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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 E silicon 

surface barrier detectors (SSBD) and a CsI(Tl) 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 E detectors have been 

replaced by 1000 m 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 E -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 ) 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 CsI(Tl) 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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 (cosmic-ray neutrons)   Single 

Event Effect 

 [12]   

  

     

  

 

  20 

MeV   (

  0.25 eV)  (   14 MeV) 

 20-70 MeV  

 100 MeV   

 

 

  

 

  

 

 TALYS [13]  

 

  (benchmark) 

  

 

 (double-differential light-ion production cross section) 

 Department of Neutron Research, Uppsala 



University     [10]  

 E+ E+E  

  (telescope)  8  

 Silicon Surface barrier  CsI 

  20o  160o  

  energy cutoff   2.5 MeV 

  4 MeV  Udomrat  (2004, 2006, 2009) 

 DDX  [14]  [15]  [16] 

 96 MeV   LPC, ENSICAEN, Université de Caen, 

CNRS/IN2P3, Caen,  SUBATECH, Université de Nantes, CNRS/IN2P3 

  Blideanu  (2004)  DDX 

   [17]  96 MeV 

 . . 2549  The Svedberg Laboratory (TSL)  Uppsala 

University  Neutron beam line  [18] 

 175 MeV  Li7(p,n)7Be  180 MeV  

Cyclotron  (quasi-monoenergetic) 

 5-10 MeV    Uppsala University 

 DDX   Hayashi  (2007) 

 DDX  [19] (  2)  Bevilacqua  (2010)  

[20]  175 MeV    

 

 



 

 

2.1  (Nuclear Reaction) 

 (Nuclear Reaction)  

 , , , 

  

 

  

2.1 

      

X(a,b)Y        2.2

 X  ,  a  , b 

  Y  

 Q-value    Energy threshold  

  

 (collision)   

Direct reactions  

 

Compound or Equilibrium reactions 

  

  

Pre-Compound or Pre-equilibrium reactions  

  

 2.1 

 

value-bYXa Q



 

 2.1  
 

 (time scale)  Direct reactions 

  10-21   Compound reactions  10-15 - 10-19 

  2.2 
 

 

 2.2 

 (reaction time) 



 (mechanism)   

Compound or Equilibrium reactions 

  

  

Pre-Compound or Pre-equilibrium reactions  

 

Direct reactions 

 

2.2  (Compound nucleus model) 

  2475  J. Chadwick  

neutron-induced reaction   . . 1935  E. 

Amaldi     R2  R 

   

 2479 N. Bohr  

 (two-step process)  

  

 

  

(compound nucleus, (C)*)  

 

 

 

 

 

( )  

 

 (characteristic nuclear time) 

   1 MeV 

 109 /    2R 

 2R0A
1/3  10-12   10-21   

 10-14   

bY(C)Xa *



 

 (quasi-stationary state)  (virtual state) 

 (decay or break up) 

 N. Bohr   break up  step  2 

 formation  step  1  

  “ ”   

(Angular distribution)   90o (90o symmetric)     

   

 (conserved)  (channel)  2.3 

 

2.3 

 

 2.3 
 

 

 2.3  (channel) 
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2.3  (Direct nuclear reaction) 
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3.  

  (forward peak)   

  

 (B.E.  2.2 MeV) 

  

 

 (d,p)  (d,n)  (stripping reaction) 

 

  

  (

 ) 

  

 

  4   

1.  (inelastic scattering) 

   (p,p ) 

 (  , )   

2.  (knockout reaction)  

 (  3 )  (p,n)  (d,p)   

3.   (transfer or stripping reaction)   1  2 

  

  (d,p), (d,n)  (  ,p)   

4.   (pick-up reaction)   1  2 

  

  (p,d)  (p, )  



 

 2.4  

 

 

2.4  (angular distributions) 

  3    

 

  compound 

nucleus reaction    

(capture)   

   

 

(statistical equilibrium )  compound nucleus  excited state 



 (decay)    

 isotropic distribution  2.5 (A) 

  direct 

reaction  

  (induce) 

   forward-peaked angular distributions  

2.5  (D) 

 

 2.5  

 

  

pre-equilibrium reaction  

 1  2   

particle-hole pairs  exciton   exciton  

  exciton  

 2.6   

pre-equillibrium reaction   2   



 

