in 2007

and 2011, by N. Patronis et. al [11] and A. Tsinganis et. al [12], respectively. The present

work constitutes a continuation of the previous ones in order to determine the cross section

at higher neutron energies.
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The previously existing in literature datasets [9], for each one, are presented in Fig. 27. As

can be seen in Fig. 27a, many cross section datasets [12,15–19,69–92] exist for the ground

state of the residual nucleus of the
197

Au(n,2n) reaction, which present notable discrepancies

in the plateau region, around 15 MeV. This is not the case for the second isomeric state of

the
196

Au nucleus (Fig. 27b), especially at high neutron beam energies. Above 15 MeV only

five datasets exist [13–17] and the corresponding data differ significantly with one another.

Concerning the
191

Ir(n,2n)
190

Ir reaction cross section for the sum of the ground and the

first isomeric state (g+m1) (see Fig. 27c), six datasets exist [11,18–22], which present few

data points above 15 MeV. Going to an even worse case, for the cross section of the second

metastable state of
190

Ir nucleus (Fig. 27d), although there exist two datasets [21,23] in the

energy range from 15 to 18 MeV, there are considerable differences among them, while at

higher energies there is a complete lack of experimental data. Regarding the cross section

of the
191

Ir(n,3n)
189

Ir reaction (Fig. 27e), there are only two datasets over the whole energy

range above threshold, which provide few data points. Last but not least, the
193

Ir(n,2n)
192

Ir

reaction cross section (Fig. 27f ), for which six datasets [18–21, 24, 25] are available in

literature, but the majority of the data points lies in the plateau region. For energies below

13 and above 16 MeV it seems that more experimental data is needed.

Therefore, the purpose of this work was to experimentally determine the cross section of

the six aforementioned reaction cross sections at incident neutron beam energies ranging

from 15 to 21 MeV. Additionally, in the framework of the present thesis, experimental

data obtained in 2005 and 2006, using neutron beams ranging from 10 to 11.3 MeV were

analyzed, especially for the cross section of the
193

Ir(n,2n)
192

Ir reaction. The
191

Ir(n,2n)

reaction cross section data obtained from the same irradiations were published in 2007 by

N. Patronis et. al [11].



1
Measured Reactions and Activation Method

In this chapter the energy diagrams for all the studied reactions will be presented, along

with the decay properties of the residual nuclei. Moreover, the basic formalism for the cross

section determination by means of the activation technique will be given.

1.1 The n+
197

Au system

When a high energy neutron, for example 20.8 MeV, impinges on a
197

Au nucleus, the

compound nucleus
198

Au is produced in a highly excited state and the possible exit channels

are presented in Fig. 1.1. In the present work the
197

Au(n,2n) reaction channel was studied,

Figure 1.1: Energy diagram of the n+
197

Au system. The atomic masses were adopted from

the National Nuclear Data Center (NNDC) [93] and the calculations are described in detail

in [33].

43
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Figure 1.2: Simplified decay scheme for the de-excitation of the ground and isomeric states

of the
196

Au nucleus. The intensities are obtained from the Lund/LBNL library [37] and all

energies are given in keV.

in which the residual nucleus, namely the
196

Au, is unstable and decays by β+
emission

(92.5%) to
196

Pt and by β− (7.5%) to
196

Hg (Fig. 1.2). The decay half-life of the ground

state is 6.183 d and during its de-excitation several γ-rays are emitted, with the three most

intense being 355.7, 333.0 and 426.0 keV. As shown in Fig. 1.2, evidently, by measuring

them, the

197Au(n, 2n)196Au g+m1+m2

reaction cross section is determined, which includes the population of the ground, first and

second isomeric states of
196

Au nucleus.

In addition, the nucleus can be produced in an excited state and populate one of the two

isomeric states which lie at the excitation energies of 84.66 (m1) and 595.66 keV (m2),

respectively. The former isomeric state decays with a relatively short half-life of 8.1 s,

therefore it is not easy to measure it separately from the ground state, while the latter has a

half-life of 9.6 h and thus it can be independently determined (with the energies of the two

most intense γ-rays from its de-excitation being 147.8 and 188.3 keV).

At this point, it should be noted that the available intensities for the γ-rays of the
196

Au
m2

metastable differ remarkably from one library to another ( [37]- [39]) (see Table 1.1). In this

respect, an effort on determining the correct intensities, guided by M. Majerle [94], was

recently published [38]. Thus, in the present experimental cross section results for the

197
Au(n,2n)

196
Au

m2
reaction, intensity values obtained by the Lund/LBNL library [37] were

adopted, as shown in Fig. 1.2, and cross section values obtained using the intensities of

the work mentioned above [38] are also presented.
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Table 1.1: γ-ray intensities for the de-excitation of
196

Au
m2

residual nucleus [37–39].

Nucleus γ-ray energy γ-ray intensity (%)

(keV) TOI NNDC Modified values

[37] [39] [38]

196
Au

m2
147.81 43.0 43.5 43.0

188.27 37.4 30.0 34.0

168.37 7.6 7.8 5.9

285.49 4.3 4.4 4.0

316.19 2.89 3.00 2.7

137.69 1.3 1.3 1.5

The decay properties of the daughter nuclei that were used for the cross section determina-

tion are presented in Table 1.2.

Table 1.2: Decay data used for the daughter nuclei.

Reaction T1/2 Eγ (keV) Iγ (%) Reference

197
Au(n,2n)

196
Au

g+m1+m2
6.183 d 355.7 87.0 [37]

333.0 22.9 [37]

426.0 7.0 [37]

197
Au(n,2n)

196
Au

m2
9.6 h 147.8 43.0 [37]

188.3 37.4 & 34.0 [37] & [38]

1.2 The n+
nat

Ir system

Natural iridium consists of two isotopes, namely the
191

Ir and the
193

Ir ones, with the latter

being the most abundant (37.3 and 62.7 %, respectively). Due to the fact that natural Ir foils

were used in the present measurements, it is useful to study the two Ir isotopes separately.

1.2.1 The n+
191

Ir system

Similarly to section 1.1, when a 20.8 MeV neutron impinges on a
191

Ir nucleus, the com-

pound nucleus
192

Ir is produced in a highly excited state and the possible exit channels are

shown in Fig. 1.3. In the present work two of the open reaction channels were studied,

namely the
191

Ir(n,2n) and
191

Ir(n,3n) ones.

The residual nucleus of the (n,2n) reaction, namely the
190

Ir, is unstable and decays via

electron capture (91.4%) and internal conversion (8.6%) to
190

Os (Fig. 1.4). The decay half-

life of the ground state is 11.78 d and the de-excitation is accompanied by γ-ray emission

with the energies of the three most intense γ-rays being 518.6, 558.0 and 569.3 keV. Due
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Figure 1.3: Energy diagram of the n+
191

Ir system. The atomic masses were adopted from

the National Nuclear Data Center (NNDC) [93] and the calculations are described in detail

in [33].

to the fact that the 8.6% of the population of the m2 state decays to the ground state,

the most appropriate summation to represent the experimental scenario in an activation

measurement is given by the following expression [95]:

191Ir(n, 2n)190Ir g+m1+0.086m2

Thus, when measuring the 518.6, 558.0 and 569.3 keV γ-ray transitions, the population of

the ground, first and a part of second isomeric states is included in the results.

Furthermore, the nucleus can be produced at an excited state and populate one of the two

isomeric states at the excitation energies of 26.1 (m1) and 376.4 keV (m2), respectively. The

former isomeric state decays with a half-life of 1.12 h by low energy γ-ray emission and due

to the γ-ray high mass attenuation factor, its de-excitation can not be easily studied. The

latter, having a half-life of 3.087 h, decays to
190

Os with a probability of 91.4% and can be

independently determined by measuring the two most intense γ-rays (616.5 and 502.5 keV)

emitted during its de-excitation.

The residual nucleus of the (n,3n) reaction on
191

Ir, namely
189

Ir, is unstable and decays

by means of electron capture (100%) to
189

Os (Fig. 1.5) with a decay half-life 13.2 d. During

its de-excitation several γ-rays are emitted and the most intense is the 245.1 keV one.

All the decay properties of the daughter nuclei that were used for the cross section

determination are presented in Table 1.3.
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Figure 1.4: Simplified decay scheme for the de-excitation of the ground and isomeric states

of the
190

Ir nucleus. The intensities are obtained from the NNDC Brookhaven National

Laboratory library [39] and from refs. [95,96]. All energies are presented in keV.

Figure 1.5: Simplified decay scheme for the de-excitation of the
189

Ir nucleus. The intensities

are obtained from the NNDC Brookhaven National Laboratory library [39] and all energies

are presented in keV.
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Table 1.3: Decay data used for the daughter nuclei.

Reaction T1/2 Eγ (keV) Iγ (%) Reference

191
Ir(n,2n)

190
Ir
g+m1+0.086m2

11.78 d 518.6 34.0 [39]

558.0 30.1 [39]

569.3 28.5 [39]

191
Ir(n,2n)

190
Ir
m2

3.087 h 616.5 90.14 [39]

502.5 89.38 [39]

191
Ir(n,3n)

189
Ir 13.2 d 245.1 6.0 [39]

1.2.2 The n+
193

Ir system

Concerning the neutron interaction on
193

Ir, the compound nucleus (
194

Ir) is again produced

in a highly excited state and the corresponding energy diagram is presented below (see Fig

1.6).

Figure 1.6: Energy diagram of the n+
193

Ir system. The atomic masses were adopted from

the National Nuclear Data Center (NNDC) [93] and the calculations are described in detail

in [33].

In the present work the
193

Ir(n,2n) reaction channel was studied, in which the residual

nucleus, namely the
192

Ir, is unstable and decays via electron capture (4.76%) to
192

Os and

by β− emission (95.24%) to
192

Pt (see Fig. 1.7). The decay half-life of the ground state

is 73.829 d and the de-excitation is accompanied by γ-ray emission with the energies of
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Figure 1.7: Simplified decay scheme for the de-excitation of the
192

Ir nucleus. The intensities

are obtained from the NNDC Brookhaven National Laboratory library [39] and all energies

are presented in keV.

the three most intense γ-rays being 316.5, 468.1 and 308.5 keV. Due to the fact that the

γ-rays involved in the left brach in Fig. 1.7 have low intensities, only the γ-rays of the right

branch were used. The decay properties of the daughter nucleus that were used for the

cross section determination are presented in Table 1.4.

Table 1.4: Decay data used for the daughter nucleus.

Reaction T1/2 Eγ (keV) Iγ (%) Reference

193
Ir(n,2n)

192
Ir 73.829 d 316.5 82.86 [39]

468.1 47.84 [39]

308.5 29.7 [39]

Another important issue concerning this reaction, is that the
192

Ir nucleus can also be

produced by the
191

Ir(n,γ) reaction channel, which is open to low energy parasitic neutrons.

In order to correct for this contribution, a recently applied analysis method was implemented

and is described in 3.4.
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1.3 Activation Method

The activation method is based on the measurement of radiation emitted during the decay

of radioactive nuclei formed by irradiation of a material. When it comes to irradiations using

neutron beams, the method is referred to as Neutron Activation Analysis (NAA) and it can be

categorized according to whether γ-rays are measured during neutron irradiation (Prompt

Gamma NAA - PGNAA) or at some time after the end of the irradiaton (Delayed Gamma NAA

- DGNAA) (see Fig. 1.8). NAA is a very precise and non-destructive technique, mainly used

to determine trace concentrations of elements in samples [97,98] or to acquire information

on the spatial distribution of a neutron field via neutron activation detectors [99]. In the

present work, the DGNAA was implemented in order to determine the cross section of

neutron induced reactions and the basic formulas are given below.

Figure 1.8: Schematic representation of the Neutron Activation Analysis (NAA) method [100].

When a projectile x impinges on a target nucleus X and a nuclear reaction (x+X→ Y+y) with

two products, namely the residual nucleus Y and the ejectile y, takes place, the production

of the radioactive nuclei Y is described by:

dN

dt
= σ · f(t) ·Nτ − λ ·N (1.1)

where

σ: the cross section of the X(x,y)Y reaction

f(t): the time dependent x beam flux impinging on the target

Nτ : the number of the X target nuclei

λ: the decay constant of the Y produced nuclei

N : the number of the Y produced nuclei
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The general solution of the differential equation 1.1 is the following (see Appendix A for more

details):

N(t) =

∫
eλ dt σNτ f(t) + C

eλ dt
(1.2)

The total x beam flux impinging on the X target during the irradiation time tB is:

Φ =

∫ tB

0
f(t) dt (1.3)

Therefore, the number of the produced nuclei during the irradiation time tB, can be written

as:

Np(tB) = σNτ Φ

∫ tB
0 eλ dt f(t) dt∫ tB

0 f(t) dt
e−λ tB (1.4)

where

fc =

∫ tB
0 eλ dt f(t) dt∫ tB

0 f(t) dt
e−λ tB (1.5)

is a correction factor for the produced nuclei which decayed during the irradiation. Thus, the

number of the produced nuclei during the irradiation is given by the following expression:

Np = σNτ Φ fc (1.6)

By using the 1.6 equation, three types of problems can be solved:

◦ Case 1: (Φ, Nτ ) known
find−−→ σ

◦ Case 2: (σ,Nτ ) known
find−−→ Φ

◦ Case 3: (Φ, σ) known
find−−→ Nτ

Therefore, when measuring a reaction cross section with the activation method relative to a

reference one, two of the aforementioned problems are solved (Case 1 and Case 2).

Step 1: Use the reference reaction (σ,Nτ known) to find Φreference:

Φreference =
(Np)reference

(σNτ fc)reference
(1.7)

Step 2: Find the beam flux ratio in reference and measured foil CΦ (very close to 1, can also

be assumed to be equal to 1):

CΦ =
Φreference

Φmeasured
⇒ Φmeasured =

Φreference

CΦ
(1.8)

Step 3: Find the measured cross section (Φ, Nτ known):

σmeasured =
(Np)measured

(Nτ Φ fc)measured
(1.9)

By combining equations 1.7, 1.8 and 1.9, the measured cross section can be written as:

σmeasured = σreference
(Np)measured
(Np)reference

(Nτ fc)reference
(Nτ fc)measured

CΦ (1.10)
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2
Experimental Part

In this chapter, all the available information on the experimental measurements (such as,

neutron facility, parasitic neutrons, neutron monitoring, experimental setups and activation

measurements) will be described in great detail.

2.1 Neutron Facility

The measurements were performed at the 5.5 MV Tandem T11/25 Accelerator Laboratory

of NCSR "Demokritos" in Athens (see Fig. 2.1).

Figure 2.1: 5.5 MV Tandem T11/25 Accelerator of NCSR "Demokritos" in Athens [26].

The quasi-monoenergetic neutron beams were produced by means of the
3
H(d,n)

4
He (D-T)

reaction (see Fig. 2.2). The large positive Q-value (Q = 17.59 MeV) and the low atomic num-

ber make it possible to produce high yields of fast neutrons even at low incident deuteron

energies [27].

Figure 2.2: Schematic representation of the D-T reaction [101].

The cross section of the D-T reaction is shown in Fig. 2.3 over a wide energy range.

53
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Figure 2.3: Experimental data and the ENDF/B-VI evaluation for the cross section of the

3
H(d,n)

4
He (D-T) reaction relative to the deuteron beam energy [9,28].

In the present measurements, the deuteron beam energies impinging on the T target

varied between 1 and 4.3 MeV, whereas the cross section of the D-T reaction in this energy

range is presented in Fig. 2.4.

Figure 2.4: Experimental data and the ENDF/B-VI evaluation for the cross section of the

3
H(d,n)

4
He (D-T) reaction relative to the deuteron beam energy, in the energy region of

interest [9,28].

The Tandem Accelerator transition is reduced for low energy beams, therefore in order

to achieve a sufficient beam current at low beam energy irradiations, the deuteron beam
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was accelerated at a higher energy and then passed through a 10 µm Mo foil placed in

front of the tritium target, as shown in Fig. 2.5. In this way, the decelerated deuterons

impinged on the T target with a higher probability to react with the target atoms, due to

the higher D-T cross section at lower energies. This technique was implemented in two

of the irradiations in order to send 1 and 1.5 MeV deuterons on the T target, instead of

2 and 2.5 MeV respectively. The uncertainty of the neutron energy in all cases (with and

without Mo foils) was estimated by coupling the NeuSDesc [34] and MCNP5 [35] codes and

the corresponding procedure and results are presented in section 2.4.2.

Figure 2.5: The placement of the 10 µm Mo foil in the flange of the T target.

Two solid Ti-tritiated targets consisting of a Ti-T layer on a 1 mm thick Cu backing, for

good heat conduction, were used. The details for each one are presented in the following

table (Table 2.1). More specifically, "Target 1" was placed in the flange so that the deuteron

beam passes through a 10 µm Mo foil before hitting the T target, as shown in Fig. 2.5,

and was used for the measurements at neutron energies between ∼ 15-17 MeV. For the

higher neutron energies, "Target 2" was placed in the flange and no foils were used, since

the deuteron beam from the accelerator had enough intensity to produce high neutron flux.

Moreover, the TiT target assemblies were air cooled during all the irradiations.

Table 2.1: The information obtained from the construction company (SODERN [102]) for the

two tritium targets used in the present work.

Name Production Mass T / Ti Tritium Activity

Date (µm/cm
2
) Ratio (GBq)

Target 1* 14 June 2007 2123.5 1.543 373.33

Target 2 15 January 2015 2305.0 1.530 400.00

* Target 1 was placed in the flange so that the deuteron beam passes through a 10 µm Mo

foil before hitting the T target.
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Figure 2.6: The placement of the T target in the flange. The process took place in an airtight

isolation bag in an outdoor area due to the high T target activity and its high probability to

adhere to air molecules.

Figure 2.7: The end of the irradiation line in the experimental hall of the Tandem Acceletator

Laboratory of NCSR "Demokritos".
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2.2 Parasitic Neutrons

Monoenergetic neutrons can be produced by two-body reactions, however a practical source

will not only produce these primary neutrons, but also "background" neutrons [29]. These

neutrons can also be called "parasitic" and vary in energy from the thermal region up to a

few MeVs [30].

Parasitic neutrons may stem from:

◦ Break-up

For deuteron energies higher than 3.7 MeV, the break-up reaction cross sections rise

significantly. Therefore, as the deuteron energy increases the
3
H(d,np)

3
H,

3
H(d,2n)

3
He,

3
H(d,nd)

2
H,

3
H(d,2np)

2
H and

3
H(d,3n)2p reactions gradually start to contribute to the

neutron production [32].

◦ Target

On the Ti-tritiated target,
12

C nuclei are abundant from the carbon built up process,

due to the presence of C in the beam line and vacuum system. Therefore, secondary

neutrons are produced by the
12

C(d,n)
13

N reaction. Moreover, as shown in previous

publications [2],
2
H beam is implanted in the tritium target resulting in background

neutrons from the
2
H(d,n)

4
He reaction [29, 30]. It should be noted that although in

the case of gas targets the contribution from these background neutrons can relatively

easily be determined via gas-in/gas-out measurements, for solid targets the task to

perform a blank measurement using a non tritium containing dummy target is a

somewhat more demanding task [27].

◦ Beam Line

Neutron producing reactions can also be performed when the deuteron beam inter-

acts with materials of beam pipes, collimators and other surroundings. For example,

parasitic neutrons can be produced via the
16

O(d,n)
17

F reaction, since
16

O nuclei are

always present in the beam line due to oxidization processes [30].

◦ Room

Due to the fact that the neutrons from the D-T reaction are emitted almost isotropically,

there is a high room neutron background. For instance, in the experimental hall of

the Tandem Acceletator Laboratory of NCSR "Demokritos", at ∼2 m distance from the

neutron source, there are some water tanks in order to prevent neutrons from exiting

the room. Apart from these, many objects and materials exist in the experimental area,

leading to neutron scattering and thus in a low energy neutron tail in the spectrum.

The main reactions producing parasitic neutrons are presented in Table 2.2 along with their

Q-values and energy thresholds.
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Table 2.2: Main reactions producing parasitic neutrons along with their origin, energy

thresholds and Q-values. All values were taken from the NNDC Q-value calculator [31].

Origin Reaction Threshold Primary Neutron Q-value

(MeV) Beam Energy (MeV) * (MeV)

Target (Implantation)
2
H(d,n)

4
He 0.000 - 3.269

Target (Built up)
12

C(d,n)
13

N 0.328 14.960 -0.281

Beam Line (Oxidization)
16

O(d,n)
17

F 1.829 17.710 -1.625

Break-up
3
H(d,np)

3
H 3.710 20.304 -2.225

Break-up
3
H(d,2n)

3
He 4.984 21.841 -2.988

Break-up
3
H(d,nd)

2
H 10.435 - -6.257

Break-up
3
H(d,2np)

2
H 14.145 - -8.482

Break-up
3
H(d,3n)2p ** 17.876 - -10.707

* The primary neutron beam energies were estimated by means of the NeuSDesc code for

the "Target 2" (see Table 2.1), therefore there is no estimation above 10 MeV deuteron beam

energy.

** The energy threshold and the Q-value for this reaction were adopted from ref. [32].

2.3 Neutron Monitoring

In order to record the neutron beam fluctuations, a BF3 detector (see Fig. 2.8) was placed

at a distance of ∼3 m from the neutron source.

Figure 2.8: BF3 detector used for monitoring the neutron beam fluctuations during the

irradiations.
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Figure 2.9: Neutron beam fluctuations for the irradiation at 20.0 MeV neutron beam energy.

The irradiation lasted for 36480 sec and the BF3 detector data were stored every 40 s.

This detector is a proportional counter which employs the following reactions:

10
B(n,α)

7
Li Q = 2.792 MeV (6%)

10
B(n,α)

7
Li* Q = 2.310 MeV (94%)

while the produced nuclei (
7
Li and

4
He) are detected by losing energy in the gas of the

detector. The aforementioned reactions present high cross section values for low energy

neutrons, while the opposite (low cross sections) holds for high energy neutrons. In this

respect, the BF3 detector was placed inside a paraffin cylinder, so that the neutrons lose a

part of their energy by successive collisions.

The BF3 data were stored at regular time intervals by means of a multichannel scaler and

then the obtained information on the beam instabilities (see Fig. 2.9) was used in the off-line

analysis to correct for the produced nuclei which decayed during the irradiation (factor fc).

More specifically, the regular time intervals are denoted as dt in Eq. 3.3, while the collected

counts during this period are defined by the factor f(t).

The BF3 detector acts only as a neutron counter, which means that it can not provide

any information neither for the neutron energy, nor for the number of the neutrons. The

absolute neutron flux of the main energy peak in the neutron spectrum is determined

via reference reactions, while in the framework of the present thesis, a recently applied

analysis method was used in order to qualitatively and quantitatively estimate the low

energy parasitic neutrons (see section 3.4).
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2.4 Irradiations

Six irradiations were performed at the neutron facility of the Tandem Acceletator Laboratory

of NCSR "Demokritos". The date on which the measurements were performed, the TiT target

used, the typical beam current, the deuteron energy, the neutron energy and the duration

of each irradiation are presented in Table 2.3.

Table 2.3: Experimental details concerning the irradiations.

Date of Name of Ed En I Irradiation time

measurement TiT target (MeV) (MeV) (µA) (h)

April 2013 Target 1 2.0
10µm−−−→

Mo

1.0 15.3 ± 0.5 1.5 26.1

April 2013 Target 1 2.5
10µm−−−→

Mo

1.5 17.1 ± 0.3 1.0 96.1

January 2017 Target 2 2.0 17.9 ± 0.3 0.3 9.7

January 2017 Target 2 2.7 18.9 ± 0.3 0.5 27.8

March 2015 Target 2 3.5 20.0 ± 0.2 0.2 10.1

March 2015 Target 2 4.3 20.9 ± 0.2 0.3 32.4

As shown in Table 2.3, the uncertainty of the lowest neutron energy (15.3 MeV) is larger

than of the rest. This can be attributed not only to the existence of the Mo foils before the

TiT target, but also to the low deuteron energy, since the lower the latter, the higher the

energy loss in the assembly materials. This is also verified by the uncertainties of the higher

neutron energies (i.e 20.0 and 20.9 MeV) which are even smaller, since the deuterons with

higher energies do not lose that much energy in the TiT target. The uncertainies of all the

neutron energies were estimated by coupling the NeuSDesc [34] and MCNP5 [35] codes and

the corresponding procedure and results are presented in section 2.4.2.
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2.4.1 Experimental setup

The experimental setups for each of the six irradiations are presented in Fig. 2.10. In each

case, high purity Al, Au and Ir foils (0.4-0.5 mm in thickness and 13-14 mm in diameter)

were included in the target assembly, while the measured samples were placed near the

reference ones in order to accurately determine the neutron flux. Moreover, during the

irradiations performed in the framework of the present thesis, some more samples were

also placed in the experimental setups (Am, Hf and Er targets, see Fig. 2.10), but the

corresponding data belongs to other separate projects. Furthermore, in order to study

various energy regions of the neutron spectrum, several reactions with different thresholds

were used (see Table 2.4). In this table, the threshold of the measured reactions are also

presented.

Table 2.4: Half-lives, γ-ray energies, intensities of the most intense γ-rays and reaction

thresholds for both measured and reference reactions.

Reaction T1/2 Eγ Iγ Ethreshold Ethreshold*

(keV) (%) (MeV) (MeV)

Measured reactions

197
Au(n,2n)

196
Au 6.183 d 355.7 87.0 8.11 8.25

191
Ir(n,2n)

190
Ir 11.78 d 518.6 34.0 8.07 8.20

191
Ir(n,3n)

189
Ir 13.2 d 245.1 6.0 14.48 15.00

193
Ir(n,2n)

192
Ir 73.829 d 316.5 82.86 7.81 8.00

Reference reactions

27
Al(n,α)

24
Na 14.9590 h 1368.6 100 3.25 6.75

93
Nb(n,2n)

92
Nb

m
10.15 d 934.5 99.15 8.93 9.09

197
Au(n,γ)

198
Au 2.6941 d 411.8 95.62 0.0 0.0

115
In(n,inl)

115
In
m

4.486 h 336.2 45.9 0.0 0.5

* This column corresponds to the neutron energies above which the reactions have sufficient

cross setions values to give high reaction rates.
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Figure 2.10: Schematic representation of the experimental setups for the irradiations at: (a)

15.3 MeV, (b) 17.1 MeV, (c) 17.9 MeV, (d) 18.9 MeV, (e) 20.0 MeV and (f) 20.9 MeV neutron

beam energies, respectively.

It should be noted that there is no gap between the successive foils, but they are presented

in this way (in Fig. 2.10) for clarity. Moreover, the Cd1 and Cd2 foils in Fig. 2.10d, were

placed in the front and back side of the Au1 one as low energy neutron absorbers.

In addition, as shown in Fig. 2.10, all the samples were placed at a distance of ∼2 cm

from the Ti-tritiated target, taking into account the 2 mm Al flange window and the 1 mm

Cu backing of the T target. In this way, the angular acceptance of the samples is limited to

±19
◦

where the neutron beam can practically be considered as monoenergetic (concerning

the main peak of the neutron beam and ignoring the parasitic neutron tail) (see Fig. 2.11).
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Figure 2.11: The neutron energy with respect to the angle, for each irradiation, according

to the D-T reaction kinematics.

In Figs. 2.12(a) and 2.12(b), photographs taken before the beginning of the irradiations

(mentioned also in Figs. 2.10(a) and 2.10(b)) are presented, for 15.3 and 17.1 MeV neutron

beam energies, respectively.

(a) Irradiation with 15.3 MeV neutrons.

(b) Irradiation with 17.1 MeV neutrons.

Figure 2.12: Photographs taken before the beginning of the irradiations.
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2.4.2 Neutron Energy and Neutron Flux

The study of neutron energy spectra generated by deuterons on the Ti-tritiated target was

carried out using the NeuSDesc (Neutron Source Description) code, developed at IRMM [34].

The program takes into consideration the energy loss, energy spread and angular straggling

of the deuterons in the target assembly through the Monte Carlo simulation program SRIM-

2008 and calculates average neutron energies, fluences and resolutions [103]. A typical

NeuSDesc input includes the deuteron energy (Ed), the Ti-tritiated target details (Ti thickness

and T/Ti ratio), the entrance foil along with its thickness, the neutron emission angle,

the mean deuteron beam current during the irradiation, the detector radius in which the

neutron fluence is determined and the distance from the Ti-tritiated target. Moreover,

the NeuSDesc program includes the option of creating an MCNP [35] file containing the

description of the neutron field (sdef -source definition- card) at an arbitrary surface in

space. An example of the input parameters used in NeuSDesc to produce the sdef card for

the irradiation at 20.9 MeV is shown in Fig. 2.13.

Figure 2.13: NeuSDesc interface. In this figure the input parameters of interest have been

marked and tuned so as to produce the neutron source description card (sdef card) for the

irradiation at 20.9 MeV. The MCNP settings depend on the description of the irradiation

setup in MCNP5.

The NeuSDesc output file (sdef card)
1

was used for Monte Carlo simulations by means of

the MCNP5 [36] code to investigate the neutron fluence in the successive foils, by taking

into account the detailed geometry of the experimental setup for each irradiation (Fig. 2.10).

Therefore, the neutron beam energies along with their uncertainties that were presented in

Table 2.3, were determined by coupling the NeuSDesc and MCNP5 codes, by using (in the

NeuSDesc code) the input parameters shown in Fig. 2.14.

1
It should be noted that the produced sdef card is a text file which has a size of ∼8000 lines, therefore it

has not been included in any of the appendices concerning MCNP5 simulations.
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Figure 2.14: The main peak of the neutron energy spectra for the irradiations at (a) (15.3 ±
0.5) MeV, (b) (17.1± 0.3) MeV, (c) (17.9± 0.3) MeV, (d) (18.9± 0.3) MeV, (e) (20.0± 0.2) MeV

and (f) (20.9 ± 0.2) MeV neutron beam energies, according to the NeuSDesc code [34]. The

mean neutron beam energy and its error for the six irradiations were estimated by means

of these subfigures. The input parameters used in the NeuSDesc code are also presented,

except for the neutron emission angle and the typical deuteron beam current, which were

assumed to be 0
◦

and 1 µA respectively, in all cases. The detector radius was considered as

the radius of the first (with respect to the neutron source) Al foil and the distance from the

Ti-tritiated target is taken from Fig. 2.10 increased by 3 mm, which correspond to the Cu

backing (1 mm) and the Al flange window (2 mm) thicknesses.
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For example, the end of the irradiation line along with the experimental setup for the irra-

diation at 18.9 MeV neutron beam energy (see Fig. 2.10d) were simulated using the MCNP5

code as shown in Fig. 2.15.

Figure 2.15: Simulated geometry of the irradiation setup at 18.9 MeV neutron beam energy.

The figure is obtained from the Visual Editor of the MCNP5 code. The three last foils (see

also Fig. 2.10d, Cd1, Au1 and Cd2) are placed behind the holder with the other foils.

The results of the simulations reproduced very well the experimental fluences for all the

irradiations and both simulated and experimental fluences are presented in Fig. 2.16. The

input files of the MCNP5 code for each irradiation are given in Appendix B. In some of the

simulations the distance of the first Al foil (with respect to the neutron source) from the

tritium flange was increased, compared to the value shown in Fig. 2.10, in order to achieve

the best agreement between experiment and simulation. This modification concerning sim-

ulations is quite fair for two reasons. Firstly, the distances mentioned in Fig. 2.10 may not

be so accurately measured and secondly, this modification does not affect the NeuSDesc

calculations concerning the neutron beam energy and its uncertainty (Fig. 2.14).

From the subfigures (2.16a-2.16f), the necessary quantities for the determination of the

measured reaction cross sections are the following two:

◦ The experimental neutron fluences in the reference foils placed in front (with respect

to the neutron source) of the measured ones, either Au or Ir (factor Φreference, Eq. 1.7).

◦ The ratio of the neutron fluences in reference and measured foils (factor CΦ, Eq. 1.10).

These quantities lead to the determination of the neutron fluence in the samples of interest,

either Au or Ir (factor Φmeasured, Eq. 1.8). As it was mentioned above, there is a good

agreement between the experimental and simulated neutron fluences of the reference foils

and this indicates that the simulations are successful and can be trusted for the estimation

of the neutron fluence.
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Figure 2.16: Experimental neutron fluences in the reference foils along with the simulated

ones, obtained by means of the MCNP5 code, for the irradiations at (a) (15.3 ± 0.5) MeV, (b)

(17.1 ± 0.3) MeV, (c) (17.9 ± 0.3) MeV, (d) (18.9 ± 0.3) MeV, (e) (20.0 ± 0.2) MeV and (f) (20.9

± 0.2) MeV neutron beam energies. The distances of the first Al foil from the Ti-tritiated

target in the simulated geometries are (a) 2.0 cm, (b) 2.0 cm, (c) 2.0 cm, (d) 1.9 cm, (e) 1.8

cm and (f) 1.7 cm, respectively. In Fig. 2.16d, the simulated flux was not estimated for the

Cd1 and Cd2 foils, since they were placed in the front and back side of the Au1 one as low

energy neutron absorbers.
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2.5 Measurements

After the end of the irradiations, the induced activity on the Au, Ir and reference foils was

measured using high purity germanium detectors (HPGe) of 100%, 80%, 56% and 16%

relative efficiency. The activity measurements of all samples were carried out at a distance

Figure 2.17: The 100% relative efficiency HPGe which is properly shielded to reduce the

contribution of natural radioactivity.

of 10 cm from the detector window, thus there was no need for significant pile-up or true

coincidence summing effect corrections. At the same distance, a
152

Eu point source was

placed in order to determine the absolute efficiency of each detector. In Fig. 2.18, a typical

spectrum of a
152

Eu point source is presented, obtained with a HPGe detector of 100%

relative efficiency.

