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En vertu de l'article ler de la Convention signCe le 14 dCcembre 1960, h Pari:, et entrte en 
vigueur le 30 septembre 1961, I'Organisation de Cooperation et de Dtveloppement Economiques 
(OCDE) a pour objectif de promouvoir des politiques visant : 

- h rtaliser la plus forte expansion de I'iconomie et de l'emploi et une progression du 
niveau de vie dans les pays Membres, tout en maintenant la stabilitt financikre, et B 
contribuer ainsi au dtveloppement de l'tconomie mondiale ; 

- 3 contribuer B une saine expansion Cconomique dans les pays Membres, ainsi que les 
pays non-membres, en voie de dCveloppement Cconomique ; 

- ii contribuer h l'expansion du commerce mondial sur une base multllattrale et non 
discriminatoire conformCment aux obligations internationales. 

Les pays Membres originaires de I'OCDE sont : l'Allemagne, I'Autriche, la Belgique, le 
Canada, le Danemark, l'Espagne, les Etats-Unis, la France, la Grtce, l'Irlande, l'Islande, 171talie, le 
Luxembourg, la Norvkge, les Pays-Bas, le Portugal, le Royaume-Uni, la Sutde, la Suisse et la 
Turquie. Les pays suivants sont ulterieurement devenus Membres par adhtsion aux dates indiquies 
ci-aprbs : le Japon (28 avril 1964), la Finlande (28 janvier 1969), I'Australie (7 juin 1971) et la 
Nouvelle-ZClande (29 mai 1973). La Commission des CommunautCs Europeennes participe aux 
travaux de I'OCDE (article 13 de la Convention de I'OCDE). La Yougoslavie prend part h certains 
travaux de I'OCDE (accord du 28 octobre 1961). 

L'Agence de I'OCDE pour 1'Enerp.e Nucliaire (AEN) a it6 criie le ler fivrier 1958 sous le 
nom d'Agence Euro@enne pour I'Energie Nucliaire de I'OECE. EIIe a pris sa dinomination 
actuelle le 20 avril1972, lorsque le Japon est devenu son premier pays Membre de plein exercice 
non europien L'Agence group aujourd'hui tous les pays Membres europiens de I'OCDE, ainsi 
que I'Australie, le Canada, les Etats-Unis et le Japon La Commission des Communautis 
Europiennes participe ci ses travaux. 

L'AENa pour principal objectifde promouvoir la coopkration entre les gouvernements de ses 
pays participants pour le diveloppement de I'inergie nucliaire en rant que source d'inergie stire, 
acceptable du point de vue de I'environnement, et iconomique. 

Pow atteindre cet objectif, I'AEN : 
- encourage I'harmonisation des politiques et pratiques riglementaires notamment en ce 

qui concerne la sureti des installations nucliaires, la protection de I'homme contre les 
myonnements ionisants et la priservation de 19environnement, la gestion des dichets 
radiaactifs, ainsi que la responsabiliti civile et I'assur~nce en mafigre nucliaire ; 

- kvalue la contribution de l'ilectronucliaire aux approvisionnements en inergie, en 
examinant riguli2rement les aspects Pconomiques et techniques de la croissance de 
l'inergie nucliaire et en itablissant des privisions concernant l'oflre et la demande de 
services pour les diffirentes phases du cycle du combustible nucliaire ; 

- diveloppe les ichanges d'informations scientijiques et techniques notamment par 
I'intermidiaire de services communs ; 

- met sur pied des programmes internationaux de recherche et diveloppement, er des 
entreprises communes. 

Pour ces activitis, ainsi que pour dhutres travaux connexes, I'AEN collabore Ptroitement 
avec 1'Agence Internationale de I'Energie Atomique de Vienne, avec laquelle elle a corclu un 
Accord de coopiration, ainsi qu'avec dhutres organisations internationales operant dans le 
domaine mccliaire. 
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Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which 
came into force on 30th September 1961, the Organisation for Economic Co-operation and 
Development (OECD) shall promote policies designed: 

- to achieve the highest sustainable economic growth and employment and a rising 
standard of living in Member countries, while maintaining financial stability, and thus 
to contribute to the development of the world economy; 

- to contribute to sound economic expansion in Member as well as non-member 
countries in the process of economic development; and 

- to contribute to the expansion of world trade on a multilateral, non-discriminatory basis 
in accordance with international obligations. 

The original Member countries of the OECD are Austria, Belgium, Canada, Denmark, 
France, Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, 
Spain, Sweden, Switzerland, Turkey, the United Kingdom a r  2 the United States. The following 
countries became Members subsequently through accession at the dates indicated hereafter: Japan 
(28th April 1964), Finland (28th January 1969), Australia (7th June 1971) and New Zealand (29th 
May 1973). The Commission of the European Communities takes part in the work of the OECD 
(Article 13 of the OECD Convention). Yugoslavia takes part in some of the work of the OECD 
(agreement of 28th October 1961). 

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under 
the name of the OEEC European Nuclear Energy Agency. It received its present designation on 
20th .4pril1972, when Japan became its first non-European full Member. NEA membership 
today consists of all European Member countries of OECD as well as Australia, Canada, Japan 
and the United States. The Commission of the European Communities takes part in the work of 
the Agency. 

The primary objective of NEA is to promote co-operation among the governments of its 
participating countries in furthering the development of nuclear power as a safe, environmen- 
tally acceptable and economic energy source. 

This is achieved by: 
- encouraging harmonisation of national regulatory policies and practices, with particular 

reference to the safety of nuclear installations, protection of man against ionising 
radiation and preservation of the environment, radioactive waste management, and 
nuclear third party liability and insurance; 

- assessing the contribution of nuclear power to the overall energy supply by keeping under 
review the technical and economic aspects of nuclear power growth and forecasting 
demand and supply for the diferent phases of the nuclear fuel cycle; 

- developing exchanges of scientific and technical information particularly through 
participation in common services; 

- setting up international research and development programmes and joint under- 
takings. 

In these and related tasks, NEA works in close collaboration with the International Atomic 
Energy Agency in Vienna, with which it has concluded a Co-operation Agreement, as well as 
with other international organisations in the nuclear field. 
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STATUS OF NEUTRON-PROTON SCATTERING I N  THE ENERGY RANGE FROM. 20 TO 70 MeV 

P,Ooll, V.Eberhard, G.Fink, J.Hansmeyer, W.Heeringa, H.O.Klages, H.Krupp, 

J.Wilczynski, Ch.Wolf1 

Kernforschungszentrum Karlsruhe, Institut fur Kernphysik I, 
7500 Karlsruhe 1, Germany 

ABSTRACT 

The present status of neutron-proton scattering in the energy range from 20-70 
MeV is reviewed. The data base covers total cross sections, differential cross 
sections and polarization observables. The efforts after 1980 did largely 
cnncentrate on precision measurements of the differential cross sections and 
accurate vector analyzing powers, using polarized neutron beams. Because of 
correlations between various phase parameters in the phase-shift analyses of 
scattering observables, neutron-proton spin-spin correlation parameters have 
been measured at various laboratories. These measurements employed besides a 
polarized neutron beam in addition a polarized hydrogen target. For 
completeness, some representative neutron-proton capture data are included. 



Introduction 

Based on improved techniques, neutron sources of even polarized neutrons, 
exhibiting energies in an extended' energy range of a few tens of MeV, have be- 
en set-up in recent years, providing the opportunity of studying neutron in- 
duced reactions on nuclei and fast neutron interactions with matter. For neu- 
trons in the energy range 30-80 MeV, the only type of reaction known to pro- 
duce nearly monoenergeti c neutron energy spectra are (p ,n) reactions on 1 ight 
nuclei, The 2H(p,n)2p reaction at 0" (see e.g. ref [1]) is used to produce a 
monoenergetic neutron beam of high intensity and high polarization, combined 
with the capability of simple spin handling. Those neutron sources [Z -41  which 
make use of the polarization transfer in the (d,n) reaction on 2~ at 0" exhi- 
bit at lower energies a broad energy spectrum, combined with a neutron pola- 
rization of about 0.5 over a large part of the spectrum. Due to the continuous 
energy distribution of the neutron flux, time-of-flight technique for defining 
the incident neutron energy is mandatory, which requires the use of active 
scintillating targets. For hydro-carbon targets the knowledge of the total 
and differential neutron-proton (n-p) scattering cross section is needed in 
the MeV to tens of MeV region of neutron energies. 

These neutron cross sections could also be the standard in the energy region 
above 20 MeV which has not yet been agreed upon internationally [5]. There i s  
also a considerable interest in medium energy neutron data because ~f appli- 
cations to radiation therapy, radiation damage, accelerator shielding , 
etc.Because of the technical improvements in neutron producing targets, compa- 
ratively high neutron fluxes became available allowing to extend and improve 
the data base for an extensive analysis of the n-p scattering. In addition, 
multiparameter data taking using fast computers did help to improve on the da- 
ta quality. 

Before the last decade, most n-p scattering experiments have been made below 
and around 20 MeV using Van de Graaff or Tandem accelerators. Only few precise 
n-p measurements exsisted between 20 and 70 MeV. Thus the determination of the 
n-p differential scattering at energies below 70 MeV has relied on phase-shift 
predictions obtained from continuous energy phase-shift analyses [6] of all 
nucleon-nucleon (N-N) scattering data up to a few hundred MeV. The isospin-one 
phases obtained from these analyses are quite accurate and unambiguous due to 
the precision af proton-proton experiments. The relative inaccurate and sparse 
n-p scattering data in the energy region from 20 to 70 MeV resulted in dif- 
f icul ties in achieving a unique set of i sospin-zero phases, especi a1 ly arnl~nd 
50 MeV. Such phase-shift analyses were accompanied in the past by improvements 
in the theoretical description of the N-N interaction (7,8]. Based on improved 
N-N scattering data a possible breaking of charge independence in the 3P 
phase-shift is presently discussed in a phase-shift analysis in the 30 MeV re- 
gion [9]. Based on a variety of scattering observables the investigations in 
the past decade covering the energy range from 20 to 70 MeV have revealed a 
specific sensitivity of an observable to specific phase parameters and pieces 
of the N-N interaction. 

Neuwon-proton total cross sections 

This cross section is used as a standard neutron scattering cross section re- 
lative to which other elastic cross sections are measured. Recommended refe- 
rence data for the n-p total cross section have been provided by Uttley [ l o ]  
for the energy range below 20 MeV. For higher energies total cross sections 



have been measured t o  good accuracy (< 1%) a t  l eas t  up t o  200 MeV. The measu- 
rements by Larson [ l l ]  and the N-N phase-shif t  ana lys is  by Arndt show agree- 
ment t o  b e t t e r  than 1% i n  the energy kegion 2 - 80 MeV. The Los Alamos group 
1121 reported t o t a l  cross sections i n  an extended energy range from 3 MeV t o  
200 MeV, which they quote t o  e x h i b i t  systematic e r ro r s  o f  less  than o r  about 
1%. Combined w i t h  a r e i nves t i ga t i on  o f  the t o t a l  cross s e c t i m  between 25 and 
75'MeV from Bol e t  a l .  [13 ]  these data sets provide a r e l i a b l e  bas is  f o r  
phase-shi f t  analyses. 

Neutron proton d i f f e r e n t i a l  cross sections 

The d i f f e r e n t i a l  n-p-scattering cross sect ion i s  i n  general no t  adequately 
prec ise known a t  energies >20 MeV. Several years ago, phase-shi f t  analyses o f  
n-p sca t te r ing  data near 50 MeV revealed ambiguous and/or anamalous values f o r  
two important phase parameters. The 3S1 - 301 mixing parameter e l ,  wtiich cha- 
r ac te r i zes  the non-spherical and long range p a r t  o f  the N-N i n te rac t ion ,  and 
the l P 1  phase s h i f t  parameter disagreed both w i t h  values expected from models 
and w i t h  any smooth i n te rpo la t i on  o f  values from adjacent energies. Recent i n -  
ves t iga t ions  have shown t h a t  c l  i s  undetermined between about 0" and 4" below 
50 MeV. There can be strong cor re la t ions  between the various phases such as e l  
and l P 1  t o  which spec i f i c  experimental data may not  be sens i t ive .  

This unsat is fac tory  s i t u a t i o n  prompted us, t o  measure the n-p d i f f e r e n t i a l  
cross sect ion da/dQ, the vector analyzing power Ay and the spin-spin co r re la -  
t i o n  parameter A,,,, a t  our neutron beam f a c i l i t y  a t  the Karlsruhe cyc lo t r on  
[ 4 ] .  High p rec is ion  measurements o f  the backward angular shape o f  the  d i f f e -  
r e n t i a l  cross sect ion are shown i n  f i g u r e  1. The data were taken by de tec t ing  
r e c o i l  protons from a polyethylene f o i l  employing our continuous energy neu- 
t rcm beam. The protons have been i d e n t i f i e d  by A E - E  telescopes, cons is t ing  o f  
a A€ -s i l i con  detector  and a NaI c r ys ta l  as E-detector each. 

The. absolute normal izat ion o f  our data was obtained i n  the f o l l ow ing  way: Our 
data were f i r s t  normalized t o  the 120" cross sect ion provided by the Par i s  po- 
t e n t i a l  p red i c t i on  and included i n  a phase-shi f t  ana lys is  w i t h  no cons t ra i n t  
on the  normalizat ion. Thus only the shape o f  da/dQ had an in f luence  i n  the 
phase-shif ts analysis. The phases lP1, 303 and e l  remained f r e e  dur ing the  
whale procedure. It appeared t ha t  the r e s u l t s  f o r  the 3P2, 301 and 302 phase 
s h i f t s  were i n  good agreement w i t h  the pred ic t ions o f  the Par is  p o t e n t i a l  [ 7 ] .  

.These phase s h i f t s  were then f i x e d  t o  the p red ic t ions  o f  the Par is  po ten t i a l .  
The  SO, 3S1 and 3P0 parameters were also f i x e d  t o  the Par is  p o t e n t i a l  values, 
Corre la t ions between some phase sh i f t s ,  especial l y  those f o r  the 3P-waves, ma- 
de: i t necessary t o  take the 3P1 and the ID2 phase s h i f t s  from the proton- 
pra ton system. I n  t h i s  way we obtained normal izat ion f ac to r s  f o r  our d i f f e r e n -  
t i a l  cross sections which turned out  t o  be s tab le  w i t h i n  + 1 percent f o r  any 
reasonable change i n  data base o r  i n  parameter cons t ra in ts  i n  var ious indepen- 
d m t  phase-shi f t  searches. The new resu l t s  [ 141 improve considerably the qua- 
l i t y  o f  the n-p data f i l e  i n  the energy range from 22 t o  50 MeV. Our r e s u l t s  
e x h i b i t  uncer ta in t ies  which are a f ac to r  o f  3 t o  6 less  than those o f  previous 
data i f  there were any ava i lab le  a t  corresponding energies. For a d e t a i l e d  
comparison see a lso the work quoted i n  r e f .  14 

The 63.1 MeV data i n  f i g u r e  1 are from the Davis group [ I 5 1  and are included 
f o r  comparison. The data i n  r e f .  [ l 5 ]  have been normalized t o  at = 121.6 mb by 
f i t t i n g  a f o u r t h  order Legendre polynomial t o  the data. The s o l i d  curves i n  
f i g u r e  1 are phase parameter f i t s .  With our new data, phase-shi f t  analyses 



i nc lud ing  a l l  ava i lab le  n-p sca t te r ing  data show reduced uncer ta in t ies ,  
espec ia l l y  i n  the I P l  (T=O) phase-shif t  parameter. The d i f f e r e n t i a l  cross 
sect ions e x h i b i t  an increasing symmetby around 90" i n  the center-of-mass sy- 
stem w i t h  increasing energy, i nd i ca t i ng  the dominance of the  1P1 i n t e r a c t i o n  
i n  the cross sect ion observable. Figure 1 ind icates i n  add i t ion,  t h a t  h igher 
angular mqmenta are involved w i t h  increasing inc iden t  energy. There are a lso  a  
few new data a t  66 MeV [16]  taken by a  P S I  co l labora t ion  group i n  connection 
w i t h  t h e i r  vector  analyzing power Ay and spin-spi n  c o r r e l a t i o n  parameter 
measurement. 

Neutron-uroton vector  analvzinq power 

Po la r i za t i on  and analyzing power experiments i n  n-p sca t t e r i ng  have been used 
i n  the  past  t o  inves t iga te  the v a l i d i t y  o f  charge independence o r  time- 
reversa l  invar iance i n  the strong N-N interact ion. 'Charge independence f o rb i ds  
t r a n s i t i o n s  between the isosca lar  and isovector p a r t  o f  the sca t t e r i ng  mat r i x  
o f  t o t a l  angular momentum and thus between the sp in  t r i p l e t  (S=l) and s i n g l e t  
(S=O) states,  e.g. 3PI ++ lP1. The t ime-reversal invar iance s ta tes  t h a t  i n  
e l a s t i c  sca t te r ing  the p o l a r i z a t i o n  o f  a  spin-112 p a r t i c l e  i s  equal t o  the 
analyzing power o f  the inverse sca t te r ing  process, p r w i d e d  the t a rge t  sp in  i s  
non-zero. These symmetries have been studied a t  low and h igh energies. I n  ad- 
d i  t i on ,  phase-shi f t  analyses e x h i b i t  a  strong s e n s i t i v i t y  o f  the 30 parameters 
t o  the shape o f  the analyzing power a t  backward angles. 

New prec ise measurements o f  the vector  analyzing power f o r  n-p sca t t e r i ng  a t  
energies between 17 MeV and 50 MeV have been ca r r i ed  out  i n  our group [17 ] .  
The absolute sca l ing  e r r o r  o f  the experimental analyzing power i n  r e f . [ l 7 ] ,  
due t o  the neutron beam po la r i za t ion ,  amounts t o  2-3%. Figure 2a shows se- 
lec ted  data a t  25 and 50 MeV. The s o l i d  curves i n  f ig.2a f o r  25 and 50 MeV re-  
present our own phase-shi f t  analyses w i t h  phases f o r  L ? 3  f i xed  t o  the Par i s  
p o t e n t i a l  values. The new data a t  25 MeV completely r u l e  ou t  a  zero crossing 
o f  the analyzing power near a,, = 150" and therefore, do no t  i nd i ca te  the  
need f o r  la rge con t r ibu t ions  from F waves. The Karlsruhe data [ I 7 1  are based 
on the observat ion o f  neutrons scat tered from an ac t i ve  s c i n t i l l a t o r  t a rge t  
(NE213) and a t  backward angles ( ind icated by squares) on the  observat ion o f  
r e c o i l  protons from a 2 mm t h i c k  polyethylene target .  Based on mult iparameter 
data taking,  m u l t i p l e  sca t te r ing  e f f e c t s  i n  the NE213 t a rge t  could be we l l  de- 
termi ned. 

A t  25 MeV the sp in -o rb i t  i n t e rac t i on  i s  s t i l l  small r e s u l t i n g  i n  a  maximum 
analyzing power o f  about 7%. With increasing neutron energy, the maximum 
analyzing power becomes about 20% a t  50 MeV. For 25 and 50 MeV comparisons 
w i t h  o ther  data [18,19] are shown, demonstrating again the p rec i s i on  achieved 
espec ia l l y  a t  backward angles. A t  backward angles a l l  groups detected r e c o i l  
protons. The Madison group s ta tes t h a t  a t  lower energies the Bonn p o t e n t i a l  
[ 8 ]  underestimates the P-wave sp in -o rb i t  s p l i t t i n g  by 35%. A n-p analyzing po- 
wer measurement a t  68 MeV i s  a lso p a r t  o f  the program of a P S I  c o l  l abo ra t i on  
group (201, which aims a t  an accurate determination o f  the N-N tensor force.  

Neutron-proton spin-spin co r re l a t i on  

For increasing energy the spin-spin p a r t  o f  the N-N i n t e r a c t i o n  should become 
increas ing ly  important, mainly because o f  the vector  i d e n t i t y  
a l * a 2  = 3 * (a l - q ) * (a2 *q )  - S12(q) where S12(q) i s  the tensor p a r t  o f  the N-N 
i n t e r a c t i o n  and q the momentum t rans fe r  dur ing i n t e r a c t i o n .  Since the tensor 



i n t e r a c t i o n  mixes p a r t i a l  waves o f  the same pa r i t y ,  the n-p spin-spin co r re la -  
t i o n  observab le  Ayy should provide add i t i ona l  cons t ra in ts  on the mix ing para- 
meter el, I n  order t o  reduce the uncer ta in t ies  a r i s i n g  from parameter co r re la -  
t i o n s  i n  a  phase-shi f t  analysis, many observables w i t h  spec i f i c  s e n s i t i v i t i e s  
have t o  be measured accurately. A f o r  instance, has,been shown t o  be s e n s i t i -  
ve t o  3P,3D and 3F N-N phase s h i f t s  and hence w i  11 serve t o  p i n  down these pa- 
rameters. Knowledge o f  Ay together w i t h  new data on the r e l a t i v e  d i f f e r e n t i a l  
c ross sect ion and the spin-spin co r re l a t i on  parameter Azz w i l l  even tua l l y  lead 
t o  a  much more precise ex t rac t ion  o f  e l .  

The Karlsruhe group measured the spin-spin c o r r e l a t i o n  Ayy by means o f  a  pola-  
r i z e d  TiH2 ta rge t  (contain ing 1.3 mol Hz) f o r  neutron energies between 19 and 
50 MeV (211. Figure 2b shows our experimental r e s u l t s  together w i t h  o l de r  data 
f a r  a heut ron energy near 25 MeV and a t  50 MeV. The dashed c w v e  represents 
our own phase-shi f t  analysis, the s o l i d  curve the p red i c t i on  from the Par i s  
po ten t i a l  [ 7 ] ,  the dot ted curve r e s u l t s  from the new Bonn p o t e n t i a l  [81. The 
measurement o f  the spin-spin co r re l a t i on  parameter as a  func t ion  o f  sca t t e r i ng  
angle represents a  d i f f i c u l t  piece o f  work, espec ia l l y  because the T i  scat te-  
r i n g  spectra had t o  be subtracted from TiH2 sca t te r ing  spectra and the sensi- 
t i v i t y  on the mix ing parameter el i s  such, t h a t  the e r r o r  bars o f  our 25 MeV 
data correspond t o  el k0.7". 

An independent determination o f  the mixing parameter e l  was aimed through the  
measurement o f  the l o n g i t ~ d i n a l  spin-spin co r re l a t i on  AZZ i nves t iga ted  by the  
Base1 group (241. They repor t  a  f i r s t  measurement o f  the spin-spin c o r r e l a t i o ~  
parameter Azz i n  n-p sca t te r ing  a t  67.5 MeV. The resu l t s ,  obtained i n  the  an- 
g u l a r  range 105" I @,, I 170•‹, w i t h  t y p i c a l  accuracies o f  0.008, are h i g h l y  
sens i t i ve  t o  the mix ing parameter e l .  Their  data are presented i n  f i g u r e  3  and 
t h e i r  ~ h a s e - s h i f t  analysis based on the cur rent  world data y i e l d s  a t  50 MeV a 
value o f  el (2.9Ok0.3") s i g n i f i c a n t l y  higher than predicted by modern po ten t i -  
aT models (see e.g. f ig.5) .  

Various research groups a t  P S I  [25]  and TUNL [26]  continue t o  i nves t i ga te  the  
t ransversal  and long i tud ina l  spin-spin dependence o f  the t o t a l  cross sec t ion  
i n  n-P scat ter inq.  This observable i s  assumed t o  e x h i b i t  a  h igh s e n s i t i v i t y  t o  
the tensor i n t e r a c t i o n  strength, and thus t o  e l  f o r  neutror 
tens of MeV [ 26 I . 
Neutron-proton capture cross sections 

Because o f  the meson exchange p i c t u re  f o r  the N-N i n t e r a c t  
s t r i b u t i o n  represented bv the nucleon currents i s  modified 

energies o f  a  few 

on, the charge d i -  
dur ing n-p scat te-  

r ing .  I n  fac t ,  the study o f  N-N sca t te r ing  d the bound deuteron system as 
wel l ,  has furnished us w i t h  a  wealth o f  de ta i led  in format ion on the elementary 
N-N i n t e r a c t i o n  al lowing the const ruct ion o f  various r e a l i s t i c  N-N p o t e n t i a l  
models [7,8]. On the other hand, from sca t te r ing  experiments one obta ins  on ly  
f o r  h igh energies informat ion on the i n te rna l  s t ruc tu re  o f  the two-body system 
a t  small and intermediate distances, since a t  low energies on ly  the asymptotic 
pa r t s  o f  the wave funct ions v i a  the phase s h i f t s  determine the experimental 
sca t te r ing  observables. The electromagnetic r a d i a t i o n  i n  neutron-proton captu- 
re stems [27 ]  from r a d i a l  t r ans i t i ons  3P1, 3D1 + 3S1, (El,  E2) o r  from spin- 
f l i p  t r a n s i t i o n s  1  i k e  IS0 + 3S1 (MI). The most dominant r a d i a t i o n  between 10 
and 70 MeV inc iden t  energy i s  o f  d ipo le  character. i n  accordance w i t h  the P- 
wave dominance i n  e l a s t i c  scat ter ing.  With increasing energy the in f luence  o f  
the quadrupole t r a n s i t i o n  becomes larger.  



In most of the experiments on photodisintegration of the deuteron the diffe- 
rential cross section has been measured for several angles from which an angu- 
lar distribution has been deduced.' The total cross sections, except for a few 
cases, have been evaluated from the measured angular distributions. In a few 
experiments the total cross 'section of the two-body photodisintegration has 
been* directly determined using either a detector with a very large angular 
acceptance for neutrons and/or protons or measuring the total photon absorpti- 
on cross section. 