 2.6  pre-equilibrium reaction 

  1  

2   particle-hole pairs  exciton   

 

. Multistep compound reaction   

  90  (angular distributions symmetric about 90o)  2.5 

(B)  

compound reaction 

. Multistep direction reaction   

forward-peaked angular distributions   2.5 (C) 

 

2.5  (Optical Model) 
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2.6 TALYS  

TALYS 1.2 (Version: December 21, 2009) Copyright (C) 2009  

A.J. Koning, S. Hilaire and M.C. Duijvestijn [13] 

, , , , 

, He-3   12   1 keV 

 200 MeV   unresolved resonance  intermediate energies 

 TALYS  

- 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 

 TALYS  

(friendly user)    Input 

file  TALYS  (   4 )   



projectile n  ( ) 

element Fe  ( ) 

mass 56     ( ) 

energy 14. ( ) 

  Input file  

 , , , He-3  

 175   

outbasic y 
sysreaction p d t h a 
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 
# ====== 
# 
filespectrum n p d t h a     



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 a 30. 
fileddxa a 40. 
fileddxa a 50. 
fileddxa a 60. 
fileddxa a 70. 
fileddxa a 80. 
fileddxa a 90. 
fileddxa a 100. 
fileddxa a 110. 
fileddxa a 120. 
fileddxa a 130. 
fileddxa a 140. 
fileddxa a 150. 
fileddxa a 160. 
fileddxa a 170. 
fileddxa a 180. 

 

 TALYS  

 

 2.7  TALYS 

 

 

 

 



 

2.7 TALYS Optical Model Potential (OMP) parameterisations 

 Optical Model  

 TALYS  ECIS [22] 

   Optical 

Model Potential (OMP) parameterisation  [24]  2.1

 neutron global OMP   2.2  proton global OMP 

 

 

 

 

 

 

 

 

 2.1  Potential depth parameters and Fermi energy  neutron global 

OMP 

 

 

 

 

 

 

 

 

 2.2  Potential depth parameters and Fermi energy  proton global 

OMP 

 



 

2.8 TALYS output 

 TALYS 

     

 175    2.8  2.13 

  Compound reaction      Multistep compound reaction    

         Multistep direction reaction     Direction reaction 

             

 

 2.8  TALYS  

 175    



Compound reaction   Multistep compound reaction   Multistep 

direction reaction   Direction reaction   

 

 

 2.9  TALYS  

 175    

Compound reaction   Multistep compound reaction   Multistep 

direction reaction   Direction reaction   

 



 

 2.10  TALYS  

 175    

Compound reaction   Multistep compound reaction   Multistep 

direction reaction   Direction reaction   

 



 

 2.11  TALYS  

 175    

Compound reaction   Multistep compound reaction   Multistep 

direction reaction   Direction reaction   

 



 

 2.12  TALYS  

 175    

Compound reaction   Multistep compound reaction   Multistep 

direction reaction   Direction reaction   

 



 

 2.13  TALYS  

 175    

Compound reaction   Multistep compound reaction   Multistep 

direction reaction   Direction reaction   

 

 

 output file  TALYS  

 (all opened channels)  (all associated 

cross sections),  (spectra)   (angular distributions) 

 

 



 

 

3.1 TSL Neutron facility  

 The (Theodor) Svedberg (TSL)  Uppsala University  

Uppsala    Theodor Svedberg 

(2427-2514)  (2505) 

 2488 Gustaf Werner Corporation  

synchro-cyclotron  ( )  

 TSL  

 

 Uppsala University 

 (EU) 

Neutron facility  TSL  2523  

2546  Neutron beam line  [18] (  3.1) 

 (quasi-monoenergetic)  22 MeV  

175 MeV  Li7(p,n)7Be  25 MeV  180 

MeV   3.1  3.2 

 

 
 3.1  Neutron beam line   2547 

 



 
 

 3.1  (quasi-monoenergetic)  22 MeV 

 175 MeV  Li7(p,n)7Be  25 MeV  180 

MeV  

 

              
 



 3.2  (quasi-monoenergetic)  22 

MeV  143 MeV  Li7(p,n)7Be  25 MeV  

148 MeV  

   