Figure 2.18: γ-ray spectrum of a
152

Eu point source obtained with a HPGe detector of 100%

relative efficiency. The acquisition time was 49 min.
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The absolute efficiency curve with respect to the γ-ray energy, obtained from the analysis of

the spectrum shown in Fig. 2.18, for the detector shown in Fig. 2.17, is presented in Fig.

2.19.

Figure 2.19: The absolute efficiency with respect to the γ-ray energy for the 100% relative

efficiency HPGe detector shown in Fig. 2.17. The red hatched region denotes the confidence

bands at a 95% level.

Moreover, a typical spectrum obtained after the end of the irradiation is presented in Fig.

2.20. In the following sections, other figures of spectra focused on the energy region of

interest, in each case, will be given. All the γ-ray spectra were analyzed by using the

SPECTRW program [104] developed by C. A. Kalfas.

Figure 2.20: γ-ray spectrum after the end of the irradiation at 15.3 MeV, obtained with a

HPGe detector of 100% relative efficiency. The acquisition time was 19 h.
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2.5.1
196

Au Measurements

For the population of the second isomeric state (m2) of
196

Au nucleus (see Fig. 1.2 and Table

1.2), the measurements began ∼1 h after the end of the irradiations and the corresponding

cross sections were derived from the two most intense γ-rays (147.8 and 188.3 keV) emitted

during the de-excitation of the
196

Au
m2

nucleus [17] (see Fig. 2.21). In this way, the cross

section for this state was independently determined.

Figure 2.21: Off-beam γ-ray energy spectrum observed after the neutron irradiation at 15.3

MeV. γ-ray transitions from the decay of the second isomeric state (m2) of
196

Au nucleus

have been marked. The acquisition time was 19 h.

Apart from the measurements mentioned above, Au spectra were also taken ∼2 d after

the irradiations in order to obtain the cross section of the ground state, after the second

metastable state (T1/2 = 9.6 h) had fully decayed to the ground one. These cross section

values were obtained as the weighted average using the integral of the 355.7, 333.0, and

426.0 keV γ-ray peaks (see Fig. 2.22). As shown in Fig. 1.2, the population of the ground,

first, and second isomeric states was evidently included in the results (g+m1+m2) (see also

Appendix D).

Figure 2.22: Off-beam γ-ray energy spectrum observed after the neutron irradiation at 15.3

MeV. γ-ray transitions from the decay of the ground plus both isomeric states (g+m1+m2)

of
196

Au nucleus have been marked. The duration of this measurement was 19 h.
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2.5.2
190

Ir,
189

Ir and
192

Ir Measurements

Similarly to
196

Au
m2

measurements, for the population of the second isomeric state (m2)

of the
190

Ir nucleus (see Fig. 1.4 and Table 1.3), the measurements began ∼1 h after the

end of the irradiations and the corresponding cross sections were independently determined

through the two most intense γ-rays (616.5 and 518.55 keV) emitted during the de-excitation

of the
190

Ir
m2

nucleus (see Fig. 2.23).

Figure 2.23: Off-beam γ-ray energy spectrum observed after the neutron irradiation at 15.3

MeV. γ-ray transitions from the decay of the second isomeric state (m2) of
190

Ir nucleus

have been marked. The acquisition time was 10 h.

Apart from the aforementioned measurements, Ir spectra were also taken ∼2 d after

the irradiations in order to obtain the cross section of the ground state, when the second

metastable state (T1/2=3.087 h) had fully decayed to the ground one. These cross section

values were deduced as the weighted average using the integral of the 518.55, 557.95 and

569.30 keV γ-ray peaks and, as mentioned in section 1.2.1, correspond to the sum of the

population of (g+m1+0.086 m2) levels.

Figure 2.24: Off-beam γ-ray energy spectrum observed after the neutron irradiation at 15.3

MeV. γ-ray transitions from the decay of the ground plus both isomeric states (g+m1+0.086

m2) of
190

Ir nucleus have been marked. The duration of this measurement was 72 h.
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Regarding the determination of the
191

Ir(n,3n) reaction cross section, due to the
189

Ir

nucleus half-life of 13.2 d (see Fig. 1.5 and Table 1.3), it was crucial to analyze spectra with

the longest available duration, in order to collect more counts in the γ-ray peak of interest.

The latter was the one emitted at 245.1 keV and a typical spectrum is presented in Fig.

2.25.

Figure 2.25: Off-beam γ-ray energy spectrum observed after the neutron irradiation at 20.9

MeV. The 245.1 keV γ-ray from the decay of the ground state of
189

Ir nucleus has been

marked. The acquisition time was 56 h.

Concerning the
193

Ir(n,2n) reaction cross section, the population of the ground state

of the
192

Ir nucleus (see Fig. 1.7 and Table 1.4) was measured using the same spectra

used for the determination of the
191

Ir(n,2n)
190

Ir
g+m1+m2

one, due to the longer acquisition

times involved. These cross section values were obtained as the weighted average using the

integral of the 316.5, 468.1, and 308.5 keV γ-ray peaks (see Fig. 2.26). However, the
192

Ir

Figure 2.26: Off-beam γ-ray energy spectrum observed after the neutron irradiation at 17.1

MeV. γ-ray transitions from the decay of the ground state of
192

Ir nucleus have been marked.

The duration of this measurement was 54 h.

nucleus is also produced by the
191

Ir(n,γ) reaction, which is always present and open to low

energy parasitic neutrons. Therefore, a recently applied method was implemented, in order

to account and correct for this contribution (see section 3.4).
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3.1 Cross Sections

As mentioned in chapter 1, Eq. 1.10, the experimental cross sections for the six measured

reaction channels were determined using the following expression:

σmeasured = σreference ·
Nγmeasured

Nγreference

·
(εγ · Iγ · F ·D · fc ·Nτ ) reference
(εγ · Iγ · F ·D · fc ·Nτ )measured

· CΦ (3.1)

where Nγ is the integral of the γ-ray peak in the spectrum obtained with the HPGe detector,

εγ is the absolute efficiency of the detector at the corresponding energy, Iγ is the γ-ray

intensity and F is a factor estimated via Monte Carlo simulations using the MCNP5 code, in

order to correct for the γ-ray self-absorption effects in the sample. An additional correction

factor, named D, was necessary for the counting collection,

D = e−λ·t1 − e−λ·t2 (3.2)

where t1 and t2 are time intervals from the end of the irradiation to the beginning and

termination of the measurement with each HPGe detector, respectively (see also Appendix

A.1) and λ is the decay constant of the residual nucleus. The fluctuations in the beam

flux and the produced nuclei which decayed during irradiation were taken into account by

means of the fc factor (see also section 2.3 and Appendix A).

fc =

∫ tB
0 eλ t f(t) dt∫ tB

0 f(t) dt
e−λ tB (3.3)

where f(t) is the beam flux in arbitrary units as given by the BF3 counter over specific time

intervals (dt) and tB is the irradiation time. Moreover, the number of the target nuclei, Nτ ,

was determined via the target mass (m) corrected for the abundance of each isotope (Abund),

the atomic mass A and the Avogadro’s number by means of the relation:

Nτ = NA
m ·Abund

A
(3.4)

The factor CΦ, which corresponds to the neutron flux ratio in reference and measured foils

(Eq. 1.8):

CΦ =
Φreference

Φmeasured
(3.5)
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was estimated within good agreement both experimentally and with Monte Carlo simulations

implementing the MCNP5 [36] code (see section 2.4.2 and Fig. 2.16). Furthermore, the cross

section values for the
27

Al(n,α)
24

Na reference reaction (σreference) were adopted from the

IRDFF 1.05 library [28] using the available in the ENDF website cross section interpolation

button at a single energy, for the six energies of interest. The decay data of the reference

and measured targets are summarized in Table 3.1.

Table 3.1: Decay data used for the daughter nuclei.

Reaction T1/2 Eγ (keV) Iγ (%) Reference

197
Au(n,2n)

196
Au

g+m1+m2
6.183 d 355.7 87.0 [37]

333.0 22.9 [37]

426.0 7.0 [37]

197
Au(n,2n)

196
Au

m2
9.6 h 147.8 43.0 [37]

188.3 37.4 & 34.0 [37] & [38]

191
Ir(n,2n)

190
Ir
g+m1+0.086m2

11.78 d 518.6 34.0 [39]

558.0 30.1 [39]

569.3 28.5 [39]

191
Ir(n,2n)

190
Ir
m2

3.087 h 616.5 90.14 [39]

502.5 89.38 [39]

191
Ir(n,3n)

189
Ir 13.2 d 245.1 6.0 [39]

193
Ir(n,2n)

192
Ir 73.829 d 316.5 82.86 [39]

468.1 47.84 [39]

308.5 29.7 [39]

27
Al(n,α)

24
Na 14.959 h 1368.6 100 [37]

The values of all the aforementioned factors involved in Eq. 3.1 along with the cross

sections obtained from each γ-ray of interest for the six studied reactions are presented

analytically in Tables 3.2-3.7 for the six neutron beam energies.
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Table 3.2: Experimental cross section values for the
197

Au(n,2n)
196

Au reaction at each neutron energy. The values of all the factors involved in

Eq. 3.1 are also given.

En σAu Reference (Al) Measured (Au) Flux Ratio

(MeV) (b) σ Nγ εγ Iγ F D fc Nτ Nγ εγ Iγ F D fc Nτ CΦ

Multiply x - 103 10−3 10−2 10−2 10−1 10−1 1021 103 10−2 10−2 10−2 10−1 10−1 1021
-

Cross sections obtained via the analysis of the 355.7 keV γ-ray peak.

15.3 2.075 0.104 392.0 5.4 100 99.6 7.4 5.6 4.92 1572.7 1.3 87.0 88.3 0.5 9.4 4.62 1.025

17.1 1.913 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 134.3 0.6 87.0 91.4 0.9 8.1 2.08 1.062

17.9 1.652 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 86.1 1.3 87.0 87.8 1.5 9.8 4.62 1.020

18.9 1.396 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 296.3 1.3 87.0 88.6 1.6 9.4 4.39 1.010

20.0 1.024 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 12.9 2.2 87.0 91.4 0.8 9.8 2.00 1.035

20.9 0.710 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 57.5 2.2 87.0 91.2 0.8 9.3 2.08 1.015

Cross sections obtained via the analysis of the 333.0 keV γ-ray peak.

15.3 2.094 0.104 392.0 5.4 100 99.6 7.4 5.6 4.92 428.1 1.3 22.9 87.0 0.5 9.4 4.62 1.025

17.1 1.989 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 38.0 0.7 22.9 90.4 0.9 8.1 2.08 1.062

17.9 1.723 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 24.2 1.3 22.9 86.3 1.5 9.8 4.62 1.020

18.9 1.418 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 81.4 1.3 22.9 87.3 1.6 9.4 4.39 1.010

20.0 1.171 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 4.0 2.3 22.9 90.4 0.8 9.8 2.00 1.035

20.9 0.724 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 15.9 2.3 22.9 90.1 0.8 9.3 2.08 1.015

*Cross sections obtained via the analysis of the 426.0 keV γ-ray peak.

15.3 1.896 0.104 392.0 5.4 100 99.6 7.4 5.6 4.92 107.0 1.1 7.0 91.2 0.5 9.4 4.62 1.025

17.1 1.721 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 8.8 0.6 7.0 93.6 0.9 8.1 2.08 1.062

17.9 1.550 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 6.0 1.1 7.0 90.8 1.5 9.8 4.62 1.020

18.9 1.372 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 21.6 1.1 7.0 91.5 1.6 9.4 4.39 1.010

20.9 0.715 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 4.3 1.9 7.0 93.4 0.8 9.3 2.08 1.015

* The cross section value obtained from the 426.0 keV γ-line, at 20.0 MeV incident neutron energy, was excluded due to the low counting

statistics.
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Table 3.3: Experimental cross section values for the
197

Au(n,2n)
196

Au
m2

reaction at each neutron energy. The values of all the factors involved

in Eq. 3.1 are also given. In the first two blocks of the table the intensity values were adopted by the Lund/LBNL library [37], while in the third

one were taken from the Ref. [38].

En σAu Reference (Al) Measured (Au) Flux Ratio

(MeV) (b) σ Nγ εγ Iγ F D fc Nτ Nγ εγ Iγ F D fc Nτ CΦ

Multiply x - 103 10−3 10−2 10−2 10−1 10−1 1021 103 10−2 10−2 10−2 10−1 10−1 1021
-

Cross sections obtained via the analysis of the 147.8 keV γ-ray peak.

15.3 0.171 0.104 392.0 5.4 100 99.6 7.4 5.6 4.92 306.0 2.0 43.0 44.4 7.0 4.2 4.62 1.025

17.1 0.218 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 8.7 1.0 43.0 54.3 6.4 1.4 2.08 1.062

17.9 0.218 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 19.0 2.0 43.0 42.5 8.8 7.2 4.62 1.020

18.9 0.203 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 34.8 2.0 43.0 45.3 7.0 4.4 4.39 1.010

20.0 0.177 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 6.5 3.5 43.0 54.1 6.4 7.1 2.00 1.035

20.9 0.124 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 16.8 3.5 43.0 53.4 6.6 4.1 2.08 1.015

Cross sections obtained via the analysis of the 188.3 keV γ-ray peak.

15.3 0.156 0.104 392.0 5.4 100 99.6 7.4 5.6 4.92 300.6 1.8 37.4 61.9 7.0 4.2 4.62 1.025

17.1 0.188 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 7.8 1.0 37.4 70.3 6.4 1.4 2.08 1.062

17.9 0.208 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 17.5 1.8 37.4 60.3 7.7 7.2 4.62 1.020

18.9 0.188 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 34.6 1.8 37.4 62.6 7.0 4.4 4.39 1.010

20.0 0.162 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 5.9 3.1 37.4 70.2 6.4 7.1 2.00 1.035

20.9 0.116 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 15.7 3.1 37.4 69.6 6.6 4.1 2.08 1.015

Cross sections obtained via the analysis of the 188.3 keV γ-ray peak.

Intensity by Ref. [38] adopted.

15.3 0.171 0.104 392.0 5.4 100 99.6 7.4 5.6 4.92 300.6 1.8 34.0 61.9 7.0 4.2 4.62 1.025

17.1 0.205 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 7.8 1.0 34.0 70.3 6.4 1.4 2.08 1.062

17.9 0.227 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 17.5 1.8 34.0 60.3 7.7 7.2 4.62 1.020

18.9 0.205 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 34.6 1.8 34.0 62.6 7.0 4.4 4.39 1.010

20.0 0.177 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 5.9 3.1 34.0 70.2 6.4 7.1 2.00 1.035

20.9 0.127 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 15.7 3.1 34.0 69.6 6.6 4.1 2.08 1.015
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Table 3.4: Experimental cross section values for the
191

Ir(n,2n)
190

Ir reaction at each neutron energy. The values of all the factors involved in

Eq. 4.40 are also given.

En σIr Reference (Al) Measured (Ir) Flux Ratio

(MeV) (b) σ Nγ εγ Iγ F D fc Nτ Nγ εγ Iγ F D fc Nτ CΦ

Multiply x - 103 10−3 10−2 10−2 10−1 10−1 1021 103 10−3 10−2 10−2 10−1 10−1 1020
-

Cross sections obtained via the analysis of the 518.6 keV γ-ray peak.

15.3 1.775 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 220.2 9.6 34.0 95.4 1.6 9.7 9.08 1.095

17.1 1.491 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 32.5 9.6 34.0 94.6 1.2 8.9 8.87 1.000

17.9 1.227 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 3.6 9.9 34.0 95.7 1.3 9.9 8.86 1.060

18.9 1.004 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 10.2 9.9 34.0 94.6 1.2 9.7 9.05 1.062

20.0 0.762 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 1.2 16.9 34.0 95.4 0.7 9.9 8.88 1.061

20.9 0.484 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 3.3 8.9 34.0 94.4 1.0 9.6 9.07 1.047

Cross sections obtained via the analysis of the 558.0 keV γ-ray peak.

15.3 1.780 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 86.4 9.2 30.1 95.7 0.7 9.7 9.08 1.095

17.1 1.421 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 15.9 9.2 30.1 95.0 0.7 8.9 8.87 1.000

17.9 1.398 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 3.4 9.4 30.1 95.7 1.3 9.9 8.86 1.060

18.9 0.980 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 8.5 9.4 30.1 95.8 1.2 9.7 9.05 1.062

20.0 0.777 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 1.0 16.0 30.1 95.7 0.7 9.9 8.88 1.061

20.9 0.467 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 2.7 8.4 30.1 94.8 1.0 9.6 9.07 1.047

Cross sections obtained via the analysis of the 569.3 keV γ-ray peak.

15.3 1.809 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 177.7 9.0 28.5 95.9 1.6 9.7 9.08 1.095

17.1 1.537 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 26.6 9.0 28.5 95.2 1.2 8.9 8.87 1.000

17.9 1.287 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 3.0 9.3 28.5 95.9 1.3 9.9 8.86 1.060

18.9 0.992 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 8.1 9.3 28.5 95.9 1.2 9.7 9.05 1.062

20.0 0.666 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 0.8 15.8 28.5 95.6 0.7 9.9 8.88 1.061

20.9 0.488 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 2.6 8.3 28.5 94.7 1.0 9.6 9.07 1.047
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Table 3.5: Experimental cross section values for the
191

Ir(n,2n)
190

Ir
m2

and
191

Ir(n,3n)
189

Ir reactions at each neutron energy. The values of all

the factors involved in Eq. 3.1 are also given.

En σIr Reference (Al) Measured (Ir) Flux Ratio

(MeV) (b) σ Nγ εγ Iγ F D fc Nτ Nγ εγ Iγ F D fc Nτ CΦ

Multiply x - 103 10−3 10−2 10−2 10−1 10−1 1021 103 10−3 10−2 10−2 10−1 10−1 1020
-

Cross sections for the
191

Ir(n,2n)
190

Ir
m2

reaction, obtained via the analysis of the 616.5 keV γ-ray peak.

15.3 0.176 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 17.0 8.6 90.14 96.2 3.3 1.5 9.08 1.095

17.1 0.196 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 0.5 8.6 90.14 95.6 1.1 0.4 8.87 1.000

17.9 0.211 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 4.0 8.8 90.14 96.2 8.5 4.1 8.86 1.060

18.9 0.182 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 4.6 8.8 90.14 96.4 7.2 1.7 9.05 1.062

20.0 0.131 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 2.2 15.0 90.14 96.2 7.6 3.9 8.88 1.061

20.9 0.084 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 3.5 15.0 90.14 95.5 7.8 1.6 9.07 1.047

Cross sections for the
191

Ir(n,2n)
190

Ir
m2

reaction, obtained via the analysis of the 502.5 keV γ-ray peak.

15.3 0.182 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 19.7 9.8 89.38 95.1 3.3 1.5 9.08 1.095

17.1 0.210 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 0.6 9.8 89.38 94.2 1.1 0.4 8.87 1.000

17.9 0.208 0.063 9.0 5.2 100 99.7 8.3 8.1 4.92 4.4 10.1 89.38 95.1 8.5 4.1 8.86 1.060

18.9 0.172 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 4.9 10.1 89.38 95.1 7.2 1.7 9.05 1.062

20.0 0.138 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 2.5 17.2 89.38 95.0 7.6 3.9 8.88 1.061

20.9 0.089 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 4.1 17.2 89.38 94.0 7.8 1.6 9.07 1.047

Cross sections for the
191

Ir(n,3n)
189

Ir reaction, obtained via the analysis of the 245.1 keV γ-ray peak.

17.1 0.167 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 0.8 15.4 6.0 80.0 1.0 9.0 8.87 1.000

18.9 0.716 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 1.7 15.6 6.0 83.0 1.1 9.7 9.05 1.062

20.9 1.096 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 4.0 27.0 6.0 79.5 1.1 9.7 9.07 1.047
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Table 3.6: Experimental cross section values for the
193

Ir(n,2n)
192

Ir reaction at each neutron energy. The values of all the factors involved in

Eq. 3.1 are also given.

En σIr Reference (Al) Measured (Ir) Flux Ratio

(MeV) (b) σ Nγ εγ Iγ F D fc Nτ Nγ εγ Iγ F D fc Nτ CΦ

Multiply x - 103 10−3 10−2 10−2 10−2 10−1 1021 105 10−2 10−2 10−2 10−2 10−1 1021
-

Cross sections obtained via the analysis of the 316.5 keV γ-ray peak.

15.3 1.841 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 2.209 1.3 82.86 89.5 2.8 9.9 1.53 1.095

17.1 1.412 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 0.318 1.3 82.86 87.8 2.1 9.8 1.49 1.000

18.9 0.740 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 0.086 1.4 82.86 89.8 2.5 9.9 1.52 1.062

20.9 0.273 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 0.020 1.3 82.86 87.5 1.9 9.9 1.52 1.047

Cross sections obtained via the analysis of the 468.1 keV γ-ray peak.

15.3 1.817 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 1.032 1.0 47.84 94.5 2.8 9.9 1.53 1.095

17.1 1.365 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 0.147 1.0 47.84 93.5 2.1 9.8 1.49 1.000

18.9 0.773 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 0.043 1.1 47.84 94.6 2.5 9.9 1.52 1.062

20.9 0.265 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 0.009 1.0 47.84 93.3 1.9 9.9 1.52 1.047

Cross sections obtained via the analysis of the 308.5 keV γ-ray peak.

15.3 1.834 0.104 88.6 2.4 100 99.6 4.7 5.6 4.29 0.796 1.4 29.7 88.8 2.8 9.9 1.53 1.095

17.1 1.397 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05 0.114 1.4 29.7 87.1 2.1 9.8 1.49 1.000

18.9 0.810 0.050 9.7 4.6 100 99.6 5.8 5.7 4.04 0.034 1.4 29.7 89.1 2.5 9.9 1.52 1.062

20.9 0.274 0.031 17.1 8.7 100 99.6 8.2 5.4 4.81 0.007 1.3 29.7 86.7 1.9 9.9 1.52 1.047
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Table 3.7: Experimental cross section values for the
193

Ir(n,2n)
192

Ir reaction at low neutron beam energies along with the values of all the

factors involved in Eq. 3.1. The data were obtained in 2005-2006 and were analyzed by N. Patronis, while the corrections for the low energy

parasitic neutrons contribution were performed based on the MCNP5 simulations presented in Appendix E.

En σIr Reference (Al) Measured (Ir) Flux Ratio

(MeV) (b) σ Nγ εγ Iγ F D fc Nτ Nγ εγ Iγ F D fc Nτ CΦ

Multiply x - 103 10−3 10−2 10−2 10−2 10−1 1021 105 10−3 10−2 10−2 10−2 10−2 1021
-

Cross sections obtained via the analysis of the 316.5 keV γ-ray peak.

10.0 1.315 0.091 1.8 2.9 100 99.6 1.8 8.5 4.10 1.829 8.5 82.86 84.5 0.7 99.9 3.09 1.040

10.5 1.607 0.099 1.9 2.9 100 99.6 1.9 7.9 4.06 4.953 8.5 82.86 84.5 1.6 99.8 2.97 1.027

11.0 1.951 0.106 2.3 2.8 100 99.6 1.7 8.1 4.06 2.785 8.3 82.86 84.5 0.6 99.8 2.97 1.023

11.3 2.037 0.109 2.4 2.8 100 99.6 1.7 8.2 4.10 3.315 8.3 82.86 84.5 0.6 99.8 3.09 1.024

Cross sections obtained via the analysis of the 468.1 keV γ-ray peak.

10.0 1.279 0.091 1.8 2.9 100 99.6 1.8 8.5 4.10 0.842 6.4 47.84 91.8 0.7 99.9 3.09 1.040

10.5 1.578 0.099 1.9 2.9 100 99.6 1.9 7.9 4.06 2.301 6.4 47.84 91.8 1.6 99.8 2.97 1.027

11.0 1.893 0.106 2.3 2.8 100 99.6 1.7 8.1 4.06 1.280 6.3 47.84 91.8 0.6 99.8 2.97 1.023

11.3 1.896 0.109 2.4 2.8 100 99.6 1.7 8.2 4.10 1.462 6.3 47.84 91.8 0.6 99.8 3.09 1.024

Cross sections obtained via the analysis of the 308.5 keV γ-ray peak.

10.0 1.282 0.091 1.8 2.9 100 99.6 1.8 8.5 4.10 0.649 8.7 29.7 84.2 0.7 99.9 3.09 1.040

10.5 1.591 0.099 1.9 2.9 100 99.6 1.9 7.9 4.06 1.784 8.7 29.7 84.2 1.6 99.8 2.97 1.027

11.0 1.972 0.106 2.3 2.8 100 99.6 1.7 8.1 4.06 1.023 8.5 29.7 84.2 0.6 99.8 2.97 1.023

11.3 1.971 0.109 2.4 2.8 100 99.6 1.7 8.2 4.10 1.166 8.5 29.7 84.2 0.6 99.8 3.09 1.024
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3.2 Uncertainties

An overview of the uncertainties of all the main quantities used for the cross section de-

termination is given in Table 3.8. As shown in the latter, the most dominant uncertainty

is that of the counting statistics in the measured foils, which can be attributed either to

the low cross section values (in the case of the
191

Ir(n,3n) reaction), or to the significant

contamination from other reaction (in the case of the
193

Ir(n,2n)). In addition, the uncer-

tainty of the detector efficiency is large enough in some cases, since it varies from 2 to 11%,

depending on the fit of the experimental absolute efficiency data (by using an IAEA function,

see Appendix C, Eq. C.9) and on the energy region. These uncertainties were estimated

through the confidence bands of the fitting curve at a level of 95%. Furthermore, in the total

uncertainty, the one of the neutron integrated fluence is included and it is also important,

since it corresponds to the 4-7%. The uncertainty of the reference reaction cross section

was assumed in all cases 3%, while the one of the counting statistics of reference foils could

be assumed negligible (1-2%).

Table 3.8: Compilation of uncertainties.

Quantity Uncertainty (%)

Neutron energy 1-3

Neutron integrated fluence 4-7

Counting statistics for reference foils 1-2

Counting statistics for measured foils 1-38

Detector efficiency 2-11

Reference reaction cross section 3

Measured reaction cross section (Total uncertainty) 5-39

In more detail, all the factors involved in Eq. 3.1 were considered uncorrelated. There-

fore, the most significant partial uncertainties, namely those which correspond to σreference,

Nγmeasured ,Nγreference , εγmeasured , εγreference ,Nτ measured andNτ reference factors, were summed

up quadratically in order to obtain the total one. The uncertainties are also presented ana-

lytically in Tables 3.9-3.13, for each reaction separately.

As mentioned explicitly in Ref. [105], a detailed list of all the uncertainty components,

their value and a specification of existing correlations is the recommended way to present

uncertainties rather than constructing a covariance matrix evaluated by the experimenter.

This is the reason why the uncertainties are presented in this way (Tables 3.9-3.13), while

the correlations between the measurements were taken into account in the next step of

analysis (see section 3.3).
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Table 3.9: The
197

Au(n,2n)
196

Au cross sections obtained from each γ-ray (mentioned also

in Table 3.2) along with the total uncertainties (in %) and the uncertainties for the most

significant contributions in Eq. 3.1 at each neutron energy.

En Cross section Uncertainties (%)

(MeV) (b) Total (Nγ )Au (Nγ )Al (Nτ )Au (Nτ )Al (εγ )Au (εγ )Al σAl
For the cross sections obtained via the analysis of the 355.7 keV γ-ray peak.

15.3 2.075 4.8 0.1 1.5 0.07 0.45 2.1 2.7 3

17.1 1.913 5.0 1.6 1.5 0.15 0.60 1.6 2.9 3

17.9 1.652 5.3 1.7 1.6 0.07 0.45 2.7 2.7 3

18.9 1.396 5.0 0.2 1.1 0.07 0.55 2.7 2.7 3

20.0 1.024 9.0 2.4 2.1 0.15 0.50 4.8 6.2 3

20.9 0.710 8.7 1.7 0.9 0.15 0.46 4.5 6.2 3

For the cross sections obtained via the analysis of the 333.0 keV γ-ray peak.

15.3 2.094 4.8 0.2 1.5 0.07 0.45 2.1 2.7 3

17.1 1.989 4.8 0.6 1.5 0.15 0.60 1.6 2.9 3

17.9 1.723 5.3 1.4 1.6 0.07 0.45 2.6 2.7 3

18.9 1.418 5.0 0.6 1.1 0.07 0.55 2.6 2.7 3

20.0 1.171 10.8 6.3 2.1 0.15 0.50 4.9 6.2 3

20.9 0.724 8.8 1.9 0.9 0.15 0.46 4.6 6.2 3

*For the cross sections obtained via the analysis of the 426.0 keV γ-ray peak.

15.3 1.896 5.1 1.6 1.5 0.07 0.45 2.2 2.7 3

17.1 1.721 5.0 1.4 1.5 0.15 0.60 1.8 2.9 3

17.9 1.550 6.6 4.2 1.6 0.07 0.45 2.5 2.7 3

18.9 1.372 5.2 1.4 1.1 0.07 0.55 2.5 2.7 3

20.9 0.715 9.8 4.7 0.9 0.15 0.46 4.3 6.2 3

* The cross section value obtained from the 426.0 keV γ-line, at 20.0 MeV incident neutron

energy, was excluded due to the low counting statistics.
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Table 3.10: The
197

Au(n,2n)
196

Au
m2

cross sections obtained from each γ-ray (mentioned

also in Table 3.3) along with the total uncertainties (in %) and the uncertainties for the most

significant contributions in Eq. 3.1 at each neutron energy.

En Cross section Uncertainties (%)

(MeV) (b) Total (Nγ )Au (Nγ )Al (Nτ )Au (Nτ )Al (εγ )Au (εγ )Al σAl
For the cross sections obtained via the analysis of the 147.8 keV γ-ray peak.

15.3 0.171 6.5 0.3 1.5 0.07 0.45 4.8 2.7 3

17.1 0.218 6.3 2.3 1.5 0.15 0.60 3.7 2.9 3

17.9 0.218 7.8 2.8 1.6 0.07 0.45 5.9 2.7 3

18.9 0.203 7.4 1.4 1.1 0.07 0.55 5.9 2.7 3

20.0 0.177 14.3 6.2 2.1 0.15 0.50 10.7 6.2 3

20.9 0.124 13.1 2.7 0.9 0.15 0.46 10.7 6.2 3

For the cross sections obtained via the analysis of the 188.3 keV γ-ray peak.

15.3 0.156 6.6 0.4 1.5 0.07 0.45 4.9 2.7 3

17.1 0.188 6.7 3.2 1.5 0.15 0.60 3.8 2.9 3

17.9 0.208 8.1 3.0 1.6 0.07 0.45 6.2 2.7 3

18.9 0.188 7.8 2.3 1.1 0.07 0.55 6.2 2.7 3

20.0 0.162 15.0 6.8 2.1 0.15 0.50 11.2 6.2 3

20.9 0.116 13.6 3.2 0.9 0.15 0.46 11.2 6.2 3

For the cross sections obtained via the analysis of the 188.3 keV γ-ray peak.

Intensity by Ref. [38] adopted.

15.3 0.171 6.6 0.4 1.5 0.07 0.45 4.9 2.7 3

17.1 0.205 6.7 3.2 1.5 0.15 0.60 3.8 2.9 3

17.9 0.227 8.1 3.0 1.6 0.07 0.45 6.2 2.7 3

18.9 0.205 7.8 2.3 1.1 0.07 0.55 6.2 2.7 3

20.0 0.177 15.0 6.8 2.1 0.15 0.50 11.2 6.2 3

20.9 0.127 13.6 3.2 0.9 0.15 0.46 11.2 6.2 3
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Table 3.11: The
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

cross sections obtained from each γ-ray (men-

tioned also in Table 3.4) along with the total uncertainties (in %) and the uncertainties for

the most significant contributions in Eq. 3.1 at each neutron energy.

En Cross section Uncertainties (%)

(MeV) (b) Total (Nγ )Ir (Nγ )Al (Nτ )Ir (Nτ )Al (εγ )Ir (εγ )Al σAl
For the cross sections obtained via the analysis of the 518.6 keV γ-ray peak.

15.3 1.775 4.8 1.6 0.3 0.1 0.5 2.6 2.3 3

17.1 1.491 5.5 1.8 2.3 0.1 0.6 2.6 2.4 3

17.9 1.227 8.5 6.7 1.6 0.1 0.5 2.9 2.7 3

18.9 1.004 6.4 3.4 1.2 0.1 0.6 2.9 3.1 3

20.0 0.762 19.5 17.2 2.1 0.1 0.5 5.4 6.2 3

20.9 0.484 8.6 4.0 0.9 0.1 0.5 3.0 6.2 3

For the cross sections obtained via the analysis of the 558.0 keV γ-ray peak.

