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Abstract

The growing interest in applications involving high-energy neutrons (E>20 MeV)
requires high-quality experimental data on neutron-induced reactions. Examples are
dosimetry at commercial aircraft altitudes and in space [1], radiation treatment of cancer [2-4],
single-event effects in electronics [5,6], and energy production and transmutation of nuclear
waste [7,8]. For all these applications, a better understanding of neutron interactions is
essential for calculations of neutron transport and radiation effects. It should be emphasized
that for these applications, it is beyond reasonable efforts to provide complete data sets.
Instead, the nuclear data needed for a better understanding must come to a very large extent
from nuclear scattering and reaction model calculations, which all depend heavily on nuclear
models. These, in turn, are benchmarked by experimental nuclear reaction cross-section

data.

At the new Uppsala neutron beam facility, the available energy range of quasi
mono-energetic neutron beams is extended up to 175 MeV. The detector setup used in
MEDLEY consists of eight so-called telescopes mounted at different angles inside an
evacuated reaction chamber. Each of the telescopes consists of two fully depleted AE silicon
surface barrier detectors (SSBD) and a Csl(TI) crystal. In order to make measurements at this
higher neutron energy possible, some upgrades in the detector setup [9] compared to the
campaign at 96 MeV [10] were applied. Accordingly, the second AE detectors have been
replaced by 1000 zm thick SSBDs as well as the size of the crystals used as E detectors was
increased to a total length of 100 mm and a diameter of 50 mm. The AE -E technique is used
to identify the light ions, and cutoff energies as low as 2.5 MeV for protons and 4.0 MeV for
alpha particles are achieved. The data are normalised relative to elastic np scattering
measured in one of the telescopes at 20 degrees. Energy spectra have been measured at
eight laboratory angles from 20° to 160° in steps of 20°. Procedures for data taking and data
reduction are presented. Experimental Double-differential cross sections for light-ion (p, d
and o) production in oxygen induced by 175 MeV neutrons are compared to theoretical
reaction model calculations. Data analysis should be extended to tritons and 3He particles,
this requires calibration of CslI(TI) scintillators for these particles, new calculations of the

energy loss and thick target correction.

Keywords : double-differential cross sections, light-ion production, 175 MeV
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LN (conserved) LLﬂ:ﬂ'T?ﬁEnﬂ@]?%u@ﬁ'ﬂﬁ]ﬂﬂ@ﬂl%‘l@%ﬂqﬂﬂiad (channel) @l\‘iﬁ&lﬂ'ﬁﬁ 2.3

63 63
p+ ,Cu / »ZN+n

ZCu+n+p 2.3

64 Zn)

> 30
a+ gNi
asuaadlugd 2.3

(1) af+6°[\li (5) p+n+%3

) Ozn<
(2) p+%3 ﬂ [/\ n+n+%2Zn

(3) n-l-

Y QI = { a g v 1
3U7 2.3 mIsmudvasiiieioadsznaufiontanfiaduldnaiuges (channel)
WAINUNIEAU E, (excitation energy) vasiiiadsaLlsznay fd1ead
!
E. = E,+E 2.3
o E, Aa wasswdainiien (Binding energy)

E. @@ available energy (ugadIuuaInaUIaiv0IaRnIANIZU



= ' @ LI
‘IiGLﬂ%vLﬂ@l’]ﬂJﬁllﬂ’li 2.3 ﬂa’]’)ﬁa akm’]ﬂﬂixquW’]WﬂN’m%aﬁu’] E; LL@I%ﬂigiﬂﬁﬁ:

Al e oo M LA o 499

PFvnugasInaey (—=—) swnmdsnasidunwasiuasives CM delgselomt
a+ X

ludfisendiaadesldle

ed a X o

Unseniieduiniiaduauuuudnaasuesiiaisalsznoy azaadnldan

a

4 ¥
Fawluaat

1. iw:maamimﬁauﬁmmagmﬂﬁ@mm:ﬂuﬁaLﬂﬁﬂmm ﬁauﬁfﬂzgﬂ@@ﬂﬁuﬂ%a
n3zid908n [U9AT58NIY 108FIIARY (mean free path) | Huwadasnidudigudnang

P a .
PIMARLRLUININ g

2. waswNIzdudadtasnindwas (A-1)S o s Junssnuuenaa(Separation
energy) 284ha88a% 011
S, = Neutron separation energy
= B(ZAXN)_ B(A?XN)
= [m(AElXN)_m(;XN)"' mn}:z

S, = Proton separation energy
= B(;XN)_ B(A;XN)
= [m(*2x,) - m(2x ) + mCH) k2

2.3 Upnsenaed 85laas9 (Direct nuclear reaction)

wupdaasduedsadszneugninllfasnonammenasl fisinfaadole
nanuTha LwiLﬁaagmam:quﬁwé’ammﬁlugﬁu WUINNARAUINVBILUNTEIUANG
sanlUnfiueduatszney  lasmuAaufAseudunszoaunsln ASend UFAsm
funduslanass niasuasisulauass (Direct interaction) Taadnalnfidrsean’ly Aaauna
m:quﬁwé’umﬁ%mﬁuﬁaﬂﬁaaumaaﬁaLﬂﬁmal,ﬂﬂl,ﬁﬂavlajﬁ@l”a FIRIULIR8 V8IS
Lﬁ@ﬂ,ﬁﬁ‘%mﬁﬂwmzﬁ Lﬂum:mumiLﬁ@ﬂg’jﬁ’%mmgumaulﬁm lagliifiasnizszninenany

cduiefeatsznaunan)

a

anwaiauvaslfisonlasasidach

[ '
ada o o a

1. mszmﬁwaaag;mmnm:wuﬁﬁwmmm:ﬁﬁw%%é’u AIUUNWAINUFI N3

\WaUfAsenlasasslaiiia resonance NTaLaN



2.a1§,nmﬁﬁ§@aanmiumn‘iﬁa:ﬁwé’amugamnn’hﬁtﬂumtﬁmaaﬁumﬁﬂa

Uyznay

s a s é’ 1 a { s
3. ﬂ’]ﬂ(ﬂ(ﬂ?ﬂ?dLTGQEW%E%%@%JT]UVWW]’N“HGGa‘%ﬂ’]ﬂﬁ‘ﬁ@lﬂaaﬂ&ﬂ uazdlanwmidn

Uﬂ@Iuﬁﬂﬂwa@wwawnWﬂnizqu (forward peak) @”auamlugﬂﬁ

nalnmstialisenlagasswunisusn nmadsdanesawtnlafniosih uas

Wasnndunesenduminuaieningdydsaeuiaziinsauatinemain g (B.E. = 2.2 MeV)
A A A o A ~ A A € o A @ A a
WWalnRauNTNWINARER  wI9llARIa bl UsaaunasinaTaukanaanaInnk  HIAR
- - % ‘é ‘:I 1 = U 1 =Y = dl dl 1 v = 09: aaa dl =) l&/
saumladmibf iignivlagnuiinefvaaziafendidaluld dsmuljisinfifadueaas
A ' PPN o . . .
1o (d,p) %30 (d,n) ‘Ij\‘ll,%ﬂﬂ’nﬂgﬂ‘m’]l,wﬂ@l’s (stripping reaction)
nnnainmafiedjfifondiedoilasannu  Weaymanszguanniznuiuiizes
A 1 o Aa a & o a { | a A A A
fnedsan aummma:mmunumﬂﬁaauﬁaanmmaammﬁﬂa Tasirnfaanlnys
§ ' o & ' o a &£ ' v A
nmﬁmﬂwﬁwammumuumsmﬂIauImuumummm:mnagmam:qunumaﬁaau
Aa . & ' A A A % A A Aaaa o A
i dwdiindeanluuinounudwlulifdulunmafadfisen  @udunsdives
Ujiseninedsalsznauun dredoanluunuamuluidiulunislondronssonudis) suas
ASUNNAAUSI MR TR TIITz oz B % 1HaINNIDBaTLaauAAINN mi,mﬂﬁagju%nmﬁa
Lﬁamuﬂ”ul,l,é?wm@@aaﬂuﬂ@slvl,&il,ﬁ@ﬁal,ﬂﬁuaﬂs:nau

Unsenfiaedoslasass § 4 Uszan fe

1. minszidsuuvlifiangu (inelastic scattering) Aaaumanizguuaziinfaaud
Uaaddesnndjisenituafoiindeuns uifuefoaihldagluamusnzdu leud (p.p")
%38 (o,0) LOuan

2. Yfjiseniiaatanri (knockout reaction) fa Hiradssudulaaldonandfisen
fadoT (@ 3 aumaluamuzgarie) leud (p.n) w3a (dp) idudn

3. UfjiTeuene (transfer or stripping reaction) Aia ifadaan 1 w3 2 Aapnildun
fhmnnagm@mzqu"iﬂg&ﬁamﬁmmm wu dnesawddswldiduldsaaunsefiinsounas
e Asen leun (d,p), (d,n) %38 (o,p) tluau

4. YJA3u19067 (pick-up reaction) Aatdunsthasanudy driiinfaan 1 w3o 2 67
anivldanituadssihlasayaanszau wiu ldsaeuniatihasewddouliidudinesen

wastiadfizen laun (p,d) n3e (p,o) tuen



COMPOUND
FORMATION
a A C b B
TIME 1 TIME 2 TIME 3
|
@ l DIRECT
STRIPPING
a A | g b
TIME 4 TIME 2
| /
| #
O— ——
| KNOCK-0UT
TIME { | TIME 2

3N 24 nalnuazaifiedjisonesmaiedjisofaedoilosess isuniy

a aaa a a 6
inadnIeniaiesdseney

24 ﬂ’lsl,l,%ﬂl,l,iml,%daglu (angular distributions)

mMIkanuandsfingsnudn glumafedjisofieiofzniiinefvahn
A Ko L7 SR 4 A
apmenizan  onfiaduld 3 sUuuy  NaRTuedAuwsINUveeyMANIZaL DIl

v

a o
JNURSLDYU NI

nld' =1 s cI) a aaa a = 6

luﬂimﬂakl,mﬂﬂizquwwma’mm manadisenitiaisiaziduiuy  compound

nucleus reaction ﬁaLﬁaagl,mﬂm:qum”ﬂﬂﬁﬁé"umﬁ%mﬁ'uﬁamﬁﬂa LLﬁagﬂﬁamﬁmﬁ'ﬂf
A \ o v a A <&

(capture) sﬁaagmﬂmzqmzmslmwaamusl,%ﬂumaﬁaauluuaLﬂﬁma NIBUMANITFUUAL
= = lﬂl s = £2 ~ a Qs aa Q a a Qs lﬂl 1 ﬁi 1
fanfaaun lasunasnuanuar nazliifinauasisennuinefsanaidudsliizes g aunin
wé’amuﬁvl,@”%'umﬁ'mummmmﬂ"l,ﬂﬂvaﬁ'dﬁamﬁmwm:ﬁ'dﬁaLﬂﬁﬂmﬁ%jma:am]'aﬁ