A recent experiment [28]  measured the total cross section between 15 and 
75 MeV photon energy, using an approximately 4n-proton detector and monochro- 
matic photons by Compton back-scattering of laser light off electrons circula- 
ting in a storage ring. Fig.4 shows the plot of the ratio aeXp/ath for various 
sets of experimental total cross sections oexp and standard theory 0th (ref. 
10 in [281). From this significant representation of the results systematic 
deviations for specific data sets and their individual precision can be re- 
cognized. The data comprise photodisintegration and n-p capture experiments. 
From the capture data, using the detailed balance, the cross section for pho- 
todisintegration of the deuteron can be deduced. 

Capture cross sections have been deduced by comparing the number of deuterons 
with the number of protons scattered at a defined angle and normalizing the n- 
p capture cross section to the n-p elastic cross section. As a consequence the 
accuracy of the capture cross section depends on the precision of the n-p ela- 
stic cross section. The most recent systematic study of deuteron photodisinte- 
gration data [29] was undertaken, utilizing data from twelve publications in 
the 3.5 to 100 MeV energy range. While the total capture cross sections seem 
to follow a regular pattern, the differential cross section data below 30 MeV 
are spread out in magnitude. More high accuracy data are required before a 
clear pattern for that quantity may emerge. 

Summary 

The precision of the n-p scattering data achieved in recent work is in some 
respects comparable to that of p-p scattering data. Therefore, a phase-shift 
analysis of all reliable n-p scattering data in the energy range 16 - 70 MeV 
can be performed providing stable and precise solutions for the total and dif- 
ferential cross sections which could be used as neutron standards above 
20 MeV. Recently the Ni jmegen group [ 9 ]  did an independent phase-shift analy- 
sis of all n-p scattering data below 30 MeV. They find a breaking of charge 
independence in the difference between the coupling constants gz0 and 92, for 
neutral and charged pions, respectively. In a combined analysis, including al- 
so all p-p scattering data below 30 MeV, the effect of charge dependence is 
strikingly seen in the 3P waves. Therefore, charge independence of the N-N in- 
teraction is not only broken in the IS scattering but also in 3P. E.g. the n-p 
3Pl phase-shifts are more negative than the p-p 3P1 parameters by about half a 
degree. 

The isospin violating potential in the 3P1 - lP1 waves is assumed to be of the 
so-called class IV type (antisymmetric in isospin) while for the 1S scattering 
it is assumed to be of the class 111 (symmetric in isospin). Figure 5 shows 
the present solutions for the If1, 3P1 and c1 phase parameters and the pre- 
dictions from the Paris potential [ 7 ]  and the Bonn potential [ 8 ] .  The impres- 



sive stability of these phase parameters asks for a new computer-based data 
combination including all new data from 20 to 70 MeV. 
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Figure 1: Differential cross sections for neutron-proton scattering from 
22 MeV to 50 MeV from the Karlsruhe group [14] and at 63.1 from the Davis 
group [ 1 5 ] .  The solid curves at all neutron energies represent phase-shift 
analyses from the experimentators. 
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F igu re  2a: Analyzing power f o r  
neutron-proton s c a t t e r i n g  a t  25 and 
50 MeV. The s o l i d  p o i n t s  and s o l i d  
and squares f o r  25 and 50 MeV are 
da ta  f rom Kar lsruhe group [17 ] .  The 
open c i r c l e s  f o r  25 MeV . represent  
da ta  f rom the  Madison group [18 ] .  
The open c i r c l e s  f o r  50 MeV are from 
t h e  Davis group [19 ] .  The l a t t e r  
group measured a d d i t i o n a l  data a t  
50 MeV as quoted i n  r e f .  19. 

I 
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Figure 2b: Spin-spin c o r r e l a t i o n  pa- 
rameter Ayy f o r  neutron-proton scat -  
t e r i n g  a t  25 and 50 MeV. The dots  
represent  da ta  from t h e  Kar ls ruhe 
group [21 ] ,  t h e  crosses data  a t  
23.1 MeV from Los Alamos [22  1, and 
a t  50 MeV from t h e  Davis group [23 ] .  
The dashed curve i s  a  phase-sh i f t  
ana lys i s  from r e f . [ 2 1 ]  and t h e  s o l i d  
curve t h e  Par i s  p o t e n t i a l  [ 7 ]  and 
the  dot ted  curve t h e  Bonn p o t e n t i a l  
[ 8 ]  p r e d i c t i o n ,  respec t i ve l y .  



Figure 3: Results for AzL at 67.5 MeV 1241 compared with the predictions of 
the Bonn (dashed) and Paris (dash-dotted) potentials. A new phase shift fit 
(multiplied by the fitted renormalization factor 0.941) is given by the 
solid line, the old fit by the dotted line. The different symbols for the 
data represent the result of two independent runs. 

Figure 4: Plot of the ratio of the neutron-proton capture total cross 
sections Ocsp/Oth 1281 for various sets of experimental cross sections ocsp 
and standard theory 0 t h  versus the laboratory gamma ray energy. 



F igu re  5: Phase-shi f t  parameters f o r  e l a s t i c  neutron-proton s c a t t e r i n g  as 
f u n c t i o n  o f  t h e  neutron efiergy [Zl], compared t o  the  P a r i s  (dashed) [ 7 ]  and 
t h e  Bonn (do t ted)  (81 p o t e n t i a l .  
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ABSTRACT 

A large amount of new results from n-p elastic scattering and transmission 
experiments appeared recently. Considerable part of results was measured using the 
polarized beam of free neutrons and/or the polarized proton target. Neutron bean 
polarizations were accurately determined. The total cross section differences Ao T 
and & were measured at PSI and at SATURNE 11, Aa was also determined at LAMPF. 

L These. results allow to calculate imaginary parts ok tws scattering amplitudes for 
the. 1 4  isospin state in the forward direction. The new AnL("-p) data are compared 
with W-ZGS results deduced from AaL(pd) and r\o,(p-p) measurements. The elastic 
differential cross section and analyzing power at'small angles were determined in 
the IKAR experiment at SATURNE 11. Analyzing powers well as spin correlation 
parameters were measured at the IUCF, TRIUMF, PSI, LAMPF and SATURNE I1 in a large 
angular range. New results of rescattering observables were obtained at LAMPF and 
at SATURNE 11, where three spin-index parameters were also determined. The first 
direct reconstructions of the n-p scattering matrix at 0.84 and 0.88 GeV are 
presented. 



1. INTRODUCTION. Duringthe last10 years, several accelerators have acceleratci; 
polarized beams of protons or deuterons as well as produce polarized neutrons, Kev 
target materials were developped, the magnitude of the target polarization increases 
and many polarized targets work now in the frozen-spin mode. A detection technique 
and event acquisition have been improoved. All these factors helped to exhaustive 
study of the n-p and p-n interaction either of its elastic or inelastic part. Results 
were treated by phase shift analyses and, for the first time, the direct recons- 
truction of the np elastic scattering amplitudes was carried out. 

The present talk gives an up-dated review of recent results at intermediate 
energies. A specific attention is devoted to spin-dependent experiments. Only 
unpublished or recently published results are treated. A large volume of new results 
does not allow to show all of them and imposes a strong selection. The present choiw 
does not signify that results and references ommited here are less important. 

The four-subscript notation Xsr for all observables is used[l] . Subscrip'c,~ 
refer to the polarization componen!s of the scattered, recoil, beam and tugrt 
particles, in this order. If an initial particle is unpolarized or a final particl c. 
polarization is not analyzed, the corresponding subscript is set equal to zeroL 
The three sets of the laboratory unit vectors contain the common normal, the 
direction of each particle and its sideway directions. For the incident and the 
target particles the component are n, k, s, for the scattered one n, k t ,  st and 
for the recoil particle n, k", sl'. The invariant amplitudes a,b,c,d and e are 
used[l] . 

2. POLARIZED BEAMS AND TARGETS. Several accelerators in the intermediate and 
high energy region give intense polarized proton beams as IUCF, TRIUMF, PSI, LAMPF, 
SATURNE 11, KEK and BNL-AGS. Only few accelerators produce polarized deuterons. 

The polarized deuterons (beam or target) may be considered as quasifree protons 
and neutrons. Their polarizations are equal and the ratio of quasielastic pp to 
np (pn) asymmetries is independent of the deuteron polarization. 

Polarized beams of free neutrons at intermediate and high energies may be 
obtained in three possible ways, i.e by the polarized deuteron break-up, by the 
p-n charge-exchange on deuterons or by the p-n reactions on light nuclei. 

a) - An intense polarized neutron beam with well defined orientation af 
polarization and small energy spread can be obtained by a break-up of polarized 
deuterons on a production target. In the break-up reaction about 2/3 of the total 
deuteron polarization is transferred to the outgoing neutrons and protons. Only 
the D state of the deuteron (-6%) decreases the beam polarization. Moreover, this 
polarization is independent on the energy below the first resonance (-11 GeV). This 
method may be also used at high energies. 

At SATURNE I1 such a neutron beam was first built for the IKAR experiment[2,4] 
and then another one for the Nucleon-Nucleon program. A.Boudard and ~.~ilkin[4] 
predicted the beam polarization of 0.59 at SATURNE 11. Their prediction was checked 
by a comparison of the beam analyzing power Aoono and the target analyzing power 
Aooon, measured either with the polarized neutron beam and the unpolarized proton 
target, or vice versa. The comparison was done at 477 MeV, i.e. at the same energy 
where a precise test of isospin invariance (Aoono(np) = Aooon(np)) has been performed 
at TRIUMF[~]. Both TRIUMF and SATURNE I1 results are shown in Fig. 1. The first 



Fig. 1 Aoono(np) (a,+) and Aooon(np) 
(o,x) energy dependence at 
477 MeV. Data denoted by 9 and 
x were measured at TRIUW[~], 
data l and o were obtained 
at SATURNE 11. 

measurement gave 0.59 f 0.62 for the beam polarization in perfect agreement with 
the calculations [4]. 

NEUTRON BEAM " 
-0.1 POLAR1 ZATION 

As for neutron energies above 1.13 GeV, at present, the only accelerator 
providing a polarized deuteron beam is the Dubna JINR-HEL synchrophasotron (9.5 
GeV/c i.e. 7.8 GeV deuteron kinetic energy), where the neutron beam was recently 
extracted. 
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4 3  

-0.4 

-0.5 

0) - The p-n charge-exchange method, i.e. the backward scattering of polarized 
protons on a liquid deuterium target via the iriclusive reaction p + d * n + X results 
in a quasi-monoenergetic polarized neutron beam. This has been used with success 
at i,AMp~[6] and TRIUMF[~]. h high neutron polarization may be prcduced in the 
-sids-way direztlon (polarization transfer KosWso, P = 0.7 tc 0.9 between 203 and 

B 600 MeV) or in the longitudinal direction (palariza~ion transfer Kok-ko, P = 0.4 
to 3.6 below 800 MeV). Lnforturiately the neutron bean intensity is rather ?ow. At 
higher energy the pclarization transfer parameters are baZly known. 

- 
- 

0 - 
- 
- 0 - 
- 
- 0 - 
- b)  0 0 - 0 - 
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c) - The neutron spectra from the p-n reactions on liqht nuclei (ii, B, Be, 
C) are characterized by a high energy peak and a lower energy continuum (Fig. 2). 
The large spectra do not represent an important complication if a RF beam structure 
allows a precise time-of-flight measurements. The method again necessitates high 
intensity of incident protons but its advantage is a considerably higher intensity 
3f polarized neutrcns with respect to the pd charge-sxchange method. At PSI t he  

200 300 400 500 600 
Tkin(MeV) 

Fig. 2 a) Continuous neutron energy 
spectrum at PSI (NE1). 

b) Energy dependence of the 
1ongituCinal polarization. 



polarized neutrons were obtain26 by shooting the 530 MeV polxized proton beam on 
5 

a 6 cm thick Carbon target, which resulted in - 5.10 polarized neutrons/sec [8]. 
As in the previous case, such beams i$ difficult to build for neutron energies above 
1 GeV. 

It is worthwhile to Inention that the polarization transfer parameters Kokwko 
and Konno for the p + C * n + X reaction have practically the same energy dependence 
as for free np scattering. This interesting result [8] requires an explanation. 

Many of spin dependent NN experiments require use of polarized prcton targets 
(PPT) or polarized deuteron targets (PDT). Use of supraconducting magnetic eiements 
in the target design gives access to a large free solid angle needed for scattering 
experiments[9]. This construction allows to easily orient the target polarization 
into three orthogonal directions simply by chmging the orientation of the externa! 
magnebic field. The holding field allows also a fast reversal (- 20 min) of the 
polarization sign. All these improvements facilitate tracks reconstruction and 
increase the number of measurable spin dependent observables. 

Concerning target materials, different alcohols (propanediol, butanol, 
pentanol) are commonly used. Their hydrogen content is rather low (12 to 14.5 % ) ,  
butthe taraet preparation is relatively easy. Traces of paramagnetic centers (e.g. 
Cr V) are introduced chemically in these materials. A new material in use is m o n i a  
(NH ) where the free protons to bound nucleons ratio is 21%. It needs to be previously 

3 
irradiated in an intense electron beam in order to create paramagnetic centers. 

Concerning the PDT, the deuterated Sutanol or propanediol as a target material 
are often used. Targets containing d uterated &mmonia represent an improvement, % 
The most promising target pterial is Lig. The Li and D resonant frequencies re 
very close. Assumirg that Li behaves as He + D, the expected polarization of Li 
an6 I! should be equal. This has been oSserved experiment.ally at PSIL~O]. 

The NMR measurements of a PDT polarization is troublesome for deuterated 
alco Is, ammonia and for any amorphous solids, due to the shape of the NMR line. P 
For LiD the NMR signal distribution has the same gaussian-like shape as the one 
for the proton polarization. 

3. RECENT EXPERIMENTAL RESULTS. A large amount of'new results for NN elastic 
scattering and transmission experiments above 100 MeV appeared recently. Older 
results are referee e.g. in compilations[11,12] and refs[13,14,15]. 

The total cross sections a (np) were measured starting the energy 1 eV up 
pto+ to several nundreth GeV. The da-a St very low energies show that the total cross 

secticn is constant up to - 200 eV then decreases up to 400 MeV. The generaily 
accepted value at zero kinecic enera7[16] is (20.491 + 0.014) barn, corresponding 
to the np scattering length -(23.749 ?: 0.009) Fermi. Fig. 3a shows the energy 
depndence of the np total cross section from 9 MeV to 500 GeV. Numerous Karlsruhe 
data[l7] are shown as che solid line. A considerable disagreement (up to 2 rnb at 
400 KeV) is observed between LAMPF[~~] and  PSI[^^] data on one hand and 
TRIUMF-BASQUE["L] and PPA[~~] data on the other, as illustrated in Fig. 3b. All 
other existing points[ll,l2] cannot heip to drawn any conclusion due to their large 
errors. The fact that the PSI data [19] , have confirmed the energy dependence 
observed at LAM?F[~!?J an8 that both of these data are fitted withwt any 
normalization in the ?~~[13,22] give definite credence to these two sets of data. 



Fig. 3a np total (0) and total elastic !e)  cross sections from 9 Mev 
to 500 GeV. Soil? line repressnti the data [l7 1 

+ PPA 
x BASQUE 

Fig. 3b np total cross section from 200 MeV to 800 MeV. 
.. [18], o .. [19], + .. [ZO~ and x .. [21]. 

There exist only few directly measured np total elastic cross sections and the 
energy dependence of this quantity is plotted in Fig. 3a by black dots. 

Fig. 4 shows the energy dependence of utot (inelastic). Only few so called 
"birect" measurements of the total inelastrc cross section data are published (shown 
as open circles in Fig. 4) : they were deduced from the difference J - 
u (elastic) mainly using bubble chamber data. The total inelastic cross sOe'cP4on 
tot 
can however be also determined as a sum of integrated total cross sections over 
all inelastic channels[23]. Results of this method is shown as the solid line in 
Fig. 4. Mainly exclusive reaction channels are known and the energy dependence could 
be calculated up to 4.2 GeV only. In the enerw 0 range below 0.8 GeV, four dif feient - 0 
channels contribute : 1) np * dx , 2) np * npx , 3 )  np * ppx and 4) np * nnrt . 

The reaction 1) was always normalized to the similar pp reaction and no serious 
check of isospin lnvariance can be done. The reactions 3) and 4) are related by 



charge symmetry conservation. Here again no check of this symmetry can be done since 
the data for each rection have been measclred at different energies. The total cros?. 
section for the reaction 2) is hard to measure an8 was deduced mainly from t h c  
difference between pp and pd scattering, corrected for the deutercn bound state, 
Assming iscspin invariance one does not need tc take the reaction 2) into accountec 
This is demonstrated by the relation A = E where 

- + 
assuming a (np * ppn ) = otot(np * nnx 1. tot 

In ref. [23] was found that reiation A = B does not hold even below 67G MeV wher c 
data are sufficient. As exemple the ratio (A - B)/(A + B) was found to be - OLOG 
at 600 MeV. Obviously one obtains different total inelastic cross section value:: 
assuming A = B or not. This is one important source of disagreement between dif f ereni. 

6tot (inelastic) 

n-P 

Fig. 4a np inelastic total cross 
section. ( c )  ate "direct"' 
resuits, solid line is 
the fit from ref.[23] 

Fig. 4b c (inelastic? for 
tEtl = o state[23] 

phase shift analyses using the same data base. Energy dependence of o (inel) is 
shown in Fig. 4a where A = B was not assumed. Using the energy depen&%ce of the 

PP vtot (inel), the I = 0 part is obtained as shown in Fig. 4b. 

The nptotal cross section differences Au (np) and Ao (np), using free polarizes 
neutrons, were measured for the first time at ~ATURNE 11. bour points with relatively 
large errors were published[24]. These results were completed by new measurements 
for each observable[25]. The Saclay results were s o ~ n  followed by PSI m, ~asurements 
~ L I  the energy region from 140 to 59G MeV. The latter used a similar counter set-up 
as the SATURNE I1 one, but with completely different electronics and polarized 
neutron beam with a continuous energy spectrum[8]. Each of the total cross section 
differences were simutaneously measurea at 7 central energies between 16C and 530 
~e~[26,27]. The oSservable Au was also measured at five energies ac LAMPF[~~ , 291. 

L The measurements were done with the polarized neutron beam produced in the pd * n 
+ X reaction with longitu6ina;ly polarized protons. 

In Fig. 5a are plotted SATURN3 I1 o (np) = -Aa,/2 data (black dots and 
ltot squares) togetker with the PSI results (open circles arh open diamonds). Fig. 5b 



i Fig. 5a oltot = --Ao ( n p ) .  2 T 

Open circles and diamonds .. [27] 
black do t s  and squares  ......[ 251 Fig. 5b -An (np )  energlr dependence. L 

........ open circles [27] ....... open diamonds [29] ........... black d o t s  [25] 

Fig. 6 Free np -PaL ( f u l l  l i n e  ) 

compared w i t h  t h e  ANL-ZGS 
quasielastic r e s u l t s .  
F u l l  do t s  6a  ...... [30] 
Open circles 6b ... 1311 
Open squares  6c ... [32] 
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shows the SATURNE I1 -AaL(n~) results ( 0 )  together with the PSI Zata (0) an8 tke 
LAWF results (open diamonds). One can notice an excellent agreement betwssn all 
data sets. A dip at - 0.6 GeV for both observables and a very broad maximum - 0.9 
GeV in -Pa can be observed. 

L 

The Au values were oatained for the first time in a quaslfree p-n tranmission 
L measurement at ANL-ZGS[~O]. The ZGS experiment had measured AaI,(pd) and AaL(pp) 

by transmission of polarized protons through a partially deuterated polarized 
target. Taking a sinple difference Setween pd and pp results corrected only for 
the bem and target polarizations and for the Coulomb-Nuclear rescattering including 
deuteron break-up, the data are in fairly good agreement with the Saclay, PSI and 
LAKPF results. This is demonstrated in Fig. 6a where the full line represents the 
PSA fit extrapolated to 1.1 GeV, and the black dots are the "uncoirecteC" ANL-ZGS 
results. The data corrected for Glauber-type rescattering[31] are presented in Fig 
6b by open circles. Between 0.8 and 1.1 GeV these results disagree with the free 
np results. In 1982 the ANL-ZGS data were corrected by ~ro11[32] for Slauber-type 
rescattering including final 3-body state interaction (open squares) [33]. One can 
state that ar!y ccrrection increases the Cisagreement. 

Differential cross sections at medium and large angles were accurately measured 
many years ago in different laboratories whereas meaurements at small angles were 
scarse. At SATURNE I1 the elastic np differential cross section at 378, 481, 532, 
592, 633, 683, 708, 784, 834, 854, 934, 965, 1085 and 1135 MeV was rceasured by Saclay 
and Gatchins. groups[3]. All together 585 experimental points are listed. The results 
at 4 energies are shown in Figs 7. Neutrons were scattered at small angles inside 
the high-pressure drift chamber IKAR which measured the slow recoil proton angle 
and a Froton path length in gas. For Aoono measurements at small angles, the IKAR 
experimental set-upwas completedbytwo large neutron counters in order to determine 
the left-right asymmetry. These measurements were performed at 3.633, 0.784, 0.834, 
0.934 and 0.995 Gev[2,3]. 

At IUCF the analyzing powers Aoono and Aooon as well as the spin correlation 
parameter Aoonri were measured at 181 ~e~[34,35]. One of aims of this measurement 
was a check of isospin invariance. At TRIiJMF very precise measurements of the 
analyzing pcwer and spin correlation Aoonn were performed at four and three energies, 

IXSpeCti~ely, between 225 and 477 MeV (see Fig. 1) in a large angular region[ 51. 
Fig. 8 illustrate the Aoonn results around 200 MeV showing a rapid energy variation. 

Comparing the TRIUMF analyzing power data[5] with the LAMPF measurements[36] 
at 425 MeV, one observes a similar angular dependence and both data sets can easily 
be renormalized by a small multiplicative factor. On the other haxid, the BASQUE 
group data[37] ire incompatible as can be seen ir! Fig. 9. From this incompatibility 
rise one important conclusion: it is highly dssirale to measure two-index 
rescattering polarization observables also below 500 MeV, since these quantities 
may be affected.. This will probaSly be done at PSI on the NA2 new nT line. move 
600 MeV one can observe a smooch connection between the results at small an2 medium 
angies . 

At DSI were performed measurements of spin correlation Farmeters Aoonn, Aooirk, 
Aooss and Aoosk between 90•‹ and 170•‹ CM. In addition, using a defiicatee apparatus, 
Aoonn 2nd Aookk observables were measured close to lSOO CM[~E(]. Duo LO the syrmetry 
relations of I=l and I=O scattering amplitudes, this experiment allows a direct 
reconstruction of tfle np scattering matrix at 8 = O0 and since the pp amplitudes 
are known one can extract the I = 0 part. Similar 18S0 experiment was performed 
at SATURNE I1 at discrete energies. 



Fig. 8 Aoonn(np) at 
181 MeV (0) [34] 
220 MeV (0) [5] 
- PSA fit 

Fig. 9 Aoono and Aooon 
data at 425 MeV. ....... 0.0 [51 
triangles [37 1 
+ ......... [36] 

Spin correlation parameters Aooss, Aooklc and Aoosk were also measured at LBMPF 
at 484, 634 and 788 MeV, usinq a one arm spectroneter [39,40 j . Angular interval rlnges 
from 80' to 180" CM at all energies. Observabl+ Aoonn was measured at 790 MeV from 
48" to 99' using the two arm spectrometer[41]. Tne polarization transfer parameters 
Kosl*so, Kokl'ko, K06~~ko and Kokflso were determined at 484 and 789 MeV using a free 
polzrized neutron beam and a liquid hydrogen target[42]. 

In the Nucleon-Nucleon program at SATURNE 11 I1 spin dependent np observatles 
were measured at 840, 880, 940. 1000 and 1100 MeV, in order to determine directly 
the np scattering amplitudes. A small fraction of the data were obtained in 
wsielastic scattering of protons and neutrons in accelerrted polarized deuterons 
on a p ~ l ~ i z e d  proton target. The quasielastic np and pp &ta[43,41] (denoted by 
QE in figurss) are in excellent agreement wiih the free-nucleon results. A major 
part of NN results is still unpublished The summary is given in ref.[45]. 

It is impossible to illustrate all new data. Here 
situation around 800 MeV, as at this energy che results &r 
overlapping works from SATURNE 11. Gatchina and mainly 

LAMPF 
SATURN€ II I t 

-uhe ' j o t  ' d o '  ' s b '  ' l i o '  'i' 'lb 
e,, (dcg) Fig. 10c A~~~~ [39,40! 

- - 
Fig. 10b ~oor,n(np) data Fig. 10d ~ookk(npj data 

at - 0.8 GeV. at - 0.8 GeV. 
ciiamcnds [41] ... o [39,401 
o ...... [44j ... [451 

.....a [45] 

is shown the experimental 
,e most complete and concern 
LAMP? (Fig. 10a to lo]). 
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Fig. 109 KosP1ko(np) &ta ,, , , , , , , , , , , , I 

Fig. iOj Rescattering 
observabies 
at SATURNE 11. 

Fig. 10i K 
okP1ko (np) [421 

There are a few remarks to be done about the spin correlation p- arameters. 
I) Aaonn below 800 MeV Stays almost positive and crosses zerc at 0 - 150' CM. 

Above this energy, the Aoonn angular distribution changes shape, it becomes largely 
negative for 8 > 80•‹ CM and a pronounced minimum is observed around llOO. 

2 )  Aookk at 630 MeV in the forward hemisphere seem to be larger than predicted 
by different PSA. ClCSe to 180•‹ CM it changes sigr! and becomes largely negative 
(see Fig. 10d). 

3) Aoosk keeps small values over a large energy d~main (Fig. 10e). 