15.3 1.780 4.9 1.6 0.3 0.1 0.5 2.6 2.3 3

17.1 1.421 5.3 1.1 2.3 0.1 0.6 2.6 2.4 3

17.9 1.398 8.7 7.0 1.6 0.1 0.5 2.9 2.7 3

18.9 0.980 6.2 3.1 1.2 0.1 0.6 2.9 3.1 3

20.0 0.777 17.5 15.0 2.1 0.1 0.5 5.4 6.2 3

20.9 0.467 9.0 4.9 0.9 0.1 0.5 3.0 6.2 3

For the cross sections obtained via the analysis of the 569.3 keV γ-ray peak.

15.3 1.809 4.9 1.6 0.3 0.1 0.5 2.6 2.3 3

17.1 1.537 5.3 0.9 2.3 0.1 0.6 2.6 2.4 3

17.9 1.287 9.7 8.1 1.6 0.1 0.5 2.9 2.7 3

18.9 0.992 6.3 3.4 1.2 0.1 0.6 2.9 3.1 3

20.0 0.666 19.7 17.5 2.1 0.1 0.5 5.4 6.2 3

20.9 0.488 8.9 4.6 0.9 0.1 0.5 3.0 6.2 3



3.2. Uncertainties 85

Table 3.12: The
191

Ir(n,2n)
190

Ir
m2

and
191

Ir(n,3n)
189

Ir cross sections obtained from each

γ-ray (mentioned also in Table 3.5) along with the total uncertainties (in %) and the uncer-

tainties for the most significant contributions in Eq. 3.1 at each neutron energy.

En Cross section Uncertainties (%)

(MeV) (b) Total (Nγ )Ir (Nγ )Al (Nτ )Ir (Nτ )Al (εγ )Ir (εγ )Al σAl
For

191
Ir(n,2n)

190
Ir
m2

cross section obtained via the analysis of the 616.5 keV γ-ray peak.

15.3 0.176 4.9 1.8 0.3 0.1 0.5 2.5 2.3 3

17.1 0.196 9.9 8.5 2.3 0.1 0.6 2.5 2.4 3

17.9 0.211 6.7 4.3 1.6 0.1 0.5 2.8 2.7 3

18.9 0.182 5.8 2.4 1.2 0.1 0.6 2.8 3.1 3

20.0 0.131 11.3 7.0 2.1 0.1 0.5 5.3 6.2 3

20.9 0.084 9.4 3.4 0.9 0.1 0.5 5.3 6.2 3

For
191

Ir(n,2n)
190

Ir
m2

cross section obtained via the analysis of the 502.5 keV γ-ray peak.

15.3 0.182 4.9 1.8 0.3 0.1 0.5 2.6 2.3 3

17.1 0.210 8.9 7.2 2.3 0.1 0.6 2.6 2.4 3

17.9 0.208 7.2 5.0 1.6 0.1 0.5 2.9 2.7 3

18.9 0.172 6.5 3.7 1.2 0.1 0.6 2.9 3.1 3

20.0 0.138 11.2 6.7 2.1 0.1 0.5 5.3 6.2 3

20.9 0.089 9.6 3.9 0.9 0.1 0.5 5.3 6.2 3

For
191

Ir(n,3n)
189

Ir cross section obtained via the analysis of the 245.1 keV γ-ray peak.

17.1 0.167 25.7 25.0 2.3 0.1 0.6 3.6 2.4 3

18.9 0.716 25.0 24.2 1.2 0.1 0.6 4.3 3.1 3

20.9 1.095 18.1 14.8 0.9 0.1 0.5 7.8 6.2 3
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Table 3.13: The
193

Ir(n,2n)
192

Ir cross sections obtained from each γ-ray (mentioned also

in Tables 3.6 and 3.7) along with the total uncertainties (in %) and the uncertainties for

the most significant contributions in Eq. 3.1 at each neutron energy. The data at lower

neutron energies (10-11.3 MeV) were obtained in 2005-2006, by N. Patronis et al. but they

were not included in Ref. [11], while the corrections for the low energy parasitic neutrons

contribution were performed based on the MCNP5 simulations presented in Appendix E.

En Cross section Uncertainties (%)

(MeV) (b) Total (Nγ )Ir (Nγ )Al (Nτ )Ir (Nτ )Al (εγ )Ir (εγ )Al σAl
For the cross sections obtained via the analysis of the 316.5 keV γ-ray peak.

10.0 1.315 8.3 2.3 2.4 0.3 0.5 4.0 4.0 3.0

10.5 1.607 8.2 1.6 2.3 0.3 0.6 4.0 4.0 3.0

11.0 1.951 8.2 1.6 2.1 0.3 0.6 4.0 4.0 3.0

11.3 2.037 8.1 1.5 2.0 0.3 0.5 4.0 4.0 3.0

15.3 1.841 4.5 0.3 0.3 0.1 0.5 2.1 2.3 3

17.1 1.412 5.2 1.0 2.3 0.1 0.6 2.4 2.4 3

18.9 0.740 16.6 15.7 1.2 0.1 0.6 2.8 3.1 3

20.9 0.273 29.0 28.0 0.9 0.1 0.5 2.8 6.2 3

For the cross sections obtained via the analysis of the 468.1 keV γ-ray peak.

10.0 1.279 8.0 2.5 2.4 0.3 0.5 4.0 4.0 3.0

10.5 1.578 7.7 1.7 2.3 0.3 0.6 4.0 4.0 3.0

11.0 1.893 7.7 1.8 2.1 0.3 0.6 4.0 4.0 3.0

11.3 1.896 7.7 1.8 2.0 0.3 0.5 4.0 4.0 3.0

15.3 1.817 4.6 0.5 0.3 0.1 0.5 2.1 2.3 3

17.1 1.365 5.4 1.6 2.3 0.1 0.6 2.5 2.4 3

18.9 0.773 16.7 15.9 1.2 0.1 0.6 2.8 3.1 3

20.9 0.265 31.9 31.0 0.9 0.1 0.5 2.9 6.2 3

For the cross sections obtained via the analysis of the 308.5 keV γ-ray peak.

10.0 1.282 8.4 2.9 2.4 0.3 0.5 4.0 4.0 3.0

10.5 1.591 8.1 1.8 2.3 0.3 0.6 4.0 4.0 3.0

11.0 1.972 8.1 2.0 2.1 0.3 0.6 4.0 4.0 3.0

11.3 1.971 8.1 2.0 2.0 0.3 0.5 4.0 4.0 3.0

15.3 1.834 4.6 0.7 0.3 0.1 0.5 2.2 2.3 3

17.1 1.397 5.6 2.2 2.3 0.1 0.6 2.5 2.4 3

18.9 0.810 18.7 17.9 1.2 0.1 0.6 2.9 3.1 3

20.9 0.274 38.9 38.2 0.9 0.1 0.5 2.9 6.2 3
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3.3 Weighted Average Cross Sections

The final experimental cross section results for each reaction were deduced using the

weighted average cross sections obtained either by two or by three cross section values,

depending on the number of the analyzed γ-ray peaks in each case (see Table 3.14).

Table 3.14: Number of analyzed γ-ray peaks for each measured reaction.

Reaction Analyzed γ-rays peaks in keV

197
Au(n,2n)

196
Au

g+m1+m2
355.7 333.0 426.0

197
Au(n,2n)

196
Au

m2
147.8 188.3

191
Ir(n,2n)

190
Ir
g+m1+0.086m2

518.6 558.0 569.3

191
Ir(n,2n)

190
Ir
m2

616.5 502.5

*
191

Ir(n,3n)
189

Ir 245.1

193
Ir(n,2n)

192
Ir 316.5 468.1 308.5

* Concerning this reaction, it was not necessary to determine the weighted average value,

since the cross sections were deduced only by the analysis of one γ-ray peak.

Let’s assume the case in which two cross section values exist, for example:

σ1 =
(
σref 1, (Nγ)meas1, (Nγ)ref 1, (εγ)meas1, (εγ)ref 1, (Nτ )meas1, (Nτ )ref 1

)
σ2 =

(
σref 2, (Nγ)meas2, (Nγ)ref 2, (εγ)meas2, (εγ)ref 2, (Nτ )meas1, (Nτ )ref 2

)
As it was mentioned in section 3.2, in each parenthesis all the parameters were considered

uncorrelated. Therefore, horizontally there is no correlation. However, the vertical correla-

tions between the two cross section measurements were taken into account by determining

the weighted average and its uncertainty according to Eqs. (27) reported in Ref. [106], which

are the following:

σ̄ =
(δσ2

2 − V12)σ1 + (δσ1
2 − V12)σ2

δσ1
2 + δσ2

2 − 2V12

(3.6)

δσ =

√
δσ1

2 δσ2
2 − V12

2

δσ1
2 + δσ2

2 − 2V12

(3.7)

where σ1 ± δσ1 is the cross section obtained by the analysis of the first γ-ray peak along

with its uncertainty, σ2 ± δσ2 is the cross section obtained by the analysis of the second

γ-ray peak along with its uncertainty and V12 is the covariance of σ1 and σ2 values:

V12 = cov(σ1, σ2)
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The covariance of σ1 and σ2 values can be written as:

V12 =

(
θσ

θσref

)
1

cov(σref 1, σref 2)

(
θσ

θσref

)
2

+

+

(
θσ

θ(Nγ)meas

)
1

cov((Nγ)meas1, (Nγ)meas2)

(
θσ

θ(Nγ)meas

)
2

+

+

(
θσ

θ(Nγ)ref

)
1

cov((Nγ)ref 1, (Nγ)ref 2)

(
θσ

θ(Nγ)ref

)
2

+

+

(
θσ

θ(εγ)meas

)
1

cov((εγ)meas1, (εγ)meas2)

(
θσ

θ(εγ)meas

)
2

+

+

(
θσ

θ(εγ)ref

)
1

cov((εγ)ref 1, (εγ)ref 2)

(
θσ

θ(εγ)ref

)
2

+

+

(
θσ

θ(Nτ )meas

)
1

cov((Nτ )meas1, (Nτ )meas2)

(
θσ

θ(Nτ )meas

)
2

+

+

(
θσ

θ(Nτ )ref

)
1

cov((Nτ )ref 1, (Nτ )ref 2)

(
θσ

θ(Nτ )ref

)
2

(3.8)

The detailed operations for the determination of the V12 factor are given in Appendix C.

For the cases in which three cross section values exist, for example:

σ1 =
(
σref 1, (Nγ)meas1, (Nγ)ref 1, (εγ)meas1, (εγ)ref 1, (Nτ )meas1, (Nτ )ref 1

)
σ2 =

(
σref 2, (Nγ)meas2, (Nγ)ref 2, (εγ)meas2, (εγ)ref 2, (Nτ )meas2, (Nτ )ref 2

)
σ3 =

(
σref 3, (Nγ)meas3, (Nγ)ref 3, (εγ)meas3, (εγ)ref 3, (Nτ )meas3, (Nτ )ref 3

)
the formalism mentioned in Appendix 2 of Ref. [105] was adopted, which is served bet-

ter by using operations between matrices (see Appendix D). According to this formalism, the

weighted average cross section and its uncertainty are given by the following expressions:

σ̄ = w1 · σ1 + w2 · σ2 + w3 · σ3 (3.9)

δσ2 = w1 (w1V11 + w2V21 + w3V31)+

+w2 (w1V12 + w2V22 + w3V32)+

+w3 (w1V13 + w2V23 + w3V33) (3.10)

where the covariances Vij are determined as presented in Eq. 3.8 for i=1 and j=2 and wi are

the weights, which in general form can be written as:

wi =

∑
j
V −1
ji∑

k

∑
l

V −1
kl

(3.11)

For example, the weight for i = 1, is given by the following expression:

w1 =
(V22V33 − V23

2) + (V23V31 − V33V12) + (V12V23 − V13V22)

(V22V33 − V23
2) + (V11V33 − V13

2) + (V11V22 − V12
2)+

+ 2 (V13V23 − V33V12) + 2 (V12V23 − V22V13) + 2 (V13V21 − V23V11)

(3.12)
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The detailed operations for the determination of all the weights and uncertainties are given

in Appendix D.

The weighted average cross sections for each of the six reactions are presented in Table

3.15.
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Table 3.15: Experimental weighted average cross section values for the six measured reactions. The new data points at lower neutron energies

(10-11.3 MeV) for the
193

Ir(n,2n) reaction cross section were obtained in 2005-2006, by N. Patronis et al. but they were not included in Ref. [11].

The necessary corrections for the low energy parasitic neutrons contribution were performed based on the MCNP5 simulations presented in

Appendix E. Moreover, concerning neutron induced reactions on Au, in the 10-11.3 MeV energy region, the results were published in 2011, by

A. Tsinganis et al. [12].

En Weighted Average Cross Section (b)

(MeV)
197

Au(n,2n)
196

Au
197

Au(n,2n)
196

Au
m2 197

Au(n,2n)
196

Au
m2

*
191

Ir(n,2n)
190

Ir
191

Ir(n,2n)
190

Ir
m2 191

Ir(n,3n)
189

Ir
193

Ir(n,2n)
192

Ir

10.0 - - - - - - 1.290 ± 0.083

10.5 - - - - - - 1.590 ± 0.100

11.0 - - - - - - 1.931 ± 0.119

11.3 - - - - - - 1.953 ± 0.120

15.3 1.995 ± 0.093 0.163 ± 0.009 0.172 ± 0.010 1.786 ± 0.076 0.179 ± 0.008 - 1.830 ± 0.076

17.1 1.772 ± 0.086 0.196 ± 0.012 0.212 ± 0.013 1.465 ± 0.072 0.203 ± 0.015 0.167 ± 0.043 1.390 ± 0.068

17.9 1.651 ± 0.080 0.213 ± 0.014 0.223 ± 0.015 1.291 ± 0.082 0.210 ± 0.012 - -

18.9 1.394 ± 0.064 0.195 ± 0.013 0.204 ± 0.013 0.991 ± 0.052 0.178 ± 0.010 0.716 ± 0.179 0.769 ± 0.082

20.0 1.049 ± 0.091 0.169 ± 0.020 0.178 ± 0.013 0.731 ± 0.091 0.134 ± 0.013 - -

20.9 0.716 ± 0.056 0.120 ± 0.013 0.126 ± 0.014 0.479 ± 0.037 0.086 ± 0.007 1.096 ± 0.198 0.270 ± 0.053

* The intensities of the γ-rays were adopted by Ref. [38] (see Table 1.1).
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3.4 Correction for Low Energy Parasitic Neutrons

In the framework of the present thesis, through the use of current computational power

and updated evaluated data libraries, a recently applied analysis method was implemented

for the determination of the
193

Ir(n,2n)
192

Ir reaction cross section which is contaminated

by the
191

Ir(n,γ)
192

Ir one and it will be presented step by step in this section. Due to the

fact that the
191

Ir(n,γ)
192

Ir reaction is activated by low energy parasitic neutrons, there is

a strong need for both qualitative and quantitative estimation of the low energy neutron

tail. However, once this correction is made, the
193

Ir(n,2n)
192

Ir reaction cross section can

be accurately determined, since it is a threshold reaction (see Table 2.4) and is not affected

by the low energy tail of parasitic neutrons. At this point, it should be mentioned that

the parasitic neutrons may come from break-up reactions, from the TiT target itself, from

reactions with materials of the beam-line and from scattering in the materials of the room

(see section 2.2 for more details).

3.4.1 MCNP5 simulations

The method is based on simulations of the irradiation setups by means of the MCNP5

code [35, 36]. Although these setups were also simulated as mentioned in section 2.4.2,

in order to determine the main neutron peak energy and the effect of solid angle in the

neutron flux for each target foil, those simulations were not capable of solving the problem

of the low energy neutron tail. Therefore, more simulations were performed, in which the

experimental setups were described in great detail, implementing a very low neutron energy

cut-off (10
−11

MeV) and were executed for much longer (∼ 11 d per run) for better statistics

(an order of magnitude higher number of simulated particles - nps=10
9
).

Figure 3.1: 3D-figure representing the overview of the experimental hall of the Tandem

Acceletator Laboratory of NCSR "Demokritos", as described in MCNP5.
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More specifically, the geometry of the whole experimental hall of the Tandem Acceletator

Laboratory of NCSR "Demokritos" was introduced in the MCNP5 input file (see Fig. 3.1-3.7).

The walls and the ceiling of the room have been excluded from the following figures, but

they were included in the input file. All the information on the materials and dimensions of

the objects described in simulation was adopted from Ref. [107].

Figure 3.2: 3D-figure representing the experimental hall of the Tandem Acceletator Labora-

tory of NCSR "Demokritos" from another point of view.

Figure 3.3: 3D-figure representing the experimental hall of the Tandem Acceletator Labora-

tory of NCSR "Demokritos" from another point of view.
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Figure 3.4: 3D-figure representing the irradiation line for the cases that the D-T reaction

was used for the neutron production (irradiations at neutron beam energies ranging from

15.3-20.9 MeV).

Figure 3.5: 3D-figure representing the end of the neutron production line, the flange with

the TiT target and the holder along with the irradiated samples.

The input file of the MCNP5 code including the full geometry of the room for the cases that

the solid Ti-T target was used for the neutron production is given in Appendix E.
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Concerning the measurements performed in 2005 and 2006 at lower neutron beam

energies (10-11.3 MeV), by Patronis et. al [11], there is a slight difference in the geometry

description. Instead of the Ti-T target, a deuterium gas target was used in order to produce

neutrons at lower energies. The gas cell geometry, as described in MCNP5 code, is presented

in Figs. 3.6 and 3.7.

Figure 3.6: 3D-figure representing the irradiation line for the cases that the D-D reaction

was used for the neutron production (irradiations at neutron beam energies ranging from

10-11.3 MeV).

Figure 3.7: 3D-figure representing the end of the irradiation line, the deuterium filled gas

cell and the holder along with the irradiated samples.

The input file of the MCNP5 code including the full geometry of the room for the cases that

the deuterium gas cell was used for the neutron production is given in Appendix E.
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3.4.2 Validation with
197

Au(n,γ) reaction

Once the MCNP5 simulations are completed, the shape of the neutron flux distribution is

known and is presented in Fig. 3.8.

Figure 3.8: Neutron flux distribution with respect to neutron energy obtained from simula-

tion using the MCNP5 code for the irradiation at 15.3 MeV. The neutron flux was scored at

the Al foil, which was placed in front of the Au one and this is the actual flux hitting the Au

foil.

However, this distribution (Fig. 3.8) has to be normalized in order to comply with the

experiment. The normalization was based on the
197

Au(n,γ)
198

Au reaction, which is sensitive

to the low energy neutron tail, due to the following reasons:

◦ It is a non threshold reaction (Ethreshold = 0 MeV), therefore it can be activated by the

low energy neutron tail.

◦ Its cross section is orders of magnitude higher for low energy neutrons and decreases

significantly above 1 MeV (see Fig. 3.9). The latter means that a low energy neutron

(10
−11

-10
−1

MeV) has a very significant contribution compared to the high energy one

in the
197

Au(n,γ)
198

Au reaction yield.

Therefore, the neutron flux distribution was normalized according to the following ex-

pression:

φnormalized (Ei)
( n

cm2 s

)
=
φAuexperimental

( n

cm2 s

)
· φmcnp (Ei)∑30

Ei=8MeV φmcnp (Ei)
· Scale Factor (3.13)

where φAuexperimental

( n

cm2 s

)
is the experimentally determined neutron fluence which im-

pinged on the Au foil during the irradiation and φmcnp (Ei) is the unnormalized neutron
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flux obtained from the MCNP5 simulation. As a first approximation, the ratio in Eq. 3.13

normalizes the neutron flux obtained from the MCNP5 simulation to the neutron flux which

impinged on the Au foil during the irradiation.

The initial value of "Scale Factor" is 1 and exists in Eq. 3.13 in order to correct for parasitic

neutrons that have not been taken into account in the simulation, such as neutrons from

(d,n) reactions on the materials of the beam line and neutrons from the D(d,n) reaction on

the implanted D nuclei in the TiT target (see also section 2.2).

By using the φnormalized (Ei), the expected reaction rate (RR) is determined according to

equation:

RR expected =
∑
Ei

σ(Ei) · φnormalized (Ei) (3.14)

where σ (Ei) is the cross section of the
197

Au(n,γ)
198

Au reaction at each energy bin (see

Fig. 3.9). It should be noted that the energy binning of the ENDF/B-VII.1 library [28] was

adopted.

Figure 3.9: Cross section of the
197

Au(n,γ)
198

Au reaction with respect to neutron energy.

The evaluated data are adopted from ENDF/B.VII.1 library [28].

The reaction rate is also experimentally given by the following expression:

RR experimental =
λ ·Np

Nτ (1− eλtB )
(3.15)

where Np is the number of the produced nuclei during the irradiation and is given by the

relation:

Np =
Nγ

εγ · I · F ·D
(3.16)

the remaining symbols have been explained in section 3.1.
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By combining Eqs. 3.15 and 3.16, the number of the γ-ray peak integral, Nγ , can be written

as:

Nγ =
εγ · I · F ·D ·Nτ

(
1− eλtB

)
·RR experimental

λ
(3.17)

while the expected number of γ-rays, Nγ expected, using the simulated neutron flux is:

Nγ expected =
εγ · I · F ·D ·Nτ

(
1− eλtB

)
·RR expected

λ
(3.18)

All the quantities in Eq. 3.18 were substituted by those referring to the analysis of the

411.8 keV γ-ray emitted during the de-excitation of the
198

Au nucleus and the final value

of the Scale Factor was chosen in such a way that the 411.8 keV γ-ray peak integral be

reproduced within its experimental error. Thus, the final purpose is to match the Nγ expected

with the Nγ experimental for the 411.8 keV γ-ray peak. In other words, Eq. 3.18 is the "key"

of this method because it leads to the determination of the Scale Factor of Eq. 3.13.

The values of the Scale Factor for the six neutron beam energies (15.3-20.9 MeV) are

presented in Table 3.16 and Fig. 3.10. Only in four of these measurements the γ-rays

emitted during the de-excitation of the
192

Ir nucleus gave reasonable statistics to allow for

the cross section determination, but since the 411.8 keV γ-ray peak emitted during the

de-excitation of the
198

Au nucleus was present in every measurement, the Scale Factor was

determined for all the irradiations.

Figure 3.10: The Scale Factor (mentioned in Eq. 3.13) with respect to the neutron beam

energy for the irradiations performed by means of the D-T reaction. In each energy the

Scale Factor was adjusted so as the Nγ expected in Eq. 3.18 reproduces the integral of the

411.8 keV γ-ray peak emitted during the de-excitation of the
198

Au nucleus.

As shown in Fig. 3.10, in the energy region below 18 MeV, the Scale Factor is close to 1,

meaning that the parasitic neutrons are well described by the simulations. On the contrary,
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above 18.9 MeV, the Scale Factor increases rapidly, indicating that parasitic neutrons,

which are not taken into account in the simulations, become important. These neutrons

are expected to be produced from the following reactions:
2
H(d,n)

4
He (Ethr= 0.0 MeV),

12
C(d,n)

13
N (Ethr= 0.3 MeV),

16
O(d,n)

17
F (Ethr= 1.8 MeV) and

3
H(d,np)

3
H (Ethr= 3.7 MeV),

which were also mentioned in section 2.2 (see Table 2.2). Obviously, it is not only the

threshold reaction that matters, but also the corresponding cross section shape.

Concerning the irradiations at lower neutron beam energies (10.0-11.3 MeV), the corre-

sponding factors are presented in Table 3.16 and Fig. 3.11.

Figure 3.11: The Scale Factor (mentioned in Eq. 3.13) with respect to the neutron beam

energy for the irradiations performed by means of the D-D reaction. In each energy the

Scale Factor was adjusted so as the Nγ expected in Eq. 3.18 reproduces the integral of the

411.8 keV γ-ray peak emitted during the de-excitation of the
198

Au nucleus.

In these cases, where the neutrons are produced by means of the
2
H(d,n)

3
He reaction,

the situation is much more complicated. There are many reactions that produce parasitic

neutrons, especially at deuteron energies above 4 MeV [32]. Therefore, in the present

irradiations (performed in 2005-2006 by N. Patronis et al. [11]), in which all the deuteron

beam energies were above 7 MeV, the basic reactions that may produce parasitic neutrons

are the following:
2
H(d,pn)

2
H (Ethr= 4.45 MeV),

2
H(d,2n)

2
He (Ethr= 8.9 MeV),

nat
Mo(d,n) (E

> 4 MeV) and
nat

Mo(d,2n) (E > 4 MeV). Thus, the Scale Factor values presented in Fig. 3.11

for neutron energies above 10 MeV should be expected. The unexpected point is the one

at 10 MeV which is much higher than the others. This could be attributed to a different

deuteron beam alignment and therefore, it could lead the deuterons to enter the gas cell

slightly off-centered. However, even this was the case, the threshold reactions which were

studied in the past are not affected from the low energy parasitic neutrons.
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Table 3.16: The Scale Factor of Eq. 3.13 for each irradiation adjusted so as the Nγ expected

reproduces the integral of the 411.8 keV γ-ray peak emitted during the de-excitation of the

198
Au nucleus within its experimental error.

Neutron Production Reaction En (MeV) Scale Factor
2
H(d,n)

3
He (D-D) 10.0 ± 0.1 5.01

10.5 ± 0.1 3.59

11.0 ± 0.1 4.13

11.3 ± 0.1 3.75

3
H(d,n)

4
He (D-T) 15.3 ± 0.5 0.85

17.1 ± 0.3 1.52

17.9 ± 0.3 1.35

18.9 ± 0.3 8.85

20.0 ± 0.2 40.1

20.9 ± 0.2 45.8

As shown in Table 3.16, the Scale Factor value at En=15.3 MeV is 0.85 (<1). The latter

means that the RR expected is higher than the RR experimental and this is not expected, since

the simulation misses some parasitic neutron producing reactions. Therefore, this 15%,

which is due to the uncertainty of the simulated neutron flux, was assumed to be the main

uncertainty of this method. The relative error of the Nγ experimental for the 411.8 keV γ-ray

peak was also taken into account, but that did not exceed the 4%. The final uncertainty of

this method was estimated by the quadratic summation of the two aforementioned uncer-

tainties. In Figs. 3.10 and 3.11, the same uncertainty (15-19%) is abusively used for the

presentation of the energy dependence of the Scale Factor (abusively, due to the fact that

the uncertainty actually corresponds to the simulated neutron flux).

The experimentally determined Scale Factor values were then used in order to make the

appropriate corrections for the determination of the
193

Ir(n,2n)
192

Ir reaction cross section,

which is contaminated by the
191

Ir(n,γ)
192

Ir one, as presented in the following section.

3.4.3 Contribution of
191

Ir(n,γ) reaction

Similarly, in order to determine the neutron fluence distribution in the Ir foil, the normal-

ization was carried out according to the following equation:

φnormalized (Ei)
( n

cm2 s

)
=
φ Irexperimental

( n

cm2 s

)
· φmcnp (Ei)∑30

Ei=8MeV φmcnp (Ei)
· Scale Factor (3.19)

where φ Irexperimental

( n

cm2 s

)
is the experimentally determined neutron fluence which im-

pinged on the Ir foil during the irradiation and φmcnp (Ei) is the unnormalized neutron flux

obtained from the MCNP5 simulation. The values of the "Scale Factor" for each irradiation

are presented in Figs. 3.10 and 3.11 and were chosen in such a way that the Nγ experimental

for the 411.8 keV γ-ray peak emitted during the de-excitation of the
198

Au nucleus was

reproduced within its experimental error.
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Figure 3.12: Normalized neutron fluence distribution with respect to the neutron energy

obtained from Eq. 3.19 for the irradiation at 15.3 MeV.

Since the neutron flux distribution is known, the expected reaction rate for the
191

Ir(n,γ)
192

Ir

is determined according to the equation:

RR expected =
∑
Ei

σ(Ei) · φnormalized (Ei) (3.20)

where σ (Ei) is the cross section of the
191

Ir(n,γ)
192

Ir reaction at each energy bin (see Fig.

3.13).

Figure 3.13: Cross section of the
191

Ir(n,γ)
192

Ir reaction with respect to neutron energy. The

evaluated data are adopted from ENDF/B.VII.1 library [28].

Then, according to Eq. 3.18, one can estimate the Nγ correction, which is the number of
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counts that have to be subtracted from the total counts in the spectrum, in order to correct

for the contribution of low energy parasitic neutrons:

Nγ correction = Nγ expected =
εγ · I · F ·D ·Nτ

(
1− eλtB

)
·RR expected

λ
(3.21)

All the quantities in Eq. 3.21 were substituted by those referring to the analysis of the three

most intense γ-rays (316.5, 468.1 and 308.5 keV) emitted during the de-excitation of the

192
Ir nucleus.

Therefore, the useful counts for the cross section determination are given as:

Nγ = Nγ spectrum −Nγ correction (3.22)

The relative error of the Nγ correction was assumed to be the same to the relative error of the

Nγ experimental for the 411.8 keV γ-ray peak, while the uncertainty of the final, corrected Nγ

was assumed to be the quadratical summing of the two individual errors.

The results are presented in Tables 3.17 and 3.18 for each irradiation and for each γ-ray

separately.

Table 3.17: The Nγ spectrum, Nγ correction and Nγ for the three most intense γ-rays (316.5,

468.1 and 308.5 keV) emitted during the de-excitation of the
192

Ir nucleus for the irradiations

at neutron beam energies between 10 and 11.3 MeV.

En (MeV) Eγ (keV) Nγ spectrum Nγ correction Nγ
Nγ correction

Nγ spectrum
(%)

10.0 ± 0.1 316.5 20809 ± 170 2517 ± 387 18290 ± 423 12

468.1 9606 ± 111 1173 ± 183 8433 ± 214 12

308.5 7406 ± 123 920 ± 141 6486 ± 187 12

10.5 ± 0.1 316.5 54241 ± 276 4717 ± 715 49524 ± 766 9

468.1 25243 ± 180 2196 ± 338 23047 ± 383 9

308.5 19557 ± 195 1723 ± 260 17834 ± 325 9

11.0 ± 0.1 316.5 30474 ± 211 2629 ± 395 27845 ± 448 9

468.1 14045 ± 141 1246 ± 187 12799 ± 234 9

308.5 11187 ± 152 956 ± 144 10231 ± 209 9

11.3 ± 0.1 316.5 36105 ± 227 2959 ± 454 33146 ± 507 8

468.1 16019 ± 146 1402 ± 215 14617 ± 260 9

308.5 12734 ± 160 1076 ± 165 11658 ± 230 8

As shown in Table 3.17, the correction is ∼ 10% in all cases and follows the same

behavior to the Scale Factor shown in Fig. 3.11, as expected, since in this energy region

there are many reactions that produce parasitic neutrons.
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Table 3.18: The Nγ spectrum, Nγ correction and Nγ for the three most intense γ-rays (316.5,

468.1 and 308.5 keV) emitted during the de-excitation of the
192

Ir nucleus for the irradiations

at neutron beam energies between 15.3 and 20.9 MeV.

En (MeV) Eγ (keV) Nγ spectrum Nγ correction Nγ
Nγ correction

Nγ spectrum
(%)

15.3 ± 0.5 316.5 222500 ± 700 1613 ± 243 220887 ± 741 1

468.1 104000 ± 500 764 ± 115 103236 ± 513 1

308.5 80200 ± 550 583 ± 88 79617 ± 557 1

17.1 ± 0.3 316.5 32730 ± 300 902 ± 139 31828 ± 330 3

468.1 15140 ± 230 431 ± 66 14709 ± 239 3

308.5 11700 ± 250 326 ± 50 11374 ± 255 3

18.9 ± 0.3 316.5 16900 ± 460 8343 ± 1262 8557 ± 1343 49

468.1 8230 ± 310 3972 ± 601 4258 ± 676 48

308.5 6400 ± 400 3015 ± 456 3385 ± 607 47

20.9 ± 0.2 316.5 5300 ± 250 3305 ± 499 1995 ± 558 62

468.1 2540 ± 130 1638 ± 247 902 ± 279 64

308.5 1920 ± 210 1195 ± 180 725 ± 277 62

As shown in Table 3.18, the correction varies from 1% at lower energies, to ∼60%

at the higher ones. As it was also mentioned in section 3.4.2, the contribution of the

parasitic neutrons becomes important with increasing energy and that is consistent with

the Scale Factor shown in Fig. 3.10, as expected.

The corrected numbers of counts, Nγ , shown in the fifth column of Tables 3.17 and

3.18, were used to deduce the cross section of the
193

Ir(n,2n)
192

Ir reaction by means of Eq.

3.1.

The experimentally deduced cross section values for all the studied reactions, in the

framework of the present thesis, are presented in chapter 5, along with the cross section

theoretical calculations that will be discussed in the next chapter.
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Theoretical Calculations

In this chapter a brief historical retrospection of statistical models of nuclear decay processes

will be presented, focusing on the mechanisms that are relative to the subject of the present

thesis. Therefore, special attention will be given to the Hauser-Feshbach theory in the frame

of which the cross section theoretical calculations have been carried out using two nuclear

reaction model codes, namely the EMPIRE 3.2.2 [40] and TALYS 1.8 [42]. Moreover, the

optimum input for both codes will be described for the three interactions of interest, namely

the n +
197

Au, the n +
191

Ir and the n +
193

Ir ones.

4.1 Historical Elements

◦ In 1936, N. Bohr pointed out that when a high speed particle α collides with a heavy

nucleus A, a compound system of remarkable stability (compound nucleus C) is formed

[108,109]. He made a hypothesis, widely known as "the Bohr assumption", in which

the mode of disintegration of the compound system (B+β) depends only on its energy,

angular momentum and parity, but not on the specific way in which it has been

produced [110].