(statistical equilibrium ) nangLdn compound nucleus luan e excited state wadaNUUILd



> v IA Q 1 a aaa a '
NNIRAYA7 (decay) fngmaaanm Feanwmziduzasmaialfisonfinefosuuui a:d

miﬂa@ﬂa'asla‘tgl,mﬂlué'ﬂwm:mmanLL'«NLL‘U‘U isotropic distribution @‘i’ummlugﬂﬁ 2.5 (A)

Iunirﬁﬁagmﬂm:quﬁwé’amuqa matfedfisenfiaadosasiduiuy  direct
reaction ﬁaLﬁaaqmamzqmﬁﬂéTumﬁ%meuﬁ’sLﬂ&'ﬂauﬁ’s fndsaliausnivayna
nazguen 1ilel u,a:agmam:qmaw:mﬁmﬁﬁ (induce) lithiaRssadantdasaynia
28NN Sﬁ\‘l%ﬁﬁ'ﬂiﬂm:ﬂ’lil,lﬁml,l,%LL‘.ULI forward-peaked angular distributions é'\‘lLLﬁmlugﬂﬁ
25 (D)

Compound Pre-equilibrium Direct

MSC MSD

— Fy Eou —

«— reaction time

C

d’o/dQdE
d’6/dQJE
d’s/dQdE
d*o/dQdE

Angle Angle Angle Angle

3UN 2.5 MIWINUANTINNUNWAIN A glumafiadfisonfnefasuuuaisg

A A A @ A aaa P a &
Tunsdinagnanszguinasinulunag maiadiseniefssasdunuy
pre-equilibrium  reaction  AalfaaypmenzguinawaIIEINURNARIY LALLM

o v A a A a a A o A Ao A
wasnwlinuiafeanmeluiinafomies 1 vl 2 @1 Sslanwaemaiaduuuy
. . . 1 Iﬂ . o ‘al l&/ a o Q
particle-hole pairs 138 exciton W@ luaaAzTILAa exciton IIWIUAVNNTY waziiLadeamNad
zhgnazaugati a19i exciton UIEINANAINUININENIzRganilaantan dsuaadlu
A Aaa A A ¢d a X Aa a o o @ & a |
U 26 Uffsniedsinfedulwineniiefsadsadhgnnizangad Foni

P . Y , oa A A
pre-equillibrium reaction Fagauudladnidu 2 ofia fe



>0 el emission
L

emission
o
®
_______ E. e E e E
F F
— O — (@] ol —
~—— S — *-_erL
1pOh 2plh 3p2h
® p: particle O h: hole

A a Aaaa a A & e ) A A
3UN 2.6 maiadfisenindesaziduuny pre-equilibrium reaction Aatiloayna
LAROUAIATHNNURILARLE Lazinamwasnwlinuiiasaawmuluiiefusings 1 nio

2 @1 delianwuensiiaiduuuy particle-hole pairs %38 exciton

. . 4 a . 9

N. Multistep compound reaction mammsﬂa@ﬂaasagmaluanwmzmnmnLm

LUY ®NAAII0VYN 90 89¢N (angular distributions symmetric about 900) a9 LLﬁmlugﬂﬁ 25
- A ' A ' P a Aca A a ¢

(B) LL@]‘W&N’]WUSGa‘t‘#ﬂﬂﬂ‘ﬂgﬂﬂﬂ@ﬂﬂaEIﬁ]:iNﬂ’]E;Jldﬂ’]’]ﬂinm’ﬁm(ﬂﬂgﬂiil’]u'!LﬂﬂUiLL'IJ?LI

compound reaction

9. Multistep direction reaction G‘Eaa:ﬁmiﬂa@ﬂa'aﬂakl,mﬂsl,uﬁ'ﬂwmzmnmﬂLm
wuforward-peaked angular distributions @uaaslugUf 2.5 (C) udzudsHUALNIINUDEI
A ! a
aynangnuaalsauuuunuy

2.5 LUUINADILBILEY (Optical Model)

lungujresianfoadsznoviu Snssuy@iideaymaanniznunufiaefoauas
muﬁ'mhvl,ﬂil,uﬁuﬂﬁﬂaI@mf’lumi@@ﬂﬁu (31) aunMAnannIENUNIBUG uazazlanldan

mql,mﬂaaﬂméhUwé'omuﬂ”\mmﬁ'um:mu MIaanseIvasinfuaUIznay

SIBULUINADILTILRS awafhﬁaLﬂﬁﬂaLﬂu’Y@quﬂiaLLm (translucent) NUARY
(aunA) AannIzNU mu’lmyjﬁﬂﬂaﬁmﬂﬂﬁﬂgmm‘iﬂﬁm:ﬁa (LLa:Q@ﬂﬁu) 18I0%NIA

° ¥ . [ A a & o o A w . §
AMNLUUTIR9H Frualin1InszidsfedwnudngLTeTan (complex potential) U(r) Tagn
U(r)=V(r)+iw(r)

[ o X o o | a do.9 9

WInTuped V waz W iduangndunuszoznsanysad las V) duainasenyialai
Lﬁ@mim:ﬁumuﬁ@mju s’f?aaﬁmmshwnaamnﬁ@é’umﬁ%m‘umﬁaLﬂﬁmmmﬁ'uagmﬂﬁ
annieny waz W) usuinanwidusinguainiganan (31) apmenannszny

v

o ' ' o ¢ o ed A Ao o A
QD8 TW @ng U(r) Lﬂuﬂquﬂﬂﬂﬁlﬂﬂ&l&l WUINBIUSAIU



ur)y=-v,—-iwW, , r<R
=0 , >R

2m(E +V, +iW,)
hz

o A 4 - a a . ek 4
sl%ﬂauﬂmmaaaﬂmﬂu’maﬂaaglugﬂ— wWadvay k =
r

%aLﬁuvlﬂmuLLmﬂJaammﬁaum?ﬂiﬁaLUB?ﬁﬁﬁ'ﬂﬂugﬂi{ Tooiaunan k
ndwaniEetan fia k = k. + ik 1o k 1Tud 1259082 ik, LORFIRTHANIW AUEAL

frasiivniusadaasionass (Uszanm 3 fm) daes W = 10 MeV  uazlunsdl

'l Lfiamig@ﬂﬁuﬁmﬁayﬂiﬁmsmzlf'ﬁdLmuﬁﬂmju ansadszanmladn V] = 40 MeV

wae |W| = 10 MeV

S3nazvinId I slas I TiuUdaa L EILEy FILTANLARIYIN Ao NITLRanan
o € a‘n L A s faﬂ A a [ a?
YpIANE ﬂuﬂwslfﬁmﬂﬂammﬂﬁamaﬂu I@ﬂugmmumu

k

I

/2m(E+V0)+M 2m 1
n’ 2 \ 1 (E+V,)

ANENLTEWITIUULLI809TW (shell model) NlTUTzANTL 40 MeV UALATWAINYG
maaagmﬂmﬂm:ﬂuﬁww E = 10 MeV uwaz3zty d NYnlianudiuanasaiodasn 1/e

v ada d'

(AssaINUANBaTzIalfy) davinu

g-t_ L1 [P(E+V)
2k, W, 2m

yzesivinnusafivasiedos (Uszanm 3 fm) dwas W = 10 MeV  uazlunsdl
il ilaniganduddiasndinmanszidsuvudendu sansndszanalddn [v] = 40 Mev

uaz [W| = 10 MeV

SNz Id I w mlas lTUUUIN8 0 TILRY RILINNATAaIVN Aa MILRaNaNL A
o ¢ Aa
g N

YBIAN uﬂﬂ"ﬁmﬂﬁwquﬁ'ﬂﬁﬁmﬁw Imﬁgﬂuuuﬁdﬁ
VO
ViN=-—r
l+e @

AAIaIzes Vo , R uaz a wu Uitlilddzasmadwinasinudayanldainns
a 1 =) a g 1 v ci' [
NARBITBININITY §IuvINIganau W(r) wfiduandriniean ldlasamzinasnu
o o A o a ' A A a A v P a Ao I o
@ mwnannInanuaanid nanada dnfeaunagduluvasiiaios @ winduuda)
=* i @ a a gf A vl v A a A A& a “ y a8
Fldmusniviinieau (eyna) fannaznuinldan sniiunuTomuiagedl valence” &

a 12 @ v
aﬂaaauagﬁmwa%mﬂ‘l@



dauﬁwé’amuqa ﬁaﬂﬁaauﬁnmmﬂuﬁaLﬂﬁ'ﬂm:ﬁmuslumﬁumql,mﬂ@]ﬂmzﬂu
1 Faviliwarion W(r) Sanwazaaranwnunsnas V(r) dndnlsluiuusiaaadauasazifa
WINVDIOUAINTENTZHIN9lAaTuaza Tt lUde JnarinldinasaaasIusiIiIved

a a : \ a = a e @ 4o
WILARYR LW‘S’]zﬂ’]ﬂ’J']QJﬁu']LLuuﬁﬁWlladu’lﬂaaau‘ﬂE]%J@]’]ulu’ﬂt%&l@vtﬂ (’ﬂUﬂﬂuﬁJJ(ﬂ)
k' dl

~ o = = @ A ea A o & o @ @
waniniieymeanniznudlszg  Aezdeaduwadiiisinugaenfidnludas el
o A o v = 'y A Y a A A v A
dndngndasud Amusauiaumaslauseild laofitaulsvevwanszuznar= R (3ai
2830 a0a) LAz lafNaUIA28IN1INTZLAY (scattering amplitude) LE9Fan | WiNatSouisy

ALAIAAAAINNNIG LGAINAIINAAD I ﬂ"@LLaqugﬂﬁ
2.6 TALYS

TALYS 1.2 (Version: December 21, 2009) Copyright (C) 2009 Img&f uevilaznaveie
AJ. Koning, S. Hilaire and M.C. Duijvestijn [13] ulisunsuaaufinaasilddwiunms
’“ami']zﬁlm:ﬁﬁmmJﬁﬁ%mﬁ'smﬁﬁﬁlﬁmﬁaaﬁuﬁ’msau, Waaw, ldsaau, @navan,
lasnan, He-3 wazaann z%m%’um@;ﬁﬁmmmaéﬁmi 12 4wy U 9na I NaINe 1 keV

Aud4 200 MeV %38 AdudT9 unresolved resonance lUandiy intermediate energies
amaut@an lives TALYS fiaada’ldil

- In general, an exact implementation of many of the latest nuclear models for direct,

compound, pre-equilibrium and fission reactions.