  175 

 Li7(p,n)7Be  180 

MeV  (quasi-monoenergetic)  175 

MeV  52.1  5-10 MeV 

  neutron tail  

 47.9  (quasi-monoenergetic) 175 MeV 

 Li7(p,n)7Be  180 MeV  

 

 
 3.3  (quasi-monoenergetic) 175 MeV 

 Li7(p,n)7Be  180 MeV  

 

 3.1   

   

 175 MeV  Li7(p,n)7Be 

   MEDLEY   

SCANDAL   

 3.5  20  

 400    1375  

  30.09   54.00   



  250   

 61.46   65.81   
     

 
 

 3.4  

  Medley  



 

 3.5  

 

 

 

 



3.2  MEDLEY 

MEDLEY  [9,10]  (telescope)  8  

 Silicon Surface barrier 

 (CsI)   20o  160o 

 90   3.6 

 

 3.6  MEDLEY 

   20o  160o  

 forward  backward angles  

 

 

  

  140  280 

  20o 

 (emission angle)  20o  160o  

  forward  backward angles  3.7 ( ) 

 360   

(1-4  5-8)  2  

   1  8  20o 



 160o   180  

 1  8  160o  20o  (1:160o, 

2:140o,…,7:40o  8:20o) ( )

 

( )  (1:8, 2:7, 3:6  4:5) 

 

                
 

 3.7  MEDLEY 

   20o  160o 

 

 

3.3  (telescope) 

 (telescope)  E + E +E  (Particle 

identification)  (Energy calibration) 

   

E  

 E     

  

 



 ( E1) 

 ( E1)  (E)  3.8  3.9 

 

 
 3.8  (telescope)  

 ( E1)  ( E1)  (E) 

 

 ( E1)  50  60  

 cutoff energies   3 MeV , 3.5 MeV   

4 MeV   

 The Svedberg Laboratory (TSL)  Neutron beam line 

 [18]  175 MeV 

 ( E2)  400  500   1000  

 (  100 MeV)  

 (E)   50   100  

 200 MeV 

 [9] 

  8   MEDLEY 

 (double- 

differential light-ion production cross section)  175 MeV 

  

 

 



 

 
 

 3.9  

Silicon Surface barrier   (CsI) 

 

 

 

3.4  (Reaction target) 

( )  ( ) 

( )  3.2  

  200    140 

  42.08  

  3.10( )  

  3.10 ( ) 

  

  

(background) 
 

 

 

 

(g) 

 

( m) 

 

(mm) 

 

 

SiO2 1.153 1000 22 1.1556E+22 

Si 1.132 1000 22 2.4273E+22 

CH2 2.293 5000 25 9.8443E+22 

C 0.7176 500 22 3.5979E+22 
 



 3.2 (SiO2) (Si) 

(CH2) (C)  

  45o  (  

3.7) 

 

 

 

           
 

 3.10 ( ) 

( ) 

3.5 (Electronics and data acquisition) 

 3.11   A, B  C 

 ( E1)  ( E2)  (E)  

charge-sensitive preamplifier  2    (E) 

 (T) 

 (E)  (Amplify)  (Shape)  

(Amplifier)  ORTEC  Dual Spec Amp 855  32 Channel 

Multievent Peak Sensing ADC(Analog-to-Digital Convertor)  CAEN 

 (Pulse height)    EA1, EB1  

EC1  1  EA8, EB8  EC8 

 8   3.11 

 (T)  (Convert)  NIM  Constant 

Fraction Discriminator  Quad  934  ORTEC  TC 455  

Tennelec   TA1  TB1  1  TA8  

TB8  8   3.12  16 



 2   TDC(Time-to-Digital Convertor) 

(stop signal)  (start signal)  Radio Frequency 

(RF)   

  Time-Of-Flight (TOF) (  (delay) 

(start signal)  Radio Frequency (RF)  

(stop signal)   busy time 

  Reversed TOF   

 ) 

 Logic FIFO (Fan In, Fan Out)  Master gate 

 (  (T) 

 ( E1)  ( E2)   Master 

gate  (E)   

  

  

  neutron halo)  

 (event-by-event) 

 ( E1)  ( E2) 

 (E)  8  

  Ntuple   ( E1) 

 ( E2)   

 (  1  = 1 Master gate) 

  

 

  ( ) 

 ( ) ( ) ( ) 

 30:35:15:5:15  

 PAW 

 

 



 

 3.11  

 