From the measured o &aT, Au in pp and np scattering, it is possible to 
Otot ' L 

determine 1=0 tctal cross sections as well as the imaginary part of the three 
independent non-zero scattering amplit~des at 0 = OO. In Figs lla and llb are given 
u (I=O) and -Am (I=O), respectively. The invariant amplitudes[l] Im c and Im d 

L attVt= O0 are shown in Fig. 12. The shape of o and -Ao observables for 1=0 
ltot L 

state is similar to the one observed for the corresponding np observables. Note 
that the Singlet D partial Wave 1s absent in 1=0 amplitudes. Therefore one cannot 
say that the energy dependence of I=O observables and amplitudes support the 
hypothesis attributing the origin of the a 

ltot and -Aa behaviour in pp and np 
scattering only to the singlet D wave. L 



Fig. lfa a (I=0) 
LtOt 

Fig. llb -AmL( I=O) . 
Fig. 12 Im c(OO) and 

Im d(OO) for 
I=O state. 

4. DIRSCT RECONSTRUCTION OF SCATTERING AMPLITUDES AND PSA. The pp elastic 
scattering apiitudes (I = 1) have Seen determined in a model-independent analysis 
over part of the scat~ering angle range at 19 energies between 447 #eV up to 5135 
MeV. By contrast, the I = 0 amplitudes are very poorly known for the moment. A t  
SATUFWE I1 such an I = 0 amplitufie reconstruction will be soon possible at 5 energies 
betweer. 840 and ilOO MeV. Preliminary np results have been presented at the Bonn 
Conference 1990[45] at 940 and 880 MeV for 3 different angles ( 5 0 O ,  6i0 an9 73' 
CM). They are shorn in Figs 13a,b. Four different solutions have been found at 840 
MeT:, one (x} being less probable than the others ( 0 ,  G an8 +). At 880 MeV, the 2 
best sol'utions h a w  equal probability. For one of them the uncertainties for the 
phases were la-ger than 190•‹ at 54c and 61•‹, so only the absolute values are piottea. 
It is still uncertain wether the reductiai of the experimental error bars will be 
sufficient to lead to a unique soluticn. Data alreaily collected and fliture 
sxperimsnts at PSI will allow such I = 0 reconstraction at 4 Gr 5 additional energies 
Detween 300 and 580 MeV with a high degree of precision [46,47]. 

Concerning the PSh, a part of existing data is introduced in ths Arnet SAID 
proqam[48]. In the near future one can expect : 

- Below 590 MeV more np data around 200 MeV are needed. New measurements are 
forseen in the PSI program. 

- Below 1.1 GeV the nF energy dependent analyses with SATUSNE 11 data are 
expected. 

- Above 1.1 GeV the fixed energy analyses using quasielastic pn measurements 
are foreseen at SATURNE I1 for up to 2.7 GeV. 

- Free polarized neutron beam was recently extracted at DuSna up to 3.9 G ~ V .  

5. CONCLUSIONS. Due to accelerators provieing pclarized Seams, improvements 
of the polarized target, experimental techniques and informatics, a lack of data 



Fig. 13a Direct reconstruction of the 
np amplitudes at 0.84 GeV. 
The solutions denoted by 0 ,  

o and + symbols have an equal 
statistical probability, 
solution x is less probable. 

Fig. 13b Direct reconstruction of the 
np amplitudes at 0.88 GeV. 
The solutions denoted by 
and o symbols have the same 
statistical probability. 

is less critical with respect to the situation which existed several years ago. 
Measurements at intermediate and high energies allow to draw some common interesting 
qeneral features of observables. Available data permit to compare model predictions 
with results of phenomenological analyses. The direct reconstruction of scattering 
amplitudes starts to be in competition with the PSA method. 

As consequence, new results must be more accurate, energy dependent and measured 
ir? a large angular region. Selected nucleon-nucleon experiments, spin deper,dent 
or independent, elastic or inelastic, as well as studies of fundamental laws at 
ar.y energy will improve our knowledge of this interaction. 

The angular and energy dependence of availabie np scattering observables does 
not allow to draw now any conclusion about possible structures. Comparing different 
spin dependent 0bSerVakleS (analyzing power and spin correlations) one can state 
that no difference was found between np elastic scattering data and np or pn 
quasielastic data measured with deuteron beams or targets. 
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KUCLEON-NUCLEON ELASTIC SCATTERING ANALYSES AT VPI&SU 
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ABSTRACT 

Analyses of Nucleon-Nucleon elastic scattering data  below 1.6 GeV for p p  and 1.1 GeV for n-p have 

produced a nglotaln (energy-dependent) representation over the full energy range, an energy-dependent 

fit to 350 MeV, and single-energy fits to binned data over the full energy range. All of the present 

solutions utilize the value of pion-nucleon coupling constant, 13.5, extracted from the VPI&SU analysis 

of el-tic pion-nucleon scattering below 2 GeV. A total of around 12000 p p  and 7000 n-p data were 

used in the analyses and th7 global fit involved variation of around 150 phase parameters. 

The p p  data  base is fairly complete and unlikely to change much in the next few years; the n-p data 

base, however, is still quite dynamic with new measurements coming out of LAMPF around 800 MeV 

and with much new data to come from Saclay group. Consequently, the 1=0 waves can be expected to 

undergo some substantial changes especially above 600 MeV. In addition to the high energy changes 

which are occuring, there is new, more precise, np data  from Basel and from Karlsruhe which is finally 

capable of defining the deuteron mixing parameter, e l ,  and the 1P1 phase below 100 MeV. 



ELASTIC SCATTERING DATA BASE 

The elastic scattering data base upon, which all phase shift analyses are predicated, has undergone a 

dramatic growth over the last decade due to the new high intensity proton accelerators. Most of this 

growth in data base has occurred above 200 MeV and below 800 MeV, although there has been some 

important activity at  lower, and higher energies as well. In addition to the sheer numbers of new data, 

it should be acknowledged that the newer data has been measured with much smaller statistical 

uncertainty. This data base dynamic ic illustrated in Figure 1 where the totality of pp and np data has 

been binned for the years 1951 to 1991. More than half the present data base has been measured within 

the last decade. 

FITS T O  THE DATA 

As a consequence of the dynamic character of the NN data base, the the partial wave( or phase shift) 

fits has tended to have a dynamic of it's own. Published fits to the data include partial wave analyses 

from VPI&SU[l], Saclay[2], and Basque[3], as well as potential model fits from Paris[4], Bonn[5], and 

Nijmegen[G]. The prese:lt VPI&SU solutions are a global fit, SM91, to pp scattering below l G O O  MeV 

and np data below 1300 MeV and an energy dependent fit, VS35, to combined data below 350 MeV. 

All of the above mentioned solutions can be accessed and used for calculations through the Scattering 

Analysis Interactive Dialin system (SAID) a t  VPI&SU. SAID is a package of FORTRAN programs 

and data bases which is run interactively to calculate and display the nearly infinite variety of 

observables and amplitudes derived from fitting available data. A user entering the system is initially 

given the current VPI&SU global fit but can opt to work with a large number of other available 

solutions. SAID is available as a "backup" tape for VAX computers, or it cann be accessed through 

TELNET by connecting with 128.173.4.10 and using LOGIN=PHYSICS, PASSWORD=QUANTUM. 



NP CROSS SECTIONS FROM 20 TO 200 MEV 

The question for this conference seems to be "How well known are the np differential cross sections 

above 20 MeV?". The solutions described above and available through SAID are vastly overconstrained 

fits (eg SM91 uses about 130 parameters to fit 20000 data points) and therefore the canonical errors 

obtained through an error matrix are certain to grossly understate the actual uncertainties. A better 

method would be through a comparison of predicted cross sections from some of the solutions described 

earlier. Since the np data base below 200 MeV has been fairly stable for some time, the differences are 

less likely to be attributable to recently measured data. We have selected solution VS35 as the 

"benchmark" against which to compare. Figure 2 is a cont.our plot of da/dn(mb/sr) for the kinematic 

regime between 20 MeV and ?20 MeV. Superposed upon figure 2 are the residules ((fitted- 

experimental)/error) for solution VS35. The 947 data shown contribute an UNNORMALIZED X 2  of 

4458; after data base renormalization X2 drops to 1595. The cross section drops from a , nearly 

isotopic, 42 mb/sr a t  20 MeV to around 1.7 mb/sr at  220 MeV and 90 degrees. 

In figure 3 VS35 is compared to Saclay solution S 80(3a), the Paris potential(3b), and SM91(3c). In 

figure 3 we have contour plotted, in increments of 1%, the percentage differences between these selected 

solutions and VS35. At points of extreme difference, we have indicated predicted cross sections with 
2 VS35 being the upper number. All reported solutions show overall x contributions from the measured 

cross sections to be within a few hundred of that from VS35 which is the lowest after renormalization 

of the data base. Although these comparisons show extreme differences as large as lo%, it would seem 

fair to characterize the overall differences a around 4-5 % 
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Figure 1. Nucleon Nucleon Scattering data  Base 1951-1991. The lower part of the histogram shows pp 
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data while the upper(diagona1) part shows np data. 

., 

Figure 2. NP differential cross section from 20-220 MeV, 0-180 deg. The contours are for d ~ / d n  from 

2(5)42mb/sr. The +/- symbols are data  base residuals from the VS35 fit and show the distribution of 

ixperirnentally measured cross sections. 



Figure 3a. Contour plots of percentage difference between cross section predictions from solution VS35 

and the Saclay solution S 80. The contour levels are  in 1% increments and the cross-hatched region 

encloses the +/-1% domain of agreement. The numbers are predicted cross sections a t  selected points 

with tlie VS35 value shown on top. 

- 

VS35/Par1s  

Figure 3b. Same as Figure 3a but with VS35 compared to Paris potential solution. 



Figure 3c. Same as figure 3a but with VS35 compared to  Global fit SMBl. 



THE EXPERIMENTAL PROGRAM -AT THE WNR NEUTRON SOURCE AT LAMPF 

P. W. Lisowski 
Los Alamos National Laboratory 

Los AIamos, NM, U.S.A. 

ABSTRACT 

There are two white neutron sources at Los Alamos National Laboratory which are 
used in a broad scientific program over the energy range from thermal to about 
seven hundred MeV. Largely because of the increased intensity over such an unpre- 
cedented energy range, use of these two facilities for nuclear science research has 
grown from 36 experimenters in 1987 to 118 in 1990. This paper focuses on research 
underway or recently completed at the high-energy neutron source of the WNR 
facility. 



INTRODUCTION 

The WNR facility at the Los Alamos National Laboratory consists of three 
flight paths at the Los Alamos Neutron Scattering Center (LANSCE); target-, a low- 
current target-area with an external proton beam capability, and target-4, a high- 
energy white neutron source. All of these areas are driven by the 800 MeV proton 
beam fram the Clinton P. Anderson Los Alamos Meson Physics Facility (LAMPF) 
which can be multiplexed to both LANSCE and target-2 or target-4 allowing simul- 
taneous operation [I]. Because the target-1 source is designed for experiments using 
low-energy neutron production, this paper will only address the features and recent 
research at target-4. 

The target-4 facility provides neutrons over the energy range from 
approximately 100 keV to above 750 MeV. This is done by bombarding a heavy- 
metal target with pulsed 800 MeV proton beam from LAMPF to produce spallation 
neutrons. The production target is a 3-cm diameter by 7.5-cm long water-cooled 
cylinder of tungsten located in a 1.8-m diameter x 1.2-m high vacuum chamber 
which is contained in a massive shield of iron and concrete with penetrations for 
seven neutron beamlines. Each penetration has a remotely controlled, removable 
mechanical shutter mechanism to turn off the neutron beam to its flight path and to 
provide some initial neutron collimation. Downstream of the shutter there is 
additional collimation and permanent magnets to deflect contaminant charged 
particles. All flight paths have one or more detector stations that allow six 
experiments to operate simultaneously. Data is acquired with CAMAC-based 
MicroVax data acquisition systems. A plan view of the WNR Facility, highlighting 
features of the target-4 spallation source is shown in Fig. 1. 

PROTON BEAM 

Beam for WNR is chopped at the LAMPF injector into a pulse approximately 
20-ns long containing 3 x 108 protons and bunched into the phase acceptance of the 
accelerator. Proton pulse separations can be adjusted in 360 ns increments but 
typically are set between 1 and 4 microseconds depending on the frame-overlap re- 
quirements of WNR experiments. After acceleration the beam consists of a train of 
micropulses approximately 60 ps wide contained in a macropulse envelope extend- 
ing for - 800 microseconds. As many as 70 macropulses/s are available from LAMPF 
(at a spaang of 1 ps this would give 56,000 micropulses/s and 2.7 pa beam on target). 
At the present time pulsed magnet limitations in the LAMPF beam transport system 
restrict the WNR to a maximum of 60 macropulses/s. The proton pulse disperses 
after acceleration to a time width of approximately 150 ps at the WNR target. There 
are two non-intercepting wall-gap beam-pulse monitors [2] located along the proton 
beam line and separated by about 300 meters. These are available to measure the 
proton beam energy and charge, measure the pulse-to-pulse amplitude variation of 
the beam which is needed to properly perform a deadtime correction in high rate 
experiments, and as pulsed beam diagnostics. The principal one used by experi- 
menters is mounted about 23-m upstream of the center of target-4 and is used to 



provide a precise timing fiducial. The beam current is measured with a high- 
sensitivity toroid located near center of target-2 (see Fig. 1). A monitor detector at a 
flight path of 7 meters at an angle of 900 to the neutron production target is used by 
linac operators to adjust the beam position and size for optimum neutron output 
and by experimenters as a relative neutron flux monitor. 

EXPERIMENTAL FACILITIES 

In addition to the monitor flight path, there are six neutron beam lines with 
lengths between 8 and 90 meters. The beamlines are arranged at angles relative to 
the proton beam between 150 and 900 and provide some tailoring of the neutron 
spectrum for different experiments. The 900 flight paths are more suited to low- 
energy experiments because the neutron flux drops rapidly above about 100 MeV, 
lower energy neutrons are attenuated less by the target, and the flight path uncer- 
tainty is snallest. At 150 the neutron spectrum extends to nearly 750 MeV and low- 
er energy neutrons are more strongly absorbed by the target, resulting in a 'harder' 
spec€rum. Flight path lengths, experiment station locations, and some examples of 
recent experiments are given in Table 1. The maximum potential length of each 
flight path is shown in curly brackets and information about facilities under con- 
struction is in square brackets. 

Table I. WNR Target-4 Flight Paths 

Angle Station Distance 
(m> 

Recent 
Exveriments 

90L 8 0 to 30 MeV (n,p), (n,d), etc. 
30L [ a ]  40 (250) 3 to 750 MeV ot; (n,xy); (n,p) 

15R 11 (40) (n,y); (n,xy); n-p Bremss trahlung 
30R I201 (401 Defense program detector calibration 
60R 20 (40) of(En,Bf,mf); 0.5 - 400 MeV(n,f) 
90R 7 (201 Facility neutron monitor 
0 . 40 250 800 MeV hf), (p,n), 

. Several experiments have recently been performed on each flight path to 
determine the outgoing neutron spectrum. Measurements on 60R [3] and 15L [4] 
have used neutron scattering from hydrogen as a standard, whereas all of the others 
(15L, 30L, and 90L) have used new fission cross section data [3] from WNR for either 
238U(n,fl or *35U(n,f) to determine the neutron flux over the range from 3 - 250 
MeV. Above 250 MeV the measurements assume that the fission cross section is 
independent of energy and has the same value as at 250 MeV. This assumption is 
based on the shape of high-energy neutron and proton-induced fission data supple- 
mented by a measurement of the high-energy fission cross section using a plastic 



scintiIlator and a calculated efficiency [3]. A comparison of measured and calculated 
[g neutron spectra is shown in Fig. 2. Because of the difficulty in determining 
proton beam current, the spectra were normalized to the intra-nuclear cascade (INC) 
model predictions over the region near 10 MeV where previous measurements and 
calculations have shown good agreement. The calculations are for the WNR as- 
built tungsten target, including the stainless steel cladding and water jacket. Two 
independent measurements performed on the 15L and 15R flight paths are shown 
in Fig. 2, have the same relative normalization and are in excellent agreement with 
each other. 

In addition to tlie target-4 white source, a nearly monoenergetic neutron 
beam is also available [6]. Neutrons are produced with an energy spread of.about 1 
MeV at a reaction angle of 00 via the '~i(p,n) reaction. This source can be used 
simultaneously during target4 operation with a loss of intensity at target-4 of less 
than 10%. In some cases, WNR can operate at energies as low as 256 MeV, 
produang lower energy monoenergetic beams. There is a detector station at a flight 
path of 250 m for these experiments (see Fig. 1). 

RESEARCH PROGRAM 

The advent of the target-4 source at WNR has made it possible tci perform 
exclusive experiments with neutrons at energies higher than has been previously 
possible. Those studies are enhancing our knowledge of such neutron-induced 
phenomena as fission, photon and charged-particle production, and scattering. The 
organization of this section will be to provide a brief description of the experimental 
program underway on each of the flight paths either during the previous operating 
period or planned for 1991. 

90L Fl i~ht  Path 

This flight path and the corresponding one at 90R have the most advanta- 
geous spectra for experiments at low energy (c 50 MeV). Here experimenters [7] 
have developed a system for measuring (n,p) and (n,a) reaction cross sections, angu- 
lar distributions, and charged-particle spectra from threshold to about 30 MeV in 
order to infer nuclear level density information about both residual nuclei and the 
target nucleus. . 

By measuring charged-particle emission spectra and comparing the shape of 
the spectra for a given neutron energy with Hauser-Feshbach calculations, level 
densities of the residual nucleus can be inferred. Such calculations take level 
densities of the residual nucleus as input and vary the level density until a good 
representation of the data is obtained. Once these data are obtained as a function of 
energy, the analysis can address questions such as: is the level density a function of 
incident neutron energy; can spin-cut off parameters be derived from such data at 
different incident energies; and where is the onset of precompound processes. The 
second technique involves measuring the excitation function for the high-energy 



end of the charged-particle spectrum. Since the optical model transmissions change 
slowly, the decay width of the compound nucleus through these channels changes 
slowly (and can be calculated). The denominator in the Hauser-Feshbach formula 
changes much more rapidly because in many cases it is dominated by neutron decay 
channels. At an excitation energy 1 to 2 MeV below the ground state, that width is 
dominated by the level density in the target nucleus and can therefore be obtained 
by measuring the magnitude of the charged-particle emission cross section. At 
present the experiment is analyzing results for 27~l(n,a),  for 28Si(n,a) and (n,p) to 
resolved final states, and Fe(n,a). Additional reaction cross section data with a wide 
range of applications ranging from neutron therapy to neutron heating of fusion 
materials has been taken for 1 0 ~ ( n , a )  and C(n,a) . In a complementary measure- 
ment, this group also measured the total cross section of 28~i  with high-energy reso- 
lution at the 90-meter station of the 15L flight path in order to derive level densities 
in the compound nucleus, 29Si. 

30L Flight Path 

At the 40-m station of this flight path, there were two experimental programs 
which shared the beam time during the past operating period. The first experiment 
[8] was a continuation of the high-resolution gamma-ray production measurements 
which were begun on the 18-m, 15R flight path. These studies utilize Ge(Li) detec- 
tors to measure cross sections for individual gamma-ray transitions in product nu- 
clei created through (n,xy) reactions. High-resolution nonelastic data have been ob- 
tained in the neutron energy range from 1 to 400 MeV for a wide variety of samples 
ranging from N to 208Pb. The neutron flux was measured with 235U and 238U 
fission chambers, and the Ge(Li) detector efficiencies were measured with calibrated 
sources. The data contain a vast amount of information on complex reaction pro- 
cesses, including signatures of (n,xn) reactions. The extracted cross sections are use- 
ful as input for shielding and heating calculations for such diverse projects as fission 
and fusion reactor design, and space radiation protection of astronauts and the data 
permit detailed testing and improvement of nuclear models in the intermediate 
energy range. 

The second experiment on this flight path involved a measurement of the 
neutron total cross section for energies from 4.5 to about 600 MeV [9]. In this experi- 
ment, a highly collimated 2.54-cm diameter neutron beam was used to measure 
neu-tron transmission as a function of energy for samples located in a computer- 
driven changer positioned at a distance of about 12 m from the neutron source. 
About twenty nuclei ranging in A from Be to Bi were used. At the 40-m station, 
neutrons were detected by a small fast-plastic scintillation counter preceded by a veto 
deter-tor. Systematic errors were minimized using a rapid sample-changing 
technique and highly precise (1% statistical uncertainty in 1% energy bins or better) 
data were obtained. Particular emphasis was given to isotopically separated samples 
of closed-shell nuclei such as 40Ca, 90Zr, and 208Pb for which a substantial body of 
inter-mediate-energy proton scattering data already exists. The results are being 



analyzed to investigate energy-dependent isovector effects in terms of Schroedinger 
and Dirac optical potentials. 

Using the same flight path during the previous two years, a collaboration 
from Los Alamos, the University of New Mexico, and the University of Colorado 
was involved in measurements of neutron-induced charged pion production on 
samples of C, Al, Cu, and W from 200 to 600 MeV [lo]. Those data are among the 
first results to separate R+ and n- production cross sections and they provide valu- 
able information needed to test intra-nuclear cascade predictions. The experimental 
set-up for those measurements used a magnetic spectrometer which covered the 
neutron energy range from 200 to 600 MeV and detected pions at angles ranging 
from 250 to 1250. Production cross sections for R+ and n- were obtained by reversing 
the polarity of the spectrometer magnet. Some of the results for C(n,le-) are shown 
inFig. 3 over the range from 212 to 562 MeV and an angle of 25O. 

15L Flight - Path 

Except at few discrete energies, studies of (n,p) charge-exchange processes have 
been relatively slow to develop compared to those of (p,n) because of the lack of 
suitable neutron sources and detector systems. The physics involved is highly 
complementary to that in (pp)  studies, and in some cases is simpler to interpret 
because isovector (n,p) To +1 excitations.occur at lower excitation energies than in 
(p,n) reactions and have a larger coupling coefficient. 

Over the past four years the 15L flight path has been developed [4] for studies 
of medium-energy (n,p) charge-exchange reactions with the general goals of: 1) cali- 
brating the To +1 Gamow-Teller strength with respect to measured P- decay in sever- 
al p-shell nuclei, and in the only fp shell nucleus where this is possible, 6 4 ~ i  and 2) 
studying the energy dependence of the Gamow-Teller cross sections in several nu- 
clei in order to test calculations based on effective nucleon-nucleus interactions and 
nuclear structure. 

A schematic drawing of the detection apparatus is shown in Fig. 4. The 
neutron beam enters from the left and forward-angle (n,p) cross sections are 
measured by bending the protons out of the neutron beam with a dipole magnet 
into a CsI(T1) array. A multiple target array was used to increase the data rate. Four 
targets, separated by multi-wire proportional counters were used with two 
redundant charged-particle veto counters ahead of the first target. The scattering 
angle was measured by two (x,y) drift chambers located dowhstream of the target 
array. The CsI array ccnsisted of fifteen 7.62 x 7.62 x 15.24 a n 3  crystals stacked in an 
array five wide and three high and capable of stopping up to 260 MeV protons. The 
scattering angle was measured using two large drift chambers immediately in front 
of the CSI array. 

Some results from this program have been recently submitted for pubkation 
[11,12]. Fig. 5 shows typical double-differential cross section data obtained for 
6Li(n,p), 12c(n,p), and 13C(n,p). The data for Fig. 6 was taken from an experimont [I31 
on 32S(n,p) and is an excellent example of the power of a white source for this type 



of experiment.   here the cross section is plotted as a function of the incident 
neutron energy and excitation energy of the residual nucleus. The white source 
allows examination of the details of the reaction mechanism such as the evolution 
of giant resonances with energy in exquisite detail. 

15R Flight - Path 

During the past year this flight pafh was used in an experiment to measure 
three-point angular distributions from 4oCa(n,y) in a search for additional evidence 
for the existence of the isovector giant quadrupole resonance in 41Ca. This 
experiment used a 10-cm diameter by 15-cm long BGO crystal inside an active plastic 
scintillator used to veto cosmic ray and escape events. Preliminary results of this 
work were presented at the Fourth International Workshop on Radiative Capture 
D41. 

A major new physics initiative at the WNR is a program to study the gamma 
emission following neutron-proton scattering (neutron-proton bremsstrahlung or 
NPB) [15]. The goal of this experiment is to study the effects of meson-exchange 
currents in the nucleon-nucleon interaction over a wide range of inelasticities. 
Such effects are expected from theory to be large but have not yet been measured in 
detail. Of additional interest in this experiment is the expectation that the results 
will contribute to the understanding of the source of high-energy gamma rays 
observed in heavy-ion reactions. The experiment will have three phases. First, the 
inclusive gamma-production cross section will be measured for incident neutron 
energies between 50 and 400 MeV using a liquid hydrogen target. A gamma-ray 
telescope with an active converter, two delta-E detectors and a large volume 
calorimeter will be used. The second phase will add a segmented array of proton 
detectors in order to measure proton-gamma coincidmces and define NPB events. 
Finally, in the third phase an array of neutron detectors will be added to measure 
the full neuron-proton-gamma coincidence. 

60R Flight - Path 

From 1987 to 1989 this flight path was used in the program of intermediate- 
energy fission cross section measurements discussed in detail in another contribu- 
tion to this conference [16]. Starting in 1990, a new set of measurements [I71 was 
begun to determine temperature-dependent effects in neutron-induced fission. In 
the first segment of this experiment, a low-mass chamber containing two 19- 
element 3 x 3 cm2 PIN diode arrays, was used to detect fission fragments from 2 to 
200 MeV neutron-induced fission of 2%. The fragment energy was determined by 
comparison with measurements of fragments from spontaneous fission of 252Cf. 
Using momentum conservation and correcting for neutron emission and energy 
loss in the foil, the experiment was able to get the 7-38~(n,f) fragment energies and 
mass distribution. 

Starting in the summer of 1991 the chamber will be surrounded by an array of 
seven liquid scintillators. ' By detecting neutrons in coincidence with fission 



fragments, the experiment will obtain multiplicities of neutrons evaporated prior to 
fission and multiplicities of neutrons emitted from the fragments. These data will 
be used to provide insight into the effects of shells and nuclear dissipation on the 
probability of fission. 