- A continuous, smooth description of reaction mechanisms over a wide energy range

(0.001- 200 MeV) and mass number range (12 < A < 339).

- Completely integrated optical model and coupled-channels calculations by the

ECIS-06 code [22].

- Incorporation of recent optical model parameterisations for many nuclei, both

phenomenological (optionally including dispersion relations) and microscopical.

- Total and partial cross sections, energy spectra, angular distributions,

double-differential spectra and recoils.
- Discrete and continuum photon production cross sections.

- Excitation functions for residual nuclide production, including isomeric cross

sections.

- An exact modeling of exclusive channel cross sections, e.g. (n; 2np), spectra, and

recoils.



- Automatic reference to nuclear structure parameters as masses, discrete levels,
resonances, level density parameters [23], deformation parameters, fission barrier and

gamma-ray parameters, generally from the IAEA Reference Input Parameter Library [24].

- Various width fluctuation models for binary compound reactions and, at higher

energies, multiple Hauser-Feshbach emission until all reaction channels are closed.
- Various phenomenological and microscopic level density models.

- Various fission models to predict cross sections and fission fragment and product

yields.

- Models for pre-equilibrium reactions, and multiple pre-equilibrium reactions up to

any order.
- Astrophysical reaction rates using Maxwellian averaging.

- Option to start with an excitation energy distribution instead of a projectile-target
combination, helpful for coupling TALYS with intranuclear cascade codes or fission fragment

studies.

- Use of systematics if an adequate theory for a particular reaction mechanism is not
yet available or implemented, or simply as a predictive alternative for more physical nuclear

models.

- Automatic generation of nuclear data in ENDF-6 format (not included in the free

release).

- Automatic optimization to experimental data and generation of covariance data (not

included in the free release).
- A transparent source program.
- Input/output communication that is easy to use and understand.
- An extensive user manual.
- A large collection of sample cases.
2.7 TALYS input file

dasnnllsunwaeniauaas  TALYS  anasnuuuldldnuldazaindmiugly
(friendly user) uudgndnnuimatandiandosiieadesdu Asunaaldaule lag input

file 984 TALYS Usznay (WWUNEUNFA L1A89 4 UTI1A) G218



projectile n  (a4N1ANIEFW)
A a o
element Fe (Wafagiih)
mass 56 (lavN2aTasdafeaLLn)
energy 14. (Wé’da’lumadagmﬂm:qu)

wddniuglsndanudoinyimininyfmdsimsldauandoaninua il

dla onelaend Input file éw%’umiﬁwmmmmameﬁﬂﬁ'maamnﬁ@mﬁmmmﬁﬂs:g

U

ldur lusaou, Gunaseu, lasnau, He-3 uazaumeadav lasnawiisidiniinten
WRIW 175 awdianasanliarinuaandian 46t

outbasic y
sysreactionpdtha
projectile n

mass 16

element o

energy 175.

#

# simple (binary) cm to lab
#

channelenergy n

#

# full cm to lab with recoils

labddx y

recoil y

#
outpreequilibrium y
ddxmode 2
spherical y

elwidth 1.0
outangle y

#

# Parameters

Kph 17.

Esurf 12.
M2constant 0.6
#

# output

filespectrumnpdtha



fileddxa n 10.
fileddxa n 20.
fileddxa n 30.
fileddxa n 40.
fileddxa n 50.
fileddxa n 60.
fileddxa n 70.
fileddxa n 80.
fileddxa n 90.
fileddxa n 100.
fileddxa n 110.
fileddxa n 120.
fileddxa n 130.
fileddxa n 140.
fileddxa n 150.
fileddxa n 160.
fileddxa n 170.
fileddxa n 180.
fileddxa p 10.
fileddxa p 20.
fileddxa p 30.
fileddxa p 40.
fileddxa p 50.
fileddxa p 60.
fileddxa p 70.
fileddxa p 80.
fileddxa p 90.
fileddxa p 100.
fileddxa p 110.
fileddxa p 120.
fileddxa p 130.
fileddxa p 140.
fileddxa p 150.
fileddxa p 160.
fileddxa p 170.
fileddxa p 180.
fileddxa d 10.
fileddxa d 20.
fileddxa d 30.
fileddxa d 40.
fileddxa d 50.
fileddxa d 60.
fileddxa d 70.
fileddxa d 80.
fileddxa d 90.
fileddxa d 100.



fileddxa d 110.
fileddxa d 120.
fileddxa d 130.
fileddxa d 140.
fileddxa d 150.
fileddxa d 160.
fileddxa d 170.
fileddxa d 180.
fileddxa t 10.
fileddxa t 20.
fileddxa t 30.
fileddxa t 40.
fileddxa t 50.
fileddxa t 60.
fileddxa t 70.
fileddxa t 80.
fileddxa t 90.
fileddxa t 100.
fileddxa t 110.
fileddxa t 120.
fileddxa t 130.
fileddxa t 140.
fileddxa t 150.
fileddxa t 160.
fileddxa t 170.
fileddxa t 180.
fileddxa h 10.
fileddxa h 20.
fileddxa h 30.
fileddxa h 40.
fileddxa h 50.
fileddxa h 60.
fileddxa h 70.
fileddxa h 80.
fileddxa h 90.
fileddxa h 100.
fileddxa h 110.
fileddxa h 120.
fileddxa h 130.
fileddxa h 140.
fileddxa h 150.
fileddxa h 160.
fileddxa h 170.
fileddxa h 180.
fileddxa a 10.
fileddxa a 20.



fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa
fileddxa

a 30.
a 40.
a 50.
a 60.
a70.
a 80.
a 90.

a 100.
a 110.
a 120.
a 130.
a 140.
a 150.
a 160.
a 170.
a 180.

UNBRINIYIN9 U89 TALYS LLﬂ@]dI%gﬂﬁ

TALYS
Optical Maodel:
* Phenomenology
Input: local / global
* Keywords, eg:

projectile n
element fe
mass 56

energy 14.

Optional loops
* Incident
energies

* Natural
isotopes

Nucl. Structure:
* Abundancies

* Discrete levels

* Deformations

* Masses

* Level density par.
* Resonance par.

* Fission barrier par.
* Thermal X8

* Microscopic LD

* Prescission shapes

Direct reaction:
* Spherical OM
*DWBA

* Rotational CC

# Vibrational CC

# Giant resonances
* Weak—coupling

* p—h LI} phenom.

* Kalbach systematics

Preequilibrinm:
* Exciton model
— 2—component

— surface effects

— angular distribution
— clusier emission
# y—ray emission

Output:

*File "output
defined by
keywords

*Dedicated
files with
spectra, ...

A

4

v

Compound:
* Width fluctuations
— Moldauer
— GOE triple inkegr.
— HRTW
* Hauser—Feshbach
* Fission competition
— isotopic yields
* ¥ —ray emission

* OC+ Ignatyuk

Multiple emission:

* Exciton (any order)

* Hauser—Feshbach

* Fission competition
— isotopic yields

* ¥ —ray cascade

* All flux depleted

* Exclusive channels

* Recoils

ENDEF:
* transport libs
# activation libs
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2.7 TALYS Optical Model Potential (OMP) parameterisations

o o ° 4 % . & ' { W v X 2
FMILMIEIMALIND Optical Model % 1ugwdslaldidouiulanamzy
' ' S { & ' A
udd TALYS udianldsunsuaandiaiaasinisonin ECIS [22] adSouadawdulysunsy
Aa @ ' o ' ' A ' a o ' a % .
waspundonlonuunivans  lasshanl@idusiunigudsiny  udezSonld Optical
Model Potential (OMP) parameterisation fiiuasanizeiueiied [24] aauaasluansif 2.1

#1%TU neutron global OMP W&z @13197 2.281%3L proton global OMP

] =50.30 + 21.0(N — Z)/A — 0.0244 MeV
vh = 0007067 + 4.23.10-94 MeV 1!
= 172000°F + 1.136.10 %4 MeV 2
A MeV 3
wi = 14667 + 0.0006204 Me¥
wh  =wd MeV
s =160+ 16.0(N — Z)/A MeV
a5 =d3 MeV !
&£ =dz MeV
by =1l MeV
Ve = na MeV !
u'f.:ll = u':u] MeV
why =uly MeV
EE® =—RA075 + 0.01378.4 MeV
Vo =173Z2A4 Y3 MeV

@137197 2.1 ¢ Potential depth parameters and Fermi energy &I neutron global

OMP
07 =500 — 91.0(N — Z)/A — 0.024A MeV
= 0007228 — 1.48.10°° 4 MeV !
v = 10041075 —2.0.10-5A MeV -2
W =700 MeV 3
w? = 12.195 + 0.0167A MeV
wd  =73.55 + 0.07954 MeV
dr =160 - 16.0(N — Z)/A MeV
dz = 0.0180 + 0.003802/(1 + exp[(A — 156.)/8.)] MeV !
=115 MeV
ph, = 5.922 4 0.00304 MeV
v, =0.0040 MeV !
wh, =-31 MeV
wi, =160, MeV
E} = —11.2514 + 0.026464 MeV

@N319N 2.2 @" Potential depth parameters and Fermi energy fRIU proton global
OMP



2.8 TALYS output
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3.1 TSL Neutron facility

#89UJU@n3 The (Theodor) Svedberg (TSL) @9agii Uppsala University Lija4

Uppsala Ussinasiian lauadeaa eaainansdnaaidniaea W Theodor Svedberg
A v o a

(2427-2514) Gadug lasuneialwuasmandziad (2505)

lull 2488 Gustaf Wemer Corporation ldu3naliuiNaaininIadisennIALLL

d'd 1 a qq: A L L% =3 ™~ % ,2’

synchro-cyclotronfiiuwialngjann (lumibiu) Sadanaldaunauislagtini

Aanssunanlumsliiiandvvas TSL femsthiasnslsanziSidiosidldsaau s
ansssanitiasauniazlsaauluidsnmsmdins wanningiaansaldnunsisenie
a < A& ° o a A £y o . X & av A
’J"mmi“ﬂuwugﬂuaﬂ%*suiﬂﬁﬂﬁﬂLﬂf;l’J“IJa\‘mLI Uppsala University NundldsunIniaod
ledsunuanannwglal (EV)

- ' v & A ! o [

Neutron facility ursusnas19sduil TSL luzrvaed 2523 wazldnuuraunszned

% Qq: 1 U v l&/ v 1 {
2546 %asa iU Neutron beam line lwaildnnailuuazudnaialuddann (18] (3Un 3.1)

A A fa o 4 4 _ e
lasmunsanaafinasaundnas91uiaae (quasi-monoenergetic) A3lLaUTEaN 22 MeV 14
Aaa 7 7 § o & '