 



3.6  (Data analysis Procedure) 

  

.  (Particle identification)  

 E+ E +E  

  

 (range)  (  )  3.1 
 

3.1 
 

  E    

     
dx
dE    

 stopping power  Linear energy transfer (LET)  J/m  

MeV/cm   keV/ m  Bethe-Bloch 

formula  

])1ln()2[ln(4 22
2
0

2
0

42
0

2
0

I
vm

vm
ZNeZk

dx
dE e

e

                3.2 

  

 

   E  

 1  2 MeV   50  

 2 MeV   2 MeV 

   2 MeV 

   50 

   

 (   E ) 

-   2 

MeV ( - )

 1 MeV 

 E  

   2 MeV  

 50    2 MeV 

 (

0

0
)(E dxdE

dER



- )   E +E  2  

( )  ( ,  E) 

 

   E ( )  

 E +E  

 E  E 

    12 MeV 

  50    

E  0.5  8.5 MeV 

 E  (

 E  

  

   E  

 E  

 3.12  E+E 

  (band) , 

, , He-3  



 
 3.12  2  E (Si1  x)  E (Si2  y) 

 (Particle identification)  

 

 E +E    

E  

 cutoff energies (  E  

)  E  

cutoff energies    

E   cutoff energies  

  

 E  E   E 

   (band) 

, ,   

 3.13 



 
 3.13  2  E (Si1  x)  E (CsI  y) 

 (Particle identification)  

 

   E   E1 E2 

  cutoff energies   

 

 ( E1) ( )  50  60 

  cutoff energies   2.0-2.4 MeV , 2.6-3.0 MeV 

  3.0-3.5 MeV    ( E2) 

  1000   cutoff energies (  Punch 

through energies )   11.8-12.2 

MeV , 15.9-16.5 MeV   18.8-19.5 MeV  

 3.2 

 



 
 

 3.2  (Si1)  (Si2) 

 cutoff energies ,     

 

 Neutron beam line  

 175 MeV  ( E2) 

 400  500  

, ,   100 MeV 

  ( E2) 



 1000  

 200 MeV   3.14 

 
 3.14  2  E (Si2  x )  E  (CsI  y ) 

 (Particle identification)  

 

. (Energy calibration) 

 

(  3.2)  

( )  

 0.5 MeV  200 MeV 

  

  ( E1) 

  

 ( E2) 

 ( E1+ E2)  



 (E)  (

 ) 

 , 

, He-3   200 MeV  

  E1, E2  E  

 3.15  3.16 

 

, , , He-3 

   

 

 

 
 3.15  2  E 1  E 2  

 (Energy calibration)  



 

 3.16  2  E 2  E  

 (Energy calibration)  

 

.  (Time calibration and 

low-energy neutron rejection)  Time-of-Flight 

(start signal)  Radio Frequency (RF)  (stop signal)

 

(Flight time)

 Medley 

   

  

  

  

 Li7(p,n)7Be  (quasi-monoenergetic) 

  175 MeV   Time-of-Flight 



  

 3.17  2  

 80-90 ns 

 175 MeV (  )

 ( )

 

( )  70 ns 

 (

  

 (delay) (start signal)  Radio 

Frequency (RF)  (stop signal)

  busy time ) 

 

 
 3.17  2   (Time-of-flight)  

  cut ( ) 

 

 



 

  Ntuple   cut 

 

  3.18 

 ( )  ( )  Time-of-Flight 

 

 

 
 3.18   20o  

 cut ( )  cut  ( )  background ( ) 
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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, xp), (n, xd), (n, xt), (n,3He), and (n,α) 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 ΔE silicon surface barrier detectors (SSBD) and a CsI(Tl)
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 ΔE
detectors have been replaced by 1000 μm 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 ΔE - 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. 16

8 O8

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, tx), (n,3Hex), and (n,αx)
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 CsI detectors to be able to stop
protons up to 180 MeV. The CsI 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 μm thick ΔE silicon surface-barrier detectors
have substituted the previous 500 μm 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 7Li(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-

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 20o. The basis of
the chamber is 36o rotatable without breaking the vac-
uum. In the standard configuration the eight telescopes
occupy the positions 20o to 160o, at 20o intervals. Each
telescope consists of two fully depleted silicon surface de-
tectors serving as ΔE detector and a CsI(Tl) 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 Si1, with a thickness of 50 μm to 60
μm. The second silicon detector (Si2) is 1000 μm thick,
to detect and identify particles within the high energy
range. The CsI(Tl) 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 μm thick (cylindrical) disk of SiO2 is used
as the oxygen target. For the subtraction of the sili-
con contribution, measurements are performed using a
22 mm diameter 1000 μm 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 (CH2)n
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.