α+A −→ C∗ −→ B + β

◦ At the time of Bohr’s work, the first statistical theory of compound nuclear decay

came in the scene by V. Weisskopf [111,112]. According to his theoretical context, the

kinetic energy of the emitted particles β is of the same form as the spectrum of particles

evaporated from an ideal fluid and that is the reason why this theory is also known

as the Weisskopf evaporation theory. It constitutes a quantitative implementation of

the Bohr hypothesis and is based on the inverse reaction β + B −→ C∗. Some of the

approximations considered in this formulation is that the nucleus B is a stationary

heavy mass and its excitation energy is usually ignored. When the former restriction

was removed, the Weisskopf’s model was improved and lead to the reciprocity theorem

which can be summarised in the following relation:

σαβ
κ2
β

=
σβα
κ2
α

(4.1)

103
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where σαβ is the cross section of the forward reaction σα+A−→C∗−→B+β, σβα the cross

section of the inverse reaction σβ+B−→C∗−→A+α, κα the wave number in channel α

and κβ the wave number in channel β. Another approximation of this formulation is

that there is no a priori inclusion of the angular momentum. The latter was the main

drawback of this theory, since the densities of nuclear states are strongly angular

momentum dependent and perhaps the reason why this theory was superseded by

the quantum mechanical Hauser-Feshbach one [110].

◦ In 1949, S. Fernbach, R. Serber and T. B. Taylor proposed the so-called optical model,

a model of elastic scattering, according to which a nucleon incident on a nucleus may

be elastically scattered or it may be absorbed, just like it happens in optics with the

scattering of light by a refracting and absorbing sphere [113].

◦ The experimental verification of the Bohr’s independence hypothesis came in 1950 by

S. N. Ghoshal [114], who used different entrance channels p +
63

Cu and α +
60

Ni to

form the compound nucleus
64

Zn.

◦ In 1952, a new class of "fast" nuclear reactions was established, referred as direct ones.

Such reactions happen when the product of the interaction have a high probability to

escape and seemed that Bohr hadn’t considered this point [115,116].

◦ In the same year (1952), W. Hauser and H. Feshbach proposed their theory [44] which

is similar to the V. Weisskopf’s one but provides a proper quantum mechanical treat-

ment of angular momentum [110]. The optical model is considered as a part of this

model structure and the latter will be described in more detail in section 4.3.1.

◦ At about the same time (1954) the quantum mechanical version of the optical model

was developed and this formulation ended up (among others) to the respective/cor-

responding relation for the transmission coefficients, which constitute an essential

ingredient of the Hauser-Feshbach theory and represent the probability that a given

partial wave (l-wave) is absorbed by the target nucleus [117].

◦ In 1966, another theory was proposed by J. J. Griffin, referred to as the exciton model,

in order to describe the effect of producing incomplete "compound" nuclei. Following

this effect, more statistical theories were developed in order to describe the same

phenomenon by C. K. Cline and M. Blann [118,119], G. D Harp, J. M. Miller and B.

J. Berne [120] and Fabrici et al. [121]. More details on pre-equilibrium emission will

be given in sections 4.2.2 and 4.3.3.

◦ In the early 1970s the availability of heavy ion beams was increased, thus the interest

in the topic of fusion grew rapidly. Fusion is defined as the process in which a com-

pound nucleus composed of the sum of the projectile and target nucleons is formed.

The essential physics can be understood by considering the model proposed in 1975

by D. Glas and U. Mosel [122].
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4.2 Basic reaction mechanisms

The basic nuclear reaction mechanisms that one can distinguish are the following three:

direct, compound and pre-compound ones. These reaction processes can be subdivided

according to time scales or, equivalently, to the number of intranuclear collisions taking

place before emission. Moreover, each mechanism preferentially excites certain parts of the

nuclear level spectrum and is characterized by different types of angular distributions. The

overall situation is presented in Fig. 4.1, where the associated angular distributions show

a gradual transition to isotropy for decreasing outgoing energies [123].

Figure 4.1: Typical energy spectrum of a reaction A(α,β)B with an incident energy of several

tens of MeV. The MSC and MSD processes are described in subsection 4.2.2.

4.2.1 Compound nucleus reactions

Compound nucleus is an intermediate state after the absorption of an incident particle,

but before the emission of the outgoing one. In more detail, when an incident particle

enters a target nucleus, it has a high probability of interacting with one of the target’s

nucleons, possibly through a simple scattering. The recoils (nucleon and incident particle)

can each make successive collisions with other nucleons and after several such interactions,

the incident energy is shared among many of the nucleons of the combined system of

projectile and target until the equilibrium is reached. The escape from a compound nucleus
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is a statistical phenomenon, since the more random collisions occur, the more high is the

probability for a single nucleon to gain sufficient energy to overcome the nuclear potential,

similar to the mechanism with which molecules evaporate from the surface of a drop of

liquid [124,125].

This intermediate state is called compound nucleus (C
∗
) and can be symbolized using the

following expression, which was also mentioned in section 4.1:

α+A −→ C∗ −→ B + β

The energy diagram of this reaction process is presented in Fig. 4.2.

Figure 4.2: Schematic representation of the α + A −→ B + β via the formation of the

compound nucleus C
∗
. ρC(E) is the nuclear level density of the compound nucleus at the

excitation energy EC∗ and the same holds for the residual nucleus, with symbols ρB(E)

and EB∗, respectively. εα and εβ are the kinetic energies of α and β nuclei, respectively, in

the center of mass system.

Some of the characteristics of the compound nucleus reactions will be described below

[124,126]:

◦ According to Bohr’s assumption (see also section 4.1) the relative probability of a decay

into any specific set of final products is independent of the means of formation of the

compound nucleus.

◦ The compound nucleus excitation energy (EC∗ ) is given by the binding energy (Q) and

the available kinetic energy in the center of mass system. Thus,

EC∗ = Q+
Eα labmA

(mα +mA)
= Q+ εα

where Eα lab is the bombarding energy in the lab system.

◦ Due to the fact that in such reactions the incident energy has to be distributed and

reconcentrated, additional time is necessary for the decay of a compound nucleus and

this time is of the order of 10
−16

-10
−18

s.
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◦ This model works best for low incident energies, where the incident projectile has a

small chance of escaping from the nucleus.

◦ The exit channel with neutron emission is much more favoured than the charged

particle ones (p, α), as the latter have to overcome the Coulomb barrier.

◦ In contrast to direct reactions, the products of compound nucleus reactions do not

present an angular distribution. The reason for this, is because the interactions

among the nucleons are random, thus the outgoing particles are expected to be emitted

isotropically.

4.2.2 Pre-equilibrium reactions

Pre-compound or pre-equilibrium reactions constitute an intermediate state between the

one-step direct processes, which involve few degrees of freedom and the compound nucleus

reactions in which the projectile energy is divided between all the nucleons of the compound

nucleus. In some cases, these processes make dominant contributions to the cross sections

of reactions initiated by neutrons of 10-20 MeV [127,128].

The quantum-mechanical approach of these reactions is the multistep theory, in which it

is assumed that the interaction between the incident nucleon and the target nucleus takes

place in a number of stages of increasing complexity. The projectile enters the nucleus

and collides with a nucleon, producing a two-particle one-hole excitation. The secondary

particles can themselves interact, producing three-particle two-hole excitations and so on.

At each stage there is a finite probability that the reaction proceeds to the next stage, returns

to a previous stage or goes directly to the continuum. The latter possibility corresponds to

pre-equilibrium reactions [128]. A distinction is made for them, in the theory of H. Feshbach

et.al. [129], between multistep compound and multistep direct reactions.

◦ Multistep Compound (MSC)

In a multistep compound reaction all the particles remain bound during the equilibra-

tion cascade. The phases of the matrix elements (J, parity etc.) which are required in

order to specify a channel, are assumed to be random so that no interference terms

remain after averaging. Thus, the energy averaged cross sections are symmetric about

90
◦
.

◦ Multistep Direct (MSD)

A multistep direct reaction occurs as the incident energy increases and is more likely

that one particle remains in the continuum and therefore retains a strong memory of

the original direction of the projectile. In this case, there is constructive interference

between matrix elements involving the same change in the momentum of the particle

in the continuum and so the cross sections are forward peaked.
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4.2.3 Direct reactions

The direct reactions are defined to be those processes which connect the initial and final

states in a nuclear reaction without formation of an intermediate compound system [127].

They occur very rapidly, in a time of the order of 10
−22

s, while the incident particle interacts

primarily at the surface of the target nucleus. Such reactions are also called peripheral

processes and are most likely to involve one nucleon or very few valence nucleons near the

surface of the target nucleus. Their contribution is important at higher nucleon energies,

where the de Broglie wavelength of the nucleon becomes small enough to "see" individual

nucleons (20 MeV←→ 1 fm, whereas 1 MeV←→ 4 fm). For incident nucleon energies above

10 MeV, the low lying, discrete states of the residual nucleus are almost completely excited

by direct reaction processes, as shown in Fig. 4.3.

Figure 4.3: Schematic representation of the way that the low-lying states of the residual

nucleus B can be excited in a direct reaction α + A −→ B + β. The compound nucleus C
∗

is not formed in this case but is drawn in the sketch because is widely used as an energy

reference for Q-value calculations.

An easy way to distinguish a direct reaction from a compound nucleus one is the sharply

forward peaked angular distribution of the outgoing particles, which has a markedly os-

cillatory behaviour, as shown in Fig. 4.1 [123, 124]. This oscillatory shape enables the

determination of the spin and parity of the residual nucleus.

The following processes can occur via the direct mechanism [127,130]:

◦ Elastic scattering

The simplest direct interaction between an incident particle and a target nucleus,

when the particle’s direction of motion and state of polarization is changed, without

loss of energy. For example, (n,n), (p,p), (α, α), etc.

◦ Inelastic scattering

Occurs when a projectile interacts with a nucleus and gives some of its energy, rais-
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ing it to an excited state. This generally alters the direction of motion and state of

polarization of the projectile. Such reactions are (n,n’), (p,p’), (α, α’), etc.

◦ Transfer reactions

◦ Stripping

A nucleon from the incident particle is transferred to an unfilled state of the

residual (target) nucleus, as happens in reactions like (d,p), (d,n), (t,d), etc.

◦ Pick-up

A nucleon from a filled or partly filled state of the target nucleus is removed and

transferred to the emitted particle. Such reactions are the (p,d), (n,d), (d,t), etc.

◦ Knock-out reactions

The incident particle may collide with a nucleon or group of nucleons in the target

nucleus and knock it out. If the incident particle is captured, the reaction is observed

as inelastic scattering or nucleon transfer, and if it escapes, it is a reaction with three

particles in the final state. For example, (d,p), (d,dp), (n,np), (p,pn), (p,2p), (n,2n), etc.

◦ Charge-exchange reactions

The emitted particle has the same mass as the projectile, so that the net effect is the

transfer of charge like in the following reactions (n,p), (p,n), (t,
3
He), (

3
He,t), etc.

◦ Break-up reactions

In the Coulomb field, at few MeV incident energy, a composite particle may undergo a

break-up into its constituents. The simplest example is a (d,pn) reaction. The break-

up may take place in the Coulomb field specially when the target nucleus has high Z,

without the neutron being captured. This is known as Coulomb breakup. At higher

energies (of the order of 100 MeV or more) the break-up may occur in the nuclear field.

In this process, the proton and neutron may be emitted on the opposite side and the

target nucleus may be left in the ground state or raised to an excited state. These

processes are known as elastic and inelastic break-up respectively [126].

4.3 Basic theoretical models for nuclear reactions

4.3.1 The optical model

The optical model is a simple model which was used in order to describe the elastic scattering

in the presence of absorbing effects. The calculation resembles that of light incident on a

somewhat opaque glass sphere [32, 109, 124, 127, 131]. The scattering is represented in

terms of a complex potential U(r):

U(r) = V (r) + iW (r) (4.2)

where the real part V(r) describes the nuclear interaction of scattering between target and

projectile and the imaginary part W(r) is responsible for the absorption. The standard optical
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model potential may be written in the form [131]:

U(r, E) =− VV (r, E) a real volume term,

− iWV (r, E) an imaginary volume term,

− iWD(r, E) an imaginary surface term,

+ VSO(r, E) · l · σ a real spin-orbit term,

+ iWSO(r, E) · l · σ an imaginary spin-orbit term,

+ VC(r) a Coulomb term, (4.3)

where E is the lab energy of the incident particle in MeV. All components can be separated

in energy-dependent well depths and energy-independent radial parts f, namely

VV (r, E) = VV (E)f(r,RV , αV ) (4.4)

WV (r, E) = WV (E)f(r,RV , αV ) (4.5)

WD(r, E) = −4αDWD(E)
d

dr
f(r,RD, αD) (4.6)

VSO(r, E) = VSO(E)

(
~
mπc

)2 1

r

d

dr
f(r,RSO, αSO) (4.7)

WSO(r, E) = WSO(E)

(
~
mπc

)2

× 1

r

d

dr
f(r,RSO, αSO) (4.8)

Using the relations 4.4 - 4.8, Eq. 4.3 becomes:

U(r, E) = VC(r)− VV (E)f(r,RV , αV )

− i
(
WV (E)f(r,RV , αV )− 4αDWD(E)

d

dr
f(r,RD, αD)

)
+ VSO(E)

(
~
mπc

)2 1

r

d

dr
f(r,RSO, αSO) · l · σ

+ iWSO(E)

(
~
mπc

)2

× 1

r

d

dr
f(r,RSO, αSO) · l · σ (4.9)

The form factor f(r, Ri, αi) is a Woods-Saxon shape:

f(r,Ri, αi) =
1

1 + e(r−Ri)/αi
(4.10)

where the geometry parameters are the radius Ri=ri A
1/3

, with A being the atomic mass

number, and αi the diffuseness parameters. The Coulomb term VC for charged particles is

given by the following relation:

VC(r) =


Zze2

2RC

(
3− r2

R2
C

)
, for r ≤ RC

Zze2

r
, for r ≥ RC

(4.11)
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with Z(z) the charge of the projectile, and RC = rCA
1/3

the Coulomb radius.

The solutions of the Schrodinger equation that describe sufficiently the elastic scattering

and the absorption of the projectiles have the following form:

ψr−→∞ = eikz +
eikr

r
f(θ) (4.12)

where the first term is the incident wave (i.e the incident neutron beam) and the second

one a scattered spherical wave. f(θ) is the scattering width, while k =
√

2mE/~ the wave

number. From this wavefunction, the scattering differential cross section is:

dσ

dΩ
(θ) = |f (θ)|2 (4.13)

In the case of uncharged and spinless particles, where Coulomb and spin-orbit terms do

not exist, the scattering width can be determined by means of the partial wave analysis.

By using the dividing variables method, the solutions of the Schrodinger equation can be

written in the form:

ψ (r, θ) = R (r)Y l
m (θ, φ)

where Y l
m (θ, φ) are the spherical harmonics. Since there is axial symmetry (U = U (r, θ)),

only the m=0 spherical harmonics terms contribute, therefore Y l
m can be expressed as:

Y 0
l (θ) =

√
2l + 1

4π
Pl (cos (θ))

By expanding the asymptotic form of the wavefunction 4.12 for the scattered wave, using

Legendre polynomials, the wavefunction becomes:

ψ (r, θ) =
∞∑
l=0

ul (r)

r
Pl (cosθ) (4.14)

and the scattering amplitude can be written as:

f (θ) =
∞∑
l=0

(2l + 1) flPl (cosθ) (4.15)

The Schrodinger equation for the radial part of the wavefunction ul (r) /r is the following:

d2ul (r)

dr2
+

2m

~2
(E − V (r))ul (r)−

l (l + 1)

r2
ul (r) = 0 (4.16)

while its solution has the form:

ul (r)

r
∝ 1

kr
ei(kr−

1
2
lπ+δl) ∝ −Sl

eikr

kr
(4.17)

where δl is the phase shift and is determined from the boundary conditions in the limit of

the potential range in order to have a smooth transition from the asymptotic limit to the

nucleus interior and Sl = e2iδl is the partial scattering matrix. It can be proved that the

scattering amplitude can be written as:

f (θ) =
1

2ik

∞∑
l=0

(2l + 1)(e2iδl − 1)Pl (cosθ) (4.18)
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By integrating Eq. 4.13 over all angles and combining it with Eq. 4.18, the scattering cross

section is given by this expression:

σscattering =
4π

k2

∞∑
l=0

(2l + 1)|1− e2iδl |2 ⇒

⇒ σscattering =
4π

k2

∞∑
l=0

(2l + 1)|1− Sl|2 (4.19)

while the absorption one by the following relation:

σabsorption =
π

k2

∞∑
l=0

(2l + 1) (1− |e2iδl |2) ⇒

⇒ σabsorption =
π

k2

∞∑
l=0

(2l + 1) (1− |Sl|2) ⇒

⇒ σabsorption =
π

k2

∞∑
l=0

(2l + 1) Tl (4.20)

which defines the transmission coefficient as:

Tl = 1− |Sl|2 (4.21)

The transmission coefficients constitute an essential ingredient of the Hauser-Feshbach

theory, which will be described in section 4.3.2.

The optical model is particularly important for the study of the direct (fast) contribution.

Although the latter was not that crucial for the present work, it was worthy to briefly mention

the basic knowledge about it (see the subsection 4.2.3).

4.3.2 The Hauser-Feshbach theory

The Hauser-Feshbach theory [44] describes reactions which proceed via the formation of a

compound nucleus. In order to present this model [109,132], it is convenient to begin with

the Bohr hypothesis which was mentioned in section 4.1 and can be summarized in the

following expression:

σ(α+A −→ B + β) = σ(α+A −→ C∗)P (C∗ −→ B + β) ⇒ σαβ = σαPβ (4.22)

where σα is the cross section for the formation of the compound nucleus and Pβ is the

probability for the compound nucleus decay to channel β. Then, the new independence

hypothesis can be expressed for an arbitrary entrance channel using the transmission co-

efficients, Tl, as:

σαβ(l) =

[
π

k2
α

(2l + 1)Tl(εα)

]
Pβ(l) (4.23)

While for the inverse reaction involving the same partial wave and the same compound

nucleus excitation energy can be written as:

σβα(l) =

[
π

k2
β

(2l + 1)Tl(εβ)

]
Pα(l) (4.24)
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By dividing Eq. 4.23 with 4.24 and assuming that the reciprocity theorem (Eq. 4.1) can be

applied to partial cross sections, the following expression is obtained:

Pα(l)

Tl(εα)
=

Pβ(l)

Tl(εβ)
⇒ Pα(l)

Pβ(l)
=
Tl(εα)

Tl(εβ)
(4.25)

This equation states that the ratio of probabilities of decay from the compound nucleus for

any pair of channels is equal to the ratio of the corresponding transmission coefficients.

Therefore, for any decay channel β, the probability of decay will be:

Pβ(l) =
Tl(εβ)∑
γ
Tγ,l

(4.26)

where the sum in the denominator represents all accessible exit channels γ. In Eq. 4.26,

the energy εβ is fixed by the excitation energy of the compound nucleus (E
∗
C ) and that of the

final state in the residual nucleus (for instance εβ + E∗B = E∗C +QC→β+B ).

If the excitation energy of the residual nucleus E
∗
B belongs to the continuum, then it can

be considered that there are ΩB(E∗B) states at this excitation energy. Moreover, in a small

energy range ∆E, over which εβ can be considered as constant, the number of states can

be expressed as a function of the nuclear level density ρB(E∗B), as ΩB(E∗B) = ρB(E∗B) ∆E.

Similarly, for all accessible exit channels, γ, will be ΩΓ(E∗Γ) = ρΓ(E∗Γ) ∆E. Thus, the decay

probability to any one of these states can be written as:

Pβ(l) =
Tl(εβ) ΩB(E∗B)∑
γ
Tγ,l ΩΓ(E∗Γ)

⇒ Pβ(l) =
Tl(εβ) ρB(E∗B)∑
γ
Tγ,l ρΓ(E∗Γ)

(4.27)

Eq. 4.27 combined with the 4.23 one, leads to the basic form of the Hauser-Feshbach

formalism for spinless particles, which follows:

σαβ(l) =
π

k2
α

(2l + 1)
Tl(εα)Tl(εβ) ρB(E∗B)∑

γ
Tγ,l ρΓ(E∗Γ)

(4.28)

If the interacting particles have spin, the expression for the cross section must include spin

weighting factors. Suppose that the spins and angular momenta for the reaction A(α, β)B

are defined as follows:

The spin of the incident particle, s, and the one of the target nucleus, S, combine to give

the channel spin j, which in turn combines with the orbital angular momentum l to give

the total compound nucleus angular momentum J, and similarly for the exit channel.

In order to obtain an expression for the cross section for particles with angular momen-

tum, Eq. 4.28 must be averaged over all the allowed spin combinations in the incident

channel and summed over those in the outgoing channel. The probability that the spins s

and S combine to give a particular j is:

P (j) =
2j + 1

(2s+ 1)(2S + 1)
(4.29)
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and the probability of j combining with l to give J is likewise:

P (J) =
2J + 1

(2j + 1)(2l + 1)
(4.30)

Therefore, if the transmission coefficients depend only on orbital angular momenta, the

partial cross section to final states of angular momentum S’ in the nucleus B can be written

as:

σαβ(J, S′) =
π

k2
α

(2J + 1)

(2s+ 1)(2S + 1)

∑
l,j,l′,j′

Tl(εα)Tl′(εβ) ρB(E∗B, S
′)∑

γ,l′′,j′′
Tγ,l′′ ρΓ(E∗Γ)

(4.31)

where the unprimed symbols represent quantities associated with the entrance channel

α and primed symbols for the exit channel β. All the summations are made subject to

the appropriate vector coupling relations. These are symbolised by the triangular relation

∆ (abc), which means that when angular momenta a and b are coupled to give c, they must

satisfy the relation |a− b| < c < (a+ b). Thus, the following triangular relations hold:

|S − s| < j < (S + s)
∣∣S′ − s′∣∣ < j′ < (S′ + s′)

|J − j| < l < (J + j)
∣∣J − j′∣∣ < l′ < (J + j′)

|j − l| < J < (j + l)
∣∣j′ − l′∣∣ < J ′ < (j′ + l′)

The denominator is a summation over all possible exit channels that are allowed with respect

to the conservation of energy principle and to the angular momentum selection rules [127].

4.3.3 The exciton model

Concerning pre-equilibrium reactions, apart from the multistep theories which were briefly

mentioned in section 4.2.2, the simplest one is that of Griffin’s [50,51] and is usually referred

to as the exciton model. According to the latter, the incoming projectile initially interacts

with the target nucleus and gives rise to a single particle state above the Fermi surface,

while a hole is left below. Two examples involving a two particle - one hole (2p-1h) state and

a three particle - two holes (3p-2h) state are shown in Fig. 4.4. The total number of excited

particles, p, and holes h which occupy single particle states above and below Fermi energy,

respectively, is referred to as the number of excitons n = p+ h [32,109,127,132].
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Figure 4.4: Schematic representation of the excitation of a nucleus in states characterized

by an increasing exciton number. All particles are bound to the potential well and these

processes lead to a fully equilibrated residual nucleus [109].

Such successive interactions lead to an intra-nuclear cascade, which through a sequence

of states characterized by an increasing exciton number and more degrees of freedom, ends

up to the equilibrium. The processes of increasing exciton number meet selection rules

concerning the possible variation of the number of excitons (n), the number of particles (p)

and the number of holes (h), which are the following:

∆n = 0,±2, ∆p = 0,±1, ∆h = 0,±1 (4.32)

If a particle has such a high energy as to exceed the effective energy threshold for emission,

it escapes the nucleus (for a neutron is the separation energy, - Q-value, while for proton is

the separation energy plus the Coulomb barrier). Thus, at each stage of the aforementioned

equilibrium process, there is a competition between two decay modes:

◦ The decay by exciton-exciton interactions to more complex configurations (internal

transitions).

◦ The decay by emission of particles into the continuum.

The two most important assumptions of this theory are the following:

◦ All the states having the same particle-hole configuration and the same total energy

and parity are equiprobable.

◦ All the decay modes are equiprobable.

Another Griffin’s assumption was that the most dominant decay mode was the internal

conversion ∆n = +2. All the probable internal conversions were taken into account later

by the evoluted model by Cline and Blann [118,119].

According to Griffin’s model [50], the transition rate of a nucleus in a typical n-exciton state

to other states with n′ = n or n′ = n± 2 excitons is given by the Fermi’s Gold Rule:

λn→n′ =
2π

~
|M |2ρn′(E) ⇒ λph→p′h′ =

2π

~
|M |2ρp′h′(E) (4.33)
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where |M |2 is the average squared matrix element for the n → n′ transition, which is

assumed to be energy-independent and ρp′h′(E) the density of p′ particle and h′ hole states

at excitation energy E which is given by the expression [133,134]:

ρp′h′(E) =
g(gE −Ap′h′)p

′+h′−1

p′! h′! (p′ + h′ − 1)!
(4.34)

Ap′h′ =
1

4
(p′2 + h′2 + p′ − 3h′) (4.35)

where g is the density of single-particle states in the equispacing model. The quantity Ap′h′

contains the effects of the Pauli exclusion principle and Eq. 4.34 reduces to the Ericson

particle-hole state density if one sets Ap′h′ = 0 [133].

The probability of finding the nucleus with excitation energy E at time t in a configuration

by n = p + h excitons is called the occupation probability and is symbolized as P (n,E, t).

It satisfies the following relation [118]:

dP (n,E, t)

dt
= P (n− 2, E, t)λn−2,n(E)

+ P (n+ 2, E, t)λn+2,n(E)

− P (n,E, t) {λn,n+2(E) + λn,n−2 + λn,c(E)} (4.36)

which integrated over time gives:

−P (n,E, 0) = tn−2(E)λn−2,n(E)

+ tn+2(E)λn+2,n(E)

− tn(E) {λn,n+2(E) + λn,n−2 + λn,c(E)} (4.37)

where λn,c(E) is the total decay rate for emission to the continuum of whatever particle with

whatever energy and tn is the mean lifetime of an n-exciton state. The former can be written

as:

λn,c(E) =
∑
c′

∫ Ec′,max

0
λn,c(E, εc′) dεc′ (4.38)

where εc = ε− B is the energy of the particle reduced by its binding energy in the nucleus

and the latter is given by the relation below:

tn =

∫ teq

0
P (n,E, t)dt (4.39)

where teq is the equilibration time necessary to reach a state of statistical equilibrium.

Once the value of P (n,E, t) at t = 0 is given (usually it is P (n,E, t) = δn,n0 ), the set of

equations 4.36 and 4.37 can be solved.

The cross section for emission of particles in channel c is calculated by the following expres-

sion:

σc(E, εc) dεc = σR

∫ teq

0

∑
n,∆n=2

P (n,E, t)λn,c(E, εc) dt dεc (4.40)

where σR is the reaction cross section for the incident channel.
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4.4 Nuclear level density models

The nuclear level densities constitute a crucial component of the cross section in the Hauser-

Feshbach theory (see Eq. 4.28 and 4.31), therefore the basic relations for the models that

were finally chosen for the theoretical calculations with EMPIRE 3.2.2 and TALYS 1.8 codes

will be presented in this section. The available models in each code are summarized in Table

4.1.

EMPIRE 3.2.2

Keyword & Value Nuclear Level Density Model

LEVDEN 0 Enhanced Generalized Superfluid Model (EGSM)

LEVDEN 1 Generalized Superfluid Model (GSM)

LEVDEN 2 Gilbert-Cameron Model (GCM)

LEVDEN 3 Hartree-Fock-Bogoliubov (microscopic) (HFBM)

TALYS 1.8

Keyword & Value Nuclear Level Density Model

ldmodel 1 Constant Temperature (CTM) & Fermi Gas Model (FGM)

ldmodel 2 Back-shifted Fermi Gas Model (BFM)

ldmodel 3 Generalized Superfluid Model (GSM)

ldmodel 4 Goriely (microscopic)

ldmodel 5 Hilaire (microscopic)

ldmodel 6 Hartree-Fock-Bogoliubov & Gogny force (microscopic)

Table 4.1: Nuclear level density models available in EMPIRE 3.2.2 and TALYS 1.8 codes

along with the corresponding keywords and values for each code.

4.4.1 The Fermi Gas Model

The Fermi Gas Model (FGM) [135], although it can not be applied by using a specific value

of the keywords presented in Table 4.1, it should be presented, since it is implemented

simultaneously with other models in both codes.

It is based on the assumption that the single particle states which construct the excited

levels of the nucleus are equally spaced and in fact, holds for non-interacting nucleons in

the absence of collective levels [136]. The Fermi gas level density (under the assumption

that the projections of the total angular momentum are randomly coupled) can be written

as:

ρF (E, J,Π) =
1

2

2J + 1

2
√

2πσ3
exp

−
(
J +

1

2

)2

2σ2


√
π

12

exp
[
2
√
αU
]

α1/4 U5/4
(4.41)

where the first factor
1

2
represents the equiparity distribution, α is the level density param-
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eter, σ is the square root of the spin cut-off parameter (both parameters will be discussed in

the subsections 4.4.1.1 and 4.4.1.2) and U is the effective excitation energy which is equal

to:

U = E −∆ (4.42)

where ∆ is an empirical parameter related to the pairing energy which is included to account

for the known odd-even effects in nuclei. It is more convenient to discuss about ∆ for each

specific level density model separately in the corresponding section.

The Fermi gas spin distribution is given by the following expression:

RF (E, J) =
2J + 1

2σ2
exp

−
(
J +

1

2

)2

2σ2

 (4.43)

By summing Eq. 4.41 over all spins and parities the total Fermi gas level density becomes:

ρtotF (E) =
1√
2πσ

√
π

12

exp
[
2
√
αU
]

α1/4 U5/4
(4.44)

and also can be written as:

ρtotF (E) =
1√
2πσ

eS√
D

(4.45)

where S is the entropy given by the relation:

S = 2αt (4.46)

D is the determinant:

D =
144

π
α3 t5 (4.47)

and t the thermodynamic temperature:

t =

√
U

α
(4.48)

4.4.1.1 The level density parameter α

The first formula suggested for the level density parameter α lead to a nuclide-specific

constant value independent of energy [136]. Later, Ignatyuk et. al. [137] recognized that

energy-dependent shell effects should be effectively included through an energy-dependent

expression for α, which was assumed to be the following:

α = α(E) = α̃

(
1 + δW

1− exp[−γU ]

U

)
(4.49)



4.4. Nuclear level density models 119

where α̃ is the asymptotic level density parameter one would obtain in the absence of any

shell effects (α̃=α(E→∞)), or in the absence of shell correction energy (δW = 0) and is given

by the form:

α̃ = αA+ βA2/3
(4.50)

where A is the mass number. The shell correction energy δW is defined as:

δW (MeV ) = M(MeV )−MLDM (MeV ) (4.51)

where M is the nucleus mass and MLDM the nucleus mass according to the spherical

liquid-drop model (see Ref. [136] for details). The damping parameter γ determines how

rapidly α(E) approaches α̃ and can be written as:

γ =
γ1

A1/3
(4.52)

In Eqs. 4.50 and 4.52, α, β and γ1 are global parameters that need to be determined to give

the best average level density description over a whole range of nuclides.

For low excitation energies (E ≤ ∆) the limiting value of Eq. 4.49 is given by its first order

Taylor expansion:

lim
U→0

α(E) = α̃ [1 + γ δW ] (4.53)

4.4.1.2 The spin cut-off parameter (σ2
)

The spin cut-off parameter σ2
represents the width of the angular momentum distribution

of the level density. The observation that a nucleus possesses collective rotational energy

that can not be used to excite the individual nucleons leads to the general expression for

the continuum:

σ2 = σ2
F (E) = I0

α

α̃
t (4.54)

where the undeformed moment of inertia of the nucleus I0 is defined by its radius R =

1.2A1/3
and the neutron mass in amu m0 by the relation:

I0 =
(2/5)m0R

2A

(~c)2
(4.55)

and t is the thermodynamic temperature. It can be proved (see Ref. [136]) that the spin

cut-off parameter can be found using the following expression:

σ2
F (E) = 0.01389

A5/3

α̃

√
αU (4.56)

An alternative method to determine the spin cut-off parameter, which is needed in case of

low excitation energies (E ≤ ∆) where Eq. 4.56 is not defined, is obtained from the spins of

the low-lying discrete levels as follows:

σ2
d =

1

3
NU∑
i=NL

(2Ji + 1)

NU∑
i=NL

Ji(Ji + 1) (2Ji + 1) (4.57)
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where Ji is the spin of discrete level i and σ2
d is the discrete spin cut-off parameter in the

energy range from a lower discrete level NL, with energy EL, to an upper level NU , with

energy EU , where the total level density agrees well with the discrete level sequence.

4.4.2 Generalised Superfluid Model (TALYS 1.8, ldmodel 3)

The phenomenological version of the Generalised Superfluid Model (GSM) [138,139] is char-

acterized by a phase transition from a superfluid behavior at low energy, to a high energy

region which is described by the Fermi Gas Model (FGM) [136]. It automatically provides a

constant temperature-like behavior at low energies, under the so-called critical energy Uc,

where pairing correlations strongly influence the level density. The superconductive pairing

correlations are taken into account according to the Bardeen-Cooper-Schrieffer theory [140].