175 MeV 91nUfji3en Li' (p,n) Be lawldlisnauninasonuasudlszanm 25 MeV @19 180

MeV 91niadadlolanason auaadlua1snen 3.1 uazgun 3.2

317 3.1 "MW@ Neutron beam line vy wsqgSalud 2547



Incident proton "Li target Average energy of Neutrons in the
energy (MeV)  thickness (mm) peak neutrons (MeV) high-energy peak(%)

24.68+ 0.04 2 21.8 ~ b0
49.5+ 0.2 4 10 39
97.9+ 0.3 8.5 94.7 41
147.4+ 0.6 23.5 142.7 35 (upper limit)
179.3+ 0.8 23.5 174.9 39

4 A a { [ = { . . < q
13797 3.1 MINAARIATOUNTNAIIWNILAL (quasi-monoenergetic) AILALTZITL 22 MeV
ana 7 7 { o & '
fl9 175 MeV 9nU§i5e Li' (p,n) Be lasltlusnanninassuasuadszanm 25 MeV s 180

MeV a1nLa3ad lolaansan

025{|21.8MeV | = a1 {|46.5MeV gD -
0.20- ]
0.15 J
i 0.10 R
Q
=
— 0.05/ .
3
< 2
c . S '
3 0 0 10 20 30 40 50
S 94.7 MeV c 1427 Mev | ,d
7]
© 0.15 ] ]
=
©
[«})
o
0.10- ] ]
0.05- ] ]
0 20 40 60 80 100 0 50 100 150
Neutron energy (MeV)



gﬂﬁ' 3.2 munasuvasiinraniiinaseuiaae, (quasi-monoenergetic) sandtlszanns 22
MeV 119 143 MeV 9 Asen Li'(p.n) Be Lo o5 T1smoufidnasnuauaUszan s 25 MeV i
148 MeV 9na3aslolaaason

mMInasadiadATasTaTIIaINIAReRMNAILNTLY ldsaau  Gnateu
uazearh lagmamitoadsfinaseunasinu 175 sudiinaseularinueandaunsais
fasaufilflummassaduiiinsewnndffse Li'(p.n) Be laslflsnoudfinasnu 180
MeV ¥nliiwsacuioden (quasi-monoenergetic) fafiiwiniiansauiinassiuin 175
MeV Uszanmssasas 52.1 lagddduamssiuwnnasanudszunm 5-10 MeV uazdfinasan
WaS9MEN 38N neutron tail %&ﬁwai"ao’mawéi”ﬁﬁ]'mwﬁamuﬁﬂvlﬂwﬁaquﬁ antszanme

@ A { [ A { . .
poaz 47.9 MUNATNVIRINTORNANAINUNILALT (quasi-monoenergetic) 175 MeV 21N

U5 Li'(p.n) Be Tawldlusaaufiindianu 180 Mev LL&@]GSLHE‘]J‘?]I

0.030 T M L T T M L LI T T M T E|
Gaussian fit of high energy peak neutrons 3
aftar TOF cut ]
o B0=s before TOF cut = E
[ 1
E — Gaussian fit mean energy = 175.05 {+- 0.15) MaV¥ _
;:-f Gaussgian fit sigma = 9.05 (+- 0.24) MaV
E 0.01s F E
= b
[l b
= F
o onio | M E
q ]
Lk S ]
& 0.005 | - Tt E
. ol = :ﬂ im® 3
T gy T T i ]
0.4 8ot na0TT " e

0,000 b A, 1 e i L i § |
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: o - P 4 A ) )
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UFA% Li'(p,n) Be TaslHldsnauiidnasau 180 Mev Alflunmmanainiail
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¢ A Y o v aa < A o A A A & A A ' A
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o = { { A Aaa 7 7 L o
WRINUNIAYI 175 MeV Niiaanandisen Li (p,n) Be a:gﬂmmuvlﬂmamﬁmimaaa
fnsaw 8N i:uuﬁ'si‘mgn'ml,mﬁﬂi:ﬁ; MEDLEY  S:UUWIIANNINTLLIIINIGTOW
SCANDAL  1ilué I(ﬂﬂﬁmsaugﬂﬁﬂﬁlﬂuﬁﬂ@Ul‘*ﬁqmaaﬂaaﬁmmai{ﬁﬁﬁﬁaﬂmﬁﬂ oK)
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3.2 S2UUWIINOKBNALLNNLTEY MEDLEY

MEDLEY [9,10] dsznauwiriauuulninysail (telescope) $11I% 8 70 udazya
Usznaudiuwataansieaasnuuy Silicon Surface barrier wazsaiassisaussnuufidoale
Tolad (Csl) 1segfiyuianidandngg daud 20° aufls 160° moluggugimaniawe
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§ o o A o o
3U7 3.6 MwnezuuRIIneunalnfilizy MEDLEY Sauaain1inigaiiauuy
Inanssainiude Msagnyulanddaneisg asued 20° aufla 160° lasudsaanidusangs
Ao forward WAz backward  angles WiguAUAiaN1Iv0IiiiaTan wazihifATonqae

AUENANVBIGFTY I
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§ lé = v > = { 1 qq: 1
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Silicon Surface barrier TW1ALNIWALAW kazwiaantsaduasnuudigonlalalad (Csl) N
lilddemedyyim  lasudazgansaguusefimusadeuldidhlndwiavinglnasnih

Ufnsunnaeguinaasdgyyine

3.4 111738 (Reaction target)

swsuufAsondanonlasanlod(arand) Taneu lalasensuenwaietanu) uaz
asuanunstne) Meazduaineanuhlfisousasliluasen 3.2 uses lasudas
ot 2K v 2 I3 a Aa A aa v
DUIZDNUIIUATITAALEWLANINNNLNTOUB AL hETIdIe Nd9 200 Wy Uaz 812 140

= P ] v & o A Aa @ A 9 o
an lasflvwenlwgninduiguinanivasiiaseunidawaninniy 42.08 an e lald
nisvagdiiieldriifiaesen aagy 3.10(4e) udnvevegfiiitsuudazaunuazianue
wruldrhdavasdgrynime asgy 3.10 (177) dskmladesmyiaduasismvasiaseuny
uhle Adsuwyulinsevegiiiisuniiidhdundesmeiuliagludiesen uvausunyu

o A A o & A a Y ) o a ° o v A a o
lﬁﬂiauagmuﬂunnaumu%w@%mhuLll’lagsl,ummmau a’mwmi’amﬂagu%m

(background)
Fhaa Hwiin AUAU idwsguinag U
Lﬂﬁ'ﬂg‘jﬁ%m () (1m) (mm) fedosiih
SiO, 1.153 1000 22 1.1556E+22
Si 1.132 1000 22 2.4273E+22
CH, 2.293 5000 25 9.8443E+22
C 0.7176 500 22 3.5979E+22




@97 3.2 ugasnsazidsananuilhdfisondaneulasanlae(sio,) Sanawu(si)

lalasanSuau(CH,) wazasuaw(C) Nldlunmmaaas

dunisvadihifisondiedsunyunsevegfifianndidunidasnisliaglud
thaseuiu azgnialiazwivranthyfisenviaw 45° nufianmssesdifiiesen  (asguf
37)  WWaNANIZNUVAINMIFYLRINING I ULAzauNATeIau AUl g ludail
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3.5 29938IaNNIaRnduazsrULLI UL aya (Electronics and data acquisition)

slugﬂﬁ' 3.11 FYYIMIINUARZIII0 ﬂ”\ﬁ:q%aﬁm A, B uaz C SMIUNIATANO
faufinits (AE,) vaiadanausauiiaas (AE,) uasiriadifonlalalad () azpnuilsdan
charge-sensitive preamplifier usueneanidn 2 uwws fAe é’ryryﬂmwa”amu (E) uwae
SN (T)

SRS (E) 92002808 (Amplify) uazilsu3y (Shape) droavenuspIm
(Amplifier) 289U5¥N ORTEC ju Dual Spec Amp 855 udinnadsialledd 32 Channel
Multievent Peak Sensing ADC(Analog-to-Digital Convertor) Y9IUI¥N CAEN LﬁiaLﬂaﬂuﬁ]’m
FYAIUANUFINGT (Pulse height) uuvawdenliiudines lavszydu EA1, EB1 uaz
EC1 ﬁ%’mi"qu”n”mLLqummiﬂﬁﬂq@ﬁ' 1 laufls EAS, EB8 uaz EC8 fmiLganiiauuy
Immiﬂﬁ"q@ﬁ 8 ANEAL ﬂ”ﬁLLa@mlugﬂﬁ 3.11

RN (T) ﬁ]:gnmﬁw (Convert) luiflugnynnmasdnszuu NIM @28 Constant
Fraction Discriminator W11 Quad 31 934 284U38n ORTEC Waziw TC 455 183UTHN
Tennelec lanziidlu TA1 uaz TB1 ém%’umﬁﬁ'@LLqummﬁmﬁm‘ﬁ' 1 laudis TA8 uag
TBS ﬁ%m%“qu”ﬁ'@Lmuimmmﬁq@*ﬁ' 8 MURIOU ﬂ”@LL&@ﬂ%gﬂﬁ 3.12 ushdyNmMs 16



udadn 2 ;8 I@mmmnnazgna&a@iavlﬂzﬁ TDC(Time-to-Digital Convertor) LAatilu
5@@1mL’Jﬂ1§uq®(stop signal) I@Uﬁé'mutyﬁmnmﬁm”u(start signal) 311 Radio Frequency
RF)  vadlalaaasen awdsuanayuianauuuewdenldidudiaes  lasana
LANENIMNIIaTLe 158091 Time-Of-Flight (TOF) (Lﬁaamﬂlumaﬂﬁuﬁazﬁﬂm:aa (delay)
FyamIaSudu(start signal) 910 Radio Frequency (RF) 2adlwlaaasau sanluauun
%5&a1ﬂé‘tgty1mLaa1§uq@(stop signal)inn¥aia  Laaa busy time V895LLMTIA
dyanmaa 3ldidu Reversed TOF unu namnfe nldgundawitounianasnug
Lﬂﬁauﬁ%’ln'jﬁa%mﬂw&amm"ﬁ Gaassthunuenanduasg)

muawﬁaaw:gnm@iavlﬂﬂ‘a Logic FIFO (Fan In, Fan Out) e 191{lu Master gate
L‘ﬁ'aLﬁﬂﬁiwuLﬁuﬁagaﬁ'uﬁwmu (mm@;ﬁiﬁam:é’tytyﬂmnm (T) MNANIATANOURIAL