III. DATA ANALYSIS PROCEDURE

The ΔE−E technique is used to identify light charged
particles ranging from protons to α 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 ΔE−E
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 ΔE1

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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Fig. 2. Particle identification spectra at 20◦ for the ΔE1 –
ΔE2 (a) and ΔE2 – E (b) detector combinations.

helium isotopes, stopped in the ΔE1 detector, are ana-
lyzed and a remarkably low cut-off, about 4 MeV, can be
achieved for the experimental α-particle spectra. These
α-particle events are not clearly separated from 3He
events in the same energy region. However, the yield
of 3He is much smaller than the α-particle yield in the
region merely above 8 MeV, where the particle identifi-
cation works properly. That the relative yield of 3He is
small is also supported by the theoretical calculations in
the evaporation peak region. In conclusion, the 3He yield
is within the statistical uncertainties of the α-particle
yield for α 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 Si1 detector is sub-
tracted from the total TOF. The resulting neutron TOF

Fig. 3. Accepted experimental neutron spectrum. Empty
circles and filled circles are experimental data, respectively
before and after the TOF cut. The lines are Gaussian fits of
the peaks. Total integral normalized to unity.

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 CH2 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 CH2 target Background
and 12C(n,xp) events are subtracted from the measured
proton production at 20o. 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 SiO2 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 α particles); this requires calibration of CsI(Tl)
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 En = 150 MeV.

IV. SUMMARY AND OUTLOOK

We have measured the double-differential cross sec-
tions of (n, xp) 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 α) 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
ΔE detectors and a CsI(Tl) 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.
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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, 3He and α ) 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 α)
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)
ΔE1-ΔE2 and (b) ΔE2-ΔE. The solid lines are the results of
energy-loss calculations for light ion (p, d, t, 3He and α). 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 7Li(p, n)7Be 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 μm and 1000 μm) as the ΔE detector and
a CsI(Tl) detector as the E detector. Moreover, the in-
cident neutron spectrum was measured using the same
setup with both 5 mm - thick polyethylene (CH2) target
25 mm in diameter and 1 mm - thick carbon target 22

mm in diameter by means of a conventional proton recoil
method [10].

III. DATA ANALYSIS

Data analysis procedure based on ΔE-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 ΔE-E bands were fitted with
respect to the energy deposition in the ΔE 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(Tl) scintillator [9]:

E = a + bL + c(bL)2 for hydrogen isotopes, (1)

E = a + bL + c ln(1 + dL) for helium isotopes, (2)

where L is the light output, and a, b, c, and d are the fit-
ting parameters. The parameter c depends on the kind
of charged particles. Figure 1 shows two-dimensional
scatter plots for ΔE1-ΔE2 and ΔE2-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(Tl) 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 CH2 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:

(
d2Y

dEdΩ

)
j

=
Nj(E, θ) × 1

f(E)

Sn × ΔE × ΔΩ
, (3)

where j denotes the kind of particles (p, d, t, 3He and α),
Nj(E,θ) is the net counts in a certain energy bin ΔE,
f(E) is the effective efficiency which includes the energy
loss effect in the CsI(Tl) scintillator, and Sn is the total
number of incident neutrons on the target. In Eq. (3),
the solid angle ΔΩ 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 α 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



Light-ion Production from a Thin Silicon Target Bombarded by 175 MeV· · · – S. Hirayama et al. -1449-

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 α 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

Fig. 3. (Color online) Comparison between measured
(n, xd) spectra from 20◦ to 80◦ in steps of 20◦ and PHITS
calculations with JENDL/HE2007 and QMD models.

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 α 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 α
particle production.

V. SUMMARY AND CONCLUSIONS

The double-differential production yields of light-ion
(p, d, t, 3He and α) 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

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,x3He), and (n,x ) 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 E 
silicon surface barrier detectors (SSBD) and a CsI(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 E 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 E 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 
 