Therefore, the GSM level density has two forms: one below and one above the critical energy

Uc [136].

◦ For U ′ < Uc,

Where U ′ is the effective excitation energy defined as:

U ′ = E + χ∆0 + δ (4.58)

where

χ =


2, for odd-odd,

1, for odd,

0, for even-even,

(4.59)

and δ is an adjustable shift parameter to obtain the best description of experimental

data per nucleus. The following thermodynamical expressions hold:

Uc = αc T
2
c + Econd (4.60)

where αc is the critical level density parameter, Tc is the critical temperature and Econd
the condensation energy, which can be written as:

αc = α̃

[
1 + δW

1− exp (−γ αc T 2
c )

αc T 2
c

]
(4.61)

Tc = 0.567 ∆0 (4.62)

Econd =
3

2π2
αc ∆2

0 (4.63)

where the pairing correlation function is given by:

∆0 =
12√
A

(4.64)
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Some useful relations for the determination of the level density are also the following:

Sc = 2αc Tc (4.65)

Dc =
144

π
α3
c T

5
c (4.66)

σ2
c = 0.01389A5/3 αc

α̃
Tc (4.67)

where Sc is the critical entropy, Dc is the critical determinant and σ2
c the critical spin

cut-off parameter.

According to the superfluid Equation Of State (EOS) [138] the temperature T can be

written as:

T = 2Tc φ

[
ln

1 + φ

1− φ

]−1

(4.68)

where

φ2 = 1− U ′

Uc
(4.69)

The entropy S can be written as:

S = Sc
Tc
T

(1− φ2) ⇒ S = Sc
Tc
T

U ′

Uc
(4.70)

the determinant D as:

D = Dc (1− φ2) (1 + φ2)2 ⇒ D = Dc
U ′

Uc

(
2− U ′

Uc

)
(4.71)

and the spin cut-off parameter σ2
as:

σ2 = σ2
c (1− φ2) ⇒ σ2 = σ2

c

U ′

Uc
(4.72)

For U ′ ≤ Uc, the total level density is given by:

ρtotGSM (E) =
1√
2πσ

eS√
D

(4.73)

with all ingredients given by Eqs. 4.70-4.72. Similar, the level density is:

ρGSM (E, J,Π) =
1

2
RF (E, J) ρtotGSM (E) (4.74)

◦ For U ′ ≥ Uc,

The FGM applies, with a different energy shift. The effective excitation energy U ′ is

defined as:

U ′ = E −∆GSM
(4.75)
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where

∆GSM = Econd − χ∆0 − δ (4.76)

The spin cut-off parameter in the high energy region reads Eq. 4.54, which combined

with Eq. 4.48, gives:

σ2 = I0
α

α̃

√
U

α
(4.77)

The level density is given by:

ρGSM (E, J,Π) =
1

2
RF (E, J) ρtotGSM (E) (4.78)

where

ρtotGSM (E) = ρtotF (E) =
1√
2πσ

√
π

12

exp
[
2
√
αU
]

α1/4 U5/4
(4.79)

and RF (E, J) is given by Eq. 4.43.

At the matching energy (E = Uc − χ∆0 − δ) the two prescriptions match so that the total

level density is perfectly continuous.

In fact, the term "general" in the GSM was originally added to denote the inclusion of explicit

collective enhancement factors on top of an intrinsic level density ρtotGSM,int(E) as follows:

ρtotGSM = Krot(E)Kvib(E) ρtotGSM,int(E) (4.80)

where Krot(E) and Kvib(E) are the rotational and vibrational enhancement factors respec-

tively. For more details on these factors, see Ref. [42].

4.4.3 Enhanced Generalised Superfluid Model (EMPIRE 3.2.2, LEVDEN 0)

The Enhanced Generalized Superfluid Model (EGSM), which is also referred as "Empire

Global Specific Model", uses the superfluid model below critical excitation energy (Uc) and

the Fermi gas model above, as GSM does. The enhancement compared to GSM, as the latter

is implemented in EMPIRE code (LEVDEN 1), relates to the spin distribution above critical

excitation energy, where the FGM is used, and it includes a more accurate treatment of high

angular momenta [61].

More specifically, the spin dependence in GSM is treated as a separate factor character-

ized by a spin cut-off parameter (σ2
), whereas in EGSM the rotational energy is subtracted

from the intrinsic excitation energy. The collective enhancement of the level density is

achieved using the non-adiabatic form of nuclear rotation, therefore it considers the shape

of nucleus in a dynamical situation. In other words, the rotational enhancement depends

on the shape of the nucleus. The deformation is inserted in the level density formulas

through the moment of inertia and through the level density parameter α, which increases

with increasing surface of the nucleus [61].
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In the EMPIRE formalism (see Ref. [61]), the similar to Eq. 4.80 relation for the GSM

level density with rotational and vibrational enhancements included in an adiabatic mode,

is the following:

ρ(E, J,Π) = ρqp(E, J,Π) KrotQrotKvibQvib (4.81)

where Krot, Kvib are the rotational and vibrational enhancement factors, respectively, Qrot,

Qvib are their damping with increasing energy and ρqp is the quasi-particle level density

which can be written as:

ρqp(E, J,Π) =
1

2

(2J + 1)√
8πσ3

exp

[
−(J + 1/2)2

2σ2

]
eS√
D

(4.82)

The effective excitation energy in EGSM is defined as:

U ′ = E + χ∆0 (4.83)

where

χ =


2, for odd-odd,

1, for odd,

0, for even-even,

(4.84)

and ∆0 = 12
√
A.

◦ For U ′ < Uc,

The nuclear level density is given by Eq. 4.81.

◦ For U ′ > Uc,

An energy shift equal to the condensation energy is introduced:

U∗ = U − Econd (4.85)

Assuming that the prolate nuclei rotate along the axis perpendicular to the symmetry

axis, the level density can be expressed as:

ρ(E, J,Π) =
1

16
√

6π

(
~2

I‖

)1/2

α−1/4
J∑

K=−J

(
U∗ − ~2K2

2Ieff

)−5/4

exp

[
2

[
α

(
U∗ − ~2K2

2Ieff

)]1/2
]
QrotKvibQvib (4.86)

And similarly assuming that the oblate nuclei rotate parallel to the symmetry axis, the

level density is:

ρ(E, J,Π) =
1

16
√

6π

(
~2

I‖

)1/2

α−1/4

J∑
K=−J

(
U∗ − ~2[J(J + 1)−K2]

2 | Ieff |

)−5/4

exp

[
2

[
α

(
U∗ − ~2[J(J + 1)−K2]

2 | Ieff |

)]1/2
]
QrotKvibQvib (4.87)
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The summation over the projection of angular momentum, K, accounts for the rota-

tional enhancement, while Ieff is the effective moment of inertia. The latter is given

as a function of the parallel and perpendicular moments of inertia and can be written

as:

1

Ieff
=

1

I‖
− 1

I⊥
(4.88)

In the limit of J >> K, Eqs. 4.86 and 4.87 are equivalent to:

ρ(E, J,Π) =
1

2

(2J + 1)√
8πσ3

exp

[
−(J + 1/2)2

2σ2

]
eS√
D
KrotQrotKvibQvib (4.89)

For more details on the rotational and vibrational enhancements, see Ref. [61].

4.5 Theoretical Calculations using the EMPIRE and TALYS codes

In this section, the input parameters that were chosen in order to reproduce the cross section

curves by means of the EMPIRE 3.2.2 [40] and TALYS 1.8 [42] codes will be described in

detail, not only for the (n,2n) measured reactions, but also for additional reaction channels

involving the same target nucleus, such as the (n,elastic), (n,3n), (n,p), (n,α) and (n,total)

ones. However, the figures with the theoretical calculations results will be given in the next

chapter 5, along with the new experimental data points.

4.5.1 Neutron induced reactions on
197

Au

The
197

Au(n,2n) reaction leads to the formation of two levels of the residual nucleus
196

Au,

which present large spin difference (isomeric state, m2 (Jπ : 12−) and ground state g

(Jπ : 2−)). Due to the existence of the high spin second metastable, is a powerful tool

for obtaining information on the structure of the involved nuclei and thus constitutes an

open field of study [12,57,141]. Above 15 MeV the contribution of preequilibrium emission

becomes important and the (n,3n) competing reaction channel opens. Thus, the simultane-

ous reproduction of the isomeric cross section along with other channels sets a significant

constraint, rendering theoretical calculations quite sensitive to the choice of specific nuclear

model parameters such as the level density (α) and the spin cut-off (σ2
) ones.

Theoretical cross section calculations were carried out in the incident neutron energy

range between 0.001 and 35 MeV, using the nuclear reaction model codes EMPIRE 3.2.2 [40,

41] and TALYS 1.8 [42,43]. In principle in both codes the three basic reaction mechanisms,

namely the compound nucleus, pre-equilibrium emission and direct reaction ones are taken

into account. The final goal was not to compare the two codes with one another (i.e. by using

the same input parameters), but rather to determine the optimum combination of nuclear

model parameters for each code, which yields the most satisfactory results compared to

all the available existing experimental datasets for seven reaction channels, namely for the

(n,elastic), (n,2n)g+m1+m2, (n,2n)m2, (n,3n), (n,p), (n,α) and (n,total) ones. Special attention

was devoted to reproduce the cross section of the isomeric production.
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Concerning theoretical calculations with the EMPIRE code, compound nucleus reaction

cross sections were calculated in the framework of the Hauser-Feshbach theory [44]. The

default level density formulation of EMPIRE was used, which is based on the Enhanced

Generalized Superfluid Model (EGSM) [45]. The enhancement compared to the standard

GSM corresponds to a more accurate treatment of high angular momenta that affect the spin

distribution above the critical excitation energy, where the Fermi Gas model is implemented

in both the GSM and EGSM [61]. To account for the correlation between the incident and exit

channels in elastic scattering, width fluctuation corrections were activated implementing the

Hofmann, Richert, Tepel and Weidenmuller model (HRTW) [142] up to an incident neutron

energy of 3 MeV. Concerning the γ-ray emission, γ-ray strength functions were described via

modified Lorentzians (MLO1) [143] with parameters available in the RIPL-3 database [46].

The optical model parameters for the outgoing protons were taken from RIPL-3 using the

data by A. J. Koning et. al. [47], while parameters obtained by V. Avrigeanu et. al. [48] were

used for the outgoing alphas. In order to choose from RIPL-3 the most suitable neutron

optical model (OM) potential, several tests using different OM potentials [49,144–151] were

carried out (see Ref. [62]) and finally, the one of D. Wilmore et. al. [49] was chosen as

the most appropriate. The contribution of pre-equilibrium emission effects was imported

in the calculations by implementing the classical approach of the exciton model [50, 51]

by means of the PCROSS module [52] of the EMPIRE code. In the above calculations,

the transmission coefficients were calculated by implementing optical model routines via

the ECIS06 code [53, 54]. It should be noted that in the calculations the direct reaction

channels were suppressed and spherical optical model calculations were performed. The

basic keywords used in the input file of the EMPIRE code are summarized in Table 4.2.

Table 4.2: Basic keywords and the corresponding values used in the input file of the EMPIRE

3.2.2 code in order to reproduce the cross sections of neutron induced reactions on
197

Au.

EMPIRE 3.2.2 for
197

Au

Keyword Value

LEVDEN 0

DIRECT 0

HRTW 3

GSTRFN 1

OMPOT (n) 401

OMPOT (p) 5405

OMPOT (α) 9600

PCROSS 2.2

Regarding theoretical calculations with the TALYS code, compound nucleus reaction

cross sections were calculated according to the Hauser-Feshbach theory. Continuous exci-

tation spectra of the nuclei at equilibrium deformation were described with level densities

from the Generalised Superfluid Model (GSM). The width of the angular momentum distri-

bution of the level density (spin cut-off parameter, σ2
) is given by the following expression:

σ2 = c
α

α̃

√
U

α
(4.90)
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where c is a constant, α is the level density parameter determined either by experimental

information or by global systematics, α̃ is the asymptotic level density parameter one would

obtain in the absence of any shell effects (α̃=α(E→∞)) and

U = E −∆ (4.91)

where E is the excitation energy, ∆ is an empirical parameter related to the pairing energy

which is included to account for the known odd-even effects in nuclei. In order to fairly

reproduce the cross section of the second isomeric state the spin cut-off parameter was

multiplied by a factor of 1.5 (default value 1, see Table 4.3). Moreover, the asymptotic level

density parameters (α̃) for the
198

Au,
197

Au,
196

Au and
195

Au nuclei were explicitly declared

and the values were taken from literature [55] as mentioned in [12]. Additional width

fluctuation corrections were included for neutrons up to 3 MeV using the HRTW model.

Regarding γ emission, transitions with a multipolarity up to 4 were taken into account with

strength functions calculated microscopically by S. Goriely according to the Hartree-Fock-

Bogolyubov temperature dependent model. For outgoing neutrons and protons, the global

optical model parameters by Koning and Delaroche were used [47], whereas for alphas

the parameters by Avrigeanu et. al [56] were adopted. Concerning pre-equilibrium de-

excitation, the exciton model was assumed and the transition rates between exciton states

were approached numerically with optical model collision probability. Furthermore, the

spin distribution for the pre-equilibrium population of the residual nuclei was chosen to be

based on the particle-hole state densities and an additional adjustment was made for the

stripping and pick-up pre-equilibrium processes for α particle emission [57]. As far as the

direct reactions are concerned, no spherical OMP calculations were enforced, thus meaning

that the coupled-channels method [58] was implemented using a deformed optical model

potential. The transmission coefficients were calculated again by means of the ECIS06 code.

In any case the direct reaction mechanism contribution to the cross section did not exceed

8% over the studied energy range, above the Ethreshold of the (n,2n) reaction. The basic

keywords used in the input file of the TALYS code are shown in Table 4.3.

4.5.2 Neutron induced reactions on
191

Ir

The
191

Ir(n,2n) reaction leads to the population of two levels of the residual nucleus
190

Ir,

which present large spin differences (isomeric state, m2 (Jπ : 11−) and ground state g

(Jπ : 4−)). Due to the existence of the former (m2), the theoretical study of this reaction is a

powerful tool for obtaining information on the structure of the involved nuclei and therefore

constitutes an open field of study [57]. Above 15 MeV, apart from the energetically allowable

(n,3n) competing reaction channel, an additional contribution to the cross section arises

from the pre-equilibrium emission. As was also mentioned in the previous section, the

simultaneous reproduction of the isomeric cross section along with other channels, sets

a significant constraint, rendering theoretical calculations quite sensitive to the choice of

specific nuclear model parameters such as the level density (α) and the spin cut-off (σ2
)

ones.

Theoretical cross section calculations were performed for incident neutron energies rang-

ing from 10
−8

to 35 MeV, by means of the EMPIRE 3.2.2 [40, 41] and TALYS 1.8 [42, 43]



4.5. Theoretical Calculations using the EMPIRE and TALYS codes 127

Table 4.3: Basic keywords and the corresponding values used in the input file of the TALYS

1.8 code in order to reproduce the cross sections of neutron induced reactions on
197

Au.

TALYS 1.8 for
197

Au

Keyword Value

ldmodel 3

alimit 79 198 16.827

alimit 79 197 16.736

alimit 79 196 16.645

alimit 79 195 16.554

spherical n

widthfluc 3

widthmode 2

gammax 4

strength 1

jlmomp n

alphaomp 6

preequilibrium y

preeqmode 3

preeqspin 3

rspincut 1.5

spincutmodel 1

cstrip α 2

codes. Similarly to the theoretical calulations of the previous section, the purpose was

to determine the optimum combination of nuclear model parameters for each code and to

achieve a good reproduction of the cross section for the three measured reaction channels

((n,2n)g+m1+0.086m2, (n,2n)m2 and (n,3n)) and for three more: (n,p), (n,α) and (n,total). In

both codes, the compound nucleus reaction cross sections were calculated in the framework

of the Hauser-Feshbach theory [44].

The basic keywords used in the input file of the EMPIRE code are presented in Table 4.4.

The description of the compound nucleus level densities was made by using the formalism

of the Enhanced Generalized Superfluid Model (EGSM) [45], while the transmission coeffi-

cients were calculated by implementing optical model routines via the ECIS06 code [53,54].

Regarding direct reaction channels, spherical optical model calculations were performed

and in order to account for the correlation between the incident and exit channels in elastic

scattering, width fluctuation corrections were activated implementing the Hofmann, Richert,

Tepel and Weidenmuller model (HRTW) [142] up to an incident neutron energy of 3 MeV.

Gamma emission, which is important for nuclear de-excitation in the low energy range,

was described by using Modified Lorentzian (MLO1) γ-ray strength functions by V. A. Plu-

jko [143], with parameters available in the RIPL-3 database [46]. All the available in RIPL-3

neutron optical model potentials [49,146,149–159] were tested, but the one introduced by

D. Wilmore et al. [49] was finally chosen, for yielding the most satisfying results on the

simultaneous reproduction of the
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

and
191

Ir(n,2n)
190

Ir
m2

reac-

tion cross sections. It should be noted that this optical model potential [49], is the one
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that was also chosen for yielding the best reproduction of the
197

Au(n,2n)
196

Au
g+m1+m2

and

197
Au(n,2n)

196
Au

m2
reaction cross sections.

Table 4.4: Basic keywords and the corresponding values used in the input file of the EMPIRE

3.2.2 code in order to reproduce the cross sections of neutron induced reactions on
191

Ir.

EMPIRE 3.2.2 for
191

Ir

Keyword Value

LEVDEN 0

DIRECT 0

HRTW 3

GSTRFN 1

OMPOT (n) 401

OMPOT (p) 5405

OMPOT (α) 9600

PCROSS 2.99

Concerning the optical model parameters for the outgoing protons, the data by A. J. Koning

et al. [149] were adopted, while parameters obtained by V. Avrigeanu et al. [48] were used

for the outgoing alphas. Furthermore, the classical exciton model [50,51] was implemented

by means of the PCROSS code [52], which is included in EMPIRE, to account for the pre-

equilibrium emission mechanism.

The basic keywords used in the input file of the TALYS code are presented in Table 4.5,

and as shown in Table 4.3, they are the same to those used in the case of the
197

Au target

nucleus. The nuclear level densities were described according to the Generalised Superfluid

Model (GSM), whereas the asymptotic level density parameters (α̃) for the
192

Ir,
191

Ir,
190

Ir

and
189

Ir nuclei were explicitly declared in order to take the values from literature [55] as

mentioned in [11].

Furthermore, direct inelastic scattering was treated by the Distorted Wave Born Approxima-

tion (DWBA) [160], whereas width fluctuation corrections were included for neutrons up to

3 MeV using again the Hofmann-Richert-Tepel-Weidenmuller (HRTW) model. Gamma-ray

transitions with a multipolarity up to 4 were taken into account with strength functions

calculated by the Kopecky-Uhl generalised Lorentzian model. Regarding the optical model

potential for outgoing neutrons, the default option of TALYS was used, implementing the

global parameterization of Koning and Delaroche [149], while for α-particles the parameters

by Avrigeanu et al. [56] were adopted. Concerning pre-equilibrium emission, the exciton

model was assumed and the transition rates between exciton states were approached nu-

merically with the optical model for collision probability. In order to fairly reproduce the

cross section of the second isomeric state the spin distribution for the pre-equilibrium pop-

ulation of the residual nuclei was chosen to be based on the particle-hole state densities

and the spin cut-off parameter was multiplied by a factor of 0.7. Moreover, the spin cut-

off parameter for the ground state level densities was described by means of the following

model:

σ2 = c

√
U

α
(4.92)
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Table 4.5: Basic keywords and the corresponding values used in the input file of the TALYS

1.8 code in order to reproduce the cross sections of neutron induced reactions on
191

Ir.

TALYS for
191

Ir

Keyword Value

ldmodel 3

alimit 77 192 16.4

alimit 77 191 16.3

alimit 77 190 16.2

alimit 77 189 16.1

spherical n

widthfluc 3

widthmode 2

gammax 4

strength 1

jlmomp n

alphaomp 6

preequilibrium y

preeqmode 3

preeqspin 3

rspincut 0.7

spincutmodel 2

cstrip α 2

where c is a constant, α is the level density parameter determined either by experimental

information or by global systematics and U is the excitation energy given by Eq. 4.91. In

addition, for the stripping and pick-up pre-equilibrium processes of outgoing α particles a

scale factor of 2 was used [57].

4.5.3 Neutron induced reactions on
193

Ir

Due to the fact that the
193

Ir nucleus does not present any long-lived isomeric state, the

interest in theoretical calculations of neutron induced reactions on
193

Ir was focused in

trying to reproduce the involved cross sections by using the same parameters to those used

in the neighboring isotopes
191

Ir and
197

Au.

Theoretical cross section calculations were performed for incident neutron energies rang-

ing from 10
−8

to 35 MeV, by means of the EMPIRE 3.2.2 [40, 41] and TALYS 1.8 [42, 43]

codes. In both codes, the compound nucleus reaction cross sections were calculated in the

framework of the Hauser-Feshbach theory [44].

The basic keywords used in the input file of the EMPIRE code are presented in Ta-

ble 4.6. The description of the compound nucleus level densities was made by using the

formalism of the Enhanced Generalized Superfluid Model (EGSM) [45], while the transmis-

sion coefficients were calculated by implementing optical model routines via the ECIS06
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code [53, 54]. Concerning direct reaction channels, spherical optical model calculations

were performed and additional width fluctuation corrections were activated implementing

the Hofmann, Richert, Tepel and Weidenmuller model (HRTW) [142] up to an incident neu-

tron energy of 3 MeV. Gamma emission was described by using Modified Lorentzian (MLO1)

γ-ray strength functions by V. A. Plujko [143], with parameters available in the RIPL-3

database [46]. Regarding the optical model parameters for the outgoing protons, the data

by A. J. Koning et al. [149] were adopted, while parameters obtained by V. Avrigeanu et

al. [48] were used for the outgoing alphas. Furthermore, all the available in RIPL-3 neutron

optical model potentials [49,146,149–153,156–159] were tested. Although the (n,2n) chan-

nel was reproduced fairly well by many of them, such as the one introduced by A. Koning

and J. P. Delaroche [149], by R. L. Walter and P. P. Guss [159], by M. B. Chadwick and A. C

Hayes [157] and by D. Wilmore et al. [49], the latter was chosen to be presented in the frame-

work of trying to reproduce all the studied reactions by using the same input parameters in

each code. In order to account for the pre-equilibrium emission mechanism, the classical

exciton model [50,51] was implemented by means of the PCROSS code [52]. Apart from the

(n,2n) reaction channel, the aforementioned parameterization also gave satisfactory results

for the (n,p), (n,α) and (n,total) ones.

Table 4.6: Basic keywords and the corresponding values used in the input file of the EMPIRE

3.2.2 code in order to reproduce the cross sections of neutron induced reactions on
193

Ir.

EMPIRE 3.2.2 for
193

Ir

Keyword Value

LEVDEN 0

DIRECT 0

HRTW 3

GSTRFN 1

OMPOT (n) 401

OMPOT (p) 5405

OMPOT (α) 9600

PCROSS 2.0

The basic keywords used in the input file of the TALYS code are presented in Table 4.7.

The nuclear level densities were described according to the Generalised Superfluid Model

(GSM), whereas the asymptotic level density parameters (α̃) for the
194

Ir,
193

Ir and
192

Ir

nuclei were explicitly declared in order to take the values from literature [46].

Moreover, direct inelastic scattering was treated by Distorted Wave Born Approximation

(DWBA) [160], whereas width fluctuation corrections were included for neutrons up to 3 MeV

using again the Hofmann-Richert-Tepel-Weidenmuller (HRTW) model. Gamma-ray transi-

tions with a multipolarity up to 4 were taken into account with strength functions calculated

by the Kopecky-Uhl generalised Lorentzian model. Concerning the optical model poten-

tial for outgoing neutrons, the default option of TALYS was used, implementing the global

parameterization of Koning and Delaroche [149], while for α-particles the parameters by

Avrigeanu et al. [56] were adopted. Concerning pre-equilibrium emission, the exciton model

was assumed and the transition rates between exciton states were approached numerically
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Table 4.7: Basic keywords and the corresponding values used in the input file of the TALYS

1.8 code in order to reproduce the cross sections of neutron induced reactions on
193

Ir.

TALYS for
193

Ir

Keyword Value

ldmodel 3

alimit 77 194 20.6

alimit 77 193 20.0

alimit 77 192 20.2

spherical n

widthfluc 3

widthmode 2

gammax 4

strength 1

jlmomp n

alphaomp 6

preequilibrium y

preeqmode 3

preeqspin 3

rspincut 0.7

spincutmodel 2

cstrip α 2

with the optical model for collision probability. Similarly to the theoretical calculations de-

scribed in the previous section for the
191

Ir nucleus, the pre-equilibrium population of the

residual nuclei was chosen to be based on the particle-hole state densities, the spin cut-off

parameter was multiplied by a factor of 0.7, the spin cut-off parameter for the ground state

level densities was described by Eq. 4.92 and for the stripping and pick-up pre-equilibrium

processes of outgoing α particles, a scale factor of 2 was used [57].

The results of the theoretical calculations for all the reactions will be presented in the

following chapter, along with the experimental data both from the present work and the

literature.
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5
Results and Conclusions

In this chapter, the final experimental data mentioned in Table 3.15 will be presented in

Figs. 5.1, 5.2, 5.4, 5.5, 5.6 and 5.8, along with previously existing in literature experimental

data [9] and the ENDF/B-VII.1 evaluation [28] (in the cases that it exists). Moreover, the

cross section theoretical calculations results, not only for the measured reaction channels,

but also for several competing ones, will be given in Figs. 5.3, 5.7 and 5.9 along with

previously existing in literature experimental data [9] and the new data points of the present

work.

5.1 Cross sections for neutron induced reactions on
197

Au

The
197

Au(n,2n)
196

Au and
197

Au(n,2n)
196

Au
m2

reaction cross sections were measured at six

incident neutron energies covering the range from 15.3 to 20.9 MeV and the results are

presented in Figs. 5.1 and 5.2, respectively. The experimental results for the sum of the

ground and isomeric states (Fig. 5.1) follow the general trend indicated by previous data

points over the whole energy range. Especially for the cross section on the plateau region

(∼14 MeV) the point at 15.3 MeV reveals that the plateau value lies in between the highest

and the lowest existing experimental points. Regarding the cross section of the second

metastable (Fig. 5.2), the point at 15.3 MeV agrees with Ghorai et al. [14] and Tewes et

al. [13] within experimental uncertainties. The other ones, ranging from 17.1 to 20.0 MeV,

stand a bit higher than those reported in previous datasets, while the point at 20.9 MeV

follows the trend of the points at 19.5, 19.76 and 22.6 MeV by Majerle et al. [17], Prestwood

et al. [16] and Uno et al. [15], respectively. The cross section values obtained using the

modified intensities [38] for the two most intense γ-rays (147.8 and 188.3 keV) are slightly

higher than the ones determined using the values from the Lund library [37]. However, they

agree within their experimental uncertainties and in both cases indicate that the centroid

of the cross section curve is formed at ∼ 17 MeV and not at 15 MeV as one would deduce

based on previously existing data points.

The results obtained from the EMPIRE 3.2.2 and TALYS 1.8 codes are presented in Fig.

5.3, along with the data points of this work and already existing experimental datasets

from literature [9]. The theoretical calculations from both codes reproduce fairly well all

133
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the studied reaction channels. For the cross section of the total (n,2n) reaction (Fig. 5.3a),

both curves are acceptable, but TALYS probably for incident neutron energies above 15 MeV

seems to slightly favor the (n,3n) channel (Fig. 5.3c) over the (n,2n) one.

Figure 5.1: Experimental results of the present work, along with previously existing data in

literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the

197
Au(n,2n)

196
Au reaction.

Figure 5.2: Experimental results of the present work, along with previously existing data

in literature [9] for the cross section of the
197

Au(n,2n)
196

Au
m2

reaction. The red points

correspond to the values of the third column of Table 3.15, with γ-ray intensities (Iγ ) obtained

from Ref. [37], while the blue ones are the results presented in the fourth column of Table

3.15, using the intensities (Iγ
′
) of Ref. [38] (see Table 1.1).
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Figure 5.3: Cross section of seven reac-

tion channels for the n+
197

Au interaction.

The experimental results of this work for

the (n,2n) channels are presented along

with existing data in literature [9] and the-

oretical calculations obtained with EMPIRE

3.2.2 and TALYS 1.8 codes. Each reaction

channel is shown separately:

(a)
197

Au(n,2n)
196

Au,

(b)
197

Au(n,2n)
196

Au
m2

,

(c)
197

Au(n,3n)
195

Au, (d)
197

Au(n,α)
194

Ir,

(e)
197

Au(n,p)
197

Pt
g+m

,

(f)
197

Au(n,elastic) and (g)
197

Au(n,total).
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Regarding the cross section of the second metastable (Fig. 5.3b), both codes seem to

describe very well the trend of experimental data and agree with the ones obtained in the

present work on the position of the cross section maximum that was mentioned above. In

contrast with a previous work from our group, published in 2011 by Tsinganis et al. [12],

there was no prominent need to reduce the effective moment of inertia. At this point, it

should be pointed out that both codes have been considerably improved over the last years.

Apart from the fact that this can be easily noticed when comparing the present results with

previous ones, i.e Ref. [12], it is also explicitly mentioned in the manual of EMPIRE 3.2 [61]

(p.60). Thus, the high angular momenta treatment in the EGSM in EMPIRE code affects

more efficiently the spin distribution above the critical excitation energy, as compared to

the GSM, while in TALYS, a small increase of the spin cut-off parameter via the ‘‘Rspincut"

keyword, was sufficient to successfully reproduce the cross section of the second isomeric

state.

As far as charged particle reaction cross sections are concerned (Figs. 5.3d and 5.3e),

both codes yield satisfactory results although there is a certain lack of experimental data

(see Fig. 5.3e). Moreover, results for the elastic (Fig. 5.3f) and total reaction channels (Fig.

5.3g) also exhibit a very good agreement with existing data over a wide energy range.

5.2 Cross sections for neutron induced reactions on
191

Ir

The cross section of the
191

Ir(n,2n) reaction for two experimental channels, resulting in the

190
Ir
g+m1+0.086m2

and
190

Ir
m2

residual nuclei respectively, as well as the
191

Ir(n,3n) reaction

cross section were measured at incident neutron beam energies ranging from 15.3 to 20.9

MeV and the results are presented in Figs. 5.4, 5.5 and 5.6, respectively.

The experimental results for the cross section of the
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

reaction

(Fig. 5.4) follow the general trend pointed out by previous data points over the whole energy

range. Especially the new experimental data point at 15.3 MeV reveals that the cross section

plateau lies near the lowest experimental data existing in literature, meaning close to the

central values given by Filatenkov et al. [19], Konno et al. [24] and Temperley et al. [20]

and not so close to the central values obtained by Herman et al. [21], Bayhurst et al. [18]

and Qaim et al. [59] (although some points of the latter datasets agree within errors with

the present ones). Therefore, the cross section plateau also lies much lower than the mean

value indicated by the ENDF/B-VII.1 evaluation for the 11-18 MeV energy region. Regarding

the cross section of the second metastable state (Fig. 5.5), the new data points result in

a higher cross section compared to the majority of the previously existing datasets, while

they agree only with the data introduced by Bormann et al. [23]. Moreover, they strongly

indicate that the centroid of the cross section curve is formed at ∼ 17 MeV. Concerning the

191
Ir(n,3n) reaction channel (Fig. 5.6), only few measurements exist in literature [18, 60]

and the new points present significant discrepancies with them. It seems that the cross

section is overestimated by the data of Bayhurst et al. [18] and furthermore, it seems that

the cross section curve starts to increase at slightly higher energies compared to ENFB/VII.1

evaluation.

The cross section theoretical calculation results obtained from EMPIRE 3.2.2 and TALYS
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Figure 5.4: Experimental results of the present work, along with previously existing data in

literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the

191
Ir(n,2n)

190
Ir
g+m1+0.086m2

reaction. The datasets with an asterisk in the end correspond

to the total (n,2n) channel cross section, while the rest correspond to g+m1 cross section

values.

Figure 5.5: Experimental results of the present work, along with previously existing data in

literature [9] for the cross section of the
191

Ir(n,2n)
190

Ir
m2

reaction.
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Figure 5.6: Experimental results of the present work, along with previously existing data in

literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the

191
Ir(n,3n)

189
Ir reaction.

1.8 codes are presented in Fig. 5.7 along with the data points of the present work and

already existing experimental datasets in literature [9]. The reproduction of the cross section

is quite good for all the studied reaction channels. More specifically, regarding the cross

section of the
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

reaction channel (Fig. 5.7a), both curves are in

very good agreement with experimental data, while TALYS for neutron energies above 15

MeV, seems to slightly favor the (n,3n) channel (Fig. 5.7c) over the (n,2n) one. In the

case of the second isomeric state (Fig. 5.7b), both codes seem to describe well the trend of

experimental data and the position of the cross section maximum. However, the EMPIRE

(blue) curve reproduces the cross section slightly better than TALYS (grey) curve in both

low (near threshold) and high energy regions. It seems that if there was the flexibility of a

multiplication factor in the pre-equilibrium mechanism contribution in the TALYS code, it

would be possible to describe much better the right tail of the cross section curve. It should

be noted that the reproduction of this reaction channel alone, was better without taking into

account the contribution of pre-equilibrium emission (when using the TALYS code). But this

scenario could not be accepted, firstly because it is not physically expected and secondly

because there was an additional constraint introduced by the simultaneous description

of the two measured (n,2n) channels and it seemed that when the result for the m2 level

improved, the result for the cross section of the sum of the levels (g+m1+0.086 m2) presented

increased deviations. It should be noted that the
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

cross section

data could be well reproduced by many combinations of optical and level density models

using both codes. The strong constraint for the selection of the final combination of the

parameters turned out to be the simultaneous reproduction of the cross sections for both

ground and second isomeric states.