CONCLUSIONS 

The program discussed in this paper presents only on the highlights of measure- 
ments at the WNR target-4. Roughly equivalent amounts of work have been done 
at target-1 and target-2 with low-energy neutrons and incident proton beams respec- 
tively. For 1991, the number of proposals for research have expanded over those for 
1990, and include: investigating cross sections for energetic neutrons incident on 
biological materials and on shielding materials that are of interest to the United 
States Space Exploration Initiative, measurements associated with the Los Alamos 
transmutation of radioactive waste program [18], H(n,p) elastic scattering cross sec- 
tion measurements up to 50 MeV, and nineteen other experiments. The WNR 
target-4 facility together with targets-1 and -2 are proving to be valuable and versatile 
tools contributing to a reviving interest in neutron-based nuclear science research in 
the United States. 
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Fig. 1 Layout of 
Flight paths and 
omitted from this 

the WNR target-4 facility. The proton beam enters from the right. 
detector stations associated with other facilities at WNR were 
drawing for clarity. 
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Fig. 2 Calculated and measured spectra. for the WNR tungsten target. The curves 
with symbols show the results of INC calculations. The other lines are drawn 
through the measurements. To offset the curves, the 150 results have been 
multiplied by 1000, the 300 results by 100, and the 60•‹ results by 10. 
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Fig. 3 Measured x-  production cross sections at an angle of 25O for incident 
neutrons from 200 to 600 MeV. 
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Fig. 4 Detection system for the (n,p) measurements on the 15L, 90-m flight path at 
WNR. The proton beam enters from the left, producing reactions in targets TI - T4. 
Charged particles are swept out of the beam by the magnet. 
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Fig. 5 D~uble-differential cross section results obtained with the (n,p) detection 
system at WNR for 6~i(n,p), l2C(n,p), and l3C(n,p). 



Fig. 6 Excitation energy versus incident neutron energy for the %(n,p) 
reaction. The curves represent a small part of the data obtained from 00 to 100 
simultaneously in a single measurement at the WNR. These results 
illustrate the capability of the white source to show the energy evolution of 
the cross section over the entire energy range of the measurement. The 
markers indicate the locations of the Gamow-Teller, Dipole and Spin Dipole 
resonances. 



EXPERIMENTAL W O R K  A N D  FACILITIES IN JAPAN 
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Tokai, Ibaraki 319-11, Japan 

ABSTRACT 

Neutron experimental work and f a c i l i t i e s  i n  Japan a re  described. 
Di f fe ren t i a l  c ross  sec t ions  f o r  s c a t t e r i n g  of 2 8 . 2  MeV neutrons from 
12C, which have been measured i n  JAERI, a r e  reported. In connection w i t h  
normalization of c ross  sec t ions  and determination of de tec tor  e f f i c i ency  
the  d i f f e r e n t i a l  c ross  sec t ions  f o r  the  7Li(p,n)7Be reac t ion ,  which is  
the  most useful neutron source reac t ion  i n  the  h i g h  energy region a re  
reviewed. Experimental vork t o  measure absolute e f f i c i ency  of neutron 
detec tor  is  planned. 



I. INTRODUCTION 

The produc t ion  of nea r l y  monoenergetic neu t rons  has  been performed 
w i t h  mainly c y c l o t r o n  and tandem a c c e l e r a t o r s .  In  this paper exper iment -  
a l  work and f a c i l i t i e s  i n  Japan r e l a t e d  t o  neu t rons  i n  t h e  energy range 
h igher  than 20 MeV a r e  d e s c r i b e d .  S c a t t e r i n g  c r o s s  s e c t i o n s  o f  2 8 . 2  MeV 
neu t rons  from I 2 C ,  which have been measured i n  JAERI, a r e  de sc r i bed  i n  
d e t a i l .  

I n  t h e  measurements of neutron scattering c r o s s  s e c t i o n s ,  t h e  no r -  
ma l i z a t i on  of t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  is g e n e r a l l y  done b y  meas- 
u r i ng  t h e  i n c i d e n t  neu t ron  f l u x  a t  z e ro  deg ree s .  I n  t h i s  c a se ,  we need 
only r e l a t i v e  e f f i c i e n c y  v e r s u s  neutron energy t o  o b t a i n  a b s o l u t e  c r o s s  
s ec t i ons .The  r e l a t i v e  e f f i c i e n c y  can be determined by measuring neu t rons  
from t h e  neutron sou rce  r e a c t i o n  w i t h  known c r o s s  s e c t i o n .  The d i f f e r -  
e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  7L i (p ,n )7Be  r e a c t i o n ,  which i s  t h e  most 
u s e f u l  neu t ron  sou rce  r e a c t i o n  i n  t h e  h igh  energy r eg ion ,  a r e  reviewedc 

For t h e  p l ~ n n e d  exper imenta l  work we a r e  going t o  measure t h e  
a b s o l u t e  e f f i c i e n c y  of t h e  neu t ron  d e t e c t o r  i n  t h e  energy reg ion  of 
30 MeV by t h e  a s s o c i a t e d  p a r t i c l e  method on t h e  2H(d,n)3He r e a c t i o n .  

2. EXPERIMENTAL WORK A N D  FACILITIES IN JAPAN 

A t  Cyclot ron Radioisotope Center  (CYRIC), Tohoku U n i v e r s i t y ,  37 MeV 
proton beam is a v a i l a b l e  from an AVF c y c l o t r o n .  In t h i s  c e n t e r  e x p e s i -  
mental n u c l e a r  phys ics  on (p ,n ) ,  ( d , n ) ,  and ( n , n ' )  r e a c t i o n s  has  been 
mainly s t u d i e d  by u s i n g  a  beam swinger  t i m e - o f - f l i g h t  spec t rome te r .  
S c a t t e r i n g  of 35MeV neu t rons  from I 2 C  and 2 8 S i  and t r a n s m i s s i o n  measure- 
ments u s ing  p - L i  monoenergetic neu t ron  sou rce  have been made. 

A SF c y c l o t r o n  i n  I n s t i t u t e  of Nuclear Study (INS),  Un ive r s i t y  of 
Tokyo, can a c c e l e r a t e  40 MeV p ro tons .  The SF c y c l o t r o n  is mainly used 
f o r  n u c l e a r  phys i c s  s t u d i e s .  As f o r  neu t ron  phys i c s  s t u d i e s  measurements 
of a c t i v a t i o n  c r o s s  s e c t i o n s  u p  t o  40 MeV have been made us ing  p-Be 
neu t rons .  

The JAERI tandem a c c e l e r a t o r  is  used i n  t h e  r e s e a r c h  f i e l d s  of 
heavy i on  n u c l e a r  phys ics ,  neutron n u c l e a r  phys i c s ,  s o l i d  s t a t e  phys ics  
and r ad iochemis t ry .  The t andee  a c c e l e r a t o r  p rov ides  36 MeV p r o t o n s  and 
deu t e rons  i n  pu l sed  beam mode. As f o r  neutron nuc l ea r  phys i c s ,  s t u d i e s  
on neu t ron  s c a t t e r i n g  exper iments  and neu t ron  sou rce  r e a c t i o n s  have been 
made. Neutron s c a t t e r i n g  exper iments  b y  t h e  use of t h e  JAERI tandem 
a c c e l e r a t o r  a r e  de sc r i bed  i n  d e t a i l .  

An AVF cyc lo t ron  i s  now under c o n s t r u c t i o n  i n  JAERI, and t h e  new 
c y c l o t r o n  w i l l  become o p e r a t i o n a l  i n  mid 1992. Beams of 90 MeV p ro tons  
and 53  MeV deu t e rons  and heavy i o n s  a r e  a v a i l a b l e  from t h e  a c c e l e r a t o r .  
The AVF c y c l o t r o n  is mainly devoted t o  advanced r a d i a t i o n  a p p l i c a t i o n s .  
Neutrons i n  t h e  energy ranges  10-60 MeV and 20-90 MeV a r e  gene ra t ed  b y  
t h e  d-Be and p - L i  neutron s o u r c e s ,  r e s p e c t i v e l y .  

In Research Center  of Nuclear Phys i c s  ( R C N P ) ,  Osaka Un ive r s i t y ,  



a  400 MeV r i n g  cyc lo t ron  is under c o n s t r u c t i o n .  The 85 MeV R C N P  AVF 
cyc lo t ron  s e r v e s  a s  an i n j e c t o r  i n t o  t h e  new 400 MeV r i n g  c y c l o t r o n .  
The t e s t  r u n n i n g  w i l l  s t a r t  i n  m i d  1991. S t u d i e s  f o r  ( p , n )  and ( n , p )  
r e a c t i o n s  a t  i n t e r m e d i a t e  e n e r g i e s  (100-400 MeV) a r e  b e i n g  p lanned.  
Neutrons will be genera ted  from t h e  7L i (p ,n )7Be  r e a c t i o n .  A beam swinger 
neutron t i m e - o f - f l i g h t  f a c i l i t y  w i t h  l O O m  f l i g h t  path  i s  being p repared .  
A neutron t i m e - o f - f l i g h t  f a c i l i t y  ded i ca t ed  t o  z e r o  degree  neutron s c a t -  
t e r i n g  has  been cons t ruc t ed  a t  t h e  p r e s e n t  85 MeV AVF c y c l o t r o n .  
Table I summarizes t h e s e  exper imenta l  work and f a c i l i t i e s  f o r  neutron 
measurements i n  t h e  energy range  h ighe r  than 20 MeV i n  Japan.  

3 .  SCATTERING OF 2 8 . 2  MeV NEUTRONS FROM 1 2 C  

The neutron t a r g e t  room i n  t h e  JAERI tandem a c c e l e r a t o r  bu i l d ing  
is a b l e  t o  a ccep t  pulsed proton beams of 36 MeV w i t h  a  r e p e t i t i o n  r a t e  
of  4MHz and w i t h  an average  c u r r e n t  of approximately  0 . 2 p A  from a  duo- 
p lasmatron ion  sou rce .  The d u r a t i o n  of t h e  pulsed beam from a  k l v s t r o n  
beam bunching system is approximately  1 .2nsec .  The JAERI tandem a c c e l -  
e r a t o r  is  equipped with ano the r  duoplasmatron ion  sou rce  i n  t h e  h i g h  
vo l t age  t e r m i a l  f o r  t h e  i n t e n s e  pulsed neutron work i n  t h e  energy range 
below 20 MeV. Neutrons w i t h  energy around 30 MeV a r e  genera ted  b y  t h e  
'Li(p,nI7Be r e a c t i o n .  A l i t h i um-me ta l  t a r g e t  w i t h  proton energy l o s s  of 
-450keV was used a s  a  neutron producing t a r g e t .  

The neutron d e t e c t o r  i s  20cm# x 35cm NE213 l i q u i d  s c i n t i l l a t o r  
viewed by RCA 8854 p h o t o m u l t i p l i e r  t u b e s  a t  t h e  f r o n t  and r e a r  s c i n t i l -  
l a t o r  f a c e s .  T h i s  type  of neu t ron  d e t e c t o r  i s  s i m i l a r  i n  p r i n c i p l e  t o  
t h e  very  l a r g e  d e t e c t o r  developed a t  Ohio Un ive r s i t y .  Neutrons a r e  
observed by iin a r r a y  of t h e s e  f o u r  neu t ron  d e t e c t o r s  f o r  e f f i c i e n t  
measurements of s c a t t e r e d  neu t rons .  F ig .1  shows a  neutron t i m e - o f - f l i g h t  
spectrum taken a t  60" . 

The r e f e r e n c e  t ime s i g n a l  f o r  t h e  t i m e - o f - f l i g h t  method i s  provided 
by a  1.2cm# ( i n n e r  diam.) x  20cm beam p i ck -o f f  t ube ,  which is  loca t ed  a t  
Im upstream from t h e  l i t h i u m  metal  t a r g e t .  

The neutron d e t e c t o r s  a r e  p laced i n  a  d e t e c t o r  s h i e l d  t ank .  The 
s h i e l d i n g  system c o n s i s t s  of a  shadow bar ,  a  c o l l i m a t o r ,  a  p r e - s h i e l d  
and a  d e t e c t o r  s h i e l d  t ank .  The s h i e l d i n g  arrangement was well  des igned 
by t h e  t h r e e  d i r e n t i o n a l  Monte Ca r lo  c a l c u l a t i o n s .  The s h i e l d i n g  
a r r a n g e r e n t  is  mounted on a  l a r g e  t u r n  t a b l e ,  and t h e  p o s i t i o n  of t h e  
shadow bar  and ang l e  s e t t i n g  of t h e  l a r g e  t u r n  t a b l e  a r e  remotely 
changeable  from t h e  a c c e l e r a t o r  c o n t r o l  room. The f l i g h t  path  l eng th  of 
the t i m e - o f - f l i g h t  spec t rome te r  is 8m. 

The exper imenta l  y i e l d s  were processed b y  f i t t i n g  t h e  peaks of 
i n t e r e s t  with l i n e  shapes  of a  b a s i c  Gausian f u n c t i o n  w i t h  t a i l i n g  
components of t h e  exponen t i a l  shape m u l t i p l i e d  b y  t h e  complementary 
e r r o r  f u n c t i o n .  

The d i f f e r e n t i a l  c r o s s  s e c t i o n s  were normalized t o  t h e  known n - p  
s c a t t e r i n g  c r o s s  s e c t i o n s  b y  measuring neu t rons  s c a t t e r e d  from a  1.2cm9 



x 4ca polyethylene s c a t t e r e r .  The r e l a t i v e  e f f i c i ency  of the  neutron 
de tec to r  was determined b y  measuring the  angular d i s t r i b u t i o n  of the  n - p  
s c a t t e r i n g .  The r e s u l t i n g  d i f f e r e n t i a l  c ross  s e c t i o n s  were correc ted  f o r  
dead time i n  t he  data acqu i s i t ion  system, and f o r  mul t ip le  s c a t t e r i n g  
and f l u x  a t tenuat ion  i n  t he  s c a t t e r i n g  sample. The d i f f e r e n t i a l  c ross  
s e c t i o n s  were determined f o r  the  e l a s t i c  s c a t t e r i n g  and the  i n e l a s t i c  
s c a t t e r i n g  leading t o  the  exci ted  s t a t e s  a t  4.439 MeV(2') and 9.641 MeV 
(3-1 o f  I 2 C .  The experimental c ross  s e c t i o n s  a r e  shown i n  f i g . 2  together  
w i t h  t h e  t h e o r e t i c a l  predic t ion  by t he  coupled-channel c a l c u l a t i o n .  

4. DETECTION EFFICIENCY A N D  T H E  7Li(p,n)7Be REACTION 

In the  measurements of neutron s c a t t e r i n g  c r o s s  s e c t i o n s  the  
normalization of the  d i f f e r e n t i a l  c r o s s  s e c t i o n s  i s  genera l ly  done by 
measuring the  inc ident  f lux  per monitor count a t  zero degrees w i t h  t he  
s c a t t e r i n g  sample removed. Therefore, we need only r e l a t i v e  e f f i c i ency  
versus rr.eutron energy t o  obtain the  absolu te  c r o s s  s e c t i o n s  i n  t h i s  case.  
The r e l a t i v e  e f f i c i ency  can be determined b y  measuring neutrons from the  
neutron source r eac t ion  of the 7Li(p,n)7Be reac t ion  w i t h  known c ross  
sec t ions ,  or from the  l H ( n , n ) l H  r eac t ion .  

The 7Li(p,n)7Be reac t ion  is  the  most useful  neutron source r eac t ion  
i n  the  neutron enery range higher than 28MeV, and a  convenient r eac t ion  
t o  obtain neutron de tec to r  e f f i c i e n c y .  The zero-degree cross  s e c t i o n s  of 
the  7Li(p,n)7Be reac t ion  a r e  d i r e c t l y  r e l a t e d  t o  the  neutron y i e l d s  of 
the  source. Angular d i s t r i b u t i o n  of the  7Li(p,n)7Be reac t ion  i s  peaked 
a t  zero-degrees.  The zero-degree c ross  sec t ion  f o r  the  7Li(p,n)7Be 
(g.s .+ 0.429MeV) reac t ion  v a r i e s  very slowly w i t h  proton energy, and i s  
nearly f l a t  w i t h  t he  value of 35mb/sr l a b  i n  the 'energy range from 30 t o  
795 MeV/l/. F i r .3  shows a  zero-degree t i m e - o f - f l i g h t  specrtum measured 
i n  JAERI a t  Ep=30 MeV f o r  the  7Li(p,n)7Be ( g . s .  9 0.429 MeV) reac t ion .  
As is seen i n  f i g . 3 ,  the  zero-degree t i m e - o f - f l i g h t  spectrum has a  main 
peak carresponding t o  t h e  ground and f i r s t  exc i ted  s t a t e s ,  and has very 
weakly exci ted  peaks t o  the  second and higher exci ted s t a t e s .  The zero 
-degree energy spec t ra  a t  higher energies  of 120 and 200 MeV a r e  almost 
monoenergetic/Z/. Measurements of angular d i s t r i b u t i o n s  f o r  the  7 L i  (p ,n)  
7Be(g.s. + 0.429 MeV) reac t ion  have been reported by Schery e t  a1./3/ 
f o r  Ep= 24.8,35 and 45 MeV, Batty e t  a1./4/ f o r  Epz30.2 and 49.4 MeV, 
Goulding e t  a1./5/ f o r  Ep=119.8 MeV and Watson e t  a1./6/ f o r  Epz134.2 
Rev. And angular d i s t r i b u t i o n s  have been recen t ly  measured f o r  proton 
energies  of 80, 120, 160 and 200 MeV a t  IUCF/2/ ,  and inc iden t  proton 
energies  have been extended t o  494, 644 and 795 MeV a t  L A N P F / l / .  These 
angular d i s t r i b u t i o n s  f o r  the  7 L i  ( ~ , n ) ~ B e  (g . s .  + 0.429 MeV) reac t ion  
a r e  very useful  f o r  e f f i c i e n c y  measurements of neutron de tec to r  i n  t he  
neutron energy range above 20 MeV. In f i g . 4 ,  labora tory  zero-degree 
d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  the L i  ( ~ , n ) ~ B e  reac t ion  are  given t o  
795 MeV. 



5 .  PLANNED EXPERIMENTAL WORK 

The d i r ec t .de te rmina t ion  of neutron de tec to r  e f f i c i ency  can be made 
w i t h  measurements b y  tagged neutrons,  i . e .  t he  de tec t ion  of a  neutron i n  
kinematic coincidence w i t h  a  r e s idua l  nucleus i n  a  neutron producing 
reac t ion  b y  the  assoc ia ted  p a r t i c l e  method. The neutron de tec to r  e f f i c i -  
ency i n  t he  energy range 1.5-25 MeV has been measured b y  the assoc ia ted  
p a r t i c l e  method w i t h  a  gas t a r g e t / 7 / .  In the  higher neutron energy 
region, Debevec e t  a l .  made measurements of the  de tec to r  e f f i c i e n c y  b y  
de tec t ing  130 KeV neutrons i n  coincidence w i t h  7Be ions  produced b y  the  
7Li(p,n)7Be reac t ion /8 / ,  and Cier jacks  e t  a l .  measured the  absolu te  
d e t e c t o r  e f f i c i e n c y  of NE213 l i q u i d  s c i n t i l l a t o r  i n  the  energy range 
from 50 t o  459 MeV b y  de tec t ing  neutrons i n  t h e  coincidence measurement 
between neutrons and protons from the  ' H ( n , n ) I H  r eac t ion /9 / .  For the  
planned experimental work we a r e  going t o  measure the absolu te  
e f f i c i ency  of neutron d e t e c t o r s  i n  t he  energy range 10-34 MeV b y  
de tec t ing  neutrons i n  coincidence w i t h  3He p a r t i c l e s  from the  2H(d,n)3He 
reac t ion .  In these  measurements deutera ted  polyethylene t h i n  t a r g e t s  
w i l l  be t r i e d  t o  used ins t ead  of gas t a r g e t .  
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T a b l e  I .  E x p e r i m e n t a l  f a c i l i t i e s  f o r  n e u t r o n  m e a s u r e m e n t s  

i n  t h e  e n e r g y  r a n g e  h i g h e r  t h a n  20MeV i n  J a p a n  

I n s t i t u t e  A c c e l e r a t o r  P r o t o n  R e a c t i o n s  N e u t r o n  

t y p e  e n e r g y  s o u r c e  

T o h o k u  U. AVF c y c l o  37MeV ( p , n ) ,  ( d , n ) ,  ( n , n )  7 L i ( ~ , n ) 7 B e  

I N S , U .  T o k y o  S F  c y c l o  40MeV ( n ,  2 n )  ' B e ( p , n ) ' B  

J A E R I  T a n d e m  36MeV ( n , n ) ,  ( n , n ' )  7 L i  ( p , n I 7 B e  

2 H ( d , n ) 3 H e  

JAERI  AVF c y c l o  9OMeV i r r a d i a t i o n  7 L i ( p , n ) 7 B e  

( E d z 5 3 M e V )  g B e ( d , n ) l o B  

RCNP,Osaka  U .  AVF c y c l o  85MeV 

( i n j e c t o r )  (p,n), ( d , n ) ,  

R i n g  c y c l o  400MeV ( 3 H e , n ) ,  ( n , ~ )  7 L i ( p , n ) 7 B e  



m M 
0 3  
0 

II 

h) 
02 

P 
UI 

I? 
C 

-9.641 MeV 3- 

-4.439 MeV 2 
+ 

-0.0 MeV 



E = 30 MeV I p 
I Theta = 0•‹ !I 

Fig.3 Zero-degree time-of-flight spectrum - 
for the 7Li(p,n)7Be reaction at Ep=30MeV 

Fig.4 The laboratory zero-degree cross sections 
for the 7Li (p,nI7Be (g.s.tO.429MeV) reaction 
( Ref.1 ) 



NEUTRON CROSS SECTION STANDARDS FOR ENERGIES 
ABOVE 20 MeV AT KRI 

V.G.Khlopin Radium Institute 

Leningrad, USSR 

ABSTRACT 

Neutron cross sections above 20 MeV are compared to 
proton cross sections for the same reactions, mainly for 

uranium-235 and uranium-238 fission. It is noted that bet- 

ween 100 and 1000 MeV these cross sections differ strongly. 

Other neutron reactions used as standards in KRI for 

neutron dosimetry are discussed. 



Meutron measurerrlents above 20 MeV are a part of Radi~m 

Institute Physics Program since 60-ies [I 6, 17, 191 and 
now, due to development of accelerators, problems of 

spallation neutron sources and of nuclear waste 
transmutation these measurements take a larser place [I, 2, 

3, 4, 5, 12, 22, 231. 
Several KRI accelerators (120 MeV proton synchrotron, 

5 MeV Van-de-Graaf and 14-MeV neutron generators) and also 

LIYAF 1 GeV phasotron and 3,7 GeV JINR synchophasotron are 
used. 

At the moment KRI (together with LIYAP, Gatchina and 

JINR, Dubna) is involved in several fields of research, 
dealing with neutrons above 20 MeV: 

- spectra, angular distributions and yields of 
neutrons, produced in massive targets by proton beams 
at energies 1 - 3.7 GeV [I, 2, 3, 4 ,  51 

- spallation products in such neutron fields [1,2,1] 
--fission, spallation and fragmentation cross-sections 

in this energy region [12, 16, 17, IS, 22, 231 
- development of solid state track detectors and 

electr~nic devices and methods for such experiments [6, 22, 

241 
- computer modelling of intranuclear cascade and 

radiation transport in massive targets [ 4, 5 I. 
~hreshold activation detectors and solid state track 

detectors are used mainly [I ,2,3,4,6,12], but also new 
reactions [4] and new devices [61 are used in some cases. 
Traditional scintillation techniques with TOF spectro- 
me$ry is used at LIYAF "GNEISIf facility and JINR synchropha- 
sotron facility by KRI teams. 

For all these studies the problem of reliable neutron 
standard qross-sections is cn~cial.At higer neutron energies 



the data on reaction cross-sections besomes so.mty and less 
reliable, which makes the ~hed~~le of this Meeting very 
interesting and important. All the questions, planned for 
discussio~, are worth {mnsideratian - but in this talk 
permit me to concentrate on the question of 275-U and 238-U 

fission by fast (up to several GeV) neutrons and protms, 

since fission physics is a traditional field at KRI. Until 
the recent time these cross-sections above 20 MeV are not 
well known, and at the same time they are convenient as 
standards because of various reasons. 

U ( p ,  f) and U. (n,f) cross sect ions 

Intense spallation neutron sources above 20 MeV with TOF 

spectrometers came into operation not long ago [20, 221, so 
for a long time neutron cross-sections in this energy region 
had been evaluate< by proton cross-sections. It was often 
assumed (and even.now one meets such cases) that at higer 
energies of incident nucleon (p, f) and (n, f) cross-sections 
must become practicsllly equal. The more recent data analysis 
shows, that these oross-seo t ions stay quite not iceably 
different at least below 1000 MeV - see Figs. 1 . 2. Many 
measurements points for U(p, f) reactions were found at KRI. 

Neutron data for 235-U in Fig. I were meas~red (as a 
preliminary result ) at the TOF facility at W F  [20], and 
neutron data in Fig.2 for 238-U come from evaluation [25 1 
BNL-325. A striking difference is observed in the region 
from 100 to 1000 MeV between neutron and proton data. If this 
difference is not a result of some systematic error 
(which is improbable), then many neutron f l u  measurements, 
where (p, f) cross section was used instead of (n, f) cross 
section, should be re-evaluated. One may notice that in the 
preliminary ENDF/B-VI evaluation for 208-Pb and 209-Bi 



[29] ,  where M.Blann's ALICE clscie was used, such dif ference is 
-, "predicted" - see Figs.> and 4. Here ALICE-? version was 

used by S .Pea31s t e i n  [ 2 8 ]  , w h o  ki-ndly has presented. us with 

the data file. In all the figures many experimentsl pc l in t s  

were measu*ecl by KRI teams at different times from 1960-s to 
the present moment. It seems, that ENDF evaluation somewhat 
overpredicts 208-Pb (p, f) cross section, but in general il is 
very similzr to experimental points in q~~estion. 