v A

I A a A 0 @ { a a ¢ <& o %
i (AE;) wazniadanausaunaes (AE,) arlaainis nIiansaasarasraidu Master
gate laghilalsviadigonlalalad () srwdie nidwuiwniadidoyleleled s
[ ~ ) WM V] @ b Aaa A ° A )

arvinaumeiidszgle udldldunannihdjisolasmamiisaiuesiieseu nadnng
' v o e oAaa & A = ' 2 o P
unnndmriadidoulaleladies  Wesnnflvwalngann Sadilemanazgnoulas
thasaunaguandinaseu M3undn neutron halo)

sruumafivtayaidunuuingnisaidaingnisal (event-by-event) lapdayansdu

o v o Aaa o o A A v o Aan o o A o o
WAINBUAzIANNNWIIaTAnauiauNniN (AE,) Riadanauinaunaad (AE,) uazwiia
A A & ' o o & & o o a @
figuwlelalad () luudazgairiauuulnimsreing 8 gawsaunuluanudon ludnwue
) o A 6 Aa ' A A ' v o Aaa o o A A& o o
AMuAUNasAS ASenin Nwple lasfiFauluin #iadanausaunnie (AE,) e
an o > d' > s & A uq/’ (> o o 6 né
Fanauiaunsas (AE,) mladwis wianizesdd luganriauunlnimssesigalaganii
manInainaymaidszald (Fundn 1 menial = 1 Master gate) AzaamaiuTaya
nnnnida  wilihlugewdaunulnimsesigaauazliddayaionn  lasdayavadudaz
m@;mitﬁﬁﬁlzgmﬁuL’%'mﬁ'm”unmriau%ﬁmmnmﬁ'*q@ﬁ'ﬁ'@LLqumm‘iﬂﬁm%ﬁ@agmﬂ
fldazald
[~ tZ =3 1l a % aaa a aa 6 €,

mufutayatudadunnemusfiavasihljiten end Fanaulasanlad(@iand)
Fanaw lalasansvau(Indiediu) uazasuauunalng) nunsldfinhujisenEeiniings)
lasfigaaindseunms 30:35:15:5:15 aUE1GL RadnnuAdnTzLIwmM ez vavalasld
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3.6 N3TUINNITILAIEKYBYA (Data analysis Procedure)

a 6 v a & o &
NITUIRNITILACAVBYRAL Lﬂuvlﬂ@nwu@aumu

n. N33 BUAVIaRNALLINLTLY (Particle identification)

v a 4 Qs L= & '
lavlfinafia AE+AE +£ Andunmigaifunssnuvasaymaiidszy Saazuanedng

AUANTHAVDI agmmmﬁﬂi:'ﬂq RRANNITIANRIITUY aaakl,mﬂﬁﬂ‘s:’gﬁfu RINNIDIA AN

A o

o~ A A o AdAa o o v a A Aa
WY (range) Tﬂ\?ﬂ'l;lvﬂ']ﬂl:llE]Lﬂaﬂu'ﬂw']u(ﬂ'lﬂa'm (lu‘ﬂuﬂa RIVAIIR) DIV BHUINATNFUNIT 3.1

R:Ejoz_—(ﬁ/—dB 3.1

a

Py A o 6 =) A o A A s

e E @B Wmmmaumaam;kmﬂuﬂi:fgﬂmmLﬂaauﬂiumﬂma
dE =«
dx

v ¢ a ' . A . A ' A

ANNLANIZLILNIN stopping power 38 Linear energy transfer (LET) fnoidu J/m wie

fo amwmsammuwaommadaumﬂuﬂswa Sl,m”m’mmamovlﬂlumﬂmd I@IEI&I

ERE ° .
MeVicm %38  keV/um @9ledanmsswiminangejauaunisnisundt Bethe-Bloch

formula e3¢ l1i

dE 47zk Z2e*Nz’ . 2m
™ [In( ) In(l- %) - p’] 32
X m,v?

o @ @ A P’ = o & < A v o Aa

wanmyiawasnuveassumMailszasiaiduanuin Tagm ldanlswrtaniainu

WWWBINDNITAYADUNATINANRINUGIFA 138N 11290 E 8nenadid mMIianadam
U ™ & Qs o aa {

2891U500% 1 4z 2 MeV 3130 MWIIaa13nIatLuLSanan Nla My 50 luasan
FUNDUYNAUNRDV091UT0auNTNaI9% 2 MeV 8wl Iaauninadinudginii 2 MeV Ao
Aa e A& o @ A ' a o A A o A o o . & \
IRFUNaHaI IeNUE19U KIana1BntuRIIAe Iﬂmaunﬂmmwmmumﬂfnmm 2 MeV

4 4 H o o A o o Aa { '
IV LHBLAREUNUAITAENINIITNRUUSANAY NTANURUT 50 vlwmam:mq@agmﬂu
WranwaNe  udlunsduanusniaziensslalaaass 9@9a1dunIIINMNNENIL
ninuafiagpmaidszadinealinumiia @agniFenin Waia E ) Iﬂm”@mm‘hmummﬁ
A & A v X A o o g o o Aa oA
aLaﬂmaulaa‘ngnaswwulummmmmsmmmuuumanau pupaNNInlallsaan 2
MeV LaRaufiknuiiinisfazinanaanasnu(raliifadwinuesgdiinasau-laayunnnin
Tilsaan 1 MeV

PINNAVBIRIIG  E ﬁaleimmim:q"ﬁﬁmadakl,mﬂﬁﬂi:?gﬁﬁwﬁ'amuwhﬁ'uvlei”
et ] e lﬂl 1 = Q 1 Qs % Y @ s A e o Aaa
gnN@a819 113001 ez aNNEIINAINWYINAL 2 MeV I T%IIasIAIa i uuLUEanan
ARANIUT 50 TuaTan fa:vl,sjmmsnuaﬂvl,@i”dnﬂuakkmﬂ@”ﬂ@ wa N vasllsnan 2 Mev

INININANFIVBIDAYININAINWYINAY  IHadnNIgaInIddvtnanaanasnw(naliiig



Fusesgdianatau-la)riniu amuisiududedldinafia AE +£ Galtiria 2 waia
(annflauniadssfianuild) lapwidadmiazdasfianunm g, wada AE) layma
a A 2 a ' o ' e o o o v a ~
wddszariiada gauninnfeuinzgriullle  duiiadimnasazdasiianunuwiiios

A v da o a ' o o o ad v @
Wa“ﬂ"ﬂz‘V\q@a%ﬂqﬂﬂjﬂwwadﬂf]ugﬁq@ L38NIT BIIA E (Lﬁwa%ﬂim‘ﬂﬂﬂq']sl,%mf]\j@]u)

WANMIVIN T YTRAUAZ TANA TN BINALR AE +E @8 Lﬁaagmﬂﬁﬂszﬁ;@m

A o A @ . @ A A . o @ . o v o & .
ThANUUATINAINUYIIMARaUNNZaIWAIIG AE tuNeana 9wl AE wwli
Wi 8nea8n9 1UI0a% Laza AW NTWAINWYINAY 12 MeV @ifml,ﬂﬁauﬁm@muﬁn”ﬂmﬁ

2 o o aa d ° o & : o oo o
MNAUULSANa® NUANURK 50 Vlm'iau mmuiﬂwauuu ﬁ]Zﬂ’]ﬂ‘ﬂa@]Wﬂ\N’]%sL%%’]’]@]

AE WWgd 0.5 LaaaNINaUaNaNaawaIwlnnd 8.5 MeV adniainanukanaidiasanansg

' o

a a a4 & o > AN @
it‘]_ql“liu@]“llE]Gﬂkl:ﬂ']ﬂLiJ’]SJﬂiZ"ﬂqY]Lﬂﬂa%ﬂ‘ﬂxﬂw’]u%’n@l AE VL@] (LL@IY]G%VLNN’]M'ISHSL"EL%W’R

q

'
A A v a

w176 AE Wasatnadedled I@ﬂmm:ﬂsmmaamsszqmumm:*ﬁ“@wéfomumaamgmﬂLmﬁ

A A [ oA A b o o A A A
Uszgnansliauazinaonainudaiia eaztreaudamlunenauns  Wadwnsiin
aUNAAUALTHA LRZENIWAIINY LANAUTNENaaNa 9wl AE innw faglaisuiim

v & & o (Y A o o A A v 7 as
LLUﬂLLU&VI,@@G%%?NQWL‘ﬂ%@]ﬂ\')&lﬁ’n@ E Lwam:t,mﬂzymlummu

ngy 3.12 wRnlaiunain AE+E mmsm:q%ﬁmLm:f@wéﬁmmaaa%mﬂLmﬁ
Uszgnansiiauazinaowainudaiia lagazuanaaniduuay (band) 284ldsaan, Gine

Jau, 1030w, He-3 Wazaan1 laat1ITaLan
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U7 3.12 n9wl 2 GArznieriaia A€ (Si1 luwwiunu x) Auwada £ (si2 Tuuwauns y)

ﬁm%“umﬁ:uqmﬁ@maaagl,mmmﬁﬂi:?g (Particle identification) ﬁluag’luﬁwwé’amu@‘h

& v A o

weat9lsAaINmana AE +E NHINTa3NalheLa9 A IWIAANNARIVBINIIA

@ A o @ a : a A . v oo A
AE am‘jumLLﬁ‘:‘ﬂm%u@waamuggaqmadaumﬂuﬂi:gu@mwu@m:gﬂ%q@aQlumm BN

q

a ' . a A ~ o o A v o A '
L3N0 cutoff energies (LﬂiﬂULaNauﬂfy%’]ma\jﬁjam E ﬂﬂa']'ﬂu”ln\i(ﬂu ‘ﬁ\?vluaflqu‘ﬂizl‘!

a = a = o " , X v ¥ e o a <3 o v
mu@f'uaoagmmﬂs:qﬂmwwaaa'mm’muvl,@) ‘mmumm%m’m AE ‘Y]ﬁu’l&l'mﬂ'ﬂz‘ﬂﬁlﬁﬂ’]

. A & < A -~ ' o o ' o o o
cutoff energies fiengeduldaunu Sadutlymlutranasnud udlunendunudilsnaia