At this point it should be mentioned that the same behavior concerning the neutron
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Figure 5.7: Cross section of six reaction channels for the n+
191

Ir interaction. The experi-

mental results of this work for the (n,2n) channels are presented along with existing data in

literature [9] and theoretical calculations obtained with EMPIRE 3.2.2 and TALYS 1.8 codes.

Each reaction channel is shown separately:

(a)
191

Ir(n,2n)
190

Ir
g+m1+0.086m2

, (b)
191

Ir(n,2n)
196

Ir
m2

, (c)
191

Ir(n,3n)
189

Ir, (d)
191

Ir(n,α)
188

Re,

(e)
191

Ir(n,p)
191

Os and (f)
191

Ir(n,total). In Fig. 5.7a, the datasets with an asterisk in the end

correspond to the total (n,2n) channel cross section, while the rest correspond to g + m1

cross section values.
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evaporation was observed when cross section theoretical calculations were carried out by

using the EMPIRE 3.2.2 and TALYS 1.8 codes for the interaction of neutrons with the

neighboring
197

Au nucleus [62] (see section 5.1). It is also worth mentioning that in those

cross section theoretical calculations performed with the EMPIRE code for the n+
197
79 Au

system, the same optical model parameters (Wilmore et al. [49]) and EGSM level densities to

those used for the n+
191
77 Ir system [63] were chosen for yielding the most satisfactory results.

Concerning the (n,3n) reaction channel (Fig. 5.7c), the results obtained from both codes

seem to underestimate the cross section compared to the data by Bayhurst et al. [18], but

compared to the present work, especially the results of EMPIRE code present a very good

agreement.

Furthermore, concerning the charged particle reaction channels (see Figs. 5.7d, 5.7e),

both codes seem to reproduce in a quite satisfactory manner the cross sections, although

there is a certain lack of experimental data. In addition, results of both codes for the total

reaction cross section (Fig. 5.7f) agree well with each other, but for this case there is a

certain need for experimental cross section measurements for energies above 10
−6

MeV.

Cross section data for the (n,total) reaction over a wide energy range exist in literature but

only for the case of natural Ir and not for each isotope separately [9,64].

5.3 Cross sections for neutron induced reactions on
193

Ir

The
193

Ir(n,2n)
192

Ir reaction cross section was measured at eight incident neutron beam

energies covering the range between 10.0 and 20.9 MeV.

Figure 5.8: Experimental results of the present work, along with previously existing data in

literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the

193
Ir(n,2n)

192
Ir reaction.
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The measurements at higher energies (15.3-20.9 MeV) were performed in the framework

of the present thesis, while those at lower ones (10-11.3 MeV) were carried out in 2005

and 2006 by N. Patronis et al. [11]. From this experimental campaign, only the
191

Ir(n,2n)

reaction was analyzed and published [11], while the
193

Ir(n,2n) data were currently treated

with the necessary corrections for the contribution of low energy parasitic neutrons in the

yield, according to the methodology mentioned in section 3.4. The experimental results

are presented in Fig. 5.8, along with previously existing in literature [9] datasets and the

ENDF/B-VII.1 evaluation [28]. The new data points follow the general trend indicated by

previous datasets in both low and high energy regions. Only the point at 20.9 MeV gives a

lower cross section value compared to the data by Bayhurst et. al [18].

The results obtained from the EMPIRE 3.2.2 and TALYS 1.8 codes are presented in Fig.

5.9, along with the data points of this work and already existing experimental datasets from

literature [9]. Regarding the cross section of the (n,2n) reaction (Fig. 5.9a), both curves

reproduce very well the trend of experimental data and also indicate that the cross section

value around 14 MeV, where several datasets exist [18–21,24,25], lies near the lowest data

points by Herman et. al [21] and Temperley et. al [20]. The (n,3n) and (n,elastic) channels

of the neutron interaction on
193

Ir are not presented, due to the absence of experimental

data in literature [9].

As far as charged particle reaction cross sections are concerned (Figs. 5.9b and 5.9c),

both codes yield satisfactory results although there is a certain lack of experimental data.

Moreover, results obtained from both codes for the total reaction channel (Fig. 5.9d) agree

well with each other, however there is an urgent need for experimental cross section mea-

surements for energies above 10
−6

MeV.
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Figure 5.9: Cross section of four reaction channels for the n+
193

Ir interaction. The exper-

imental results of this work for the (n,2n) channel are presented along with existing data

in literature [9] and theoretical calculations obtained with EMPIRE 3.2.2 and TALYS 1.8

codes. Each reaction channel is shown separately: (a)
193

Ir(n,2n)
192

Ir, (b)
193

Ir(n,α)
190

Re,

(c)
193

Ir(n,p)
193

Os and (d)
193

Ir(n,total). In Fig. 5.9a, the dataset with the asterisk in the

end correspond to the total (n, 2n) channel cross section, while the rest corresponds to g +

m1 cross section values. In contrary, in Fig. 5.9b, the dataset with the asterisk in the end

corresponds to the cross section of the metastable state, while the other to the cross section

of the ground.
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5.4 Summary and Discussion

In the framework of the present thesis, the:

◦ 197
Au(n,2n)

196
Au

◦ 197
Au(n,2n)

196
Au

m2

◦ 191
Ir(n,2n)

190
Ir

◦ 191
Ir(n,2n)

190
Ir
m2

◦ 191
Ir(n,3n)

189
Ir and

◦ 193
Ir(n,2n)

192
Ir

reaction cross sections were measured at six incident neutron beam energies ranging from

15.3 to 20.9 MeV, relative to the
27

Al(n,α)
24

Na and
93

Nb(n,2n)
92

Nb
m

reference reaction ones.

The new measurements were performed at the 5.5 MV Tandem T11/25 Accelerator Labora-

tory of NCSR ‘‘Demokritos" in Athens, by means of the activation technique. Additionally,

experimental data obtained in 2005 and 2006, by N. Patronis et. al, by using neutron

beams in the 10-11.3 MeV energy range were analyzed, especially for the determination of

the
193

Ir(n,2n)
192

Ir reaction cross section. In order to analyze the data obtained for the latter

reaction over the whole energy range, a recently developed methodology was implemented

(see section 3.4), due to the fact that the residual nucleus of the
193

Ir(n,2n) reaction, namely

the
192

Ir, is also produced by the
191

Ir(n,γ) one, which is activated by low energy parasitic

neutrons. This method corrects the yield that is used for the cross section determination

for the contribution of low energy parasitic neutrons. More specifically, it is performed by

using detailed simulations for the energy distribution of the produced neutrons, by coupling

the NeuSDesc [34] and MCNP5 [36] codes and it has been verified experimentally through

the
197

Au(n,γ) reaction. Furthermore, cross section theoretical calculations were carried out

over a wide energy range, by means of the EMPIRE 3.2.2 [40] and TALYS 1.8 [42] codes, not

only for the measured reaction channels, but also for several additional ones involving the

same target nuclei.

The new data points for the six aforementioned measured reactions are presented in Figs.

5.1, 5.2, 5.4, 5.5, 5.6 and 5.8. The cross section values for the
197

Au(n,2n)
196

Au (Fig. 5.1)

and
191

Ir(n,2n)
190

Ir (Fig. 5.4) reaction channels follow the general trend of previously existing

datasets and especially the data points at 15.3 MeV provide information on the plateau

cross section value, where the existing data present significant discrepancies. Regarding

the reaction channels in which the residual nuclei are produced in isomeric states, namely

the
197

Au(n,2n)
196

Au
m2

(Fig. 5.2) and
191

Ir(n,2n)
190

Ir
m2

(5.5) ones, the new data points

clearly reveal the centroid of the cross section curve and its shape. The new data for the

191
Ir(n,3n)

189
Ir (Fig. 5.6) reaction cross section present significant discrepancies with the

previously existing data introduced by Bayhurst et al. [18]. Concerning the
193

Ir(n,2n)
192

Ir

reaction cross section (Fig. 5.8), the new data above 15 MeV agree with previously existing

datasets, while the results around 10 MeV give reasonable cross section values and fill the

gap that existed in literature [9] in this energy region. Apart from the new data points,
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the last reaction was the perfect test-case for the recently applied methodology (section

3.4) which was implemented in order to correct for the contribution of low energy parasitic

neutrons. The results proved that this methodology works quite well and it can be used

in any measurement with quasi-monoenergetic neutron beams, in facilities which do not

possess Time-of-Flight experimental capabilities.

The cross section theoretical calculations results are presented in Figs. 5.3, 5.7 and

5.9. In general terms, both EMPIRE [40] and TALYS [42] codes gave quite satisfying results

and especially the reproduction of the isomeric states cross sections (Fig. 5.3b and 5.7b)

showed that they have been improved over the last years. The input files used in each code in

order to reproduce cross sections of neutron induced reactions on
197

Au and
191

Ir and
193

Ir

target nuclei were almost the same (i.e level density models, optical models, pre-equilibrium

reaction models etc.) Although these similarities in the theoretical parameterization would

be expected for neighboring nuclei, it is still an encouraging confirmation of how successfully

the theoretical models can reproduce the experimental results in this mass region.

Moreover, it would be really interesting for the future:

◦ To perform new cross section measurements using other neighboring nuclei as targets,

such as
187

Re,
192

Os,
198

Hg and
203

Tl.

◦ To check if the same parameterization used in the present work could also reproduce

the involved reaction cross sections in the neighboring nuclei, by means of the EMPIRE

and TALYS codes.

◦ To perform in beam activation measurements, so that residual nuclei with shorter

half-lives (prompt gammas) could also be measured. In order to achieve this, an array

consisting of several HPGe detectors would be needed, i.e the GEANIE array at the

WNR facility at the Los Alamos Neutron Science Center [65] or the detector array of

the AGATA collaboration [66].

◦ To perform TOF measurements at NCSR ‘‘Demokritos", once the facility is upgraded,

and to check the low energy region of the neutron spectrum. To achieve this, a pulsed

neutron beam would be necessary, in order to be able to measure the time of flight of

the neutrons. Probably the flight path could not be larger than 10 m, but this is quite

enough for the low neutron energy region.
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A
Activation Method

As mentioned in section 1.3, when a projectile x impinges on a target nucleus X and a

nuclear reaction (x+X → Y+y) with two products, namely the residual nucleus Y and the

ejectile y, takes place, the production of the radioactive nuclei Y is described by:

dN

dt
= σ · f(t) ·Nτ − λ ·N (AA.1)

where

σ: the cross section of the X(x,y)Y reaction

f(t): the time dependent x beam flux impinging on the target

Nτ : the number of the X target nuclei

N : the number of the Y produced nuclei

In equation AA.1 the first term describes the production of Y nuclei, while the second one

their decay. Therefore, as would be expected, the production of the Y nuclei is a compe-

tition between creation and decay. In this Appendix, the solution of the above mentioned

differential equation will be described in detail:

dN

dt
= σ · f(t) ·Nτ − λ ·N

·eλt
==⇒

⇒ dN

dt
eλt = σ · f(t) ·Nτ · eλt − λ ·N · eλt ⇒

⇒ dN

dt
eλt + λ ·N · eλt = σ · f(t) ·Nτ · eλt ⇒

⇒ dN

dt
eλt +N

deλt

dt
= σ · f(t) ·Nτ · eλt ⇒

⇒ d(N · eλt)
dt

= σ · f(t) ·Nτ · eλt ⇒

⇒
∫
d(N · eλt)

dt
dt =

∫
σ · f(t) ·Nτ · eλt dt ⇒

⇒ N(t) eλt =

∫
σ · f(t) ·Nτ · eλt dt+ C (AA.2)
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For an irradiation that lasts for tB and starts at t=0 (where N=0 and C=0), equation AA.2

becomes:

N(tB) =
σ ·Nτ ·

∫ tB
0 eλtf(t) dt

eλ(tB−0)
⇒

⇒ N(tB) = σ ·Nτ

(∫ tB

0
eλtf(t) dt

)
e−λtB ⇒

⇒ N(tB) = σ ·Nτ

(∫ tB

0
eλtf(t) dt

)
e−λtB

∫ tB
0 f(t) dt∫ tB
0 f(t) dt

⇒

⇒ N(tB) = σ ·Nτ

(∫ tB

0
f(t) dt

)
e−λtB

∫ tB
0 eλtf(t) dt∫ tB

0 f(t) dt

Equation 1.3→Φ=
∫ tB
0 f(t) dt

==================⇒

⇒ N(tB) = σ ·Nτ · Φ
∫ tB

0 eλtf(t) dt∫ tB
0 f(t) dt

e−λtB

Equation 3.3→ fc=

∫ tB
0 eλ dt f(t) dt∫ tB

0 f(t) dt
e−λ tB

============================⇒

⇒ N(tB) = σ ·Nτ · Φ · fc (AA.3)

This is the main equation (Eq. 1.6) of section 1.3.

———————————————————————————————————————————————————-

The aforementioned formalism is accurate for almost all the studied reactions. However,

in the cases in which the second metastable (m2) decays to the ground one (i.e in the case

of
196

Au, see Fig. 1.2), it has to be adjusted in order to describe this process. It should

be noted that the ground along with the first isomeric state are assumed to be one state.

Therefore, it is:

dN

dt
= σ · f(t) ·Nτ − λ ·N + p · λm ·Nm (AA.4)

where

p: is the branching ratio for the decay of metastable to ground

By multiplying Eq. AA.4 with eλt, it becomes:

dN

dt
eλt = σ · f(t) ·Nτ · eλt − λ ·N · eλt + p · λm ·Nm · eλt ⇒

⇒ dN

dt
eλt + λ ·N · eλt = σ · f(t) ·Nτ · eλt + p · λm ·Nm · eλt ⇒

⇒ d(N · eλt)
dt

= σ · f(t) ·Nτ · eλt + p · λm ·Nm · eλt ⇒

⇒
∫ tB

0

d(N · eλt)
dt

dt =

∫ tB

0

[
σ · f(t) ·Nτ · eλt + p · λm ·Nm · eλt

]
dt+ C (AA.5)

For an irradiation that lasts for tB and starts at t=0 (where N=0 and C=0), equation AA.5

becomes:

N(tB) eλtB =

∫ tB

0
[σ · f(t) ·Nτ + p · λm ·Nm] · eλt dt (AA.6)
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In addition, it is:

Nm = σm ·Nτ

(∫ tB

0
f(t) eλm t dt

)
· e−λm tB (AA.7)

By combining Eqs. AA.6 and AA.7, it is:

N(tB) eλtB =

∫ tB

0

[
σ · f(t) ·Nτ + p · λm · σm ·Nτ

(∫ tB

0
f(t) eλm t dt

)
· e−λm tB

]
· eλt dt ⇒

⇒ N(tB) eλtB = Nτ

[∫ tB

0

[
σ · f(t) + p · λm · σm · e−λm tB

(∫ tB

0
f(t) eλm tdt

)]
· eλt dt

]
⇒

⇒ N(tB) = Nτ · e−λtB
[∫ tB

0

[
σ · f(t) + p · λm · σm · e−λm tB

(∫ tB

0
f(t) eλm tdt

)]
· eλt dt

]
⇒

⇒ N(tB) = Nτ · e−λtB
∫ tB

0
σ · f(t) eλ t dt+

+Nτ · e−λtB
∫ tB

0
p · λm · σm · e−λm tB

(∫ tB

0
f(t) eλm t dt

)
eλt dt ⇒

⇒ N(tB) = σ ·Nτ · e−λtB
∫ tB

0
f(t) eλ t dt+

+ p · λm · σm ·Nτ · e−λtB
∫ tB

0
e−λm tB

(∫ tB

0
f(t) eλm t dt

)
eλt dt ⇒

⇒ N(tB) = σ ·Nτ ·
∫ tB

0
f(t) dt ·

∫ tB
0 f(t) eλ t dt∫ tB

0 f(t) dt
· e−λtB+

+ p · λm · σm ·Nτ · e−λtB
∫ tB

0

∫ tB

0
f(t) dt

(∫ tB
0 f(t) eλm t dt

)
∫ tB

0 f(t) dt
e−λm tB

 eλt dt ⇒
⇒ N(tB) = σ ·Nτ · Φ · fc+

+ p · λm · σm ·Nτ · e−λtB
∫ tB

0
Φ fcm e

λt dt ⇒

⇒ N(tB) = σ ·Nτ · Φ · fc + p · λm · σm ·Nτ · Φ · fcm · e−λtB
∫ tB

0
eλt dt ⇒

⇒ N(tB) = σ ·Nτ · Φ · fc + p · λm · σm ·Nτ · Φ · fcm · e−λtB
1

λ
(eλtB − 1)⇒

⇒ N(tB) = σ ·Nτ · Φ · fc + p · λm · σm ·Nτ · Φ · fcm ·
1

λ
(1− e−λtB )⇒

⇒ N(tB) = σ ·Nτ · Φ · fc + σm ·Nτ · Φ · p · λm · fcm ·
(1− e−λtB )

λ
(AA.8)

This equation is used instead of Eq. AA.3, in the cases in which a second isomeric state,

with σm cross section, exists and decays to the ground one. In the uncertainty estimation,

this correction was not included, due to the fact that it was considered systematic.
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A.1 Correction factor for the activation measurement

Once the irradiation has finished, the decay of the produced nuclei during irradiation starts,

according to the following formalism:

dN

dt
= −λ ·N ⇒ 1

N

dN

dt
= −λ ⇒

∫
1

N

dN

dt
dt =

∫
−λ dt ⇒ lnN = −λ t+ C ⇒

⇒ N(t) = e−λ t+C ⇒ N(t) = e−λ t eC (AA.9)

But N(0) = N0 ⇒ eC = N0, so Eq. AA.9 becomes:

N(t) = N0 · e−λ t (AA.10)

Eq. AA.10 is the radioactive decay law and gives the number of the radioactive nuclei that

still exist after time t.

Therefore, the number of the nuclei that have decayed after a time period t1 after the end of

the irradiation, can be written as:

N(t1) = N0 −N0 · e−λ t1 ⇒ N(t1) = N0 · (1− e−λ t1) (AA.11)

The same holds for a time period t2 after the end of the irradiation:

N(t2) = N0 −N0 · e−λ t2 ⇒ N(t2) = N0 · (1− e−λ t2) (AA.12)

Assuming that t1 and t2 correspond to the time periods between the end of the irradiation

and the beginning and termination of the measurement with the HPGe detector, respectively,

the number of the nuclei that decayed during the measurement can be written as:

N = N(t2)−N(t1) ⇒ N = N0 · (1− e−λ t2)−N0 · (1− e−λ t1) ⇒
⇒ N = N0 · (1− e−λ t1 − 1 + e−λ t2) ⇒
⇒ N = N0 · (e−λ t1 − e−λ t2)︸ ︷︷ ︸

D

(AA.13)

Therefore, the correction factor for the initial number of the nuclei produced during the

irradiation, which decayed during the measurement with the HPGe detector is:

D = e−λ t1 − e−λ t2 (AA.14)
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The aforementioned formalism is accurate for almost all the studied reactions. However,

in the cases in which the second metastable (m2) decays to the ground one (i.e in the case

of
196

Au, see Fig. 1.2), it has to be adjusted in order to describe this process. It should

be noted that the ground along with the first isomeric state are assumed to be one state.

Therefore, it is:

dN

dt
= −λ ·N + p · λm ·Nm ⇒

⇒ dN

dt
· eλ t = −λ ·N · eλ t + p · λm ·Nm · eλ t ⇒

⇒ dN

dt
· eλ t + λ ·N · eλ t = p · λm ·Nm · eλ t

Nm(t)=Nm0 · e
−λm t

============⇒

⇒ d(N · eλ t)
dt

= p · λm ·Nm0 · e−λm t · eλ t ⇒

⇒
∫ tB

0

d(N · eλ t)
dt

dt =

∫ tB

0
p · λm ·Nm0 · e(λ−λm) t dt⇒

⇒ N · eλ t −N0 = p · λm ·Nm0 ·

[
e(λ−λm) t

λ− λm

]t
0

⇒

⇒ N · eλ t −N0 = p ·Nm0 ·
λm

λ− λm

(
e(λ−λm) t − 1

)
⇒

⇒ N −N0 · e−λ t = p ·Nm0 ·
λm

λ− λm

(
e(λ−λm) t − 1

)
· e−λ t ⇒

⇒ N = N0 · e−λ t + p ·Nm0 ·
λm

λ− λm

(
eλ t−λm t−λ t − e−λ t

)
⇒

⇒ N = N0 · e−λ t + p ·Nm0 ·
λm

λ− λm

(
e−λm t − e−λ t

)
(AA.15)

Eq. AA.15 gives the number of the radioactive nuclei that still exist after time t.

Therefore, the number of the nuclei that have decayed after a time period t1 after the end of

the irradiation, can be written as:

N(t1) = N0 −N0 · e−λ t1 + p ·Nm0 ·
λm

λ− λm

(
e−λm t1 − e−λ t1

)
(AA.16)

The same holds for a time period t2 after the end of the irradiation:

N(t2) = N0 −N0 · e−λ t2 + p ·Nm0 ·
λm

λ− λm

(
e−λm t2 − e−λ t2

)
(AA.17)

Assuming that t1 and t2 correspond to the time periods between the end of the irradiation

and the beginning and termination of the measurement with the HPGe detector, respectively,
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the number of the nuclei that decayed during the measurement can be written as:

N = N(t2)−N(t1)⇒

⇒ N = N0 −N0 · e−λ t2 + p ·Nm0 ·
λm

λ− λm

(
e−λm t2 − e−λ t2

)
−N0 +N0 · e−λ t1 − p ·Nm0 ·

λm
λ− λm

(
e−λm t1 − e−λ t1

)
⇒

⇒ N = N0 · (e−λ t1 − e−λ t2)︸ ︷︷ ︸
D

+p ·Nm0 ·
λm

λ− λm

(e−λ t1 − e−λ t2)︸ ︷︷ ︸
D

− (e−λm t1 − e−λm t2)︸ ︷︷ ︸
Dm

⇒
⇒ N = N0 ·D + p ·Nm0 ·

λm
λ− λm

(D −Dm)⇒

⇒ N = N0 ·D
(

1 + p · Nm0

N0
· λm
λ− λm

− p · Nm0

N0
· λm
λ− λm

· Dm

D

)
⇒

⇒ N = N0 ·D
[
1 + p · Nm0

N0
· λm
λ− λm

(
1− Dm

D

)]
︸ ︷︷ ︸

D′

(AA.18)

where

Nm0 = Nm(tB) = σm ·Nτ · Φ · fcm (AA.19)

N0 = N(tB) = σ ·Nτ · Φ · fc + σm ·Nτ · Φ · p · λm · fcm ·
1− e−λ tB

λ
(AA.20)

Therefore, the correction factor for the initial number of the nuclei produced during the

irradiation, which decayed during the measurement with the HPGe detector is:

D′ = D

[
1 + p · Nm0

N0
· λm
λ− λm

(
1− Dm

D

)]
(AA.21)

where

D = e−λ t1 − e−λ t2 (AA.22)

Dm = e−λm t1 − e−λm t2 (AA.23)



B
MCNP5 input files - Irradiation setups

The end of the irradiation line along with the Al flange and Ti-tritiated target were numbered

for convenience according to Fig. B.1.

Figure B.1: The end of the irradiation line along with the Al flange and the Ti-tritiated target

divided in surfaces and numbered in order to be described easier in MCNP5 input code

comments.
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B.1 MCNP5 input for the irradiation at 15.3 MeV

1 c ----------------------Cells-------------------------

2 1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

3 #13 #14 #15 #16 #17 #18 #19

4 c ---------Flange--------

5 2 2 -2.7 -2 $ Al (cylinder 1)

6 3 2 -2.7 -3 4 5 -6 $ Al (ring 4)

7 4 2 -2.7 -7 8 9 -5 $ Al (ring 5)

8 5 2 -2.7 -10 11 12 -13 $ Al (ring 6)

9 6 2 -2.7 -14 15 12 -16 $ Al (ring 7)

10 7 2 -2.7 -17 18 19 -20 $ Al (ring 8)

11 c --------Beam pipe-------

12 8 4 -8 -21 22 23 -12 $ Steel (ring 9)

13 c ---------Holder---------

14 9 2 -2.7 -27 26 -29 28 $ Al

15 c ---------Tritium---------

16 10 3 -8.9 -24 $ Cu (cylinder 2)

17 11 9 -4.506 -25 $ TiT (cylinder 3)

18 c ---------Foils---------

19 12 2 -2.7 -30 $ AlA

20 13 7 -19.282 -31 $ AuB

21 14 2 -2.7 -32 $ AlC

22 15 10 -13.31 -33 $ Hf4

23 16 2 -2.7 -34 $ Al8

24 17 11 -22.4 -35 $ Ir4

25 18 2 -2.7 -36 $ Al9

26 19 8 -8.57 -37 $ Nb2

27 c -------Outside world-------

28 20 0 1 $ Outside world

29

30 c ----------------------Surfaces------------------------

31 1 so 100 $ Room

32 c ---------Flange--------

33 2 rcc -0.2 0 0 0.2 0 0 4.5 $ Al (cylinder 1)

34 3 rcc -0.7 0 0 0.5 0 0 4.5 $ Al (ring 4-outer)

35 4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)

36 5 px -0.7 $ auxilliary surfaces

37 6 px -0.2 $ auxilliary surfaces

38 7 rcc -2 0 0 1.3 0 0 4.5 $ Al (ring 5-outer)

39 8 rcc -2 0 0 1.3 0 0 2.5 $ Al (ring 5-inner)

40 9 px -2 $ auxilliary surfaces

41 10 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)

42 11 rcc -2.7 0 0 2.7 0 0 4.5 $ Al (ring 6-inner)
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43 12 px -2.7 $ auxilliary surfaces

44 13 px 0 $ auxilliary surfaces

45 c ---------Ring--------

46 14 rcc -2.7 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)

47 15 rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)

48 16 px -2.05 $ auxilliary surfaces

49 17 rcc -3.36 0 0 2 0 0 8.1 $ Al (ring 8-outer)

50 18 rcc -3.36 0 0 2 0 0 7.6 $ Al (ring 8-inner)

51 19 px -3.36 $ auxilliary surfaces

52 20 px -1.36 $ auxilliary surfaces

53 c -----Irradiation line------

54 21 rcc -5.7 0 0 3 0 0 5.7 $ Steel (ring 9-outer)

55 22 rcc -5.7 0 0 3 0 0 4.985 $ Steel (ring 9-inner)

56 23 px -5.7 $ auxilliary surfaces

57 c -------Tritium--------

58 24 rcc -0.3 0 0 0.1 0 0 1.425 $ Cu (cylinder 2)

59 25 rcc -0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

60 c -------Holder-------

61 26 rcc 2 0 0 0.5 0 0 0.8 $ Al (ring inner)

62 27 rcc 2 0 0 0.5 0 0 1.3 $ Al (ring outer)

63 28 px 2 $ auxilliary surface

64 29 px 2.5 $ auxilliary surface

65 c --------Foils---------

66 30 rcc 2 0 0 0.055 0 0 0.7175 $ AlA

67 31 rcc 2.055 0 0 0.053 0 0 0.711 $ AuB

68 32 rcc 2.108 0 0 0.054 0 0 0.7175 $ AlC

69 33 rcc 2.162 0 0 0.054 0 0 0.706 $ Hf4

70 34 rcc 2.216 0 0 0.06 0 0 0.68 $ Al8

71 35 rcc 2.276 0 0 0.034 0 0 0.666 $ Ir4

72 36 rcc 2.31 0 0 0.052 0 0 0.688 $ Al9

73 37 rcc 2.362 0 0 0.05 0 0 0.6635 $ Nb2

74

75 mode n

76 c ------------------Materials-----------------------

77 m1 7014. -0.755636 $ Air

78 8016. -0.231475 18000. -0.012889

79 m2 13027. -1 $ Al

80 m3 29065. -1 $ Cu

81 m4 26056. -0.74 $ Steel

82 28000. -0.18 24000. -0.08

83 m5 42000. -1 $ Pb

84 m7 79197. -1 $ Au

85 m8 41093. -1 $ Nb

86 m9 22000. 0.39324 $ TiT

87 1003. 0.60676

88 m10 72000. -1 $ Hf
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89 m11 77000. -1 $ Ir

90 c ------------------Importances---------------------

91 imp:n 1 18r 0 $ 1, 20

92 c ----------------Source definition------------------

93 c

94 [...] sdef card from NeuSDesc

95 c

96 c ----------------------Tally------------------------

97 f4:n 12 13 14 15 16 17 18 19 $ Average neutron flux

98 e0 0 1e-3 40i 18 $ Energy bins for tally

99 c ---------------History cutoff------------------

100 nps 100000000 $ Limiting how long MCNP runs

B.2 MCNP5 input for the irradiation at 17.1 MeV

1 c ----------------------Cells-------------------------

2 1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

3 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 #23 #24

4 #25 #26 #27 #28 #29 #30 #31 #32 #33

5 c ---------Flange--------

6 2 2 -2.7 -2 $ Al (cylinder 1)

7 3 2 -2.7 -3 4 5 -6 $ Al (ring 4)

8 4 2 -2.7 -7 8 9 -5 $ Al (ring 5)

9 5 2 -2.7 -10 11 12 -13 $ Al (ring 6)

10 6 2 -2.7 -14 15 12 -16 $ Al (ring 7)

11 7 2 -2.7 -17 18 19 -20 $ Al (ring 8)

12 c --------Beam pipe-------

13 8 4 -8 -21 22 23 -12 $ Steel (ring 9)

14 c ---------Holder---------

15 9 2 -2.7 -24 #6 $ Al (cylinder 10)

16 10 2 -2.7 -25 $ Al (cylinder 11)

17 11 2 -2.7 -26 $ Al (parallil. 12)

18 12 2 -2.7 -27 $ Al (parallil. 13)

19 13 2 -2.7 28 29 -30 31 -32 33 -34 $ ouf!