We can only quess, that the difference between incident 
proton and incident neutron may be attributed to the 

2 difference in the resulting fission parameter Z /A in the 
residual nucleus after the cascade, in which neutron and 
proton may behave somewhat differently. 

Bismuth (n, f) cross-section was used by us in neutron 
dosimetry [ 4, 5 1 above 60 MeV and, unfort~mately, we 
calibrated some delectors 'in proton beams, assuming (p, f ) and 
(n,f) cross-sections practically the same. One may see from 
Fig.3 that we had been wrong , ana also that ENDF/E--VI 
preliminary evaluation may somewhat overpredict (p, f) 
cross section. 

From this analysis at least three points may be drawn: 

- if we decide to use U (n,f) cross sections as neutron 
standards above 20 MeV we should measure with (at least) the 
same accuracy the U (p, f) cross sections. This is necessary 
to re-evaluate many data, measured before, while assuming 
(n,f ) and (p, f ) cross sections above 100 MeV 

- it would be advantageous to have some standard 
reactions with the same cross section for neutrons and protons 
(maybe, fragmentation cross section above 500 MeV), or at 
least well known cross sections ratio for neutrons and protons. 

- in general the existing data on (n,f) reactions for 
235-U and 238-U is not sufficient, and a large volume of work 



must be done before accepting these reactions as standards. 
This effort is undoubtedly worthwhile. 

Methods of fission crosff-section meas~wement 

The advantages of TOF techniques with "whiteu spallation 
neutron source are readily seen from Fig.1 [ 2 0 ] .  This 
technique gives all the details of exitation function in a 
wide energy range in a single experiment, which is, of course, 
very important. Regarding the detectors of fission acts we 
think that the Thin Film Breakdown Co~mters (TFBC), that have 
been developed at KRI in 1 978-1 983 [ 241 , must find a wide 
application in this task. 

Such detectors have negligible background co~mt , high 
efficiency for fission fragments (and none for other 
particles) and excellent time resolution (about 10 nS). In a 
sandwich geometry togethen with thin-layer fission iargets 
(another KRI tradition) such detectors can serve as an 
excellent fission detector in TOF setup. If the same sandwich 

is irradiated in s proton beam, cross section ratios can be 

measured directly , with minimal errors. 

Other standard reactions 

In our practice of spectral and flux measurements we used 
[I, 2, 3, 4, 5, 12, 231 mostly threshold activation detectors, 
listed below, in Table 1. In that table also some reactions 
with high thresholds (above 100 MeV), which were used by us 
[4, 5, 61 are present. The absolute cross section values were 
taken mostly from the well-known Greenwood library [ 8 j .  



Asterisk marks the reactions , f o r  which 5 detector 
calibration has been dcme in proton beams, thus involvilrg some 
unexpected error (see above). 

-. 
In all cases it is of course convenient to use target 

material, for which several reactions with different prod~~cts 
may easily be measured - as in the case of 5940 and 197-Au 
monitors. Their monoisotopic composition is of additional 
convenience. 

The author would like to thank dr. A.I.Obukhov and 
dr. V.P.Eismmt from KRI for their helpful disc~~sion in 
preparation of this report, and also dr. S.Pearlstein from BNL 
National Nuclear Data Center for ENDF/B-VI eval~~ated data on 
Pb-208 and Bi-209 neutron cross sections. 



......................................................... 

Rear? t icm What is meas~u-ed Sensitivity 
range 

27-A1 (n, alpha) 

59-03 (n,gma 1 

59-Co (n, 2n) 

59-Co (n, 31)' 

5940 (n, p) 

93-Nb (n, 2n) 

197-Au (n,gamma) 

197-Au (n, 2n) 

197-Au (n, 3n) 

197-A~l (n, 4n) 

209-Bi (n, f)*) 

238-U (n, f) * )  

24-Na gammas 

60-Cc! gunmas 

5 9 4 0  gammas 

57-Co g m a s  

59-Fe gammas 

92m-Nb gammas 

198-Au gammas 

196-Au gammas 

195-Au gammas 

194-Au gammas 

fission tracks 

fissicn tracks 

Cu fragmentation*) fragment tracks 

Cd fragmentation*) fragment traaks 

Above 2,4 MeV 

No Threshcld 

Above 1 Q, 5 MeV 

Above 20 MeV 

Above 7, MeV 

Above 1 ,7 MeV 

Nn threshold 

Above 5,5 MeV 

Above 18 MeV 

Above 25 MeV 

Above 60 MeV 

Above 1 ,4 ,MeV 

Above 500 MeV 

Above 500 MeV 
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ELASTIC AND INELASTIC NEUTRON SCATTERING AT 65 MeV 

F. Paul Brady 
University of California, Davis* and Kernforschungszentrum Karlsruhe 

E-L-Hjort, J.L.Romero, L.F. Hansen#, J.R.Drummond, 0 .  McEachern, J.H.Osborne 
University of California, Davis, CA 95616 

ABSTRACT 

Elastic scattering cross sections for 65 MeV neutrons incident have been 
measured for natural targets of C, Si, Ca, Fe, Sn, and Pb at lab angles from 6 
to 48 degrees. Inelastic (n,nlx) continuum measurements for natural Fe, Sn, 
and Pb have also been carried out. These are some of the first measurements 
using our new proton-recoil detection system which allows a large angular and 
energy range of scattered neutrons to be measured at one time. Wire chambers 
and large area E and AE detectors are used in conjunction with a CH2 
converter. Time-of-flight is used only to establish the energy of the incident 
neutron in a collimated beam produced by 7Li(p,n). The elastic data are 
compared to the predictions of several optical model potentials, and to a 
microscopic potential generated from effective interactions and nuclear 
densities. The inelastic (n,nlx) data are compared to similar-energy (p,plx) 
data1 over the giant resonance excitation energy range of the continuum. A 
macroscopic model analysis is used to extract the ratio of the neutron to 
proton matrix elements, Mn/Mp. The ratio is found to be consistent with the 
macroscopic (hydrodynamic) model (Mn/Mp = N/Z), and inconsistent with pion 
inelastic scattering results, which are interpreted in terms of a larger 
ratio. 

* Fermanent address 
# Permanent address: LLNL, Livermore, CA 94550 



Introduction 

Neutron elastic and inelastic scattering data at energies above = 25 MeV are 
sparse, This is the case despite the fact that at higher energies (around 
50 MeV) neutrons as well as protons become rather effective probes of nuclear 
structure [I]. In addition, as has been emphasized by Austin [2], neutrons and 
protons of intermediate energy are complementary probes of nuclei, in that 
their interactions exhibit isospin sensitivity: The effective interaction 
between unlike nucleons, tnn, is several times that for like nucleons, 
tnn - tpp, at energies in fhe range 50 - 100 MeV. Nuclear probes which 
exhibit such features can be used to determine the isospin structure of 
nuclear transitions. For example, pions at energies near the A resonance have 
a strong isospin sensitivity with tn-n/tn+n=tn+p/tI,-p =3. 

Continuum and giant resonance structures, ahd their isospin content have been 
of particular interest in recent years. For example, pion ( n k )  inelastic 
scattering to the giant resonance and nearby continuum regions in 118Sn [3,41 
and 208Pb [5] indicate that the ratio of neutron to proton matrix elements 
(M,/Mp), as determined from the ratio of n- to n+ inelastic scattering, are 
larger than expected. For the giant quadrupole resonance (GQR) the ratios 
exceed considerably the hydrodynamic limit. On the other hand, both collective 
(61 and microscopic [7] model nuclear structure calculations indicate that the 
GQR in neutron-excess nuclei is consistent with, or somewhat more isoscalar 
than, the hydrodynamic limit; i .e. Mn/Mp <- N/Z.  Experiments on 208Pb with 
other probes e.g., protons and neutrons (81 appear to support the calcula- 
tions, However other nuclei and other cases need to be investigated. 

In order to analyze the results of inelastic scattering, or of nucleon 
charge - exchange experiments, one needs to have a good description of the 
nuclear mean field which determines the nucleon motion before and after the 
interaction producing the specific transition or transitions under study. 
Normally this field is described by a potential model, such as the optical 
model, which may have a strong macroscopic (collective) or microscopic basis. 
However, elastic scattering experiments are necessary to determine or tune the 
final values of the optical model potential or other mean field description. 

Here, we describe the use of a compact, multi-wire chamber-based system to 
measure inelastic scattering (n,nlx) to the continuum and giant resonance 
region, and elastic neutron scattering at forward angles, both at 65 MeV 
neutron beam energy, The elastic data for C, Si, Ca, Fe, Sn and Pb have been 
analyzed in terms of both macroscopic and microscopic models. The analysis of 
the inelastic .data for Fe, Sn, and Pb(n,nlx) has been carried out using a 
macroscopic collective model form factor (transition potential) for the giant 
resonances (mainly the GQR) and for the continua. 

Experiment and Data 

The neutron beam facility [9] at Crocker Nuclear Laboratory at UC Davis was 
used for the measurements. Briefly, neutrons produced at 0" by 7Li (p,n)7Be to 
the ground and 0.43 MeV state of 7Be are collimated into a beam of 
106 neutron/sec with an energy width of 1.1 MeV FWHM and a beam spot of 
= 2x2 cm2. The basic principle of the detection system has been described 
earl ier [9,10]. Figure 1 shows (superposed) the two experimental set-ups used 
for elastic scattering, one for forward angles and the other for larger 
angles. The scattered neutrons are converted to protons via charge exchange 



sca t te r ing  from H i n  the 30x30 cm2 sheet o f  polyethylene (CH2) converter  which 
are then detected i n  the large-area, LIE*€-MWC charged p a r t i c l e  telescope. The 
energy o f  the scat tered neutron i s  found from the angle o f  the n-p conversion 
and from the energy o f  the reco i  1  proton as measured i n  the la rge  area (15x30 
cm2) NaI(T1) detector. The ove ra l l  r eso lu t i on  o f  the spectra (2.7 MeV FWHM) i s  
a  r e s u l t  o f  the combined e f f ec t s  from the neutron beams energy reso lu t ion ,  
energy losses i n  the converter, the reso lu t i on  o f  the NaI(T1) de tec to r  and 
uncer ta in t ies  i n  the pro ton 's  r e c o i l  angle due p r i m a r i l y  t o  the s i ze  o f  the 
beam spot on the target .  By design, each o f  the fou r  sources o f  r e s o l u t i o n  has 
a  predicted value o f  a (one SO) = 0.50 MeV. The pred ic ted ove ra l l  r e s o l u t i o n  
o f  = 2.4 MeV FWHM i s  not  qu i t e  achieved i n  pract ice ,  presumably due t o  count 
r a t e  e f f e c t s  (gamma ray pi le-up) and ga in  s h i f t s  over the longer term, and t o  
imperfect mapping o f  the large-area NaI detector. (The p o s i t i o n  responses o f  
the large-area AE and E detectors were mapped using the MWC system, and t h i s  
improved the reso lu t i on  o f  each considerably.) 

As shown i n  Fig.1 two detector  geometries were used t o  measure sca t t e r i ng  
angles ranging from 6" t o  48" i n  the lab frame. The wide angle geometry 
measured angles greater than 18" w i t h  an angular r eso lu t i on  o f  + 1.5" due t o  
the s i ze  o f  t he  beam spot on the target .  The low angle geometry measured 
angles o f  l ess  t h a t  20" w i t h  an improved reso lu t i on  o f  t 1.0" due t o  i t s  
increased distance from the target .  

The ta rge ts  used were a l l  natura l  i n  i so top i c  content, and the thicknesses 
were chosen so t h a t  mu l t i p l e  sca t te r ing  was near the 10% leve l .  The data were 
corrected f o r  t he  e f f ec t s  o f  mu l t i p l e  sca t te r ing  and at tenuat ion i n  the t a r g e t  
and f o r  the  angular r eso lu t i on  o f  the system. I n  the case of e l a s t i c  
scat ter ing,  cor rect ions were a1 so appl i ed  f o r  those low l y i n g  exc i ted  s ta tes  
which were not  resolved. This was accomplished by using a  d i s t o r t e d  wave code, 
DW81, t o  convert  the corresponding (p,pl) cross sections t o  est imates of 
(n,nl) f o r  the corresponding states. The 12C(n,p) events from the C i n  the CH2 
converter d i d  no t  i n t e r f e r e  w i t h . t he  e l a s t i c  scat ter ing.  However, i n  the  case 
o f  (n,nJx) measurements, the (mainly) e l a s t i c a l l y  scat tered neutrons produced 
lower energy (Q, = -12.6 MeV) IzC(n,p) protons which would f a l l  i n  the same 
energy range as nl-H r e c o i l  protons from lower energy i n e l a s t i c  (n,nlx) 
neutrons o f  energy En' .  Most o f  these C(n,p) events can be e l iminated by the 
TOF d i f ference between tne i n e l a s t i c  n'-H and e l a s t i c  n+C events, p a r t i c u l a r l y  
a t  the la rge  distance, small-angle set-up, where e l a s t i c  neutrons are most 
intense. We a l so  used a pure carbon converter so t h a t  a  CH2-C sub t rac t ion  
could be made as a  check on the TOF separation, o r  where the l a t t e r  d i d  no t  
completely separate the C and H events. 

It should be pointed out t ha t  a t  medium energies measurements o f  i n e l a s t i c  
neutron sca t t e r i ng  (n,nl,x) over a  wide i n e l a s t i c  energy range i s  d i f f i c u l t  
using conventional TOF methods. The neutron beams are not  s t r i c t l y  
monoenergetic, and so the low-energy components o f  the beam w i l l  e l a s t i c a l l y  
sca t te r  i n t o  the (TOF) neutron detector, and these can mask ( p a r t i c u l a r l y  a t  
forward angles) the i n e l a s t i c  (n,nl ,x) events. 

For t h e  e l a s t i c  data the net  co r rec t ion  appl ied t o  a  given data p o i n t  was 
small, a few percent o r  less  on average. However f o r  a  few po in ts ,  'e.g. those 
near a(@) minima, the co r rec t ion  was a t  the 10% leve l .  For the (n,nlx) data 
the l a rges t  cor rect ions were due t o  C(n,p) events from the CH2 converter  which 
could range up t o  = 50% depending on the angle and geometry. Data were a lso 
taken w i t h  no t a rge t  t o  measure the.background, which i n  a l l  cases was small. 



A CH2 target was used to observe lH(n,n)lH elastic scattering for 
normalization purposes. The lH(n,n)lH peaks are not always clearly separated 

. in energy from the 12C(n,n)12C peaks, so data taken with a C target were 
subtracted from the CH2 spectra, yielding the lH(n,n)lH spectra. The cross 
section for lH(n,n)lH at 65 MeV obtained from Arndt [ll] was used to normalize 
the data from the other targets. The normalization process involved the 
relative beam flux and thickness for each target. The effects of varying bean 
attenuations in the different targets were also taken into account.The (n,nlx) 
spectra were normalized to the elastic scattering peak which in turn is 
normalized to the H(n,n)H elastic scattering as described above. More details 
of the experiments and the analyses are given in the thesis of Hjort [12], and 
will be published in the future. 

Elastic data: macroscopic analysis 

Figure 2 shows the elastic data compared to several optical model potentials 
which have been given in the literature. These are based largely on proton 
data (differential cross sections, polarization-asymmetries and total cross 
sections). The Patterson potential [I31 also uses (p,n) data to determine the 
isospin term of the optical potential. The global potentials of Becchetti and 
Greenlees [14] was extrapolated to 65 MeV. In their derivation, data from very 
light nuclei were not used. Comfort and Karp [15] derived their potential for 
protons on 12C, and quote parameters over a wide range of energies, so one can 
interpolate to the desired values. The potential of Watson et al. [16] is for 
p-shell nuclei, while that of Schwandt et al. [ 1 7 ]  is based on proton data 
above 2: 80 MeV and so was extrapolated down to 65 MeV. The recent potential 
of Schutt [I81 for Pb includes neutron total cross sections over a wide energy 
range. Not shown are the predictions for Pb of the potential of Patterson 
which are close to those of Schutt except for angles near 14" where the former 
have a deeper minimum. At the time of this analysis we did not have available 
the final version of the Duke nucleon potential or that of Varner et al. [19]. 

The predictions of the potentials (fig.2) show more dispersion as 3ne goes to 
heavier nuclei, and the agreement with the data is not as good. We noticed 
this first when studying Pb(n,nlx) and so decided to investigate neutron 
elastic scattering at forward angles. Coulomb effects on the protons become 
more important as one goes to heavier nuclei, and they could mask partially 
some of the nuclear effects. This might explain why the fits are not as good 
for these nuclei. 

Elastic data: microscopic analysis 

The macroscopic phenomenologic optical model analyses as described above can 
provide a good description and parameterization of elastic scattering data. 
However a microscopic analysis from first principles is more satisfying and 
more.powerfu1 because it involves fewer free parameters. Macroscopic analyses 
typi.cally have about 10 free parameters, and this makes extrapolations to 
other ranges of energy and target mass difficult. Here the microscopic models 
o f  Jeukenne, Lejeune, and Mahaux [19,20] (JLM) and Yamaguchi, Nagata and 
Matsuda [21,22] (YNM) are used to describe the first measurements of neutron 
elastic scattering at 65 MeV. 

Optical potentials for nucleon scattering from spin-zero nuclei contain 
central and spin-orbit terms:. 



Microscopic potentials may be constructed by folding the effective 
interaction, t, with the nilclear matter density p(r): 

where: rrp-rt and t is a complex energy and density dependent interaction 
between a projectile of energy E and nuclear matter of density p at position 
rt. It is also spin and isospin dependent. The models for t are based on 
either the Hamada-Johnston [23] (HJ) or Reid [24] hard-core interaction for 
the central potentials, and all use the Elliott M3Y force for the spin-orbit 
potential 1251. 

The YNM t-matrix, which is a modification of that of Brieva-Rook 1251, is 
calculated in infinite nuclear matter as a function of the density. The best 
fits to experimental results seem to be obtained using the density at the mean 
position of the target and projectile nucleons. This is one form of the local 
density approximation (LDA) and is the one used here. Then t is folded into 
p(rt). The JLM model uses the Reid hard core potential to calculate directly 
the optical potential U(p,E) in infinite nuclear matter. The optical potential 
at any position in a finite nucleus is then assumed to be equal to the 
potential in infinite nuclear matter of the same density. Either the density 
or the potential is smoothed to find U(rp), the microscopic optical model 
potenti a1 : 

where the smoothing function f is defined as 

f - )  = (tdn)-3 exp [ - (rp-r1)2/t2] 
The parameter t reflects the finite range of the nuclear force ( 1  fm). 
Setting r, = rp corresponds to smoothing the density whereas setting r, = r~ 
corresponds to smoothing the potential. In practice a combination of the two 
approaches may be used by setting r, = 1/20 (rt+rp). This is similar to the LDA 
used in the YNM model, and was used here. 

Microscopic calculations of OMPs for elastic neutron scattering at 65 MeV were 
performed for the six elements whose cross sections were measured. A potential 
of the form 

U = AvV + AwW + ASOVSO 

was used. V,W, and VSO are the real, imaginary and spin orbit OMPs calculated 
from the microscopic models described above, and Av, AW and As0 are 
normalizing constants to the real, imaginary and spin orbit potentials, 
respectively. These are the only free parameters in the calculations. The 
shape of the potential is calculated microscopically so there are no free 
geometric parameters. A spherical optical model analysis was performed using 
the microscopically calculated OMPs and the experimental cross sections were 
fit by performing a least-squares fit on the parameters AV and Aw. No search 
was performed on As0 because it is not energy dependent and has little effect 



on e l a s t i c  neutron cross sections. I t s  value has been determined by 
p o l a r i z a t i o n  measurements and was f i xed  a t  1.30. 

The r e s u l t s  o f  the analysis are summarized i n  tab les  1 and 2. The normal jz ing 
parameters AV and AW fo r  the cen t ra l  po ten t i a l s  should i d e a l l y  be equal t o  
one i f  the models are an accurate descr ip t ion o f  the physics. The values o f  
Av show var ia t ions  between d i f f e r e n t  elements o f  about +lo%, w i t h  average 
values o f  0.97 f o r  the JLM model and 0.90 f o r  the YNM model. The f ac t  t h a t  
these parameters are close t o  u n i t y  ind icates t h a t  the models p r e d i c t  the 
volume i n teg ra l s  o f  the r e a l  po ten t ia l s  r a the r  accurately. The parameter hw 
i s  cons is ten t l y  about 50% higher f o r  the JLM model than f o r  the YNM model. 
Although the JLM model p red ic ts  values f o r  AV and AW which are c l ose r  t o  
u n i t y  than the YNM model, the YNM model f i t s  the experimental angular 
d i s t r i b u t i o n s  bet ter ,  as evidenced by the lower valuks o f  ~ 2 .  The volume 
i n teg ra l s  per nucleon of the r e a l  and imaginary microscopic po ten t ia l s ,  JVK/A 
and JVI/A, as we l l  as the react ion,  shape e l a s t i c  and t o t a l  cross sections, 
OR, UE and UTOT are l i s t e d  below. 

The f i t s  t o  the data are i l l u s t r a t e d  i n  f i g u r e  3. The d i s t r i b u t i o n s  obtained 
from the two models are very s im i l a r  and reproduce the data wel l ,  espec ia l l y  
a t  lower angles. A t  angles o f  20" t o  30" there are l a rge r  d i f ferences between 
the  data and the models. The ove ra l l  desc r ip t ion  o f  the experimental data i s  
impressive, espec ia l ly  considering the small number o f  f r ee  parameters used. 

I n e l a s t i c  (n,nlx) data and analysis 

Fig.4 shows the (n,ntx) spectra fo r  natFe, natSn and natPb targets .  natFe i s  
92% 56Fe and the g i an t  resonance and contiauum st ruc tures o f  the isotopes o f  
Sn and Pb are expected t o  be s imi lar .  I n  any case we employ here on ly  
macroscopic ana lys is  i n  order t o  compare (n,nlx) and p,ptx) exc i t a t i ons  o f  
these nuc le i .  The e l a s t i c  peak i s  not  shown completely and the low energy 
c u t o f f  a t  about 20 MeV i s  the l i m i t  o f  the experimental system as can be seen 
i n  t h e  Fe and Sn(n,nix) spectra. The dashed l i n e s  i n  the l a t t e r  spectra show 
the 56Fe 126) and l%n(p,ptx) data [27] ,  wh i le  the 208Pb (p,plx) data  a t  
66 MeV [28]  are shown by the sol  i d  curve connecting the data po in ts .  I n  a1 1  
cases the spectra are p l o t t e d  versus e x c i t a t i o n  energy and the proton data  are 
scaled by f ac to r s  such t h a t  the cross sections in tegrated from 10 t o  40 MeV 
e x c i t a t i o n  energy are equal f o r  the proton and neutron data. Note t h a t  spectra 
are the  r e s u l t  o f  averaging over f i n i t e  angular in te rva ls ,  shown i n  the f i g u -  
res  f o r  Fe and Sn, and given by A@ = 8" f o r  Pb(n,nlx) and 4" f o r  Pb(p,plx). 

Although the neutron spectra lack the reso lu t i on  and s t a t i s t i c s  found i n  the 
p ro ton  spectra the  shapes o f  the spectra are i n  a l l  cases very s im i l a r .  The 
r a t i o  o f  the neutron t o  proton cross sect ion i n  the GQR reg ion  f o r  each 
spectra i s  found by summing the cross sect ion over e x c i t a t i o n  energies of 10 
t o  25. MeV. The r e s u l t i n g  r a t i o s  are summarized i n  Table 3. I n  the case o f  Pb 
we a lso t r i e d  t o  separate the resonance from the r e s t  o f  the continuum us ing 
the same background shape as used i n  the (p,plx) (but  scaled t o  our (n,nlx) 
data). I n  t h i s  case, the experimental cross sect ion r a t i o s  f o r  the s t ruc tu res  
above the smooth s o l i d  l i n e s  (not  given i n  Table 3, but  publ ished e a r l i e r  (81) 
are Rex = 1.45 + 0.35 and 1.35 + 0.35 a t  20" and 28" respect ive ly .  The e r ro r s  
quoted are s t a t i s t i c a l  (one SD) and systematic e r ro rs  due mainly t o  the uncer- 
t a i n t i e s  i n  the assumed continuum background, are estimated t o  be s im i l a r .  



Given the experimental cross section ratios, one can ask what they mean 
theoretically in terms of transition rates, i.e. in terms of the ratios of 
matrix elements or transition densities. One can use a theoretical model to 
help extract experimental ratios of the matrix elements Mn/M and com?are them 
to models. We followed this route. It is known that in tRese nuclei these 
regions of excitation contain a good fraction of the isoscalar giant monopole 
(GMR) and quadrupole (GQR) resonances, and the isovector giant dipole 
resonance (GDR) . 
Angular distributions for the GMR, GDR and GQR were calculated macroscopically 
using the distorted wave (DW) code DWUCK [29]. Isospin-consistent optical 
potentials were constructed from the Becchetti-Greenlees (141 proton and 
Michigan State University (131 (p,n) potentials, and transition potentials as 
described by Satchler 1301 were derived from those optical potentials. It was 
assumed that neutron and proton deformations are equal. The resulting 
transition potentials were consistent with Mn/Mp = N/Z and the calculation 
showed that the GQR was the dominant resonance in the experimental spectra. 
The calculated angular distributions for each multipole resonance were 
averaged over Lhe angular range of the corresponding experimental spectrum. 
The resulting cross sect ions at for the GMR (e=O) , GDR (e=1) and GQR (4?=2) 
were then summed to find a predicted ratio crf cross sections RDW: 

This ratio is sensitive to N/Z (M,,/Mp) through the transition potential which 
has the asymmetry term with a factor (N-Z)/A. Using transition potentials with 
a range of values of N/Z, but with the same (original) entrance and exit 
channel optical potentials, we determined the variation of Rr)w with N/Z. The 
ratio RI)W which matches the corresponding experimental value determines the 
apparent N/Z and hence the (Mn/Mp)~x~ value corresponding to the data. 