AE 113 tWavhlidn cutoff energies Sndnannfigavinfazidwldld Aazludalwifedym

o

lumowé'dmuqm,mu nsmﬁas’jda‘q,mﬂﬁﬂszqﬁwé’omuqommﬁi%u Lﬁamﬁauﬁ'mqmu
¥ata AE faztnonaanasnuliiaia AE depanaluudin udrdndsinia AE unaasann
udlny  aunmaflalinainugeiaziianaanatanuiasas  awilduny  (band) 284
ldsaau, @unasen, lasnan ﬁu’%nmwé’amuqalﬂﬁ%@ﬁmumﬂﬁ%umLLU:"I,@T asazlid Lo

mﬂ;sﬂﬁ 3.13
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3U7 3.13 N7l 2 Fdszwineinia A€ (i1 Tuuwiunu x) nunaia E (Csl Tuuwinnu y) 49

linsszyrfiavaseymauniilszg (Particle identification) Nluaglugranaanugs

naanvasdymnnauldunainans fe 15vaia AE saia fe AE, uazAE, lasean
A & o A A o . A o ' o A o A A PR
Anitsazduainuie walwdn cutoff energies AAN6n suarfigasaziduadfinun walidn
éwmamsaﬁwLmnwé'amuﬁﬁluu‘%nmﬁwﬁ'&muga

a o

Qq// g6 Y > a Qs § ‘é y
lunmsnaassasiiltriadanausnaununits (AE,) NTanunwwI9)Nes 50 59 60
A oA . ° @
luasen Favinlwilen cutoff energies A Uszunms 2.0-2.4 MeV #wiuldsaau, 2.6-3.0 MeV

fwsudnesan uar 3.0-3.5 MeV dmsulasaon suiiadanausauiiaes (AE,) 1
ANURMILTzNNe 1000 luasan FNNUSALAN cutoff energies (13881332138N31 Punch
through energies Lﬁaaa’mawmaﬁﬂs:ﬂﬁmﬁauﬁmqmuﬁﬁ'@f?l,ﬂ) fo Uszunm 11.8-12.2
MeV §13ulisaan, 15.9-16.5 MeV §1%3UAIL1NETaM WAz 18.8-19.5 MeV §1131U basaan o

URAI AN TN 3.2



Protons  thickness ESy thickness ESiz 51y 4+ 513 AESy
Siy (pm) (MeV) Sip (pm) (MeV) (pem) (MelV)

T1 G4.9 2.394 1026 12,249 1090.9 0.442
T2 G5 2292 1018 12179 1078.5 0.414
T3 G3.9 237 1012 12.156  1075.9 0.438
T4 52.9 2.091 549 8.524 601.9 0473
T3 a4 1950 100& 12150 10584 0347
TG 50.1 1950 a62 11846 1121 .351
T7 61.7 2292 063 11.861 10247 0.431
TE 534 2041 1016 13228 10654 0.365

Deuterons  thickness ESy thickness  ESw 51y + 515 AESy
S (pm) (MeV) Sip (pm) (MeV) {(pm) (MeV)

T1 G4.9 3000 1026 16.497 10909 0.599
T2 G5 2933 1018 16.433  1078.5 0.560
T3 G3.9 3056 1012 16.321 1075.9 0.592
T4 52.9 2695 844 11.454 601.9 0.638
Ta a4 2.541 1006 16.322 10584 0.470
T 50.1 2,541 962 15.920 1M2.1 0.476
T7 61.7 29491 a3 15.907 10247 0.585
T8 ad.4 2695 1016 16,398 10694 0.496

Tritons thickness ESy thickness ESi; 51y 4+ 81, AESy
Siy (pm) (MeV) Sip (pm) (MeV) (pem) (MeV)

T1 G4.9 3494 1026 19475 1090.9 0.717
T2 G5 33492 1018 19.424 1078.5 0.670
T3 G3.9 34594 1012 19.386 10759 0. 708
T4 52.9 3083 549 13.517 601.9 0. 760
T3 a4 29492 100& 19.320 10384 0.561
TG a0.1 29492 a62 15.825 10121 0.56%
T7 61.7 3430 63 18793 10247 0.700
TE 534 3083 1016 19.398 106594 0.593

a v o an o o A A . o o A .
ANINN 3.2 UFAIAMUABIVBINIIADTANBUATIAUNAWY (Siy) LWRERIAUNTD (Siy)

WAAN cutoff energies MWIUNTALLLUTABYU, GINDIOU LAz tATADY ANNAIAL

o M o o o . & ' A a d
LL@Z‘V&RG%’]ﬂﬁVL@ﬁTNLL@z‘lJT]Jl]EG Neutron beam line °IJ‘1,LEL‘V‘|1] aummmwammmauﬁ

Iwaanugans 175 MeV 3adunguaniniudasdfowiniadanawiraungas (AE,) 1n
a Ada a A A Ao o o Aa A a
WuNdanunwAes 400 wia 500 lunsan TINEUMIAMTIUBNINRINWNALNEINNAY

wenuezLnUYadllIaan, Ganasan, tOINan ﬁu‘%nmwéfao'mgavlﬁl,wiﬂizmm 100 MeV
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wwataaswinny 1000 luasen ﬁaa:ﬁéﬂmamﬁhLmnwﬁhmuﬁui'smwﬁhmuga
13201 200 MeV laaLiguLyinL@ @”aa:Lﬁu"lﬁaﬁﬂgﬂﬁ 3.14
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gﬂﬁ' 3.14 n3 2 A@szni9nada AE (Si2 Tuuwiunu x ) AURIa E (Csl luusinn y )

éim%’umii:q“ﬂﬁmaaagmﬂLmﬁﬂszﬁ; (Particle identification) ﬁluagﬂumdwé’omuga

I Q S . -
2. NMIFDUNBUNAINWVDIaNAALUN1Tz9(Energy calibration)

saunmIseuisuwasnuvataymadtzauu  navilasnawSeudiunuae
° A, o ° o o A A a oA A A
MIM NN B (@IFUNT 3.2)  wILwaIUYeseunaiidzanguFolainiand
FuaaI(iiaudazdn)  luned Jisududisenmaliieuniindanuiuduaiuden
v a o & @ & . o
WEWANWAIUTUTIAZ 0.5 MeV lUIfandanugs 200 MeV anuudIwI wa 191481
° o ' o a o A a oA 2 A v o Aaa o v A & &
lhsnaudmnibudaznasnuindu Ngydndanienntiwiriadineudaunnis Gy
AMURWINULUO T é‘aﬁfmﬁam_lLwia::wé“aa'mmaaIﬂiﬁauﬁgtyLﬁﬂvlﬂ (AE,) aanannudaz
o A o = v @ A A ' A =9 o @ Y s A
waswdudu  Aeldwdsnuiivieay  Senlfidunasnududusesudazllnauiie
o [ A a oA a A o o Aaa o o A @ A '
AwmnwanwigyFsilaiedaunriwiiadineudauiaes (AE,) garsoilaauuda:

wasnuvadlsaeungudoll nMsesnm(AE+AE,) saninudaznaanwiudu fazle



wasuNzananaanInua intadsonlalalad  (E) (a3l dudasdiuaim
[ A a A A A v o oA A & & o o
wasnuigyindianfewiinwiriadidonlelelad dudusssauazeanu)

ARINBWNA U AUNTEIUI AR LA NDNATI LL@iLﬂﬁﬂuLﬂuagmﬂﬁamaiau, 1o

o

Aan, He-3 LazdanINANRINUSUAUAILAG ﬁ]uﬁawéﬁmuga 200 MeV ¢nua1au lay
wasiu Ag, 4, usr E ndwinldinitudazaiiavasenmeaiiizy Adnasnuiueiu

@Tomi@iwuﬁowé‘amugaLLam@”\nﬁuﬁLLmlugﬂﬁ 3.15 uay 3.16

miaa‘uLﬁsmwﬁ'amumaoagmmmﬁﬂi:qmiawﬁ@Lmzﬁ%mﬂwé'ammimﬁaaﬁfu
nevinldlasnsfAnuauvadllsaan, Gunasan, 103aan, He-3 wazoaWInULFwFLaILGaY

U =1 Qs v Y 1 U ™ Q v =1 ‘l/l:il
VW IATILA 8N I@zfl,'mLauﬂmaLma:Lmusﬁauﬂunumummalﬁ’l,ﬂaﬂq@

0 - |
AE, [MeV]

3UN 3.15 nnl 2 Fdvewineiada A€ ;Auviaia AE , S wiunssauiguna1nuses
aunALLNALIZ] (Energy calibration) filuagflutiandanue
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gﬂ‘ﬁ 3.16 N9 2 AATenI19%I0 AE ,NURIIA E §RIUNNIFaLLNLNAIN UV
auMALLNA13EY (Energy calibration) ﬁluayj’iumawé’amuga

A. NMIFDULNYULINIUALNITNNVAWBIATOUNAIIIWA (Time calibration and
low-energy neutron rejection) laglTinadia Time-of-Flight NaNABRYQIAIANTUAY
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Data on light-ion production in light nuclei such as carbon, nitrogen and oxygen are particularly
important in calculations of dose distributions in human tissue for radiation therapy at neutron
beams, and for dosimetry of high energy neutrons produced by high-energy cosmic radiation inter-
acting with nuclei (nitrogen and oxygen) in the atmosphere. When studying neutron dose effects,
special consideration on carbon and oxygen is needed since they are, by weight, the most abun-
dant elements in human tissue. The MEDLEY setup at The Svedberg Laboratory (TSL), Uppsala,
Sweden has been used to measure such data with double-differential cross sections (DDX) for the
(n,zp), (n, zd), (n, xt), (n,*He), and (n,a) reactions from C, O, Si, Ca, Fe, Pb, and U around 96
MeV.

At the new Uppsala neutron beam facility the available energy range of quasi mono-energetic
neutron beams is extended up to 175 MeV. The detector setup used in MEDLEY consists of eight
so-called telescopes mounted at different angles inside an evacuated reaction chamber. Each of the
telescopes consists of two fully depleted AE silicon surface barrier detectors (SSBD) and a CsI(T1)
crystal. In order to make measurements at this higher neutron energy possible some changes in
the detector setup compared to the campaign at 96 MeV were applied Accordingly, the second AFE
detectors have been replaced by 1000 pum thick SSBDs as well as the size of the crystals used as
E detectors was increased to a total length of 100 mm and a diameter of 50 mm. The AFE - E
technique is used to identify the light ions, and cutoff energies as low as 2.5 MeV for protons and
4.0 MeV for alpha particles are achieved. The data are normalised relative to elastic np scattering
measured in one of the telescopes at 20 degrees. Preliminary DDXs for oxygen are presented and

compared with theoretical calculations.

PACS numbers: 29.40.Mc, 13.85.Tp

Keywords: Double-differential cross sections, Light-ion production, 175 MeV

DOI: 10.3938/jkps.59.1979

I. INTRODUCTION

In personal dosimetry in aircraft and spacecraft, ra-
diation treatment of cancer, single-event effects in elec-
tronics, energy production and transmutation of spent
nuclear fuel, applications of neutrons with energies above
20 MeV are essential. Better results on direct reactions
models using such higher energies are obvious when com-
pared to the lower energies. This underlines the great
importance of 20 — 200 MeV region for new experimental
cross section data.