20 c ---------Tritium---------

21 14 3 -8.9 -35 $ Cu (cylinder 2)

22 15 9 -4.506 -36 $ TiT (cylinder 3)

23 c -------Pb shielding-------

24 16 5 -11.342 -37 $ Pb (cylider 16)

25 17 5 -11.342 -38 39 40 -41 $ Pb (ring 21)

26 18 5 -11.342 -42 $ Pb (ring 24)

27 c --------Al shielding-------

28 19 2 -2.7 -43 $ Al (cylinder 17)
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29 20 2 -2.7 -44 45 46 -47 $ Al (ring 20)

30 21 2 -2.7 -48 $ Al (cylinder 19)

31 22 2 -2.7 -49 50 51 -52 $ Al (ring 22)

32 23 2 -2.7 -53 54 52 -55 $ Al (ring 23)

33 c ---------Am source--------

34 24 6 -1.716 -56 $ Am (cylinder 18)

35 c ---------Foils---------

36 25 2 -2.7 -57 $ AlF

37 26 2 -2.7 -58 $ AlB

38 27 7 -19.282 -59 $ Au1

39 28 8 -8.57 -60 $ Nb1

40 29 2 -2.7 -61 $ Al1

41 30 11 -13.31 -62 $ Hf3

42 31 2 -2.7 -63 $ Al6

43 32 10 -22.4 -64 $ Ir2

44 33 2 -2.7 -65 $ Al-B

45 c -------Outside world-------

46 34 0 1 $ Outside world

47

48 c ----------------------Surfaces------------------------

49 1 so 100 $ Room

50 c ---------Flange--------

51 2 rcc -0.2 0 0 0.2 0 0 4.5 $ Al (cylinder 1)

52 3 rcc -0.7 0 0 0.5 0 0 4.5 $ Al (ring 4-outer)

53 4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)

54 5 px -0.7 $ auxilliary surfaces

55 6 px -0.2 $ auxilliary surfaces

56 7 rcc -2 0 0 1.3 0 0 4.5 $ Al (ring 5-outer)

57 8 rcc -2 0 0 1.3 0 0 2.5 $ Al (ring 5-inner)

58 9 px -2 $ auxilliary surfaces

59 10 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)

60 11 rcc -2.7 0 0 2.7 0 0 4.5 $ Al (ring 6-inner)

61 12 px -2.7 $ auxilliary surfaces

62 13 px 0 $ auxilliary surfaces

63 c ---------Ring--------

64 14 rcc -2.7 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)

65 15 rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)

66 16 px -2.05 $ auxilliary surfaces

67 17 rcc -3.36 0 0 2 0 0 8.1 $ Al (ring 8-outer)

68 18 rcc -3.36 0 0 2 0 0 7.6 $ Al (ring 8-inner)

69 19 px -3.36 $ auxilliary surfaces

70 20 px -1.36 $ auxilliary surfaces

71 c -----Irradiation line------

72 21 rcc -5.7 0 0 3 0 0 5.7 $ Steel (ring 9-outer)

73 22 rcc -5.7 0 0 3 0 0 4.985 $ Steel (ring 9-inner)

74 23 px -5.7 $ auxilliary surfaces
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75 c -------Holder-------

76 24 rcc -3.2 -6.625 0 8 0 0 0.85 $ Al (cylinder 10)

77 25 rcc 3.3 -5.775 0 0 3.617 0 0.15 $ Al (cylinder 11)

78 26 box 4.8 -2.158 -1.5 -3 0 0 0 0.864 0 0 0 3 $ Al 12

79 27 box 4.8 -1.293 -1.5 -3 0 0 0 2.706 0 0 0 0.207 $13

80 28 rcc 1.8 0 0 3 0 0 1.293 $ air (cylinder 14)

81 29 px 1.8 $ auxilliary surfaces

82 30 px 4.8 $ auxilliary surfaces

83 31 py -1.294 $ auxilliary surfaces

84 32 py 1.413 $ auxilliary surfaces

85 33 pz -1.293 $ auxilliary surfaces

86 34 pz 0 $

87 c -------Tritium--------

88 35 rcc -0.3 0 0 0.1 0 0 1.425 $ Cu (cylinder 2)

89 36 rcc -0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

90 c -------Pb shielding-------

91 37 rcc 2.06 0 0 0.3 0 0 1.293 $ Pb (cylinder 16)

92 38 rcc 2.36 0 0 0.84 0 0 1.293 $ Pb (ring 21-outer)

93 39 rcc 2.36 0 0 0.84 0 0 1 $ Pb (ring 21-inner)

94 40 px 2.36 $ auxilliary surfaces

95 41 px 3.2 $ auxilliary surfaces

96 42 rcc 3.2 0 0 0.325 0 0 1.293 $ Pb (cylinder 24)

97 c --------Al shielding-------

98 43 rcc 2.36 0 0 0.05 0 0 0.9 $ Al (cylinder 17)

99 44 rcc 2.41 0 0 0.21 0 0 0.9 $ Al (ring 20-outer)

100 45 rcc 2.41 0 0 0.21 0 0 0.615 $ Al (ring 20-inner)

101 46 px 2.41 $ auxilliary surfaces

102 47 px 2.62 $ auxilliary surfaces

103 48 rcc 2.62 0 0 0.05 0 0 0.9 $ Al (cylinder 19)

104 49 rcc 2.67 0 0 0.3 0 0 0.9 $ Al (ring 22-outer)

105 50 rcc 2.67 0 0 0.3 0 0 0.7 $ Al (ring 22-inner)

106 51 px 2.67 $ auxilliary surfaces

107 52 px 2.97 $ auxilliary surfaces

108 53 rcc 2.97 0 0 0.2 0 0 1 $ Al (ring 23-outer)

109 54 rcc 2.97 0 0 0.2 0 0 0.7 $ Al (ring 23-inner)

110 55 px 3.17 $ auxilliary surfaces

111 c ---------Am source--------

112 56 rcc 2.41 0 0 0.21 0 0 0.615 $ Am (cylinder 18)

113 c ---------Foils---------

114 57 rcc 2 0 0 0.06 0 0 0.6 $ AlF

115 58 rcc 3.525 0 0 0.058 0 0 0.599 $ AlB

116 59 rcc 3.583 0 0 0.038 0 0 0.665 $ Au1

117 60 rcc 3.621 0 0 0.05 0 0 0.664 $ Nb1

118 61 rcc 3.671 0 0 0.051 0 0 0.649 $ Al1

119 62 rcc 3.722 0 0 0.048 0 0 0.651 $ Hf3

120 63 rcc 3.77 0 0 0.05 0 0 0.655 $ Al6
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121 64 rcc 3.82 0 0 0.04 0 0 0.653 $ Ir2

122 65 rcc 3.86 0 0 0.056 0 0 0.723 $ Al-B

123 c ------Extra for cylinder 7------

124 66 px -3.88 $ auxilliary surfaces

125

126 mode n

127 c ------------------Materials-----------------------

128 m1 7014. -0.755636 $ Air

129 8016. -0.231475 18000. -0.012889

130 m2 13027. -1 $ Al

131 m3 29065. -1 $ Cu

132 m4 26056. -0.74 $ Steel

133 28000. -0.18 24000. -0.08

134 m5 42000. -1 $ Pb

135 m6 95241. 0.008762 $ Am

136 8016. 0.601752 13027. 0.389486

137 m7 79197. -1 $ Au

138 m8 41093. -1 $ Nb

139 m9 22000. 0.39324 $ TiT

140 1003. 0.60676

141 m10 77000. -1 $ Ir

142 m11 72000. -1 $ Hf

143 c ------------------Importances---------------------

144 imp:n 1 32r 0 $ 1, 34

145 c ----------------Source definition------------------

146 c

147 [...] sdef card from NeuSDesc

148 c

149 c ----------------------Tally------------------------

150 f4:n 25 24 26 27 28 29 30 31 32 33 $ Average neutron flux

151 e0 0 1e-3 40i 18 $ Energy bins for tally

152 c ---------------History cutoff------------------

153 nps 100000000 $ Limiting how long MCNP runs

B.3 MCNP5 input for the irradiation at 17.9 MeV

1 c ----------------------Cells-------------------------

2 1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

3 #13 #14 #15 #16 #17 #18

4 c ---------Flange--------

5 2 2 -2.7 -2 $ Al (cylinder 1)

6 3 2 -2.7 -3 4 5 -6 $ Al (ring 4)

7 4 2 -2.7 -7 8 9 -5 $ Al (ring 5)
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8 5 2 -2.7 -10 11 12 -13 $ Al (ring 6)

9 6 2 -2.7 -14 15 12 -16 $ Al (ring 7)

10 7 2 -2.7 -17 18 19 -20 $ Al (ring 8)

11 c --------Beam pipe-------

12 8 4 -8 -21 22 23 -12 $ Steel (ring 9)

13 c ---------Holder---------

14 9 2 -2.7 -27 26 -29 28 $ Al

15 c ---------Tritium---------

16 10 3 -8.9 -35 $ Cu (cylinder 2)

17 11 7 -4.506 -36 $ TiT (cylinder 3)

18 c --------Foils---------

19 12 2 -2.7 -57 $ AlB

20 13 5 -19.282 -58 $ Au2

21 14 8 -22.4 -59 $ Ir2

22 15 2 -2.7 -60 $ AlA

23 16 9 -3.8 -61 $ ErB

24 17 2 -2.7 -63 $ Al8

25 18 5 -19.282 -64 $ Au11

26 c -------Outside world-------

27 19 0 1 $ Outside world

28

29 c ----------------------Surfaces------------------------

30 1 so 100 $ Room

31 c ---------Flange--------

32 2 rcc -0.2 0 0 0.2 0 0 4.5 $ Al (cylinder 1)

33 3 rcc -0.7 0 0 0.5 0 0 4.5 $ Al (ring 4-outer)

34 4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)

35 5 px -0.7 $ auxilliary surfaces

36 6 px -0.2 $ auxilliary surfaces

37 7 rcc -2 0 0 1.3 0 0 4.5 $ Al (ring 5-outer)

38 8 rcc -2 0 0 1.3 0 0 2.5 $ Al (ring 5-inner)

39 9 px -2 $ auxilliary surfaces

40 10 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)

41 11 rcc -2.7 0 0 2.7 0 0 4.5 $ Al (ring 6-inner)

42 12 px -2.7 $ auxilliary surfaces

43 13 px 0 $ auxilliary surfaces

44 c ---------Ring--------

45 14 rcc -2.7 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)

46 15 rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)

47 16 px -2.05 $ auxilliary surfaces

48 17 rcc -3.36 0 0 2 0 0 8.1 $ Al (ring 8-outer)

49 18 rcc -3.36 0 0 2 0 0 7.6 $ Al (ring 8-inner)

50 19 px -3.36 $ auxilliary surfaces

51 20 px -1.36 $ auxilliary surfaces

52 c -----Irradiation line------

53 21 rcc -5.7 0 0 3 0 0 5.7 $ Steel (ring 9-outer)
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54 22 rcc -5.7 0 0 3 0 0 4.985 $ Steel (ring 9-inner)

55 23 px -5.7 $ auxilliary surfaces

56 c -------Holder-------

57 26 rcc 2.0 0 0 0.5 0 0 0.8 $ Al (ring inner)

58 27 rcc 2.0 0 0 0.5 0 0 1.3 $ Al (ring outer)

59 28 px 2.0 $ auxilliary surface

60 29 px 2.5 $ auxilliary surface

61 c -------Tritium--------

62 35 rcc -0.3 0 0 0.1 0 0 1.425 $ Cu (cylinder 2)

63 36 rcc -0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

64 c --------Foils---------

65 57 rcc 2.0 0 0 0.056 0 0 0.713 $ AlB

66 58 rcc 2.056 0 0 0.053 0 0 0.71 $ Au2

67 59 rcc 2.109 0 0 0.033 0 0 0.652 $ Ir2

68 60 rcc 2.142 0 0 0.054 0 0 0.714 $ AlA

69 61 rcc 2.196 0 0 0.199 0 0 0.648 $ ErB

70 c ------Extra for cylinder 7------

71 62 px -3.88 $ auxilliary surfaces

72 c -------Extra Foils--------

73 63 rcc 2.395 0 0 0.057 0 0 0.664 $ Al8

74 64 rcc 2.452 0 0 0.027 0 0 0.669 $ Au11

75

76 mode n

77 c ------------------Materials-----------------------

78 m1 7014. -0.755636 $ Air

79 8016. -0.231475 18000. -0.012889

80 m2 13027. -1 $ Al

81 m3 29065. -1 $ Cu

82 m4 26056. -0.74 $ Steel

83 28000. -0.18 24000. -0.08

84 m5 79197. -1 $ Au

85 m6 41093. -1 $ Nb

86 m7 22000. 0.39324 $ TiT

87 1003. 0.60676

88 m8 77000. -1 $ Ir

89 m9 72000. 0.6 $ Er2O3(Hf instead of Er)

90 8016. 0.4

91 c ------------------Importances---------------------

92 imp:n 1 17r 0 $ 1, 19

93 c ----------------Source definition------------------

94 c

95 [...] sdef card from NeuSDesc

96 c

97 c ----------------------Tally------------------------

98 f4:n 12 13 14 15 16 17 18 $ Average neutron flux

99 e0 0 1e-3 1000i 20 $ Energy bins for tally
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100 c ---------------History cutoff------------------

101 nps 100000000 $ Limiting how long MCNP runs

B.4 MCNP5 input for the irradiation at 18.9 MeV

1 c ----------------------Cells-------------------------

2 1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

3 #13 #14 #15 #16 #17 #18 #19 #20 #21

4 c ---------Flange--------

5 2 2 -2.7 -2 $ Al (cylinder 1)

6 3 2 -2.7 -3 4 5 -6 $ Al (ring 4)

7 4 2 -2.7 -7 8 9 -5 $ Al (ring 5)

8 5 2 -2.7 -10 11 12 -13 $ Al (ring 6)

9 6 2 -2.7 -14 15 12 -16 $ Al (ring 7)

10 7 2 -2.7 -17 18 19 -20 $ Al (ring 8)

11 c --------Beam pipe-------

12 8 4 -8 -21 22 23 -12 $ Steel (ring 9)

13 c ---------Holder---------

14 9 2 -2.7 -27 26 -29 28 $ Al

15 c ---------Tritium---------

16 10 3 -8.9 -35 $ Cu (cylinder 2)

17 11 7 -4.506 -36 $ TiT (cylinder 3)

18 c --------Foils---------

19 12 2 -2.7 -57 $ Al1

20 13 5 -19.282 -58 $ Au2

21 14 2 -2.7 -59 $ Al10

22 15 8 -22.4 -60 $ Ir4

23 16 6 -8.57 -61 $ Nb1

24 17 9 -13.31 -63 $ Hf4

25 18 2 -2.7 -64 $ Al4

26 19 10 -8.65 -65 $ Cd1

27 20 5 -19.282 -66 $ Au1

28 21 10 -8.65 -67 $ Cd2

29 c -------Outside world-------

30 22 0 1 $ Outside world

31

32 c ----------------------Surfaces------------------------

33 1 so 100 $ Room

34 c ---------Flange--------

35 2 rcc -0.2 0 0 0.2 0 0 4.5 $ Al (cylinder 1)

36 3 rcc -0.7 0 0 0.5 0 0 4.5 $ Al (ring 4-outer)

37 4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)

38 5 px -0.7 $ auxilliary surfaces
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39 6 px -0.2 $ auxilliary surfaces

40 7 rcc -2 0 0 1.3 0 0 4.5 $ Al (ring 5-outer)

41 8 rcc -2 0 0 1.3 0 0 2.5 $ Al (ring 5-inner)

42 9 px -2 $ auxilliary surfaces

43 10 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)

44 11 rcc -2.7 0 0 2.7 0 0 4.5 $ Al (ring 6-inner)

45 12 px -2.7 $ auxilliary surfaces

46 13 px 0 $ auxilliary surfaces

47 c ---------Ring--------

48 14 rcc -2.7 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)

49 15 rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)

50 16 px -2.05 $ auxilliary surfaces

51 17 rcc -3.36 0 0 2 0 0 8.1 $ Al (ring 8-outer)

52 18 rcc -3.36 0 0 2 0 0 7.6 $ Al (ring 8-inner)

53 19 px -3.36 $ auxilliary surfaces

54 20 px -1.36 $ auxilliary surfaces

55 c -----Irradiation line------

56 21 rcc -5.7 0 0 3 0 0 5.7 $ Steel (ring 9-outer)

57 22 rcc -5.7 0 0 3 0 0 4.985 $ Steel (ring 9-inner)

58 23 px -5.7 $ auxilliary surfaces

59 c -------Holder-------

60 26 rcc 1.8 0 0 0.5 0 0 0.8 $ Al (ring inner)

61 27 rcc 1.8 0 0 0.5 0 0 1.3 $ Al (ring outer)

62 28 px 1.8 $ auxilliary surface

63 29 px 2.3 $ auxilliary surface

64 c -------Tritium--------

65 35 rcc -0.3 0 0 0.1 0 0 1.425 $ Cu (cylinder 2)

66 36 rcc -0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

67 c --------Foils---------

68 57 rcc 1.93 0 0 0.052 0 0 0.652 $ Al1

69 58 rcc 1.982 0 0 0.05 0 0 0.715 $ Au2

70 59 rcc 2.032 0 0 0.052 0 0 0.655 $ Al10

71 60 rcc 2.084 0 0 0.032 0 0 0.661 $ Ir4

72 61 rcc 2.116 0 0 0.03 0 0 0.666 $ Nb1

73 c ------Extra for cylinder 7------

74 62 px -3.88 $ auxilliary surfaces

75 c -------Extra Foils--------

76 63 rcc 2.146 0 0 0.051 0 0 0.704 $ Hf4

77 64 rcc 2.197 0 0 0.058 0 0 0.707 $ Al4

78 c --------- Cd1 ------------

79 65 box 2.3 1.003 -0.965 0 -2.006 0 0.107 0 0 0 0 1.93

80 66 rcc 2.407 0 0 0.029 0 0 0.665 $ Au1

81 c --------- Cd2 ------------

82 67 box 2.436 1.012 -0.979 0 -2.024 0 0.103 0 0 0 0 ←↩
1.959

83
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84 mode n

85 c ------------------Materials-----------------------

86 m1 7014. -0.755636 $ Air

87 8016. -0.231475 18000. -0.012889

88 m2 13027. -1 $ Al

89 m3 29065. -1 $ Cu

90 m4 26056. -0.74 $ Steel

91 28000. -0.18 24000. -0.08

92 m5 79197. -1 $ Au

93 m6 41093. -1 $ Nb

94 m7 22000. 0.39324 $ TiT

95 1003. 0.60676

96 m8 77000. -1 $ Ir

97 m9 72000. -1 $ Hf

98 m10 48000. -1 $ Cd

99 c ------------------Importances---------------------

100 imp:n 1 20r 0 $ 1, 22

101 c ----------------Source definition------------------

102 c

103 [...] sdef card from NeuSDesc

104 c

105 c ----------------------Tally------------------------

106 f4:n 12 13 14 15 16 17 18 20 $ Average neutron flux

107 e0 0 1e-3 10000i 20 $ Energy bins for tally

108 c ---------------History cutoff------------------

109 nps 100000000 $ Limiting how long MCNP runs

B.5 MCNP5 input for the irradiation at 20.0 MeV

1 c ----------------------Cells-------------------------

2 1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

3 #13 #14 #15 #16 #17 #18 #19

4 c ---------Flange--------

5 2 2 -2.7 -2 $ Al (cylinder 1)

6 3 2 -2.7 -3 4 5 -6 $ Al (ring 4)

7 4 2 -2.7 -7 8 9 -5 $ Al (ring 5)

8 5 2 -2.7 -10 11 12 -13 $ Al (ring 6)

9 6 2 -2.7 -14 15 62 -16 $ Al (ring 7)

10 7 2 -2.7 -17 18 19 -20 $ Al (ring 8)

11 c --------Beam pipe-------

12 8 4 -8 -21 22 23 -12 $ Steel (ring 9)

13 c ---------Holder---------

14 9 2 -2.7 -27 26 -29 28 $ Al
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15 c ---------Tritium---------

16 10 3 -8.9 -35 $ Cu (cylinder 2)

17 11 9 -4.506 -36 $ TiT (cylinder 3)

18 c --------Foils---------

19 12 2 -2.7 -57 $ Al5

20 13 7 -19.282 -58 $ Au62

21 14 11 -22.4 -59 $ Ir2

22 15 10 -13.31 -60 $ Hf4

23 16 2 -2.7 -61 $ Al3

24 17 8 -8.57 -63 $ Nb1

25 18 12 -7.31 -64 $ In2

26 19 2 -2.7 -65 $ Al4

27 c -------Outside world-------

28 20 0 1 $ Outside world

29

30 c ----------------------Surfaces------------------------

31 1 so 100 $ Room

32 c ---------Flange--------

33 2 rcc -0.2 0 0 0.2 0 0 4.5 $ Al (cylinder 1)

34 3 rcc -0.7 0 0 0.5 0 0 4.5 $ Al (ring 4-outer)

35 4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)

36 5 px -0.7 $ auxilliary surfaces

37 6 px -0.2 $ auxilliary surfaces

38 7 rcc -2 0 0 1.3 0 0 4.5 $ Al (ring 5-outer)

39 8 rcc -2 0 0 1.3 0 0 2.5 $ Al (ring 5-inner)

40 9 px -2 $ auxilliary surfaces

41 10 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)

42 11 rcc -2.7 0 0 2.7 0 0 4.5 $ Al (ring 6-inner)

43 12 px -2.7 $ auxilliary surfaces

44 13 px 0 $ auxilliary surfaces

45 c ---------Ring--------

46 14 rcc -2.7 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)

47 15 rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)

48 16 px -2.05 $ auxilliary surfaces

49 17 rcc -3.36 0 0 2 0 0 8.1 $ Al (ring 8-outer)

50 18 rcc -3.36 0 0 2 0 0 7.6 $ Al (ring 8-inner)

51 19 px -3.36 $ auxilliary surfaces

52 20 px -1.36 $ auxilliary surfaces

53 c -----Irradiation line------

54 21 rcc -5.7 0 0 3 0 0 5.7 $ Steel (ring 9-outer)

55 22 rcc -5.7 0 0 3 0 0 4.985 $ Steel (ring 9-inner)

56 23 px -5.7 $ auxilliary surfaces

57 c -------Holder-------

58 26 rcc 1.8 0 0 0.5 0 0 0.8 $ Al (ring inner)

59 27 rcc 1.8 0 0 0.5 0 0 1.3 $ Al (ring outer)

60 28 px 1.8 $ auxilliary surface
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61 29 px 2.3 $ auxilliary surface

62 c -------Tritium--------

63 35 rcc -0.3 0 0 0.1 0 0 1.425 $ Cu (cylinder 2)

64 36 rcc -0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

65 c --------Foils---------

66 57 rcc 1.8 0 0 0.061 0 0 0.699 $ Al5

67 58 rcc 1.861 0 0 0.037 0 0 0.676 $ Au62

68 59 rcc 1.898 0 0 0.033 0 0 0.653 $ Ir2

69 60 rcc 1.931 0 0 0.053 0 0 0.703 $ Hf4

70 61 rcc 1.984 0 0 0.061 0 0 0.72 $ Al3

71 c ------Extra for cylinder 7------

72 62 px -3.88 $ auxilliary surfaces

73 c -------Extra Foils--------

74 63 rcc 2.045 0 0 0.051 0 0 0.664 $ Nb1

75 64 rcc 2.096 0 0 0.035 0 0 0.695 $ In2

76 65 rcc 2.131 0 0 0.058 0 0 0.704 $ Al4

77

78 mode n

79 c ------------------Materials-----------------------

80 m1 7014. -0.755636 $ Air

81 8016. -0.231475 18000. -0.012889

82 m2 13027. -1 $ Al

83 m3 29065. -1 $ Cu

84 m4 26056. -0.74 $ Steel

85 28000. -0.18 24000. -0.08

86 m5 42000. -1 $ Pb

87 m7 79197. -1 $ Au

88 m8 41093. -1 $ Nb

89 m9 22000. 0.39324 $ TiT

90 1003. 0.60676

91 m10 72000. -1 $ Hf

92 m11 77000. -1 $ Ir

93 m12 49000. -1 $ In

94 c ------------------Importances---------------------

95 imp:n 1 18r 0 $ 1, 20

96 c ----------------Source definition------------------

97 c

98 [...] sdef card from NeuSDesc

99 c

100 c ----------------------Tally------------------------

101 f4:n 12 13 14 15 16 17 18 19 $ Average neutron flux

102 e0 0 1e-3 100i 22 $ Energy bins for tally

103 c ---------------History cutoff------------------

104 nps 100000000 $ Limiting how long MCNP runs
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B.6 MCNP5 input for the irradiation at 20.9 MeV

1 c ----------------------Cells-------------------------

2 1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

3 #13 #14 #15 #16 #17 #18 #19

4 c ---------Flange--------

5 2 2 -2.7 -2 $ Al (cylinder 1)

6 3 2 -2.7 -3 4 5 -6 $ Al (ring 4)

7 4 2 -2.7 -7 8 9 -5 $ Al (ring 5)

8 5 2 -2.7 -10 11 12 -13 $ Al (ring 6)

9 6 2 -2.7 -14 15 62 -16 $ Al (ring 7)

10 7 2 -2.7 -17 18 19 -20 $ Al (ring 8)

11 c --------Beam pipe-------

12 8 4 -8 -21 22 23 -12 $ Steel (ring 9)

13 c ---------Holder---------

14 9 2 -2.7 -27 26 -29 28 $ Al

15 c ---------Tritium---------

16 10 3 -8.9 -35 $ Cu (cylinder 2)

17 11 9 -4.506 -36 $ TiT (cylinder 3)

18 c --------Foils---------

19 12 2 -2.7 -57 $ Al2

20 13 7 -19.282 -58 $ Au1

21 14 11 -22.4 -59 $ Ir4

22 15 10 -13.31 -60 $ Hf3

23 16 2 -2.7 -61 $ Al10

24 17 8 -8.57 -63 $ Nb2

25 18 12 -7.31 -64 $ In1

26 19 2 -2.7 -65 $ Al6

27 c -------Outside world-------

28 20 0 1 $ Outside world

29

30 c ----------------------Surfaces------------------------

31 1 so 100 $ Room

32 c ---------Flange--------

33 2 rcc -0.2 0 0 0.2 0 0 4.5 $ Al (cylinder 1)

34 3 rcc -0.7 0 0 0.5 0 0 4.5 $ Al (ring 4-outer)

35 4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)

36 5 px -0.7 $ auxilliary surfaces

37 6 px -0.2 $ auxilliary surfaces

38 7 rcc -2 0 0 1.3 0 0 4.5 $ Al (ring 5-outer)

39 8 rcc -2 0 0 1.3 0 0 2.5 $ Al (ring 5-inner)

40 9 px -2 $ auxilliary surfaces

41 10 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)

42 11 rcc -2.7 0 0 2.7 0 0 4.5 $ Al (ring 6-inner)
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43 12 px -2.7 $ auxilliary surfaces

44 13 px 0 $ auxilliary surfaces

45 c ---------Ring--------

46 14 rcc -2.7 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)

47 15 rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)

48 16 px -2.05 $ auxilliary surfaces

49 17 rcc -3.36 0 0 2 0 0 8.1 $ Al (ring 8-outer)

50 18 rcc -3.36 0 0 2 0 0 7.6 $ Al (ring 8-inner)

51 19 px -3.36 $ auxilliary surfaces

52 20 px -1.36 $ auxilliary surfaces

53 c -----Irradiation line------

54 21 rcc -5.7 0 0 3 0 0 5.7 $ Steel (ring 9-outer)

55 22 rcc -5.7 0 0 3 0 0 4.985 $ Steel (ring 9-inner)

56 23 px -5.7 $ auxilliary surfaces

57 c -------Holder-------

58 26 rcc 1.7 0 0 0.5 0 0 0.8 $ Al (ring inner)

59 27 rcc 1.7 0 0 0.5 0 0 1.3 $ Al (ring outer)

60 28 px 1.7 $ auxilliary surface

61 29 px 2.2 $ auxilliary surface

62 c -------Tritium--------

63 35 rcc -0.3 0 0 0.1 0 0 1.425 $ Cu (cylinder 2)

64 36 rcc -0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

65 c --------Foils---------

66 57 rcc 1.7 0 0 0.056 0 0 0.712 $ Al2

67 58 rcc 1.756 0 0 0.03 0 0 0.664 $ Au1

68 59 rcc 1.786 0 0 0.04 0 0 0.66 $ Ir4

69 60 rcc 1.826 0 0 0.05 0 0 0.65 $ Hf3

70 61 rcc 1.876 0 0 0.053 0 0 0.653 $ Al10

71 c ------Extra for cylinder 7------

72 62 px -3.88 $ auxilliary surfaces

73 c -------Extra Foils--------

74 63 rcc 1.929 0 0 0.043 0 0 0.633 $ Nb2

75 c --------- In2 ------------

76 64 box 1.972 -0.526 -0.505 0 1.052 0 0.124 0 0 0 0 1.01

77 65 rcc 2.096 0 0 0.06 0 0 0.688 $ Al6

78

79 mode n

80 c ------------------Materials-----------------------

81 m1 7014. -0.755636 $ Air

82 8016. -0.231475 18000. -0.012889

83 m2 13027. -1 $ Al

84 m3 29065. -1 $ Cu

85 m4 26056. -0.74 $ Steel

86 28000. -0.18 24000. -0.08

87 m5 42000. -1 $ Pb

88 m7 79197. -1 $ Au
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89 m8 41093. -1 $ Nb

90 m9 22000. 0.39324 $ TiT

91 1003. 0.60676

92 m10 72000. -1 $ Hf

93 m11 77000. -1 $ Ir

94 m12 49000. -1 $ In

95 c ------------------Importances---------------------

96 imp:n 1 18r 0 $ 1, 20

97 c ----------------Source definition------------------

98 c

99 [...] sdef card from NeuSDesc

100 c

101 c ----------------------Tally------------------------

102 f4:n 12 13 14 15 16 17 18 19 $ Average neutron flux

103 e0 0 1e-3 100i 23 $ Energy bins for tally

104 c ---------------History cutoff------------------

105 nps 100000000 $ Limiting how long MCNP runs
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C
Covariance of σ1 and σ2 values

As mentioned in section 3.3, the covariance of σ1 and σ2 values is given by the following

expression:

V12 = cov(σ1, σ2) ⇒

⇒ V12 =

(
θσ

θσref

)
1

cov(σref 1, σref 2)

(
θσ

θσref

)
2

+

+

(
θσ

θ(Nγ)meas

)
1

cov((Nγ)meas1, (Nγ)meas2)

(
θσ

θ(Nγ)meas

)
2

+

+

(
θσ

θ(Nγ)ref

)
1

cov((Nγ)ref 1, (Nγ)ref 2)

(
θσ

θ(Nγ)ref

)
2

+

+

(
θσ

θ(εγ)meas

)
1

cov((εγ)meas1, (εγ)meas2)

(
θσ

θ(εγ)meas

)
2

+

+

(
θσ

θ(εγ)ref

)
1

cov((εγ)ref 1, (εγ)ref 2)

(
θσ

θ(εγ)ref

)
2

+

+

(
θσ

θ(Nτ )meas

)
1

cov((Nτ )meas1, (Nτ )meas2)

(
θσ

θ(Nτ )meas

)
2

+

+

(
θσ

θ(Nτ )ref

)
1

cov((Nτ )ref 1, (Nτ )ref 2)

(
θσ

θ(Nτ )ref

)
2

(C.1)

As shown in this equation, the covariance of σ1 and σ2 values depends on seven other

covariances, as many as are the factors which were taken into account in the determination

of the uncertainty of each cross section value.

For the fully correlated factors, the covariance is equal to the square of the corresponding

uncertainty. In this category belong the factors of the following covariances:

◦ cov(σref 1, σref 2)

The reference reaction cross section in measurements 1 and 2 is the same (σref 1 =

σref 2), since both measurements are obtained from the same irradiation, which means

same reference (Al) foil and same neutron beam energy. Therefore, it is:

cov(σref 1, σref 2) = δσref
2
1 = δσref

2
2 = δσref

2
(C.2)
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◦ cov((Nγ)ref 1, (Nγ)ref 2)

Since in both measurements the reference foil is the same, the integral of the γ-

ray peak (1368.6 keV for the
27

Al(n,α)
24

Na reaction) is also the same ((Nγ)ref 1 =

(Nγ)ref 2)). Therefore, it is:

cov((Nγ)ref 1, (Nγ)ref 2) = δ(Nγ)ref
2
1 = δ(Nγ)ref

2
2 = δ(Nγ)ref

2
(C.3)

◦ cov((εγ)ref 1, (εγ)ref 2)

For the same reasons, (εγ)ref 1 = (εγ)ref 2 and thus it is:

cov((εγ)ref 1, (εγ)ref 2) = δ(εγ)ref
2
1 = δ(εγ)ref

2
2 = δ(εγ)ref

2
(C.4)

◦ cov((Nτ )ref 1, (Nτ )ref 2)

Similarly, it is (Nτ )ref 1 = (Nτ )ref 2 and therefore:

cov((Nτ )ref 1, (Nτ )ref 2) = δ(Nτ )ref
2
1 = δ(Nτ )ref

2
2 = δ(Nτ )ref

2
(C.5)

◦ cov((Nτ )meas1, (Nτ )meas2)

Due to the fact that the two γ-rays, that give the two cross section values, are emitted

from the same measured foil (either Au or Ir) it is (Nτ )meas1 = (Nτ )meas2 and therefore:

cov((Nτ )meas1, (Nτ )meas2) = δ(Nτ )meas
2
1 = δ(Nτ )meas

2
2 = δ(Nτ )meas

2
(C.6)

For the uncorrelated factors, the covariance is equal to zero and in this category belong only

the factors of the following covariance:

◦ cov((Nγ)meas1, (Nγ)meas2)

It doesn’t matter if the two γ-rays are emitted from the same measured foil (either Au

or Ir). The integrals of the γ-ray peaks were considered uncorrelated. Therefore, it is:

cov((Nγ)meas1, (Nγ)meas2) = 0 (C.7)

Eq. C.1 by substituting Eqs. C.2-C.7 becomes:

V12 =

(
θσ

θσref

)
1

δσref
2

(
θσ

θσref

)
2

+

+

(
θσ

θ(Nγ)ref

)
1

δ(Nγ)ref
2

(
θσ

θ(Nγ)ref

)
2

+

+

(
θσ

θ(εγ)meas

)
1

cov((εγ)meas1, (εγ)meas2)

(
θσ

θ(εγ)meas

)
2

+

+

(
θσ

θ(εγ)ref

)
1

δ(εγ)ref
2

(
θσ

θ(εγ)ref

)
2

+

+

(
θσ

θ(Nτ )meas

)
1

δ(Nτ )meas
2

(
θσ

θ(Nτ )meas

)
2

+

+

(
θσ

θ(Nτ )ref

)
1

δ(Nτ )ref
2

(
θσ

θ(Nτ )ref

)
2

(C.8)
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Now, it remains only the determination of the cov((εγ)meas1, (εγ)meas2) term. This term is

referred to the correlation of the absolute efficiency of the HPGe detector in which the Au or

the Ir foils were measured, in two different energies. In order to find this covariance, one

has to go back to the efficiency curve.

Figure C.1: The absolute efficiency with respect to the γ-ray energy for the 100% relative

efficiency HPGe detector. The red hatched region denotes the confidence bands at a 95%

level.

All the absolute efficiency experimental data were fitted by means of a function proposed

by the International Atomic Energy Agency (IAEA), namely the:

ε(x) = A0 +
A1

x
+
A2

x2
+
A3

x3
(C.9)

one, where ε is the absolute efficiency of the detector and x is the γ-ray energy in keV.

In order to find the covariance between two values of the absolute efficiency cov(ε(x1), ε(x2))

deduced by the same IAEA fitting function, the same formalism with the one used in Ref.