Table 3 summarizes the results: RDW is the ratio of a(n,n'x)/a(p,p'x) 
calculated with the physical values of N/Z for each nucleus. R ~ x p  is the 
measured ratio of the cross sections and [Mn/Mp]~xp is the ratio of 
N./Z (= Mn/Mp in the macroscopic model) derived from Rp:xp. One sees that 
(Mn/Mp)~xp is less than or at most equal to N/Z of the nuclei. In the case of 
Sn and Pb this disagrees with the ratios derived from a comparison o f  n- and 
n+ inelastic scattering to the GQR which are 1.9 2 0.4 [3,4] and 3.8 2 1.2 
(51 re~pectively~and to the continua, which have similar ratios. 

Model calculations which include the effects of core polarization show 
systematic deviations from N/Z of the matrix element ratio for the first 2+ 
state. [31,32]. For the GQR in Sn (a neutron valence nucleus) core polarization 
effects reduce Mn/Mp.to = 1.15 whereas (N/Z),,, = 1.37. These effects are not 
expected to be so important in Fe or 208Pb, However for the other neutron 
ualence isotopes of Pb(48%) one expects some reduction. 

The comparison of (n,nlx) to (p,plx) data includes giant resonances and also 
the continuum regions of the spectra, whereas the OW calculations were carried 
out for the giant resonance excitations only. Thus, a direct comparison of 
predicted to experimental ratios which include the continuum is not completely 



valid unless the ratio of the continua is the same or nearly the same as that 
for the resonances. Empirically, the results of (n+,  n+') and (n-, n-') 
inelastic scattering on 118Sn at 130 MeV [ 3 , 4 ]  and on 208Pb at 162 MeV [ 5 ]  
show continuum cross sections that are approximately proportional to those oi 
the isoscalar resonance structures. The ratio of the continuum cross sections 
is therefore essentially the same as the ratio of the resonance structures. 
This suggests that both parts of the spectrum are due to similar processes. 

A simple theoretical model can be used to estimate the ratio of neutron-to- 
proton cross sections for giant resonances and continua. The transition 
amplitude for (one-step) elastic and inelastic scattering contains terms of 
the form [I]: 

T a D(q,E)t(qJ)p(q,Ex) 

In this expression D is a distortion function which approaches unity for no 
distortion, t is the effective two body interaction, p is the nuclear density 
and E is the kinetic energy of the probe. Aside from inelastic scattering, the 
continuum at these excitations is due primarily to distorted quasi-elastic 
scattering where the distortions and interactions are much the same as for 
inelastic scattering. For both collective model GR excitation and quasi- 
elastic scattering, p(q,E) should be proportional to the number of nucleons in 
the nucleus. Thus this relation should also apply to the continuum in the 
giant resonance region of excitation. For a neutron probe the transition 
amplitude for isoscalar excitations may then be written 

with similar expressions for protons and pions. At E = 65 MeV the isoscalar 
interaction is several times larger than the isovector interaction and except 
for the GDR the excitations in the GR region are predominantly isoscalar. If 
the ratio of neutron to proton densities is taken to be equal to N/Z as in the 
simple collective model then the ratio of the transition amplitudes for 
isoscalar neutron and proton scattering is 

The cross section is proportional to the transition amplitude squared; hence 
the ratio of neutron to proton scattering cross sections in this simple model 
of isoscalar excitation is 

where r = tnp/tnn is the ratio of the np and nn interaction strengths. Since 
r 2: 2-3 and Z/N I 0.85 one expects the second bracket to be - (Z/N)2 which i s  
< 1. However distortion is less for neutrons because of the isospin asymmetry 
term and Coulomb effects, so (Dn/Dp)2 > 1. Thus in table 3 one can understand 
the experimental R values being 2 1, and the DW values ranging from 0.80 to 
1.3. 

In Table 3 the resulting values of [Mn/M ] ~ x p  (derived from adjusting N/Z in 
DW until RDW = R E X P )  average 1.020.2, 1.f- +0.2, and 1.2k0.2 for Fe, Sn and Pb, 



If we assume the pion values for M,/Mp : 1.9 for Sn and 3.8 for Pb, and use 
them to calculate On/Op cross-section ratios, we find values of 0.67 and 0.57 
for Pb at 28" and 20" respectively. Fig. 4 (bottom) from ref. 8 shows with the 
dashed lines what one expects for the Pb(n,nix) GR plus continuum cross 
sections if one assumes the pion matrix element ratios are correct. These are 
well below the neutron data. Even to extract a giant resonance structure one 
would have to shift the mean continuum "background" by almost 1 mb/sr*MeV. 
This~conclusion is less certain due to the large uncertainties in the (n,nlx) 
data. However the inconsistency between the pion and nucleon results (cross 
section ratios) persists in the continum and is not likely a result of the 
considerable uncwtainties in the continuum substraction. Ref. 8 contains a 
summary of other experimental and theoretical evidence that the results of the 
pion analyses are pot consistent with other probe data or with theoretical 
expectations. Thus it seems that we do not fully understand the pion-nuclear 
interaction and how to interpret pion data where inner, as we1 1 as valence, 
orbitals are involved. 

The compact neutron detection system at UC Davis provides reasonable elastic 
and inelastic data in a relatively efficient way, but the overall energy 
resolution is not sufficient to resolve low-lying inelastic states. TOF 
systems provide better resolution, although doing (n,nl) at 65 MeV with 
AE(FWHM)SIM~V is no easy feat. The various macroscopic optical models provide 
a good description of the measured neutron elastic data, although for the 
heavier nuclei considerable deviations occur. Microscopic models also provide 
a good.description of the data, even for the heavy nuclei. The (n,nix) data at 
65 MeV have been compared to earlier (p,plx) data at similar energies and 
angles. The results are consistent with M,/Mp=N/Z, as determined by a 
macroscopic distorted wave analysis. When core polarization effects are 
included the agreement between the data and calculation is improved. 
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Table 1. Values of the normalizing constant used for the real (Av) and 
imaginary (Aw) central potentials obtained from a best fit to the data for 
the JLM and YNM microscopic OMPs. 

YNM 
Target 

Av A w  X2 Av A w  X2 

c 0.928 2 .O 19 0.658 2.049 3.69 0.937 2 .015 0.449 2 ,030 2.44 
- 

si 1.003 2.052 0.986 2 .I36 19.7 0.9412.039 0.661 2 ,078 13.2 

Ca 1 .086 2 .049 0.985 2 .097 9.85 0996 2.036 0.656 + .056 6.60 

Fe 1.033 2.045 0.960 2.080 1 1 . 1  0.934 2.034 0.617 2 .047 7.63 

Sn 0.893 2 ,029 0.899 2 .053 9.90 0.805 2 ,021 0.557 2.028 

Pb 0.903 2 .029 0.926 2.056 17.8 0.814 2.024 0.574 2.031 14.3 

Table 2. Values obtained from microscopic OMP1s for the real and imaginary 
volume integrals per nucleon, JVK/A and JWI/A (MeVefms), and the reaction, 
elastic and total cross sections oK,aE and UTOT (mb) 

J LM 
Tar 

YNM 

Table 3. Comparison of experimental ratios of (n,nlx) to (p,plx) cross 
sections to theoretical values and extracted M,/Mp ratios. 

MJ, = 
Mp EXP 
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Figure 1. Scale drawing of the two geometries used for measurement of elastic 
scattering cross sections. For the low angle measurements the Seam was in 

---vacuum up to the 5 mil mylar window. 
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Figure 2. 
Data for elastic scattering of 
65 MeV neutrons from natural 
targets o f  C, Si, Ca, Fe, Sn, 
and Pb compared to optical 
model predictions. 



Figure 3. F i t s  t o  the e l a s t i c  data obtained from the JLM and YNM microscopic 
optics,.-model po ten t i a l s  f o r  (n,n) sca t te r ing  a t  65 MeV. 



Figure 4. 
(top) : 
Comparison of 65 MeV Fe(n,nlx) with 
61 MeV 56Fe(p,p1x) and 65 MeV 

' Sn(n,nlx) with 62 MeV 120Sn(p,p1x). 
The proton spectra are multiplied 

I by the factors given such that the 
intearated cross section from 10 to 
40-MGV equals that of the neutron 
data. 
(bottom,right) : 
Comparison of (n,nlx) spectra to 
(a) (p,pl x) at 20" scaled by 1.50, 
and (b) (p,plx) at 28" scaled by 
1.27. The points are the (n,n1x) 
data, the connected points are the 
(p,plx) data, and the smooth line 
is the (scaled) continuum contri- 
bution assumed in (p,plx). The 
dashed line is the predicted trend 
of the (n,nlx) GR + continuum cross 
sections deduced from (p,plx) data 
if Mn/Mp=N/Z=3.8 is assumed, as 
obtained from n-/n+ data. 
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ABSTRACT 

The neutron transmission experiment through iron and concrete which are 
commonly used as shielding materials has been performed using monoenergetic 
neutron beams of 33 and 22 MeV which are produced from 2 mm thick Li target 
bombarded by 35 and 25 MeV protons extracted from the AVF cyclotron @=SO). The 
neutron energy spectra penetrated through materials were measured with NE-213 
scintillator, proton-recoil proportional counter and multi-moderator 3He spectrometer. 
The attenuation profiles of monoenergetic peak neutrons can be used as the integral 
check of the cross section data above 20 MeV. 

The further experiments on neutron transmission and reaction cross sections are 
planned by our research group in the AVF cyclotron (K=110) facility. The 
monoenergetic neutrons in the energy range of 20 to 90 MeV can be obtained by 
7Li(pp) reaction. 



1. Introduction 

In recent years, high intensity and energy accelerators are being built and planned 
with the rapidly growing radiation application. This accompanies the increasing 
importance of radiation shielding design of the accelerator facility, especially for high 
energy neutrms having strong penetrability. The shielding calculation requires a 
comprehensive knowledge of nuclear data related to neutron and photon production by 
charged particles, neutron and photon transmission through matter, neutron scattering 
and activation and so on. These data above 20 MeV are scarce and no evaluated data 
library on neutron cross sections presently exists. 

As for the shielding study on neutrons above 20 MeV, a few experiments have 
beer, reported using continuous energy(white) neutron sources [1,2]. We measured the 
neutron penetration through iron and concrete shielding materials with the 33 MeV and 
22 MeV monoenergetic neutron beams. Neutrons were produced from 2-mm thick 
7Li target bombarded by 35 and 25 MeV protons extracted from the AVF cyclotron 
(k=50) at the Cyclotron and Radioisotope CenteflCYRIC), Tohoku University. 

We have made a research plan of the further experiment on neutron transmission 
and reaction cross sections in the AVF cyclo!ron (k= 1 10) at theTIARA(Takasaki Ion 
Accelerator for Advanced Radiation Application) facility, Japan Atomic Energy 
Research Institute. Monoenergetic neutrons in the energy range of 20 to 90 MeV can 
also be obtained by the ?Li(p,n) reaction. Differently from 0 t h  monoenergetic p-Li 
neutron facilities [3-61, our neutron facility is put on stress for taking the experimental 
data EO be incorporated in nuclear data base necessary for shielding study. 

2. Neutron Transmission Experiment at CYRIC 

2- 1 Expxhental Procedure 
Figure 1 shows the cross sectional view of the experimental arrangement along 

the neutron beam line. A 35-MeV or 25-MeV proton beam extracted from the AVF 
cyclotron was stopped on the Li target(l03 mgIcm2 thickness) in the NOS target room. 
Through two collimators, neutrons were incident to the shield which was set at the 
hole(50 cm height, 100 cm width and 283 cm length) in the concrete wall between the 
No. 5 target room and the TOF room. As seen in Fig. 1, we injected a proton beam to 
the Li target at an angle of 10 deg to the horizontal axis by the beam swing magnet, in 
order to prevent neutrons produced at the Fa.a&y cup(proton beam stop) from the 
direct incidence into the collimator. We repeated the same measurements without the 
Li target to estimate the background components due to neutrons scattered on the 
concrete wall of the NOS target room. 

The source neutron energy spectrum produced from the Li target without the 
shield was measured with the 5.1 -cm dim.  by 5.1 -cm long NE-2 13 scintillator by the 
TOF method. Shielding materials used in the experiment were iron(l0,20,30 and 40 
cm thickness) and concrete(25,50,75 and 100 cm thickness). The neutrons penetrated 
through the shield were measured with the same NE-213 scintillator, the 7.0-cm diam. 
spherical proton recoil proportional counter(hydrogen 4.5 atm and methan 0.5 atm) 
and the multi-moderator spectrometer with a 10-atm 3He counter, i.e., Bomer Ball [q. 

The neutron energy spectra penetrated through the shield were obtained by 



subtracting the background and unfolding the measured data with the FERDOU code 
[a] for the NE-213, the FERDOR code [9] for the proportional counter and the 
SAND-I1 code [lo] for the Bomer Ball. 

2-2 Results and Discussion 
The source neutron spectra for 35 MeV and 25 MeV protons are shown in Figs. 

2 and 3, respectively. The spectra have a monoenergy peak whose energy is 32.6 MeV 
and 2 1.8 MeV and FWHM is 1.4 MeV and 1.7 MeV, respectively. They have low 
energy continuum and a small peak of energy 4.6MeV lower than the peak energy 
which corresponds to the neutron emission from the second excited state of 7Be. 

The neutron spectra measured behind 30 cm thick iron and 75 cm thick concrete 
are shown in Figs. 4 and 5, respectively. The initial guess spectra of the SAND-I1 
unfolding for the Bonner Ball were obtained from the calculation with the MORSE-CG 
code [ I  I]. In the figures, the measured neutron energy ranges were above 2 MeV for 
the NE-213, from 200 keV to 2 MeV for the proportional counter and above 0.4 MeV 
for the Bomer Ball. The spectra obtained with these three detectors agree pretty well 
one another. There can be seen a peak of direct neutrons energy-undegraded through 
the shield. Figure 4 clearly gives a broad peak around several hundreds keV which is 
reduced to the valley of the iron elastic scattering cross section near 600 keV. In Fig. 5, 
the neutron spectrum below 100 keV is nearly constant, namely, the 1/E slowing down 
spectrum due to the multiple scattering of light elements in concrete. 

Figures 6 and 7 show the attenuation curves of the energy-undegraded neutrons 
in the peak area of 32.6 MeV and 2 1.8 MeV as a function of the thickness of iron and 
concrete, respectively. In the figures, the exponential function curves are shown whose 
attenuation coefficients are macroscopic total cross sections in the 35-30 MeV and 25- 
20 MeV energy groups in the cross section data library DLC-87 [12]. The curves 
calcdated by the MORSE-CG Monte Carlo code with the DLC-87 are also shown. 
The figures revealed that the MORCE-CG calculation for 32.6 MeV neutrons gave the 
lower valu~,s than the experimental results both for iron and concrete, while on the 
contrary, for 2 1.8 MeV neutrons they were much higher than the experimental results. 
This big discrepancy may come from the inaccurate neutron cross section data above 
20 MeV in the DLC-87 library. This experiment will be used as benchmark data for 
integral check of neutron cross section data above 20 MeV. 

3. Research Plan on Neutron Experiment at TIARA 

Using a monoenergetic neutron beam, the following experiments are planned; 1) 
measurement of neutron total and double differential scattering cross sections, 2) 
measurement of neutron activation cross section, 3)measurement of neutron and 
secondary photon penetration through matter, 4)measurement of photon and charged 
particle production cross sections. 

3-1 Outline of Maaoenergetic Neutron Source 
The monoenergetic neutron source in the energy range of 20 to 90 MeV is 

Iocated in the switching magnet vault(SMV) and in the wall(3.4 m thickness) between 
the SMV and the experimantal room, as seen in Fig. 8. 



Figure 9 shows the detail of the monoenergetic neutron beam line. A proton 
beam extracted from the cyclotron is focused on 7Li enriched target in a target changer 
by a quadrupole magnet. The thickness of X i  target is selected such that the proton 
energy loss in the target is about 2 MeV, which means the target thickness of 2 mm for 
20 MeV proton, 4 mm for 50 MeV proton and 7 mm for 90 MeV proton. The target 
changer can set the Li targets of six different thicknesses and quartz for beam profile 
monitor. The monoenergetic neutrons produced in the forward direction by the 
Xi@$) reaction are transported to the experimental room through a rotary shutter. 
The shutter consists of 1200 mm thick steel backed by 300 mm thick polyethylene 
which includes annular duct of 100 mm inside diameter for neutron beam transport, 
and it rotates at close position to shut off neutrons when this beam line is not in use. In 
the shielding wall just behind the shutter, there is an experimental hole for placing 
shielding materials, which is 120 cm x 120 cm x 120 cm in size. The proton beam 
passed through the target is deflected by a clearing magnet and absorbed in a beam 
dump. The beam current on a dump is measured by a Faraday cup. 

3-2 Calculation of Source Neutron Energy Spectrum 
The source neutron energy spectrum transported through the neutron beam 

collimator shown in Fig. 9 was estimated by the MORSE-CG calculation with the 
DLC-87 neutron cross section data libraryTary The calculation was done for 50 MeV 
proton energy when the rotary shutter is opened and closed. The three sources to 
produce neutrons by proton beam loss were considered in the calculation, 7Li target, 
copper Faraday cup acd aluminum vaccum duct. 

The neutron energy spectrum from thin 'Li target by the 7Li(p,n) reaction at 0 
deg for Ep = 50 MeV is cited from the data by Batty et a1.[13]. The neutrons are 
assumed to be emitted in a solid angle subtended by the entrance of the neutron beam 
collimator. 

The energy spectra of neutrons produced from Faraday cup are cited from the 
data on thick copper target for Ep = 52 MeV by Nakarnura et a1.[14]. The neutrons 
are emitted in the whole solid angle. 

The neutrons may also be produced from the aluminum duct inside the clearing 
magnet bombarded by protons scattered at an angle larger than 1 deg through the Li 
target. The fraaion of this scattered protons to the total is estimated to be about 0.037 
from the Monte Carlo simulation. The neutrons are also assumed to be emitted in the 
forward direction as in the 7Li(p,n) reaction. The neutron spectrum was approximated 
to be equal to that at 45 deg from thick aluminum target for Ep = 52 MeV given by 
Shin et al.[15]. The calculation was performed with the ACOS S 2000 computer of 
the Computer Center, Tohoku University. The history numbers were from 5,000 to 
30,000. 

Figure 10 shows the neutron spectra at the collimator exit when the rotary 
shutter is opened. In Fig. 10, Li(direct) means the direct neutrons from the Li target 
without collision, Li(scattered) the neutrons scattered in the collimator. A1 corresponds 
to neutrons from the vaccum beam duct. Cu(penetrated) means the neutrons 
penetrated through shielding wall from the Faraday cup and Cu(reflected) the neutrons 
which are produced at the Faraday cup, reflected by the clearing magnet and passed 



through the collimator. ,Figure 10 clearly reveals that the direct monoenergetic neutron 
component overwhelms the other components. From the comparison of neutron 
spectra for open and closed rotary shutters, the rotary shutter was found to decrease 
the direct neutrons to the order of 10" or more. 

These calculations showed that this neutron beam line is well designed to produce 
monoenergetic neutrons. The experiment using this neutron beam line will start from 
the next year. 
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Fig. 5 Neutron energy spectrum transmitted through 75 cm thick concrete 
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'Fig. 8 Cross sectional view of the AVF cyclotron building together withthe layout of the 
beam lines at the TIARA facility 



Fig. 9 Schematic view of the monoenergetic neutron beam line 

Fig. 10 Neutron energy spectra from several sources at the collimator exitfor 50 MeV 
proton when the rotary shutter is opened 
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Abstract 

A facility for studies of neutron-induced reactions has been built at the 
upgraded Gustaf Werner cyclotron of the The Svedberg Laboratory, Uppsala, 
Sweden. Well-collimated, monoenergetic neutron beams are produced with 
a fairly long distance between the neutron source and the reaction target, 
to reduce background radiation. The energy and angular distributions of 
light ions produced in the neutron-induced reactions are measured with a 
magnetic spectrometer. A high-accuracy measurement of the n-p differential 
cross section, in the angular range 116-180•‹, at 96 MeV is reported. 



Introduction 

A few facilities for measurements of (n,p) reaction cross sections in the energy re- 
gion above 50 MeV have been described in the literature during the last few years. 
The experimental arrangements at the Crocker Nuclear Laboratory, University of 
California, Davis [I], and at TRIUMF, Vancouver [2], cover the energy range up 
to 65 MeV and from 200 to 500 MeV, respectively. In. contrast to these monoener- 
getic facilities, the equipment for (n,p) cross-section measurements at Los Alamos 
National Laboratory makes use of the white neutron spallation source at LAMPF 
[3]. With a flight path of about 90 m, the energy range of practical use is from a 
few hundred keV to about 300 MeV. 

The upgraded Gustaf Werner cyclotron at the The Svedberg Laboratory (TSL), 
Uppsala, Sweden, has been equipped with a facility designed to produce well- 
collimated and energetically well-defined neutron beams in the energy region from 
about 50 to 200 MeV. A magnetic spectrometer with large angular and momen- 
tum acceptance has been constructed to allow measurements of energy and an- 
gular distributions of light ions produced in neutron-induced reactions. A pro- 
gram to study isovector excitations induced by the (n,p) reaction in various nuclei 
is at present in progress. Up to now, doubly differential cross sections for the 
12C,64*"Fe,*Zr,208Pb(n,P) reactions at about 100 MeV have been measured in the 
excitation energy and angular ranges 0-40 MeV and 0-30" (lab.), respectively. 

The measured (n,p) cross sections are normalized to the n-p scattering cross 
section and therefore precise knowledge of the latter at backward angles are of great 
importance. Many and accurate measurements of the n-p observables are also 
required for a unique phase-shift description of the nucleon-nucleon interaction. 
The relatively sparse and inaccurate previous measurements of n-p differential 
cross sections in the 100 MeV region, motivated a new measurement with high 
accuracy in the angular range 116-180" at the facility in Uppsala. The results of 
this measurement will be described in some detail in the present paper. 

The experimental arrangements of the facility are described in section 2. Sec- 
tion 3 is devoted to the experimental procedure and analysis of the n-p scattering 
measurement, while the results are presented and discussed in section 4. Finally, 
a summary is given in section 5. 

2 Experimental arrangements 

The experiments presented in this paper were performed at the TSL neutron 
facility. Since this facility has been extensively presented recently [4], only a brief 
description will be given here. 

A general overview of the experimental equipment is shown in fig. 1. Protons 
from the cyclotron impinge on the neutron production target from the left in the 
figure. The neutrons are produced by the 'Li (~ ,n)~Be reaction, using 100-200 
mg/cm2 thick discs of lithium, enriched to 99.98% in 7Li. After the target the 
proton beam is bent into a well-shielded beam dump. A narrow neutron beam 



in the forward direction is defined by a system of three collimators. The vacuum 
system is terminated with a thin Kapton foil after the first collimator. Charged 
particles produced in this foil and along the collimator channel are deflected by a 
clearing magnet. The diameter of the neutron beam at the (n,p) target position, 
8 m from the neutron production target, is about 7 cm. With a 100 MeV proton 
beam of 5.0 pA incident on a 200 mg/cm2 thick ' ~ i  target, the neutron flux is 
1.0x106 s-' at the (n,p) target position. 

To improve the proton count rate without impairing the energy resolution, a 
sandwiched multi-target system was constructed (fig. 2). It consists of a stack of 
thin (n,p) target layers interspaced by multiwire proportional chambers (MWPC) . 
In this way it is possible to determine in which layer the reaction occurred, and 
corrections for the energy loss in the subsequent targets can be applied. The 
first two MWPCs provide veto signals for efficient rejection of charged particles 
contaminating the neutron beam. Six targets, one of which is a CH2 refexence foil, 
are normally mounted in the target box. The CH2 foil is used to normalize the 
studied (n,p) reaction cross sections to that of the n-p scattering process. 

The momentum determination of the charged particles emerging from the re- 
action target is performed with a spectrometer consisting of a dipole magnet and 
four drift chambers. The scattering angle is determined by the trajectory through 

- 

the first two drift chambers. The spectrometer covers a solid angle of 14 msr and 
a momentum bite of 22%. 

A trigger signal for the data acquisition system is generated by a triple coinci- 
dence between two large plastic scintillators, located behind the last drift chamber, 
and a thin scintillator, positioned immediately after the multi-target box. The neu- 
tron time-of-flight (TOF) is measured by using the thin scintillator signal and the 
RF from the cyclotron as start and stop signah, respectively. This information is 
used to reject events from low-energy neutrons in the tail of the neutron spectrum. 

Together with information on the particle momentum, the pulse heights from 
the two large scintillators are used for particle identification, enabling separation 
of protons from other charged particles. 

Acceptance corrections are determined experimentally by making narrow soft- 
ware cuts in the vertical angle to allow only trajectories which are almost parallel 
to the median plane. By comparing the energy specira and angular distributions 
from this analysis with the total spectra, the required corrections can be extracted. 

A typical neutron beam energy spectrum, obtained by reconstructing a proton 
spectrum from a CH2 target after subtraction of the carbon background, is shown 
in fig. 6a. The effect of the TOF gate on the low-energy tail can be seen in fig. 
6b. 

3 Experimental procedure and analysis 

As was discussed above, the absolute cross-section scale is determined by compar- 
ison with the n-p scattering cross section. Since the shape of the n-p scattering 
angular distribution obtained from the CH2 reference target in the initial measure- 



ments indicated deviations from the shape predicted by a phase-shift analysis [5,6], 
we decided to make a more accurate measurement of the relative n-p differential 
cross sections. Thus, measurements of the 'H(n,p) react ion were performed at an 
incident neutron energy of 96 MeV in the angular range 0-64" (c.m.), correspond- 
ing to n-p scattering from 116" to 180". 