Data on neutron induced light-ion production in light
nuclei, such as carbon, nitrogen and oxygen, are of great
interest in calculation of dose distribution in human tis-
sue for radiation therapy with fast neutrons, as well as

*E-mail: udomrat@fnrf.science.cmu.ac.th

for dosimetry of high-energy neutrons produced by high
energy cosmic radiation interacting with nuclei (nitrogen
and oxygen) in the upper atmosphere. When studying
neutron dose effects in radiation therapy and at high
altitude, special consideration on carbon and oxygen is
needed due to their dominant elements (18% and 65%
by weight, respectively) in average human tissue. $%Og
is also a double magic nucleus.

A ‘complete’ set of experiments has been conducted
at The Svedberg Laboratory (TSL) in Uppsala in the
past few years to measure double-differential cross sec-
tions of the (n, px), (n,dx), (n,tr), (n,*Hex), and (n,ax)
reactions from light to heavy nuclide such as carbon [1],
oxygen [2], silicon [3], calcium [4], iron, lead and uranium
[5] around incident neutron energies of 96 MeV At first
changes are needed as the “old” neutron beam where
the neutron fluence above 100 MeV with cyclotron op-
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Fig. 1. The MEDLEY setup (a) arrangement of eight
telescopes inside the MEDLEY scattering chamber, and (b)
construction details of each three-element telescope.

erating in FM mode seems too low to collect sufficiently
good statistics within reasonable time. Consequently,
construction on a new neutron beam line started in 2004
with shorter distance from the neutron production point
to the experimental area, leading to delivery of higher
neutron fluxes. At present a quasi-monoenergetic neu-
tron beam, with energies up to 175 MeV, is available
and well characterized [6]. The MEDLEY spectrome-
ter [7] semi-permanently installed at TSL, has also been
upgraded with larger Csl detectors to be able to stop
protons up to 180 MeV. The Csl crystals have a total
length of 100 mm. The first 70 mm is made cylindrical
with a diameter of 50 mm and the remaining 30 mm is
tapered to 18 mm diameter to match the size of the read-
out system. The readout is performed by Hamamatsu
S3204-08 photodiodes (PD). The crystals, together with
the PDs, are mounted inside an aluminum tube and have
been manufactured by Saint-Gobain, France. In addi-
tion 1000 pm thick AE silicon surface-barrier detectors
have substituted the previous 500 pm thick ones, to im-
prove the identification of particles in the high emission
energy range.

II. EXPERIMENTAL METHODS

At the TSL neutron beam facility, neutrons are pro-
duced via the "Li(p,n) reaction. A cyclotron is accelerat-
ing protons up to 179.3 (£0.8) MeV; these, after the ex-
traction, are transported in the experimental hall where
they impinge on an enriched 7Li target, 23.5 mm thick,
producing peak neutrons with energy of 175.0 (£2.5)
MeV and low-energy tail neutrons. Time-of-flight (TOF)
measurements are used in the off-line analysis to select
peak neutrons and reject tail neutrons. The TOF data
are measured as a time difference between master trigger
signal and RF timing signal from the cyclotron.

The residual proton beam is deflected by a bending
magnet into a beam dump, where it is integrated in
a Faraday cup in order to monitor the beam current.
A neutron beam is shaped with a cylindrical iron colli-
mator and then transported inside the Medley chamber
through a second conical iron collimator.

The distance between the neutron production target
and the centre of Medley is 4618 mm; here the quasi-
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monoenergetic neutron beam has a diameter of 42.08
mm. The relative neutron beam intensity is measured
downstream the Medley setup by an ionization cham-
ber monitor (ICM) and a thin-film breakdown counter
(TFBC). The Medley spectrometer consists of eight
three-elements telescopes mounted inside an evacuated
reaction chamber with a diameter of 90 cm. A schema
of Medley is presented in Fig. 1(a). Each telescope is
mounted on an individual rail along a radius of the cham-
ber; the rails are displaced in steps of 20°. The basis of
the chamber is 36° rotatable without breaking the vac-
uum. In the standard configuration the eight telescopes
occupy the positions 20° to 160°, at 20° intervals. Each
telescope consists of two fully depleted silicon surface de-
tectors serving as AE detector and a CsI(T1) scintillator
serving as E detector (Fig. 1(b)) To obtain a low-energy
threshold (down to 2 MeV for protons), we have installed
a thin silicon detector in the front side of each telescope;
this is identified as Sil, with a thickness of 50 um to 60
pum. The second silicon detector (Si2) is 1000 pm thick,
to detect and identify particles within the high energy
range. The CsI(T1) scintillators have a diameter of 50
mm and a total length of 100 mm, sufficient to fully
stop all of the produced particles. A reaction target is
placed at the centre of the Medley chamber. A 22 mm
diameter 500 pm thick (cylindrical) disk of SiOs is used
as the oxygen target. For the subtraction of the sili-
con contribution, measurements are performed using a
22 mm diameter 1000 pm thick (cylindrical) disk of sili-
con. Their weights are 1153 (+1) mg and 1132 (+1) mg,
respectively. For absolute cross-section normalization, a
25 mm diameter and 5.0 mm thick polyethylene (CHs),
target is used. Its weight is 2293 (+1) mg. These targets
are mounted on individual frames and interchangeable
without opening the chamber. Instrumental background
is measured by removing the target from the neutron
beam.

I1I. DATA ANALYSIS PROCEDURE

The AE — E technique is used to identify light charged
particles ranging from protons to « particle. Clear sepa-
ration of all particles is obtained over their entire energy
range; therefore the particle identification procedure is
straightforward. Energy calibration of all detectors is
obtained from the data itself [2,3]. Events in the AE—F
bands are fitted with respect to the energy deposited
in the two silicon detectors. This energy is determined
from the detector thicknesses and calculations of energy
loss in silicon. Supplementary calibration points are pro-
vided by the H(n,p) reaction, as well as transitions to
the ground state. The energy of each particle type is ob-
tained by adding the energy deposited in each element
of the telescope.

Low-energy charged particles are stopped in the AF,
detector leading to a low-energy cut-off for particle iden-
tification of about 3 MeV for hydrogen isotopes and
about 8 MeV for helium isotopes. Nevertheless, the
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helium isotopes, stopped in the AF; detector, are ana-
lyzed and a remarkably low cut-off, about 4 MeV, can be
achieved for the experimental a-particle spectra. These
a-particle events are not clearly separated from 3He
events in the same energy region. However, the yield
of 3He is much smaller than the a-particle yield in the
region merely above 8 MeV, where the particle identifi-
cation works properly. That the relative yield of *He is
small is also supported by the theoretical calculations in
the evaporation peak region. In conclusion, the >He yield
is within the statistical uncertainties of the a-particle
yield for a energies between 4 and 8 MeV.

Knowing the energy calibration and the flight dis-
tances, TOF of each charged particle from the reaction
target at the centre of Medley to the Sil detector is sub-
tracted from the total TOF. The resulting neutron TOF
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is used for the selection of light-ion events induced by
neutrons in the 175 MeV energy peak of the incident
neutron spectrum. The experimental accepted neutron
spectrum is shown in Fig. 3; this has been produced us-
ing data from CHy target and kinematics calculations.
The present TOF cut selects 78% of all events, half of
them in the 175 MeV peak and another half in the low
energy tail; the contribution of the low energy wrap-
around peak is less than 2%.

Absolute double-differential cross sections are ob-
tained by normalising the target-in data to the number of
recoil protons emerging from the CH, target Background
and 2C(n,7p) events are subtracted from the measured
proton production at 20°. The (n,p) elastic scattering
cross section data are available on-line from the SAID
Partial-Wave Analysis Facility, based at George Wash-
ington University (Virginia, USA) [8].

The cross sections for oxygen are obtained after sub-
traction of the silicon data [9] from the SiO» data with
proper normalization with respect to the number of sil-
icon nuclei in the two targets. Preliminary energy spec-
tra for proton at the laboratory angle of 20° to 160°
for protons compared with the calculations based on
the GNASH [10] and TALYS [11] models, are shown in
Fig. 4, respectively. The error bars represent statistical
uncertainties.

The accepted neutron spectrum includes now neutrons
with energies down to 80 MeV, and peak neutrons repre-
sent 50% of the total; an improvement of the TOF gate,
to increase the fraction of peak neutrons and exclude
low energy neutrons, is desired and will be possibly per-
formed in the following analysis. Also thick target cor-
rection [12] needs to be implemented, to correctly eval-
uate light-ion production also in the low energy range,
corresponding to the compound emission region; in cur-
rent preliminary results energy loss and even absorption
of charged particles with low kinetic energy lead to an
underestimation of this energy region. Data analysis
should be extended to other isotopes (deuterons, tritons,
3He, and «a particles); this requires calibration of CsI(T1)
scintillators for these particles, new calculations of the
energy loss and thick target correction.
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Fig. 4. Preliminary energy spectra for proton at the lab-
oratory angle of 20° to 160° for protons compared with the
calculations based on the GNASH [1] and TALYS [11] models
respectively. Note that GNASH calculation was performed
for E,, = 150 MeV.

IV. SUMMARY AND OUTLOOK

We have measured the double-differential cross sec-
tions of (n,zp) reactions O at 175 MeV using the new
Uppsala neutron beam facility for the first time. Further
analysis including other particle types will be required
for detailed comparison. Preliminary double-differential
cross sections for silicon are presented at this conference
by the contribution of S. Hirayama et al. [9)].

A series of light-ion production measurements are un-
der analysis for other targets, C, Fe, Bi, and U, at 175
MeV in order to meet nuclear data needs for fast neutron
applications.
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Double-differential production yields of light ions (p,d, t, 3He, and «) from a thin silicon target
induced by 175 MeV quasi mono-energetic neutrons were measured using the MEDLEY setup at
the The Svedberg Laboratory (TSL) in Uppsala in order to benchmark evaluated nuclear data and
nuclear reaction models. The MEDLEY is a conventional spectrometer system which consists of
eight counter telescopes. Each telescope is composed of two silicon surface barrier detectors as the
AE detectors and a CsI(T1) scintillator as the E detector for particle identification. The telescopes
are placed at angles from 20° to 160° in steps of 20°. The measured double-differential yields
of light ions are compared with PHITS calculations using the following nuclear reaction options:
the high-energy nuclear data library (JENDL/HE-2007), the quantum molecular dynamics (QMD)
model, and the intra-nuclear cascade (INC) model.