[106] in order to find the covariance for an exponential fitting function (Eqs. (37) and (38))

was implemented and is the following:

cov(ε(x1), ε(x2)) =

(
θε

θA0

)
x1

(
θε

θA0

)
x2

δA0
2 +

+

(
θε

θA1

)
x1

(
θε

θA1

)
x2

δA1
2 +

+

(
θε

θA2

)
x1

(
θε

θA2

)
x2

δA2
2 +

+

(
θε

θA3

)
x1

(
θε

θA3

)
x2

δA3
2 +

+

(
θε

θA0

)
x1

(
θε

θA1

)
x2

cov(A0, A1) +

+

(
θε

θA0

)
x1

(
θε

θA2

)
x2

cov(A0, A2) +
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+

(
θε

θA0

)
x1

(
θε

θA3

)
x2

cov(A0, A3) +

+

(
θε

θA1

)
x1

(
θε

θA2

)
x2

cov(A1, A2) +

+

(
θε

θA1

)
x1

(
θε

θA3

)
x2

cov(A1, A3) +

+

(
θε

θA2

)
x1

(
θε

θA3

)
x2

cov(A2, A3) +

+

(
θε

θA0

)
x2

(
θε

θA1

)
x1

cov(A0, A1) +

+

(
θε

θA0

)
x2

(
θε

θA2

)
x1

cov(A0, A2) +

+

(
θε

θA0

)
x2

(
θε

θA3

)
x1

cov(A0, A3) +

+

(
θε

θA1

)
x2

(
θε

θA2

)
x1

cov(A1, A2) +

+

(
θε

θA1

)
x2

(
θε

θA3

)
x1

cov(A1, A3) +

+

(
θε

θA2

)
x2

(
θε

θA3

)
x1

cov(A2, A3) (C.10)

By substituting the partial derivatives, becomes:

cov(ε(x1), ε(x2)) = 1 · 1 · δA0
2 +

+
1

x1

1

x2
δA1

2 +

+
1

x1
2

1

x2
2
δA2

2 +

+
1

x1
3

1

x2
3
δA3

2 +

+ 1
1

x2
cov(A0, A1) +

+ 1
1

x2
2
cov(A0, A2) +

+ 1
1

x2
3
cov(A0, A3) +

+
1

x1

1

x2
2
cov(A1, A2) +

+
1

x1

1

x2
3
cov(A1, A3) +

+
1

x1
2

1

x2
3
cov(A2, A3) +

+ 1
1

x1
cov(A0, A1) +

+ 1
1

x1
2
cov(A0, A2) +
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+ 1
1

x1
3
cov(A0, A3) +

+
1

x2

1

x1
2
cov(A1, A2) +

+
1

x2

1

x1
3
cov(A1, A3) +

+
1

x2
2

1

x1
3
cov(A2, A3) (C.11)

Eq. C.11 can be summarized to the following expression:

cov(ε(x1), ε(x2)) = δA0
2 +

δA1
2

x1 x2
+

δA2
2

(x1 x2)2
+

δA3
2

(x1 x2)3
+

+ cov(A0, A1)

(
x1 + x2

x1 x2

)
+ cov(A0, A2)

(
x2

1 + x2
2

(x1 x2)2

)
+ cov(A0, A3)

(
x3

1 + x3
2

(x1 x2)3

)
+ cov(A1, A2)

(
x1 + x2

(x1 x2)2

)
+ cov(A1, A3)

(
x2

1 + x2
2

(x1 x2)3

)
+ cov(A2, A3)

(
x1 + x2

(x1 x2)3

)
(C.12)

The covariances cov(Ai, Aj) between the fit parameters can be found with the Origin Pro-

gram, if the appropriate button is enabled (see Fig. C.2). Eq. C.12 is the one that leads

to the missing covariance in Eq. C.8. So, the latter, by substituting the partial derivatives

becomes:

V12 =
σ1

σref
δσref

2 σ2

σref
+

+
σ1

(Nγ)ref
δ(Nγ)ref

2 σ2

(Nγ)ref
+

+
σ1

ε(x1)meas
cov(ε(x1), ε(x2))

σ2

ε(x2)meas
+

+
σ1

(εγ)ref
δ(εγ)ref

2 σ2

(εγ)ref
+

+
σ1

(Nτ )meas
δ(Nτ )meas

2 σ2

(Nτ )meas
+

+
σ1

(Nτ )ref
δ(Nτ )ref

2 σ2

(Nτ )ref
⇒

⇒ V12

σ1 σ2
=

(
δσref
σref

)2

+

(
δ(Nγ)ref
(Nγ)ref

)2

+

(
cov(ε(x1), ε(x2))

ε(x1)meas ε(x2)meas

)
+

+

(
δ(εγ)ref
(εγ)ref

)2

+

(
δ(Nτ )meas
(Nτ )meas

)2

+

(
δ(Nτ )ref
(Nτ )ref

)2

(C.13)
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Figure C.2: Guide to find in Origin 2016 the right button to enable the covariance presen-

tation between the fit parameters.

Finally, the covariance V12 can be determined by using Eqs. C.12 and C.13.



D
Weights and uncertainties for weighted

averages of σ1, σ2 and σ3 values

According to the formalism mentioned in Appendix 2 of Ref. [105], the weighted average

cross section is given by the following expression:

σ̄ = Σ ·W> ⇒ σ̄ =
[
σ1
σ2
σ3

]
· [w1 w2 w3 ] ⇒ σ̄ = w1 · σ1 + w2 · σ2 + w3 · σ3 (D.1)

where wi are the weights, which in general form can be written as:

wi =

∑
j
V −1
ji∑

k

∑
l

V −1
kl

(D.2)

The covariances Vij are determined as presented in Eq. 3.8 for i=1 and j=2 (see also Appendix

C). The term V −1
ji corresponds to the matrix element of V −1

matrix, which lies in the ij

position. It is:

V =

[
V11 V12 V13
V21 V22 V23
V31 V32 V33

]
⇒ V −1 =

1

| V |

[
V22V33−V 2

23 V13V32−V33V12 V12V23−V22V13
V23V31−V33V21 V11V33−V 2

13 V13V21−V23V11
V21V32−V31V22 V12V31−V32V11 V11V22−V 2

12

]
(D.3)

Thus, according to Eq. D.2, the weight for i = 1, can be written as:

w1 =
V −1

11 + V −1
21 + V −1

31

V −1
11 + V −1

12 + V −1
13 + V −1

21 + V −1
22 + V −1

23 + V −1
31 + V −1

32 + V −1
33

⇒

⇒ w1 =
V −1

11 + V −1
21 + V −1

31

V −1
11 + V −1

22 + V −1
33 + 2V −1

12 + 2V −1
13 + 2V −1

23

(D.4)

Eq. D.4, by substituting the appropriate matrix elements of V −1
matrix (Eq. D.3), becomes:

w1 =
(V22V33 − V23

2) + (V23V31 − V33V12) + (V12V23 − V13V22)

(V22V33 − V23
2) + (V11V33 − V13

2) + (V11V22 − V12
2)+

+ 2 (V13V23 − V33V12) + 2 (V12V23 − V22V13) + 2 (V13V21 − V23V11)︸ ︷︷ ︸
D=Denominator

(D.5)
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The denominator of Eq. D.5 is the same for all the weights (i=1,2 or 3), so for convenience

will be symbolized with D. Therefore, the weight for i = 2, can be written as:

w2 =
V −1

12 + V −1
22 + V −1

32

D
⇒

⇒ w2 =
(V13V23 − V33V12) + (V11V33 − V13

2) + (V12V13 − V23V11)

D
(D.6)

And similarly, for i = 3, it is:

w3 =
V −1

13 + V −1
23 + V −1

33

D
⇒

⇒ w2 =
(V12V23 − V22V13) + (V13V12 − V23V11) + (V11V22 − V12

2)

D
(D.7)

The uncertainty of the weighted average cross section is given by the following expres-

sion:

δσ =
√
W · V ·W> ⇒ δσ =

(
[w1 w2 w3 ] ·

[
V11 V12 V13
V21 V22 V23
V31 V32 V33

]
·
[
w1
w2
w3

])1/2

⇒

⇒ δσ2 = [w1V11+w2V21+w3V31 w1V12+w2V22+w3V32 w1V13+w2V23+w3V33 ] ·
[
w1
w2
w3

]

⇒ δσ2 = w1 (w1V11 + w2V21 + w3V31) +

+ w2 (w1V12 + w2V22 + w3V32)+

+ w3 (w1V13 + w2V23 + w3V33) (D.8)

where every term is known.
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MCNP5 input files - Full room geometry

In this appendix the input file of the MCNP5 code, actually the part of the geometry descrip-

tion, will be presented for the irradiations at 10.0 and 15.3 MeV neutron beam energies.

Concerning the measurements at higher energies (15.3 - 20.9 MeV), since the information

on the sequence of the targets in the experimental setups exists in Appendix B, there is no

need to give the input file for all the irradiations. The same holds regarding the lower ener-

gies (10.0 - 11.3 MeV), due to the fact that the sequence of the targets in the experimental

setup was the same in all the irradiations. Apart from the neutron source description card,

the tally card (more specifically the energy binning) will also be excluded from this appendix,

due to its large size.

E.1 MCNP5 input for the irradiation at 10.0 MeV (Full room ge-

ometry)

1 c ----------------------Cells-------------------------

2 c ------------- Floor --------------

3 c ------Concrete---------

4 1 8 -2.35 (-14 -64 -65 -67 ):(-14 -64 66 ):

5 (-14 -64 46 -65 68 ):(-14 -64 -69 46 )

6 2 1 -0.0014 -14 -64 #1 $ Air

7 c ---Polyethylene---

8 3 14 -0.94 -12.2 -12.1 12.6 63 -14

9 4 12 -7.86 -12.2 -12.1 -63 64 -14 $ Fe

10 c ----------- Walls --------------

11 5 8 -2.35 -19 $ Concrete

12 6 8 -2.35 -20 -24 -12 $ Walls-Accelerator angle

13 7 8 -2.35 12 -13 $ Walls (without floor)

14 c ------------ Water --------------

15 8 9 -1 -15 :-16 :-17 :-18

16 c ---Water tanks---

181
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17 9 12 -7.86 (-16.2 16.3 17.2 -38 -51 -12.6 ):

18 (17.2 38 39 -17.3 -51 -12.6 ):(17.3 39 -42 -40 -12.6

19 -51 ):(-18.3 -43 18.1 -18.4 -51 -12.6 ):(44 18.4 -43

20 16.1 -51 -12.6 ):(-42 16.1 -44 45 -51 -12.6 ):(45

21 -15.3 -16.1 15.1 -51 -12.6 ):(-48 -45 15.1 46 -51

22 -12.6 ):(46 15.4 -15.1 47 -51 -12.6 ):(47 15.2 -15.4

23 -50 -51 -12.6 ):(-15.2 16.2 -50 15.3 -51 -12.6 ):

24 (50 -38 16.2 49 -12.6 -51 ):(18.3 -41 42 -43 -51

25 -12.6 ):(16.1 -42 -40 18.3 -51 -12.6 )

26 c ----------- Al box --------------

27 10 6 -2.7 -26 $ Box behind the source

28 11 6 -2.7 -35 $ High voltage behind the wall

29 c ---------- BF3 detector ----------

30 12 6 -2.7 -34 61 $ Al wall

31 13 13 -0.0028 -62 $ BF3

32 14 11 -0.93 62 -61 $ Paraffin

33 c -------- Irradiation Lines -------

34 15 2 -8 -37 $ Neutrons

35 16 2 -8 -36 $ Charged particles

36 17 2 -8 -218 $ Charged particle (atomic physics)

37 c ------------ Other --------------

38 18 12 -7.86 -219 $ Table

39 19 11 -0.93 -220 #5 #7 $ Paraffin blocks

40 20 10 -8.9 -221 #5 #7 $ Quadrupoles

41 21 18 -11.342 -222 #5 #7 $ Pb blocks

42 c --------Beam pipe-------

43 25 2 -8 -80 81 82 -83 $ Al

44 28 2 -8 -101 102 103 -82 $ Stainless steel

45 29 0 -102 :-81 #25 $ Vacuum

46 c -------Holder-------

47 30 6 -2.7 -107 106 -109 108 $ Al

48 c ---------Gas cell---------

49 22 4 -10.28 -125 $ Mo

50 31 2 -8 115 -116 $ Gas cell wall

51 32 19 -0.000122 -115 #22 #23 $ Deuterium

52 23 20 -21.45 -126 $ Pt

53 c --------Foils---------

54 33 7 -19.282 -117 $ Au4

55 34 6 -2.7 -118 $ Al4

56 35 15 -22.4 -119 $ Ir3

57 36 15 -22.4 -120 $ Ir4

58 37 6 -2.7 -121 $ Al3

59 38 7 -19.282 -122 $ Au3

60 c -------Outside world-------

61 41 1 -0.0014 -25 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11

62 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #25 #28
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63 #29 #30 #33 #34 #35 #36 #37 #31 #32 #22 #23 #38

64 42 0 25 $ Outside World

65

66 c ----------------------Surfaces------------------------

67 12 1 rpp 0 1768 0 1683 0 667 $ Room (inner)

68 13 1 rpp -124 1892 -124 1807 0 717 $ Room (outer)

69 c ------------- Floor --------------

70 14 1 rpp -50 1818 -50 1733 -80 0

71 65 px 300

72 66 px 400

73 67 2 py -100

74 68 px -300

75 69 px -400

76 63 1 pz -0.2 $ Polyethylene

77 64 1 pz -0.65 $ Fe

78 c ------------ Water --------------

79 15 2 rpp 1 301 1 24 0 250

80 16 2 rpp 26 326 24 49 0 250

81 17 2 rpp 304 326 49 169 0 250

82 18 2 rpp 326 352 36 154 0 250

83 c ------------ Water tanks --------------

84 38 2 py 50

85 39 2 px 303

86 40 2 py 170

87 41 2 py 155

88 42 2 px 327

89 43 2 px 353

90 44 2 py 35

91 45 2 py 23

92 46 2 py 0

93 47 2 px 0

94 48 2 px 302

95 49 2 px 25

96 50 2 py 25

97 51 1 pz 251

98 c ------------ Other --------------

99 19 1 rpp 970 1768 265 345 0 250 $ Wall (right, back)

100 20 1 c/z 0 1683 300 $ Cylinder corner

101 24 1 pz 600

102 25 1 rpp -200 2000 -200 2000 -100 1000 $ Boundary

103 26 rpp -150 -10 -30 30 -174 -15 $Box behind the source

104 c ---------- BF3 detector ----------

105 34 5 rcc 200 0 0 30 0 0 20 $ Al wall

106 61 5 rcc 200 0 0 30 0 0 19.5 $ BF3

107 62 5 rcc 200 0 0 30 0 0 1 $ Paraffin

108 c -------- Irradiation Lines -------
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109 36 3 rpp 153 1323 0 30 0 155 $ Charged particles

110 37 rpp -687 -150 -15 15 -175 -5.8 $ Neutrons

111 218 4 rpp 153 953 0 30 0 175 $Charged part. (atom. phys.)

112 c ------------ Other --------------

113 219 rcc -100 -670 -20 0 0 40 200 $ Table

114 35 1 rpp 1200 1690 80 170 0 170 $ High vol. beh. wall

115 220 1 rpp 500 650 1600 1680 0 150 $ Paraffin blocks

116 221 6 rpp -50 50 100 270 -50 50 $ Quadrupoles

117 222 1 rpp 1700 1768 500 700 0 80 $ Pb blocks

118 c --------Beam pipe-------

119 101 rcc -687 0 0 684.3 0 0 5.7 $ Steel (ring 9-outer)

120 102 rcc -687 0 0 684.3 0 0 4.985 $ Steel (ring 9-inner)

121 103 px -687 $ auxilliary surfaces

122 c -------Holder-------

123 106 rcc 6.865 0 0 0.5 0 0 0.8 $ Al (ring inner)

124 107 rcc 6.865 0 0 0.5 0 0 1.3 $ Al (ring outer)

125 108 px 6.865 $ auxilliary surface

126 109 px 7.365 $ auxilliary surface

127 c ---------Gas cell---------

128 115 rcc -1.985 0 0 3.7 0 0 0.48 $ In

129 116 rcc -1.985 0 0 3.7 0 0 0.5 $ Out

130 125 rcc -1.985 0 0 0.0005 0 0 0.48 $ Mo

131 126 rcc 1.695 0 0 0.02 0 0 0.48 $ Pt

132 c --------Foils---------

133 117 rcc 6.865 0 0 0.025 0 0 0.65 $ Au

134 118 rcc 6.89 0 0 0.05 0 0 0.65 $ Al

135 119 rcc 6.94 0 0 0.05 0 0 0.65 $ Ir

136 120 rcc 6.99 0 0 0.05 0 0 0.65 $ Ir

137 121 rcc 7.04 0 0 0.05 0 0 0.65 $ Al

138 122 rcc 7.09 0 0 0.025 0 0 0.65 $ Au

139 c -------Extra for cylinder 7--------

140 212 px -3.88 $ auxilliary surfaces

141

142 c ------------------- Transformations --------------------

143 c ------- °-33.85 for x (Room)--------

144 *tr1 -50 -1397 -175 -33.85 56.15 90 -123.85 -33.85 90 90 90 0

145 c ------- °22.15 for x (Water)---------

146 *tr2 -131 -322 -175 22.15 112.15 90 -67.85 22.15 90 90 90 0

147 c ---- °40.18 ton x (Charged particles)-----

148 *tr3 -850 -60 -175 40.15 130.15 90 -49.85 40.15 90 90 90 0

149 c -- °20 ton x (Charged particles- atomic physics)--

150 *tr4 -845 -50 -175 10 100 90 -80 10 90 90 90 0

151 c ------- °-50 for x (BF3)-------

152 *tr5 250 200 0 -50 40 90 -140 -50 90 90 90 0

153 c ------- °-45 ton z (Quadrupoles)-------

154 *tr6 300 500 0 -45 90 45 90 0 90 -135 90 -45
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155 mode n

156 c ------------------Materials-----------------------

157 m1 7014. -0.78 $ Air

158 8016. -0.21 18000. -0.01

159 m2 26056. -0.74 $ Stainless steel

160 28000. -0.18 24000. -0.08

161 m3 22000. 0.39324 $ TiT (Tritium target)

162 1003. 0.60676

163 m4 42000. -1 $ Mo

164 m5 41093. -1 $ Nb

165 m6 13027. -1 $ Al

166 m7 79197. -1 $ Au

167 m8 8016. -0.50086 $ Concrete(with ENDF-VI)

168 11023. -0.017197 12000. -0.002579

169 13027. -0.046002 14000. -0.316853

170 16000. -0.00129 19000. -0.019347

171 20000. -0.083405 26054. -0.000711

172 26056. -0.011454 26057. -0.000266

173 26058. -3.6e-005

174 m9 1001. -0.111915 $ Water

175 8016. -0.888085

176 m10 29000. -1 $ Cu

177 m11 1001. -0.148605 $ Paraffin

178 6012. -0.851395

179 m12 26054. -0.056988 $ Fe (with ENDF-VI)

180 26056. -0.918697 26057. -0.02141

181 26058. -0.002905

182 m13 5010. -0.0315707 $ BF3

183 9019. -0.840552 5011. -0.1278773

184 m14 1001. -0.143711 $ Polyethylene

185 6012. -0.856289

186 m15 77000. -1 $ Ir

187 m16 72000. -1 $ Hf

188 m17 48000. -1 $ Cd

189 m18 82000. -1 $ Pb

190 m19 1002. -1 $ Deuterium

191 m20 78000. -1 $ Pt

192 c ------------------Importances---------------------

193 imp:n 1 35r 0 $ 1, 37

194 c -------------- Cut for neutrons ------------------

195 cut:n j 0.00000000001

196 c ----------------Source definition------------------

197 c

198 [...] sdef card from NeuSDesc

199 c Gas pressure: 110 kPa

200 c Gas cell length: 37mm



186 Appendix E. MCNP5 input files - Full room geometry

201 c 5000 nm Mo (entrance) foil

202 c D(d,pn)D, D break-up gas target enabled

203 c

204 c ----------------------Tally------------------------

205 f4:n 33 34 35 36 37 38 $ Average neutron flux

206 e0 0.00000000001 &

207 c

208 [...] energy binning from the ENDF/B-VII.1 library

209 c

210 c ---------------History cutoff------------------

211 nps 1000000000 $ Limiting how long MCNP runs

E.2 MCNP5 input for the irradiation at 15.3 MeV (Full room ge-

ometry)

1 c ----------------------Cells-------------------------

2 c ------------- Floor --------------

3 c ------Concrete---------

4 1 8 -2.35 (-14 -64 -65 -67 ):(-14 -64 66 ):

5 (-14 -64 46 -65 68 ):(-14 -64 -69 46 )

6 2 1 -0.0014 -14 -64 #1 $ Air

7 c ---Polyethylene---

8 3 14 -0.94 -12.2 -12.1 12.6 63 -14

9 4 12 -7.86 -12.2 -12.1 -63 64 -14 $ Fe

10 c ----------- Walls --------------

11 5 8 -2.35 -19 $ Concrete

12 6 8 -2.35 -20 -24 -12 $ Walls-Accelerator angle

13 7 8 -2.35 12 -13 $ Walls (without floor)

14 c ------------ Water --------------

15 8 9 -1 -15 :-16 :-17 :-18

16 c ---Water tanks---

17 9 12 -7.86 (-16.2 16.3 17.2 -38 -51 -12.6 ):

18 (17.2 38 39 -17.3 -51 -12.6 ):(17.3 39 -42 -40 -12.6

19 -51 ):(-18.3 -43 18.1 -18.4 -51 -12.6 ):(44 18.4 -43

20 16.1 -51 -12.6 ):(-42 16.1 -44 45 -51 -12.6 ):(45

21 -15.3 -16.1 15.1 -51 -12.6 ):(-48 -45 15.1 46 -51

22 -12.6 ):(46 15.4 -15.1 47 -51 -12.6 ):(47 15.2 -15.4

23 -50 -51 -12.6 ):(-15.2 16.2 -50 15.3 -51 -12.6 ):(50

24 -38 16.2 49 -12.6 -51 ):(18.3 -41 42 -43 -51 -12.6 )

25 :(16.1 -42 -40 18.3 -51 -12.6 )

26 c ----------- Al box --------------

27 10 6 -2.7 -26 $ Box behind the source

28 11 6 -2.7 -35 $ High voltage behind the wall
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29 c ---------- BF3 detector ----------

30 12 6 -2.7 -34 61 $ Al wall

31 13 13 -0.0028 -62 $ BF3

32 14 11 -0.93 62 -61 $ Paraffin

33 c -------- Irradiation Lines -------

34 15 2 -8 -37 $ Neutrons

35 16 2 -8 -36 $ Charged particles

36 17 2 -8 -218 $ Charged particles (atomic physics)

37 c ------------ Other --------------

38 18 12 -7.86 -219 $ Table

39 19 11 -0.93 -220 #5 #7 $ Paraffin blocks

40 20 10 -8.9 -221 #5 #7 $ Quadrupoles

41 21 18 -11.342 -222 #5 #7 $ Pb blocks

42 c ---------Flange--------

43 22 6 -2.7 -72 $ Al (cylinder 1)

44 23 6 -2.7 -73 74 75 -76 $ Al (ring 4)

45 24 6 -2.7 -77 78 79 -75 $ Al (ring 5)

46 25 6 -2.7 -80 81 82 -83 $ Al (ring 6)

47 26 6 -2.7 -94 95 212 -96 $ Al (ring 7)

48 27 6 -2.7 -97 98 99 -100 $ Al (ring 8)

49 c --------Beam pipe-------

50 28 2 -8 -101 102 103 -82 $ Stainless steel (ring 9)

51 c -----Vacuum-----

52 29 0 -102 :-81 #22 #23 #24 #25 #26 #27 #31 #32

53 c -------Holder-------

54 30 6 -2.7 -107 106 -109 108 $ Al

55 c -------Tritium--------

56 31 10 -8.9 -115 $ Cu (cylinder 2)

57 32 3 -4.506 -116 $ TiT (cylinder 3)

58 c --------Foils---------

59 33 6 -2.7 -117 $ AlA

60 34 7 -19.282 -118 $ AuB

61 35 6 -2.7 -119 $ AlC

62 36 16 -13.31 -120 $ Hf4

63 37 6 -2.7 -121 $ Al8

64 38 15 -22.4 -122 $ Ir4

65 39 6 -2.7 -123 $ Al9

66 40 5 -8.57 -124 $ Nb2

67 c -------Outside world-------

68 41 1 -0.0014 -25 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

69 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 #23

70 #24 #25 #26 #27 #28 #29 #30 #31 #32 #33 #34

71 #35 #36 #37 #38 #39 #40

72 42 0 25 $ Outside World

73

74 c ----------------------Surfaces------------------------
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75 12 1 rpp 0 1768 0 1683 0 667 $ Room (inner)

76 13 1 rpp -124 1892 -124 1807 0 717 $ Room (outer)

77 c ------------- Floor --------------

78 14 1 rpp -50 1818 -50 1733 -80 0

79 65 px 300

80 66 px 400

81 67 2 py -100

82 68 px -300

83 69 px -400

84 63 1 pz -0.2 $ Polyethylene

85 64 1 pz -0.65 $ Fe

86 c ------------ Water --------------

87 15 2 rpp 1 301 1 24 0 250

88 16 2 rpp 26 326 24 49 0 250

89 17 2 rpp 304 326 49 169 0 250

90 18 2 rpp 326 352 36 154 0 250

91 c ------------ Water tanks --------------

92 38 2 py 50

93 39 2 px 303

94 40 2 py 170

95 41 2 py 155

96 42 2 px 327

97 43 2 px 353

98 44 2 py 35

99 45 2 py 23

100 46 2 py 0

101 47 2 px 0

102 48 2 px 302

103 49 2 px 25

104 50 2 py 25

105 51 1 pz 251

106 c ------------ Other --------------

107 19 1 rpp 970 1768 265 345 0 250 $ Wall (right, back)

108 20 1 c/z 0 1683 300 $ Cylinder corner

109 24 1 pz 600

110 25 1 rpp -200 2000 -200 2000 -100 1000 $ Boundary

111 26 rpp -150 -10 -30 30 -174 -15 $Box behind the source

112 c ---------- BF3 detector ----------

113 34 5 rcc 200 0 0 30 0 0 20 $ Wall (outer)

114 61 5 rcc 200 0 0 30 0 0 19.5 $ Wall (inner)

115 62 5 rcc 200 0 0 30 0 0 1 $ Gas

116 c ------------ Other --------------

117 35 1 rpp 1200 1690 80 170 0 170 $ High vol. behind wall

118 c -------- Irradiation Lines -------

119 36 3 rpp 153 1323 0 30 0 155 $ Charged particles

120 37 rpp -687 -150 -15 15 -175 -5.8 $ Neutrons
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121 218 4 rpp 153 953 0 30 0 175 $ Charged particles (atom.)

122 c ------------ Other --------------

123 219 rcc -100 -670 -20 0 0 40 200 $ Table

124 220 1 rpp 500 650 1600 1680 0 150 $ Paraffin blocks

125 221 6 rpp -50 50 100 270 -50 50 $ Quadrupoles

126 222 1 rpp 1700 1768 500 700 0 80 $ Pb blocks

127 c ---------Flange--------

128 72 rcc -0.2 0 0 0.2 0 0 4.5 $ Al (cylinder 1)

129 73 rcc -0.7 0 0 0.5 0 0 4.5 $ Al (ring 4-outer)

130 74 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)

131 75 px -0.7 $ auxilliary surfaces

132 76 px -0.2 $ auxilliary surfaces

133 77 rcc -2 0 0 1.3 0 0 4.5 $ Al (ring 5-outer)

134 78 rcc -2 0 0 1.3 0 0 2.5 $ Al (ring 5-inner)

135 79 px -2 $ auxilliary surfaces

136 80 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)

137 81 rcc -2.7 0 0 2.7 0 0 4.5 $ Al (ring 6-inner)

138 82 px -2.7 $ auxilliary surfaces

139 83 px 0 $ auxilliary surfaces

140 c ---------Ring--------

141 94 rcc -3.88 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)

142 95 rcc -3.88 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)

143 96 px -3.2 $ auxilliary surfaces

144 97 rcc -4.5 0 0 2 0 0 8.1 $ Al (ring 8-outer)

145 98 rcc -4.5 0 0 2 0 0 7.6 $ Al (ring 8-inner)

146 99 px -4.5 $ auxilliary surfaces

147 100 px -2.5 $ auxilliary surfaces

148 c --------Beam pipe-------

149 101 rcc -687 0 0 684.3 0 0 5.7 $ Steel (ring 9-outer)

150 102 rcc -687 0 0 684.3 0 0 4.985 $ Steel (ring 9-inner)

151 103 px -687 $ auxilliary surfaces

152 c -------Holder-------

153 106 rcc 2.0 0 0 0.5 0 0 0.8 $ Al (ring inner)

154 107 rcc 2.0 0 0 0.5 0 0 1.3 $ Al (ring outer)

155 108 px 2.0 $ auxilliary surface

156 109 px 2.5 $ auxilliary surface

157 c -------Tritium--------

158 115 rcc -0.3 0 0 0.1 0 0 1.425 $ Cu (cylinder 2)

159 116 rcc -0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

160 c --------Foils---------

161 117 rcc 2.0 0 0 0.055 0 0 0.7175 $ AlA

162 118 rcc 2.055 0 0 0.053 0 0 0.711 $ AuB

163 119 rcc 2.108 0 0 0.054 0 0 0.7175 $ AlC

164 120 rcc 2.162 0 0 0.054 0 0 0.706 $ Hf4

165 121 rcc 2.216 0 0 0.06 0 0 0.68 $ Al8

166 122 rcc 2.276 0 0 0.034 0 0 0.666 $ Ir4
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167 123 rcc 2.31 0 0 0.052 0 0 0.688 $ Al9

168 124 rcc 2.362 0 0 0.05 0 0 0.6635 $ Nb2

169 c -------Extra for cylinder 7--------

170 212 px -3.88 $ auxilliary surfaces

171

172 c ------------------- Transformations --------------------

173 c ------- °-33.85 for x (Room)--------

174 *tr1 -50 -1397 -175 -33.85 56.15 90 -123.85 -33.85 90 90 90 0

175 c ------- °22.15 for x (Water)---------

176 *tr2 -131 -322 -175 22.15 112.15 90 -67.85 22.15 90 90 90 0

177 c ---- °40.18 ton x (Charged particles)-----

178 *tr3 -850 -60 -175 40.15 130.15 90 -49.85 40.15 90 90 90 0

179 c -- °20 ton x (Charged particles- atomic physics)--

180 *tr4 -845 -50 -175 10 100 90 -80 10 90 90 90 0

181 c ------- °-50 for x (BF3)-------

182 *tr5 250 200 0 -50 40 90 -140 -50 90 90 90 0

183 c ------- °-45 ton z (Quadrupoles)-------

184 *tr6 300 500 0 -45 90 45 90 0 90 -135 90 -45

185 mode n

186 c ------------------Materials-----------------------

187 m1 7014. -0.78 $ Air

188 8016. -0.21 18000. -0.01

189 m2 26056. -0.74 $ Steel

190 28000. -0.18 24000. -0.08

191 m3 22000. 0.39324 $ TiT

192 1003. 0.60676

193 m5 41093. -1 $ Nb

194 m6 13027. -1 $ Al

195 m7 79197. -1 $ Au

196 m8 8016. -0.50086 $ Concrete(with ENDF-VI)

197 11023. -0.017197 12000. -0.002579 13027. -0.046002

198 14000. -0.316853 16000. -0.00129 19000. -0.019347

199 20000. -0.083405 26054. -0.000711 26056. -0.011454

200 26057. -0.000266 26058. -3.6e-005

201 m9 1001. -0.111915 $ Water

202 8016. -0.888085

203 m10 29000. -1 $ Cu

204 m11 1001. -0.148605 $ Paraffin

205 6012. -0.851395

206 m12 26054. -0.056988 $ Fe (with ENDF-VI)

207 26056. -0.918697 26057. -0.02141 26058. -0.002905

208 m13 5010. -0.0315707 $ BF3

209 9019. -0.840552 5011. -0.1278773

210 m14 1001. -0.143711 $ Polyethylene

211 6012. -0.856289

212 m15 77000. -1 $ Ir
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213 m16 72000. -1 $ Hf

214 m17 48000. -1 $ Cd

215 m18 82000. -1 $ Pb

216 c ------------------Importances---------------------

217 imp:n 1 40r 0 $ 1, 42

218 c -------------- Cut for neutrons ------------------

219 cut:n j 0.00000000001

220 c ----------------Source definition------------------

221 c

222 [...] sdef card from NeuSDesc

223 c

224 c ----------------------Tally------------------------

225 f4:n 33 34 35 36 37 38 39 40 $ Average neutron flux

226 e0 0.00000000001 &

227 0.0000000000110304 &

228 c

229 [...] energy binning from the ENDF/B-VII.1 library

230 c

231 c ---------------History cutoff------------------

232 nps 1000000000 $ Limiting how long MCNP runs

In the description of the complex materials, the spaces between the numbers do not corre-

spond to the real input file. Some spaces have been erased for better presentation of the

numbers.

Concerning the energy binning, the bins from the ENDF/B-VII.1 library [28] for the

197
Au(n,γ)

198
Au and

191
Ir(n,γ)

192
Ir reactions have been merged in order to create a binning

which covers the resonance region for both reactions.
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