Three or four 50 mg/em2 thick CH2 targets were mounted in the multi-target 
box during the experiment. At laboratory angles larger than 15" the peak from n-p 
scattering interferes with the 12C(n,~) spectrum, which thus must be subtracted. 
With this purpose two 85 mg/cm2 carbon targets were included in the target box 
at these angles. 

The data were taken with the spectrometer magnet at two different positions, 
covering different angular ranges. In the position for the most "forward" angles 
three different magnetic fields were used, while two magnetic field settings were 
sufficient for the "backward" angles. The actual angular ranges covered in these 
five data sets are given in Table I together with the statistical errors. Depending 
on the magnetic field setting and in which target layer the reaction took place, the 
angular and energy resolution (F WHM) were 0.5-1.2" and 2.5-4.5 MeV, respec- 
tively. 

The data were analysed on an event-by-event basis using narrow vertical an- 
gular soft-ware gates in the range f 0.75-1.2". By this restriction, no acceptance 
corrections had to be made. Gaussian distributions were fitted to the 'H-peak in 
the energy spectra, which were stored in bins of 2" (c.m). From these fits the peak 
contents and statistical errors were determined. Events incorrectly removed in the 
analysis, e.g., with the TOF-gate or the particle identification, could at most affect 
the relative cross sections by 0.5%. 

The five different data sets were normalized to each other using the angular 
overlap regions of the sets. This procedure introduced an additional statistical 
normalization error beween the most forward and backward data of 1.3%. As can 
be seen in fig. 4, the shape of the different data sets agree very well, indicating 
that systematic errors are small. Final relative n-p scattering cross sections were 
obtained by averaging the data from the different data sets in each angular bin. 

To obtain absolute n-p scattering cross sections, a normalization procedure has 
to be introduced. Since the neutron beam intensity is not known with sufficient 
precision, the only available method is to use the total n-p cross section, which 
has been measured with very high accuracy. Hence, the angular distribution of 
the differential data has to be integrated over all angles. Since the experimental 
data are only available in the angular range 116-180•‹, the remaining part of the 
angular distribution was estimated from a phenomenological phase-shift analysis 
[5,6]. Due to the small number of previous measurements in this energy region the 
energy dependent VL35 phase-shift solution 161, based on data below 350 MeV, 
was chosen. 

The experimental data below 154", excluding data in the range 132-138" where 
the subtraction of the 12C(n,p) spectrum might cause small systematic uncertain- 
ties in the data, were fitted to the VL35 solution. A Legendre polynomial of degree 



11 was then fitted to the experimental data and to the VL35 solution in the angu- 
lar region not covered by the experiment. This fit resulted in a total cross section 
of 80.0 mb. 

Lisowski e t  al. [7] have determined experimental total n-p cross sections of 
82.W 0.3 mb and 74.6f 0.3 mb at 90 and 100 MeV, respectively. By interpolation 
between these values, taking into account also the predicted 161 energy dependence, 
a cross section of 77.7 mb at 96 MeV was obtained, to which the experimental data 
were renormalized. 

Using other solutions of the phase-shift analysis in this procedure resulted in 
differences in the normalization factor of up to 3%, which was taken as an estimate 
of the normalization error. The experimental uncertainty in'the total cross sect ion 
and the estimated uncertainty in the neutron beam energy (k0.5 MeV) both give 
error contributions of less than 1%. The total uncertainty in the absolute cross 
sections is estimated to 4%. 

4 Experimental results and discussion 

The final experimental values of the differential cross sections and their statistical 
errors are listed in Table I1 and also shown together with the Legendre polynomial 
fit in fig. 5. Previous measurements in the actual angular range at 85-110 MeV 
have been made by Scanlon et  al. [8] and by Stahl et  al. [9]. Data from these 
measurements are also shown in fig. 5 for comparison. It can be seen that the 
previous data are systematically lower than the present results for angles larger 
than 160". Hammans et  d. [lo] have, however, pointed out that the angular 
distributions of Scanlon et  al. are distorted by the fact that the energy dependence 
of the proton detection efficiency was neglected. 

The present results are shown together with three different solutions of the 
phase-shift analysis [5,6] (fig. 6a), and together with the cross sections obtaimd 
with the Paris [ll], Bonn [I21 and Nijmegen [13] potentials (fig. 6b). The charac- 
teristics of the solutions to the phase-shift analysis and the potentails are given in 
Table 111, where the different predictions of utOt should be noted. 

The ratio of the erperimental data to the different predictions of the phase-shift 
analysis and to the three potentials are shown in fig 7. As can be seen the data 
are steeper than all predictions in the range 150-180". The ratio of the 180" and 
120" cross sections is in best agreement with the Paris and Nijmegen potentials. 

5 Summary 

Differential cross sections for the n-p scattering process have been measured in 
the angular range 116-180" (c.m.) at 96 MeV. These new data have much smaller 
uncertainties than those of the previous measurements in this energy region and 
therefore represent an improvement of the n-p scattering data base. The results 
are also important for the normalization of the (n,p) reaction cross sections which 
are being measured for various nuclei at the Uppsala neutron facility. 
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TABLE I 

H(ll,p) data sets obtained with different spectrometer settings. 
Setting Magnetic Angular Statistical 

field (T) range (c.m.) error (%) 
F1 0.7 0-12 1.4-1.6 
F2 1 .O 0-32 1.3-1.7 
F3 1.1 6-32 1.8-2.3 
B1 0.55 22-52 2.4-2.7 
B2 0.7 26-64 2.2-2.6 

TABLE I1 
n-p differential cross sections at  96 MeV. 

. .  d ~ / d n  (mb/sr) . .  &/do (mb/sr) 
117.0 5.49f 0.15 149.0 8.82f 0.10 
119.0 5.57f 0.15 151.0 9.06f 0.10 
121.0 5.76f 0.15 153.0 9.28f 0.12 
123.0 6.18f 0.16 155.0 9.99f0.13 
125.0 6.27f 0.16 157.0 10.42f 0.13 
127.0 6.26f 0.16 159.0 10.855 0.14 
129.0 6.62f 0.12 161.0 11.08f 0.14 
131.0 7.10f 0.13 163.0 11.73f 0.14 
133.0 7.255 0.13 165.0 12.23f 0.15 
135.0 7.37f 0.13 167.0 12.94f 0.16 
137.0 7.42f 0.14 169.0 13.40f 0.13 
139.0 7.74f 0.14 171.0 13.83f 0.13 
141.0 7.92f 0.14 173.0 14.29f 0.13 
143.0 8.02f 0.14 175.0 14.64f 0.15 
145.0 8.26f 0.15 177.0 14.95f 0.15 
147.0 8.49f 0.15 179.0 14.835 0.17 

TABLE 111 
Phase-shift solutions obtained using SAID [6]. 

Solution Type Energy range (MeV) atot (mb) 
VL35 4/09/91 energy dependent 0-350 79.64 
SM91 4/18/91 energy dependent 0-1600 80.79 
ClOO 4/18/91 single energy 85-1 10 77.08 

PARIS potential 0-350 79.90 
BONN potential 0-325 78.19 

NIJMEGEN potential 10-350 75.98 
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Figure 1. Overview of the Uppsala (n,p) facility. 

Figure 2. Exploded view of the multi-target box. 



Neutron Energy ( M ~ V )  

Figure 3.(a) Iieconstmcted energy spectrum of incoming neutrons, using a proton 
spectrum in the range 0' - 5", obtained with CH2 targets, and subtracting the 
contribution from the 12C(n,p)12B reaction. (b) The same spectrum as in (a) 
using a gate on the neutron flight time. 



Figure 4. Differential cross sections for the lH(n,p) reaction at a neutron energy 
of 96 MeV. The data points from each setting of the spectrometer (see Table I) 
are shown. 

- Legendre fit to the Uppsala data 

Uppsala 1991, E,=96 MeV 
A Harwell 1963, &=99 MeV 
0 Harvard 1954, E,=9 1 MeV 

Figure 5. The n-p differential cross sections determined in this work. The statisti- 
cal errors are within the size of the data points. Data from earlier measurements 
at Harwell [8] and Harvard [9] are also shown. 
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Figure 6a. The measured n-p differential cross sections together with predictions 
of different phenomenological phase-shift analyses [6] at a neutron energy of 96 
MeV. 
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Figure 6b. The measured n-p differential cross sections together with predictions 
baaed on the Paris [ll], Bonn (121 and Nijmegen [13] potentials at a neutron energy 
of 96 MeV. 



Figure 7. The ratio of the n-p scattering data, measured at a neutron energy 
of 96 MeV, to the predictions of different phenomenological phase-shift analyses 
[6] (left) and to the predictions of the Paris [ l l ] ,  Bonn [12] and Nijmegen [13] 
potentials (right). 
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ABSTRACT 

A brief introduction is presented of the experimental and theoretical 
works on nuclear data in China. The facilities and theoretical calculation 
codes related to the measurement and evaluation of the neutron cross section 
standards for the energy region above 20 MeV are described emphatically. The 
planned experimental works on (n,n) cross section measurement and theoretical 
works on (n,f) cross section calculations in the neutron energy region from 20 
to 40 MeV are included. 

Along with the development of related science and technology, a vast 
vista for the applications of nuclear data for the energy region above 20 MeV 
has been presented before our eyes. In order to meet the needs for both basic 
and applied research, geople have directed their attention to measurements and 
cdculati~ns of neutron data in this neutron energy region. It is clear that 
the existence of accurate standard and reference data is of most importance 
for these purposes and they should be careully established first. 

As is known to all, the nuclear data works carried out in China for a 
long time past have been concentrated mainly in the neutron energy region 
below 20 MeV, and the research works for the neutron energy region above 20 
MeV are at1. an initial stage only. In this paper a brief introduction is given 
to the experimental and theoretical works on nuclear data at the Chinese 
Nuclear Data Co-ordination Network (CNDCN), in which the facilities and 
theoretical calculation codes related to the measurement and evaluation of the 
neutron cross section standards for the energy region from 20 to 40 MeV are 
described emphatically. The CNDCN is composed of the institutes and universi- 
ties which are undertaking measurements and evaluations of nuclear data in 
China. It is organised and coordinated by the Chinese Nuclear Data Center 
(CNDC). It has about 20 members and its nuclear data represent the nuclear 
data activities in China. 



I. Facilities and Measurement 

The main facilities and research subjects of nuclear data measurements 
at CNDCN are listed in Table I. As can be seen, the research subjeccs on 
neutron data measurements are focussed on neutron induced nuclear fission 
(including f-ission cross section, fission neutron number, fission neutron 
spectra, fission product yield), fast neutron spectroscopy (including angular 
distribution of scattered neutrons, double differential cross section and 
secondary neutron energy spectra from neutron induced reactions) and fast 
neutron cross section (including (n,nf), (n,2n), (n,p), (n,d), (n,a) cross 
sections, radiative capture and y-ray production cross sections etc.). Of 
course, neutron standard and reference data measurements[l] are included. In 
addition, a series of subjects on non-neutron data measurements have been 
carried out, including the fields of charged particle induced nuclear reaction 
(both light and heavy ion induced nuclear reactions), nuclear structure and 
decay data, atomic and molecular data etc. By way of an example, some topics 
on neutron data measurements carrried out at the China Institute of Atomic 
Energy in recent yearst21 are given as follows: 

- Measurement of scattering angular distributions and y double differen- 
tial cross sections on deuterium by 13.6 and 15.2 MeV neutrons. 

- Measurement of secondary neutron spectra of Fe, Nb and Bi at 14.2 MeV. 
- Measurements of double diffe e tial cross sections of 238~ and 209~i - 

f;, 3 for 8-13 MeV neutrons and of Li for 14.2 MeV neutrons. 

- asurement of 12c(n, y) cross section for 7-14 MeV neutrons and T 1 
%a(n, y )  , P(n, y) cross sections for thermal neut rons . 

- Measurements of fissi product yield of 235~, 238U induced by fission 
spectrum netrons and 9118U induced by 9.3 and 11 MeV neutrons. 

- Measurements of the pjynpt-fission neutron energy spectrum of 252 

spontaneous fission, U fission induced by thermal neutrons and 236; 

fission by 11 MeV neutrons. 

- Measurements of fast neutron cross sections using activation method 
for more than 20 reactions, etc. 

The only facilities which could provide 20-40 MeV neutrons is the 
HI-13 tandem accelerator at CIAE. This accelerator has been in operation for 
more than four years. The main specifications of the HI-13 tandem for proton 
beam are listed below. 

- Maximum terminal voltage 13.0 MV 
- Terminal voltage stability k1.0 KV 
- Proton energy range 6.0-26 MeV 
- Analyzed proton beam intensity 9.50 PA at 7.5 MV 

4.80 PA at 13.0 MV 



Pulsed proton beam 

- Terminal voltage 
- Pulse width 
- Peak current 
- Frequency 

4.0 MV 13.0 MV 
2.0 ns 1.0 ns 
0.45 mA 0.95 mA 
4.0 MHz 2.0 MHz 

At present, the main experimental facilities at HI-13 tandem accelera- 
tor are as follows: a multi-detector fast neutron time of flight spectrometer, 
a scattering chamber used for nuclear fission and other nuclear reactor 
researches, a y-ray angular distribution spectrometer, a QDDD magnetic 
spectrometer of type G120L used for nuclear structure and reaction researches, 
an accelerator mass spectrometer and an in beam y-ray spectroscope system. 
Four more beam lines will be added. The experimental facilities to be in- 
stalled on these new beam lines include a one-meter diameter general purpose 
scattering chamber with a 45 cm diameter auxiliary target chamber for polari- 
zation measurement, a target chamber for irradiation effect investigation and 
some hyperfine interaction measurement equipment etc. 

The multi-detector fast neutron TOP spectrometer[3] at HI-13 is built 
to study double differential neutron cross sections, elastic and inelastic 
scattering angular distributions in the incident neutron energy region above 8 
MeV and neutron emission spectra of (x,n) reactions. Figure 1 shows the 
schematic diagram of the fast neutron TOP spectrometer. The pulsed ion beam 
comes from the tandem accelerator. It is produced by a chopper-buncher system. . 
The width of the pulsed beam is less than 1 ns. The secondary neutrons from 
the sample are detected by three detectors placed in three massive shields 
which are separated by 10 degrees. The neutron detector can be rotated in the 
angular range -30 to 165 degrees with a precision of 0.1 degrees and can be 
mcved radially to provide a neutron 

Neutron lourn monitor- 

Fig. 1. Three det 

Neutron detaior 

.tor fast neutron TOP facility at HI-13 tandem ac 



flight path of 1.5 to 6.5 m, which can be extended to 11 m, if necessary. The 
neutron detector is an ST-451 liquid scintillator coupled to an XP2041 photo- 
multiplier by silicon oil. The total time resolution including beam width, the 
contributions from the thickness of target sample and scintillator and elec- 
tronics is about 1.8 ns for 10 MeV neutrons. As the deteron energy increases, 
the time resolution becomes bet-ter. Figure 2 shows the TOF spectrum of 12 MeV 
neutrons scatted by carbon at 8 = 40•‹, and Figure 3 shows the TOF spectrum of 
12 MeV neutrons scattered by the polyethelene sample at 8 = 30'. It can be 
seen that the n-p scattering peak is well separated from two peaks resulting 
from elastic and inelastic scattering of carbon. It also means that the 
three-detector fast neutron TOF spectrometer which is characterized by its 
good time resolution, good relation to background ratio, wide measurable 
angular range and flexible geometry arrangement is suitable for secondary 
neutron spectrum and scattering angular distribution measurements in the 
neutron energy region 8 to 29 MeV (if the D(d,n) neutron source is used) and 
22 to 40 MeV (if the T(d,n) neutron source is used). In order to improve the 
neutron intensity in the neutron energy region up to 40 MeV, we are planning 
to develop f2 Tritiyl gas target for the T(d,n) neutron source. Then the 
H(n,n)H and C(n,n) C cross sections and some of the monitor reacton cross 
sections will be measured. 

11. Theoretical Calculation 

To resume, the main theories and methods applied to neutron nuclear 
data calculations in CNDCN are those of phase-shift analysis, Faddeev 
equation, resonance group theory, R-matrix theory, optical model, Hauser- 
Feshbach theory, DWBA and quasi-free particle scattering theory for light 
nuclei, and optical model, Hauser-Feshbach theory with WFC, evaporation model 
pre-equilibrium emission theory, exciton model, DWBA and coupled channel 
calculation for structural and fissile nuclei, etc. 

On the basis of the theoretical research mentioned above, a series of 
codes for the data calculations have been developed in China. Some of them 
have been sent to NEA Data Bank. The main codes are: 

. MUP2 This is the second edition of an unified program for theoretical 
calculation of fast neutron data for medium-heavy nuclei by using the 
optical model, Hauser-Feshbach theory with width fluctuation correc- 
tion and pre-equilibrium statistical theory based on the exiton model 
and evaporation model. AUJP is an associated code of MUP2, which is 
used in the automatically searching for a set of optimal optical 
potential parameters. 

. MUP3 This code is an extended code of MUP2. It can calculate the 
neutron double differential cross sections. 

. UNIFY2 This code was set up with the unified treatment of the pre- 
equilibrium and equilibrium reaction processes with angular momentum 
and parity conservation. It will be used to calculate nuclear data for 
-structural materials. This code can calculate the double differential 
cross section for all kinds of particles and y producton data in 
ENDF/B-6 format. 



. FUPl It is used to calculate fast neutron data for fissile nuclei; 
ASFP is its associated code used to automatically search for optimal 
fission parameters. 

Channel number 

Fig. 2 TOF spectrum of 12 MeV neutron scattered by carbon at 0 = 40' 

256 512 768 

Channel number 

Fig. 3 TOP spectrum of 12 MeV neutrons scattered by polyethelene at 830' 



. CUC This is a coupled-channel optical model code used for data cal- 
culation of deformable nuclei. The calculated direct components can be 
added to the calculated compound nucleus cross section and angular 
distribution. 

. TSD It is based on the Faddeev calculation and used for n+D data 
calculation. 

. ROP and DRM ROP is a unified code based on optical model and R-matrix 
calculation. DRM is used to calculate the neutron direct inelastic 
scattering cross section for 1 P shell nuclei with optical model and 
DWBA . 

. A phase-shift analysis code was used to calculate the neutron data of 
H. The study of phase-shift analysis to improve the neutron data of D 
and T is underway. 

Recently, the Chinese Nuclear Data Center has been engaged in the 
compilation, evaluation and theoretical calculation of intermediate energy 
nuclear data (IEND). Based on our investigation, the following conclusion 
could be drawn: some of the nuclear reacton theories, such as relativistic 
optical model, relativistic collective deformed DWBA, approach, intranuclear 
cascade model and hybrid type pre-equilibrium model can be easily used to 
calculate IEND. Some microscopic theories for IEND calculations have been 
studied, in which both phenomenological and microscopic nucleon relativistic - 
optical potentials have been studied[4]. The global neutron relativistic 
phenomenological optical potential (RPOPi based the available experimental 
data for various nuclei ranging from 2~ to 498U with incident energies 
20-1000 MeV has been obtained through automatically searching for the optimal 
parameters. Nucleon relativistic microscopic optical potential (RMOP) is 
studied by using effective lagrangian based on popular Walecka ~ P e l  Figure 4 
shows the neutron elastic scattering angular distribution for C at energies 
20.8, 22, 24, 26 and 40 MeV calculated by RPOP and RMOP. For most cases the 
calculated results are in good agreement with the experimental data, only the 
valleys in the results by RMOP are too deep as compared with measured data. 

As for the codes for calculating nuclear data above 20 MeV, CMUP2 code 
has been finished for the neutron and charged particle induced reactions for 
medium and heavy nucleus data calculation in the several to 50 MeV energy re- 
gion. It is based on the optical model, evaporation model and pre-equilibrium 
emission theory. The pre-equilibrium mechanism in the first, second and third 
emission processes is included, and the pick up reaction mechanism in the 
first, second and third composite particle emission processes and the Pauli 
principle in calculation of exciton state density are considered. The 
following quantities can be calculated by this code: neutron total and 
integrated elastic cross sections, reaction and/or nonelastic cross sections, 
elastic scattering angular distributions, 1-4 multi-particle emission process 
cross sections, 1-2 multi-particle emission process energy spectra, residual 
nucleus product yield cross sections, total particle production cross sections 
and particle production energy spectra in 1-2 multi-particle emission 
processes. APCOM is its associated code used to search automatically the best 
optical potential parameters. Another code for calculating the (n,p) and (p,n) 
knock-out direct reaction cross sections will be finished soon. In addition, 
several codes for direct interaction calculations such as ADA, DWUCK, ECIS 
have been developed or transplanted on our computers. 



Fig. 4 Neutron elastic scattering angular distributions for 12c 
calculated by RPOR and RMOP 

Now we are planning to extend the functions of - F U P l  so as to gear it 
to the need of the fissile nucleus data calcul~j~ons up o 40 MeV neutron 
energy. And then the fission cross sections of U and 23QU in the neutron 
energy range 20-40 MeV will be investigated. 

111. Summary 

The measurement and evaluation of the neutron nuclear data for the 
energy region above 20 MeV are the works which should be strengthened in the 
next ten years. Solving the problems related to the standard and reference 
data is of the first importance for improving the quality of the measured and 
evaluated data. The work in this field is still at the first stage in China. 
In consideration of our existing conditions, the following works will be 
carried out first: 

- To develop a tritium gas target so as to improve the neutron source 
strength in the neutron energy region from 20-40 MeV. 



12 - To start preparation for the measurements of H(n,n)H, 12c(~,n) C 

crp33 sectioqg8 In the light of specific conditions, the measurements 
of U(n,f), U(n,f) crcss sections and some of the monitor reaction 
cross sections will be considered. 

- To study the theories and methods which can be used in calculation of 
nuclear data in the intermediate energy region further. 

- To extend the functions of the FUPl code with the aim of carrying out 
the calculation and evaluation of the qqgtron data 05~&issile nuclei 
above 20 MeV, especially for the U(n,f) and U(n,f) cross 
sections in the 2040 MeV energy region. 
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H. Schuhmacher, B.R.L. Siebert and H.J. Brede 

Physikalisch-Technische Bundesanst alt 

D-3300 Braunschweig, Germany 

ABSTRACT 

A proton recoil telescope (PRT) based on n-p scattering at center-of-mass angles be- - 

tween 148' and 180' was employed to determine the neutron fluence in nearly monoener- 

getic neutron fields. The efficiency of the PRT was calculated with a Monte Carlo program 

which simulates the production of recoil protons in the radiator of the PRT and the trans- 

port of these protons through the PRT. Events from n-p scattering in a polyethylene (PE) 

radiator were experimentally discriminated from other events by means of a AE versus E 
analysis and by additional measurements replacing the PE radiator by a graphite radia- 

tor. Ex~mples of measurements at 31.0 MeV and 62.6 MeV are given. The total relative 

uncertainties of the measured neutron fluences were estimated to be 3.4% and 10.0%, re- 

spec t ively. 



1. INTRODUCTION 

Dosimetry research in the neutron energy range above '30 MeV is motivated by the 

increasing number of therapy facilities which use broad energy distributions of up to 65 

MeV. The necessary improvement of neutron dosimetry requires the determination of basic 

data for neutron interactions with tissue and tissue-like materials [I]. These investigations 

require the neutron fluence to be measured with small uncertainty (21. 

The well-established proton recoil telescope (PRT) method which is used in the energy 

range from about 1 MeV to 15 MeV with total relative uncertainties of 2% [3], was extended 

to measurements in nearly monoenergetic radiation fields with energies ranging from about 

26 MeV to 63 MeV. The efficiency of the PRT was calculated with a Monte Carlo program 

which simulates the production of recoil protons in the PRT's radiator and the transport 

of these protons through the PRT. This simulation is required to avoid systematic errors 

due to the interaction of protons with the various parts of the PRT, in particular with the 

solid-angle defining apertures. 

First, the irradiation facility, the construction of the PRT and the efficiency calcula- 

tions are described. Then examples will be given of measurements at neutron energies of - 

31.0 MeV and 62.6 MeV. Measurements at 26.3 MeV and 37.8 MeV have been described 

earlier [2]. Special emphasis is laid on the analysis of the various contributions to the total 

uncertainty, in particular of the differential cross section data available for n-p scattering. 

2. METHODS 

2.1 Irradiation facility 

The measurements were performed at the monoenerget ic neutron beam facility of the 

Universiti. Catholique de Louvain-la-Neuve (UCL), Belgium [4]. Neutrons were produced 

by bombarding a 3 mm thick 7~i- target  with protons. Those protons passing the target 

were deflected to a graphite beam stop. A collimated neutron beam with a diameter of 60 

mm at a distance of 6 m from the target was provided. 

The measurements were carried out at proton energies of about 35 MeV and 65 MeV 
- 

with beam currents of 3 PA. The average neutron energies, En, of the full-energy peaks 

produced by the reaction 7 ~ i ( p , n ) 7 ~ e  (g.s. + 0.43 MeV), determined by time-of-flight 

(TOF) measurements with an NE213 scintillation detector, were 31.0 MeV and 63.6 MeV. 
The spectral neutron fluence, @ E ,  (Fig.1) could only be measured above energy thresholds 

of 16 MeV and 30 MeV, respectively, because of the time resolution capability of the PRT, 

the duration of the proton bursts and the accelerator repetition frequency of about 15 MHz. 