PACS numbers: 29.30.-h, 29.27.-a
Keywords: Single event effects, 175 MeV, Quasi mono-energetic neutrons, Double-differential yield, Light-

ions, PHITS
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I. INTRODUCTION

Recently, single event effects (SEEs) caused by cosmic-
ray neutrons in logic and memory circuits have been
recognized as one of key reliability issues for advanced
CMOS technology. When an electronic memory circuit
is exposed to neutron radiation, charged particles can
be produced by nuclear reactions with atomic nuclei in
materials. The charge deposited by them is collected to
a bit node by drift and diffusion processes, and then a
flip of the memory information can be caused when the
collected charge exceeds its critical charge. This phe-
nomenon is called a single-event upset (SEU). Recent
work has clarified that the contribution from secondary
light ions (i.e., p,d,t, He and a ) to SEU becomes in-
creasingly important as the size of microelectronic de-

*E-mail: watanabe@aees.kyushu-u.ac.jp

vices becomes smaller and smaller [1,2]. Therefore, more
reliable nuclear reaction models which can predict neu-
tron induced light-ion production from silicon in the in-
cident energy range from MeV to GeV are strongly re-
quired to simulate accurately the SEEs. Since the va-
lidity of nuclear reaction models should be evaluated by
comparison with measurements, a lot of experiment data
over the wide incident energy range are needed for im-
provement of nuclear reaction models. However, there
is no measurement for neutron induced light-ion pro-
duction from silicon in the energy range more than 100
MeV.

In the present work, we have measured double- differ-
ential production yields of light ions (p, d, t, 3He, and «)
from a thin silicon target bombarded by 175 MeV quasi
mono-energetic neutrons at the The Svedberg Labora-
tory (TSL [3]) in Uppsala. The experimental data are
compared with the calculations using the PHITS code

-1447-
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Fig. 1. (Color online) Two-dimensional scatter plots of
energy calibration and particle identification at 20° for (a)
AE1-AE; and (b) AE2-AE. The solid lines are the results of
energy-loss calculations for light ion (p,d,t, *He and «). The
insert in (a) presents the enlarged area of hydrogen isotopes.

[4] with evaluated high-energy nuclear data library and
nuclear reaction models. The results are reported in this

paper.

II. EXPERIMENTAL METHOD

Details of the experimental set up have been de-
scribed in Refs. 5 and 6. A thin silicon target placed
in the MEDEY chamber was irradiated by quasi mono-
energetic neutrons generated by the "Li(p,n)"Be reac-
tion. The target consisted of double silicon wafer discs
and its size was 0.96 mm thick and 25 mm in diame-
ter. Energy and angular distributions of light ions pro-
duced from the silicon target were measured with the
MEDLEY setup which was composed of eight telescopes
placed at angles from 20° to 160° in steps of 20° . Each
telescope consisted of two silicon surface barrier detec-
tors (50 ~ 60 pm and 1000 pm) as the AE detector and
a CsI(T1) detector as the E detector. Moreover, the in-
cident neutron spectrum was measured using the same
setup with both 5 mm - thick polyethylene (CHz) target
25 mm in diameter and 1 mm - thick carbon target 22
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mm in diameter by means of a conventional proton recoil

method [10].

ITII. DATA ANALYSIS

Data analysis procedure based on AE-E particle iden-
tification technique is basically the same as in the previ-
ous measurements [5-7]. Energy calibration of all detec-
tors was made using the relation between measured pulse
height and calculated energy deposition in each detector
as follows. Events in the AE-E bands were fitted with
respect to the energy deposition in the AE detectors,
which was determined from the thickness and the energy
loss calculated with the SRIM code [8]. For the energy
calibration of the E detectors, the following approximate
expressions were applied to each light-ion particle, which
reflect a non-linear relationship between the light output
and the energy deposition in the CsI(T1) scintillator [9]:

E =a+bL +c(bL)? for hydrogen isotopes, (1)

E=a+bL+cln(l1+dL) for helium isotopes, (2)
where L is the light output, and a, b, ¢, and d are the fit-
ting parameters. The parameter ¢ depends on the kind
of charged particles. Figure 1 shows two-dimensional
scatter plots for AE{-AE,; and AEs-E at 20° after en-
ergy calibration. Each light ion is found to be clearly
separated. The efficiency correction due to the reaction
losses in the CsI(T1) scintillator was implemented using
the same method as described in Ref. 7. The incident
neutron spectrum was obtained from the data analysis of
the recoil proton from np scattering in the measurement
of CHy at 20°. Details of deriving neutron spectrum
have been reported in Ref. 10.

The measured double-differential production yields of
light-ions per incident neutron on the target were deter-
mined using the following expression:

&2y N;(E,0) X 55y ;
(dEdQ)j_SnxAEXAQ’ ®)

where j denotes the kind of particles (p,d, ¢, *He and o),
N;(E,0) is the net counts in a certain energy bin AFE,
f(E) is the effective efficiency which includes the energy
loss effect in the CsI(T1) scintillator, and S, is the total
number of incident neutrons on the target. In Eq. (3),
the solid angle AS) was given under an assumption that
the target is treated as a point source. It was confirmed
that this assumption is valid by a comparison of the
PHITS simulation between a point source and a plane
source, in which the difference is only 1%.

Figures 2 to 5 show the measured double-differential
yields of protons, deuterons, tritons, and « particles by
solid circles. The error bars are given as the statistical
error. The systematic error was estimated to be approx-
imately 8%. For protons and deuterons, the measured
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Fig. 2. (Color online) Comparison between measured

(n, xp) spectra from 20° to 140° in steps of 40° and PHITS
calculations with JENDL/HE2007, QMD and INC models.

double-differential yields show a strong angular depen-
dence at high emission energies above 30 MeV. On the
other hand, the measured angular distributions of triton
and « particle are less steep than those of protons and
deuterons, particularly at small angles.

IV. BENCHMARK USING PHITS CODE

The measured double-differential yields are compared
with the PHITS calculations using three nuclear re-
action options: the evaluated nuclear data library
(JENDL/HE-2007 [11]), the quantum molecular dynam-
ics (QMD) [12], and the intra-nuclear cascade model
(INC) [13]. Note that INC is used for only proton, be-
cause INC cannot predict the dynamical process of com-
plex particle production. The source neutron spectrum
calculated using the empirical formula [10] is used as an
input of the PHITS calculation. It should be noted that
the energy loss of charged particles generated by nuclear
reactions in the silicon target is taken into account ex-
plicitly in the PHITS calculation.

Figure 2 shows the results of proton production yields.
The calculations with JENDL/HE-2007 and QMD give
fairly good descriptions of the spectra at angles except
20°. The INC calculation underestimates largely the
measurement over the wide emission energy ranges at
backward angles, although it reproduces the measured
data at 20° better than the JENDL/HE-2007 and QMD
calculations.

The results of deuteron production are shown at an-
gles from 20° to 80° in Fig. 3. There are obvious dif-
ferences between the calculations with JENDL/HE-2007
and QMD. The calculations with JENDL/HE-2007 show
relatively good agreement with the measured deuteron
yields at small and large angles. However, the QMD
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Fig. 3. (Color online) Comparison between measured
(n,zd) spectra from 20° to 80° in steps of 20° and PHITS
calculations with JENDL/HE2007 and QMD models.
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Fig. 4. (Color online) The same as in Fig. 3, but for triton
production at three forward angles of 20°, 40°, and 60°.

calculations significantly underestimate the experimen-
tal data over the wide emission energy range.

Figures 4 and 5 show the production yields of triton
and « particle. The JENDL/HE-2007 calculations are
in better agreement with the measurements than the
QMD calculations. They have the same tendency as
seen in the deuteron production yields and underesti-
mate the measured data. It should be noted that the
same is true for 3He production.
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Fig. 5. (Color online) The same as in Fig. 3, but for «
particle production.

V. SUMMARY AND CONCLUSIONS

The double-differential production yields of light-ion
(p,d,t, *He and «) from silicon bombarded by 175 MeV
quasi mono-energetic neutrons were measured at the The
Svedberg Laboratory (TSL). The measured yields were
compared with the PHITS calculations to benchmark
the evaluated high energy nuclear data and nuclear re-
action models. The JENDL/HE-2007 and QMD calcu-
lations reproduce the measured yields better than the
INC calculations for proton production. The INC cal-
culations underestimate measurements considerably at
larger angles. For light complex particle emission, the
QMD calculations significantly underestimate the mea-
sured data over the wide emission energy and angular
ranges, whereas the JENDL/HE-2007 calculations pro-
vide relatively good agreement with the measured yields.

As remarked above, the present work suggests that it

Journal of the Korean Physical Society, Vol. 59, No. 2, August 2011

should be necessary to improve the reaction models used
in the PHITS code so that dynamical production process
of light complex particles can be properly described.
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Abstract

Over the past years several applications involving high-energy neutrons (E>20 MeV)
have been developed or are under consideration, e.g., radiation treatment of cancer,
neutron dosimetry at commercial aircraft altitudes, soft-error effects in computer
memories, accelerator-driven transmutation of nuclear waste and energy production.
Data on light-ion production in light nuclei such as carbon, nitrogen and oxygen are
particularly important in calculations of dose distributions in human tissue for radiation
therapy at neutron beams, and for dosimetry of high energy neutrons produced by high-
energy cosmic radiation interacting with nuclei (nitrogen and oxygen) in the
atmosphere. When studying neutron dose effects, it is especially important to consider
carbon and oxygen, since they are, by weight, the most abundant elements in human
tissue. Such data have been measured with the MEDLEY setup based at The Svedberg
Laboratory (TSL), Uppsala, Sweden. It has been used to measure differential cross
sections for elastic nd scattering and double-differential cross sections for the (n,xp),
(n,xd), (n,xt), (n,x*He), and (n,xa) reactions from C, O, Si, Ca, Fe, Pb, and U around
96 MeV.

In the new Uppsala neutron beam facility the available energy range of quasi mono-
energetic neutron beams is extended up to 175 MeV. The detector setup used in
MEDLEY consists of eight so-called telescopes mounted at different angles inside an
evacuated reaction chamber. Each of the telescopes consists of two fully depleted AE
silicon surface barrier detectors (SSBD) and a Csl(Tl) crystal. To allow for
measurements at this higher neutron energy some changes in the detector setup
compared to the campaign at 96 MeV had to be made. The second AE detectors have
been replaced by 1000 «m thick SSBDs and the size of the crystals used as E detectors
was increased to a total length of 100 mm and a diameter of 50 mm. The AE-E
technique is used to identify the light ions, and cutoff energies as low as 2.5 MeV for
protons and 4.0 MeV for alpha particles are achieved. Suppression of events induced
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by neutrons in the low-energy tail of the neutron field is achieved by time-of-flight
techniques. The data are normalised relative to elastic np scattering measured in one of
the telescopes at 20 degrees. Preliminary double-differential cross sections for oxygen
are presented and compared with theoretical reaction model calculations.

Keywords: double-differential cross sections, deuteron production, 175 MeV