2.2 Construction of the PRT 

The PRT used in this experiment for determining the fluence of neutrons of nominal 

energy, i.e. of an energy within the full-energy peak is shown in Figure 2. This type of 

instrument which was first described by Bame et a1 [5] allows the neutron fluence to be 

determined with relative ~mcertainties of only 2.0% in the neutron energy range below 

about 15 MeV [3] and is used as a primary fluence standard at various laboratories. 1 t . i ~  

based on the detection of recoil protons produced by elastic neutron scattering by hydrogen 

in the radiator foil R (high-purity polyethylene (PE) with a mass per unit area of 144.7 

mg ~ m - ~ ) ,  mounted on a 1.0 mm thick Ta backing, at scattering angles, zlCM, between 

148' and 180•‹ (in the center-of-mass system). It consists of two proportional counters ( P I  

and P2), two solid-angle defining apertures made of Ta (Al:  a ring which is used to fix the 

PE disc to the radiator backing; A2: an aperture between P2 and S1) and two cylindrical 

solid-state detectors (Sl: a 2.5 mm thick Si surface barrier detector with an active surface 

of 300 mm2; 52: a 5.0 mm thick Si(Li) detector with an active surface of 200 mm2 which 

was operated at room temperature). The proportional counters were filled with isobutane 

at a pressure of 50 kPa. This counting gas was chosen because of its high gas-gain and 

good timing capability. For the measurements at 62.6 MeV, a 2.5 mm thick iron absorber 

was inserted between A2 and S1 in order to reduce the energy of the protons entering the 

silicon detectors. The resulting total thickness, however, was not sufficient to stop the 62.6 

MeV protons in S2 (see below). 

The fast signal from S1 was used to measure the neutron TOF. The pulse-neight sig- 

nals from the four detectors and the TOF signal were analyzed with a multi-parameter 

data acquisition system. This system consists of CAMAC modules (an eightfold ADC, a 

PDP11/73 preprocessor, a histogramming memory and scalers) which are controlled by 

a ~ ~ x - ~ t a t i o n  acting as a host computer [6]. The ADC was gated with the coincidence 

PlAP2ASl. During the measurements typical single count rates of 3000 s-I for the propor- 

tional counters and 1000 s-' fcr the cilicon detectors were observed while the coincidence 

rate was about 2 s-l. Various matrices and spectra were accumulated which allowed the 

protons to be discriminated from other types of charged particles using the common A E  
versus E analysis. In addition to the recoil protons from n-p scattering in the PE foil, 

protons originating from (n,p) reactions in Ta, C, Si and in the counting gas of the first 

proportional counter were observed in threefold coincidence. These contributions were 

small and were subtracted by a "background" measurement in which the radiator assembly 

was turned by 180•‹, thus replacing the PE radiator with a graphite disc which was mounted 

on the other side of the Ta backing. The thickness of the graphite was chosen to match the 

carbon content of the PE radiator. The difference in the proton energy losses in PE and 

graphite could be neglected in the analysis of the PRT measurements. 



2.3 Calculation of the PRT efficiencv 

The efficiency, E ,  is here defined as the ratio N p / N n  with the number of recoil protons 

which deposit their full energy ill S1 and S2, Np, and the number of neutrons inpinging on 
the radiator, N,. This probability for a broad, parallel neutron beam and a given spectral 

neutron distribution was calculated with an analogue Monte Carlo program which simu- 

lates the production of recoil protons and their transport through the telescope, including 

energy straggling and angle straggling. Data for total and differential cross sections for n-p 

scattering were taken from the latest version, denoted VL35, of a.phase-shift analysis [7]. 

Protons emitted into a solid angle, a, which was 20% larger than defined by the aper- 

ture A2 were generated. They were transported to the surface of the radiator and then, 

depending on their path, through Al,  gas filling, A2, absorber (if any), S1 and S2. Their 

energy loss in each material was calculated, and the energy and angle after passage through 

this part were determined. Thedata  for energy and angle straggling were calculated using 

methods described in [8]. Landau, VaviIow and G a d  distributions were used for energy 

straggling. Angular straggling was based on Molikre's ansatz and the model parameters 

of Marion and Zimmerman. For this purpose the material was subdivided into sections 

in which the energy loss of protons did not exceed 10% of their initial energy. In this 

way the penetration of protons through the edges of the apertures and the possible loss of 

events by protons straggled away from the silicon detectors (hence totally missing one of 

the detectors or leaving it through its convex surface) were investigated. The interaction 

of protons with the counting wires of the proportional counters could be neglected. 

Table I: Correction factors due to proton interaction in the PRT 

interaction with aperture A1 1.04 1.09 

interaction with aperture A2 0.92 0.98 

total 0.95 1.04 

The influence which the proton interaction with the two apertures exerts on 6 is given 

in Table I. While for A1  penetrating protons tend to increase r, for A2 the reverse effect 



is observed due to the reduced effective solid angle compared to an aperture with the 
same diameter but infinitesimal thickness. The total corrections represent the ratios of E 

calculated with the full Monte Carlo simulation and with the standard calculation [9] which 

accounts only for t,he hydroger, content of the radiator, the differential cross section for n-p 

scattering and the solid angle defined by the geometry of the PRT. Since the influence of 

the two apertures is correlated, the product of the corresponding correction factors differs 

from the tot a1 correction factor. As expected from the design of the PRT, the influence of 

straggling was found to be smaller than 1%. 

In addition, corrections were applied to the PRT measurements for deadtime of the 

electronics, kD , for count losses due to inelastic proton scattering, kI,  [ lo]  and for the at- 

tenuation of the neutron fluence due to the telescope housing, the graphite dummy radiator 
and the radiator backing, k A  [2]. 

The neutron fluence, @, was determined by: 

with the area of the radiator, A. 

3. RESULTS AND DISCUSSTON 

Figure 3 shows the number of events measured for 31.0 MeV as a function of TOF and 

(ES1 + ES2), the total energy deposited in the two silicon detectors. The events from n-p 

scattering show a distinct peak (a) at large values of (ES1 + ESa) which is produced by 

the high-energy neutrons. The low-energy neutrons in the tail of the energy distribution 

(Fig. 1) produce the tail towards smaller values of (ES1 + ES2) and larger values of TOF 
(b). The prompt events at smaller values of (ESl + Es2) (c) are induced by scattered pro- 

tons and protons from (n,p)-reactions which were significantly reduced by the background 

measurement. The structure (d) is produced by wrap-around neutrons, i.e. low-energy 

neutrons from the previous accelerator burst. 

A similar analysis of the number of n-p events can be performed with the ES1 versus 

Es2 matrix (Fig. 4). In this case the tail is mainly caused by low-energy neutrons because 

all events, independent of their TOF, were included. Events in the lower left are from 

electrons produced mainly by photon interactions. 

Figure 5 compares the measured number of events within the prompt TOF window 

(Fig. 3)  as a function of (ES1 + ES2) with the Monte Carlo simulation. The discrepancy 

at (ES1 + ES2) < 10 MeV is mainly due to wrap-around neutrons which were not included 

in the simulation. 

The Esl versus Es2 matrix for the 62.6 Me'? measurement is shown in Figure 6. The 



fact that protons with energies higher than 55 MeV were not stopped in S2 leads to the 
bend-over of the proton cur-~e. N,, can be determined from this matrix with an uncertainty 

which is slightly larger than for the 31.0 MeV measurement. 

Table 11: Relative uncertainties (1 s.d.) for the neutron fluence determination in % 

- - 

hydrogen content of radiator 

geometry of P RT 
du/dSt of n-p scattering 

deadtime, pile-up 

efficiency of Si detectors 

neutron fluence attenuation 

determination of z, 
proton interaction in the PRT 

determination of Np 
statistics 

total 3.4 10.0 

Table I1 summarizes the uncertainty in the determination of pi. The total uncertainty 

was calculated by quadratically adding the various contributions. The rather large uncer- 

tainties of the attenuation correction are due to the lack of cross section data for inelastic 

scattering for the materials used in the PRT and for the energy region considered here. 

They could be significantly reduced by employing a redesigned radiator assembly without 

backing and with the thickness of the stainless-steel housing reduced. 

Measured differential cross sections, ( d ~ / d R ) ~ ,  were used among other data as input 

for the phase-shift analysis [7 ] .  For scattering angles dCM > 148' and for the energy region 

from, 20 MeV to 100 MeV they were compared with the results, (da/dQ),,, extracted 

from this phase-shift analysi~. For given En and OCM, the relative diEerence between the 

experimental value and the phase-shift value was calculated (Fig. 7). The average relative 

deviations, within selected energy regions, weighted by the inverse of the variance of the 

experimental uncertainties, were determined (Table 111) and the results for En = 27.  . .35 



MeV and for En = 55 . . -65  MeV were taken as an estimate of the uncertainty of da!dS2 
for the two measurements. 

Table 111: Average relative differences in % between measured and calculated 

da/dS2 for fiCM 2 148' and the number of data for selected energy intervals 

En / MeV 

-- - 

interval limits 20 27 35 55 65 100 

number of data 11 14 30 17 29 

average deviation ' 1.1 2.0 4.7 -8.8 -5.7 

.At the higher energy in particular, the uncertainty of the differential cross section data 

represents the dominant contribution for the determination of @. The calculated values of 

e were 4.87 . for the measurement at 31.0 MeV and 2.73 . at 62.6 MeV. In the 

same position the measured fluence per unit beam charge was 25% higher at 62.6 MeV than 

at 31.0 MeV. This result agrees with the fact that the cross section for the 7 ~ i ( p , n ) 7 ~ e  

reaction at a production angle of 0' [ll] increases with En. 

The total relative uncertainty of about 4% pertains to measurements for En < 40 MeV. 

At higher energies the uncertainty increases mainly because of larger uncertainties of the 
drfFerentia1 cross section data. 

4. CONCLUSION 

The PRT enables the neutron fluence to be measured with a relative uncertainty of less 

than 4% for neutron energies below 40 MeV. For higher energies of up to about 65 MeV the 

uncertainty increases to about 10%. Above about 40 MeV the uncertainty is dominated 

by the contribution from n-p scattering. At these energies, significantly reduced overall 

uncertainties, therefore, require improved differential cross section data for n-p scattering 

at backward angles. A reduction of uncertainties due to the experimental procedure can 

be achieved by slightly modifying the PRT used, in particular its radiator assembly. 
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En / MeV - 
Fig.1: Spectral neutron flyence, @E, as a function of neutron energy, En for the two radia- 
tion fields used. Mean energies of peak neutrons: 31.0 MeV (a) and 62.6 MeV (b). 

Fig.2: Cross section of the PRT. R: radiator assembly consisting of a 1 mm Ta backing 
and PE and graphite radiators mounted on either side; A1 and A2: solid-angle defining 

apertures; PI and P2: proportional counters; S1 and S2: silicon detectors. 



( a r b .  units) - 
Number of events measured for 31.0 MeV as a function of the time-of-flight, TOF, 

and the total energy deposited in the two silicon detectors, (ES1 + ES2).  See text for details. 

Fig.(: Number of events, N, measured for 31.0 MeV as a function of ES1 and Es2. 



Fig.5: Number of events, N, as a function of (ES1 + Es2) for the 31.0 MeV mea- 
surement. Histogram (thin line): measurement with PE radiator; Histogram (thick line): 
background measurement subtracted; smooth curve: Monte Carlo simulation. All spectra 
are for neutrons within the prompt T O F  window. Events with (ES1 + ES2) 2 26.0 MeV 
were used for the calculation of E .  

Fig.6: Number of events, N, measured for 62.6 MeV as a function of Esl and Es2. 



Fig.7: Relative difference, A = [ ( d ~ l d a ) ~  - (do/dR)p] / ( d ~ l d n ) ~ ,  for n-p scattering as 

a function of neutron energy. ( d ~ / d n ) ~ :  measured by various authors for dCM 2 I4B0, 

( d ~ / d n ) ~ :  corresponding phase-shift data. Error bars denote the uncertainty given in the 

experiments. The horizontal bars at the bottom indicate the energy regions in which the 
data were grouped for the analysis of the uncertainty. 
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ABSTRACT 

A calibrated white neutron field is produced via the 
2~(t,n) 4 ~ e  reaction. This field is ideally suited for the 
measurement of the detection efficiency of neutron detectors 
because it is reproducible and transferable and allows the 
measurement over a wide energy range in one step. Tritons of 
20 MeV were completely stopped in pure heavy ice. The resulting 
white neutron spectra were measured at 8 angles between 0' and 
156'. The background was determined by using ordinary ice as a 
target. The results are in good agreement with calculated 
predictions. 



I. Introduction 
The accuracy of neutron measurements, especially in few 

nucleon systems, is often limited by the uncertainty in the 
neutron detection efficiency. Calculated efficiency curves of 
organic scintillators [I] have accuracies which are rarely 
better than 5% and usually do not reproduce the contributions 
of neutron interactions with carbon [2] well. Measured 
efficiency curves depend on reference cross sections. Cross 
sections of elastic scattering from hydrogen (polyethylene) 
were the choice in former years [3]. More .recently, the well 
established neutron production cross sections (e.g. of 
2~(d,n) 3 ~ e )  were used to establish the energy dependence of the 
efficiency curve with an.accuracy approaching 1%[2]. To cover a 
rather wide energy range (e.g. 20 MeV) long measuring times 
were necessary (about 6 days using scattering cross sections, 
about 1.5 days using neutron production cross sections). 

An even faster way is the use of white reference spectra or 
of multiline reference spectra [4] . The former has been 
realized at tower energies by the prompt neutron fission 
spectrum of 5 2 ~ f  [5]. At higher energies the counting rate of 
this reaction is f r too ow to be useful. a By using the 'H(t,n) He reaction in a heavy water target a 
reproducible white reference spectrum can be obtained. It 
allows the measurement of the neutron detection efficiency in 
one step over a wide energy range. This method is not only 
faster than the pointwise measurement but also less susceptible 
to systematic errors. 

2. Basic ~rinciwle 
A highly exothermic reaction like the 3~(d,n)4~e reaction - - 

is needed for the production of neutrons with energies above 20 
MeV when only moderate accelerators are available. For the 
production of a white spectrum it is necessary to stop the beam 
completely. Gas targets would be too long to be practical. 
Liquid hydrogen targets are too bulky and too inconvenient. 
Therefore water (or ice) is the obvious choice, although the 
energy loss by the oxygen reduces the yield by a factor of four 
[6]. In addition neutrons from the beam interaction with oxygen 
contribute background which must be corrected for. The same is 
true for neutrons produced in the target window that is 
required only in the case of liquid targets. 

The determination of the back round is easy if the d-T 
reaction is reversed, i.e. if the ?H(t,n) 'He reaction is used. 
Then the foreground run can be done with D20 and the background 
run with H20 cancelling both the oxygen and the entrance window 
contributions, 

3. Emerimental method 
The experiment was performed at the tandem of the Ion Beam 

Facility (IBF) of the Los Alamos National Laboratory. A bunched 
triton beam with an energy of 20 MeV and an average current of 
less than 4 nA was stopped in heavy and light ice, 



respectively. The neutron output was measured with a 2"x2" 
cylindrical liquid scintillation detector (NE213) which was 
placed at about 3.53 m from the target and positioned 

- consecutively at 8 angles with nominal values of 0•‹, 15", 30•‹, 
45', 60",75', 90" and 156'. The efficiency of this detector was 
measured pointwise in a side experiment by means of the 
'~(t, n) 3 ~ e  and the 'H (t, n) 'He reactions employing a gas target 
in practically the same geomet . Thus the experimental setup 
was calibrated relative to therH(t,n) 3He and the 2~ (t, n) 4 ~ e  
cross sections. 

Because it was unclear how stable an ice target in contact 
with the accelerator vacuum would be under bombardment of the 
20 MeV triton beam, the beam-on time was restricted to about 
2 minutes for each spectrum resulting in statistical errors per 
channel of typically 7%. The accumulated charge was typically 
0.5pC per spectrum corresponding to 1 0 - ~ ~ i  of tritium. 

4. Ex~erimental results 
Figure 1 shows the measured spectra at 0" and 156' together 

with the calculated prediction covering the energy range from 
9.4 to 37 MeV using the computer code DROSG-87 [7] which is 
primarily based on a recent evaluation [8]. Considering the 
moderate statistical quality of the data, the overall agreement 
is very good. The bump near 19 MeV has been identified as gamma- 
peak from upstream the beam line which was not present in the 
background run taken at a different time (and under different 
beam steering conditions). 

The other 6 spectra give basically the same kind of 
agreement with the calculation. For clarity, the smooth curves 
rather than the experimental data are used in Figure 2 to 
illustrate the kinematics of the 2~(t,n)4~e reaction: one 
endpoint of the spectrum (near 14 MeV) is practically 
independent of the angle, the other decreases with angle. Thus 
the energy range becomes smaller and smaller with a minimum 
width of 0.9 MeV near 110". 

The 156" spectrum shows the reversed sequence: tritons with 
the highest energy produce neutrons with the lowest energy. 

5 .  Practical set-UD for efficiency calibrations 
To make the background subtraction reliable it must be done 

in "time sharingw. The triton beam must be swept up and down 
between a D20 and a Hz0 target both of which must have low mass 
and thin high-Z entrance windows. 

To give the widest energy range, the 0" position is 
optimum. An additional backangle spectrum can extend the energy 
range below 10 MeV as shown in Figure 1. 

Although the proposed assembly corrects background to a 
first order, some background does not cancel. 

Background from the scattering of the primary neutrons from 
the floor and the beam line structure is not accounted for. 
Fortunately the kinematics of the reaction makes the energy of 
neutrons emitted sidewards or backwards sufficiently small so 



that inscattered neutrons from these structures will not matter 
because of the degraded energy. 

There remains the background stemming from the target 
itself. The primary neutrons will be scattered in the target 
structure and the water. Therefore small masses and materials 
with low scattering cross sections must be used. Besides this 
background can be accounted for by using a carefully measured 
spectrum as reference rather than the calculated spectrum [73. 
The latter does not only require reliable cross sections but 
also reliable specific energy losses. Neither is known at a 1% 
level over all the energy range. 

The time determining factor in this experiment was the dead 
time. Using a 2"x2I1 detector at 3.5 m gave 10% deadtime with a 
beam current of 3 nA. With about 30 channels per 20 MeV a. 
statistical error of about 7% was obtained in each channel in a 
two minute run. Therefore about two hours of running the 
foreground is needed to get 1% statistical uncertainty. For 
this about 10'~ Ci of tritium would be deposited in the target. 
A calibraticn with a longer flight pass would not last longer, 
but just require a higher beam current which is readily 
available. 

6. Conclusion 
This wilot measurement of the white spectrum obtained by - 

the interakion of tritons with the deuterons of heavy water- 
shows that this new method allows the measurement of the 
neutron detection efficiency with an statistical accuracy of 1% 
over a rather wide energy range in a few hours time. 

The same kind of method could be applied for efficiency 
measurements at low energies by using a proton beam on T20 (and 
on H20 for the background determination). 
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Neu t r o n  E n e r g y  [MeV1 

Figure 1. White neutron spectra (foreground minus back- 
ground) from 20 MeV tritons completely stopped in heavy water. 
Left: at 155.2', right: 0.3'. The dashed curves show the 
simulation. 



Nei l  I r o n  Energy [ M e V ]  
Figure 2. Effect oi the kinematics of the 2 ~ ( t f  n) 4 ~ e  

reaction on the energy width of the neutron distribution. From 
right to left at nominal angles of: 0",15",30•‹,45",600,75"~900 
and 156". (Calc~lated curves.) 
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ABSTRACT 

The computer program SCINFUL (for SCINtillator FULl response) is a program de- 
signed to provide a calculated complete pulse-height response anticipated for neutrons 
being detected by either an NE-213 (liquid) scintillator or an NE- 110 (solid) scintillator 
in the shape of a right circular cylinder. The point neutron source may be placed at 
any location with respect to the detector, even inside of it. The neutron source may be 
monoenergetic, or Maxwellian distributed, or distributed between chosen lower and upper 
bounds. The calculational method uses Monte Carlo techniques, and it is relativistically 
correct. Extensive comparisons with a variety of experimental data have been made. There 
is generally overall good agreement (less than 10% differences) of results from SCINFUE 
calculations with measured integral detector efficiencies for the design incident neutron 
energy range of 0.1 to 80 MeV. Calculations of differential detector responses, i.e.. yield 
versus response pulse height, are generally within about 5% on the average for incident 
neutron energies between 16 and 50 MeV and for the upper 70% of the response pulse 
height. For incident neutron energies between 50 and 80 MeV, the calculated shape of the 
response agrees with measurements, but the calculations tend to underpredict the abso- 
lute values of the measured responses. Extension of the program to compute responses 
for incident neutron energies greater than 80 MeV will require new experimental data on 
neutron interactions with carbon. 

* Research sponsored by the Office of Energy Research, Division of Nuclear Physics, 
U.S. Department of Energy, under contract DE-AC05-840R21400 with Martin Marietta 
Energy Systems, Inc. 
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INTRODUCTION 

The purpose of tile computer program described in this report is to compute by Monte 
Carlo methods the complete response of an organic scintillation detector to incident neu- 
trons. There are a number of existing computer programs [I-41 designed to predict, if not 
complete responses, at least the efficiencies of such detectors for a few selected thresh- 
olds. A well used, and often copied, program is the 20-year-old ORNL program 0 5 s  [I], 
a program well tested for incident neutron energies up to 20 MeV [3]. The program 0 5 s  
was not designed for En > 20 MeV. Demanding a program to provide adequate com- 
puted responses for En up to 80 MeV required substantial new additions to the basic 0 5 s  
programming as well as substantial revisions (for example, replacing non-relativistic by rel- 
ativistic transformations). As a consequence, the present program is almost entirely new 
and warrants a new name: SCINFUL, for &tillator response to neutron detection. 
This new program is divided into three, rather distinct, calculational phases. These are: 
(1) computing characteristics of energetic charged particles following neutron interactions 
with the carbon and hydrogen constituents of the detecting medium; (2) multiple scat- 
tering in and geometrical aspects of a finite-sized detector, including partial or complete 
absorption of the energy of the charged particles; and (3) the transformation of the total 
absorbed charged-particle energy into fluorescent light. A brief overview of each of these 
phases is given in the next sections, followed by comparisons of calculated efficiencies and 
total response spectra with experimental data. Lastly, measurements needed for program 
improvements and extension will be suggested. 

2. COMPUTATIONS OF NUCLEAR INTERACTIONS 

The basic methods used in the nuclear part of SCINFUL have been published [5]. Some 
comparisons with secondary-particle energy spectra obtained by Subramanian et al. [6] 
are shown in Fig. 1; a more complete set of comparisons with experimental data is given in 
a laboratory report [7]. The nuclear portion of SCINFUL is definitely semi-empirical. All 
available experimental data were utilized in developing the code, for example, published 
cross sections and angular distributions of reaction particles.* For some quantities, e.g., 
angular distributions, paramt:tric representations of the data are devised and used for 
ease of interpolation and Monte-Carlo sampling. For cross sections not available from 
experiment, evaluated data from the U. S. ENDFIB evaluation [8] for n + 12C reactions 
were used when available for En 5 20 MeV. Other data, particularly for En > 20 MeV, 
were adapted from calculations using the statistical model code TNG [9]. Except for the 

reaction assigned as an "instantaneous" breakup of the 12C into three a particles, the 
initial interaction is treated as a binary system: 

where x represents a light reaction product, n ,  p, d, t ,  3He, or a ,  and Y represents the heavy 
residual particle, Be, B, or C. SCINFUL computes deexcitation of a highly-excited Y par- 
ticle using probabilities available from evaluation [lo], experimental data where available, 
or statistical-model code calculations [9] when experimental data are not available. 

* Naturally occurring carbon has an isotopic composition of 98.9% in the isotope 12C 
and 1.1% in the isotope 13C. The present version of SCINFUL approxima.tes the carbon 
isotopic composition as being 100% of the 12C isotope. 
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Fig. 1. Proton (left figure) and alpha (right figure) angle-integrated spectra for 39.7- 
MeV neutrons incident on 12C as measured by Subramanian et al. (ref. 6) compared with 
calculations using techniques (ref. 5) in SCINFUL. 

Secondary-particle energy spectra computed using SCINFUL have been extensively 
compared with theoretical spectra computed using an intra-nuclear cascade model by 
Brenner and Prael [Ill. Comparisons were made for En between 15 and 60 MeV and 
these are exhibited in a recent laboratory report [12]. Two comparisons for En = 40 MeV 
are shown in Fig. 2. Although some differences are observed, particularly for low-energy 
secondary particles, it was concluded in Ref. 12 that the observed differences would have 
only minor effects on the total computed detector response. 

3. MULTIPLE SCATTERING AND GEOMETRY EFFECTS 

An organic scintillation detector combines an hydrogenous radiator with a scintillator 
into a single unit, such that a neutron interaction in the detector should result in fluorescent 
photons emanating from the detector to the photocathode of the photomultiplier tube. 
The output pulse from the photomultiplier tube, however, is not a monotonic function 
of the incident neutron's energy nor even of the amount of energy lost by the neutron 
in the detector (in the case that a scattered neutron subsequently escapes the detector). 
Indeed, for a series of separate interactions in the detector by a number of similar incident 
neutrons, the photomultiplier output pulses will range in amplitude from very nearly zero 
up to some maximal amount (which amount is monotonically, but not linearly, dependent 
upon incident neutron energy). The purpose of the program SCIXFUL is to determine, as 
a computer "experiment ," the expected pulse height distribution of these photomultiplier 
output pulses. 
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Fig. 2. Comparisons of outgoing secondary proton (left figure) and alpha (right fiz- 
ure) energy spectra for 40-MeV neutrons incident on I2C. The solid points represent the 
spectrum computed using an intranuclear-cascade model code family INCA-FBRK 
11). The histogram represents the same spectrum computed using techniques (ref. 
SCINFUL. 

For detection of low-energy neutrons, the detector does not have to be very big to 
contain (i.e., slow down and stop) the recoil protons, and for a small detector most of 
the neutrons will scatter only once, or at most twice, in the detector. However, as the 
neutron energy extends above about 20 MeV, ranges of the recoil protons require larger 
detectors. Not only will multiple scattering of the incident neutron become more likely, 
but the relative probability of interaction with the carbon with respect to interaction 
with the hydrogen increases, and so modeling the various n + I2C reactions (as discussed 
above) becomes important. As an example, consider a "history" for a high-energy incident 
neutron as schematically shown in Fig. 3. The neutron first has a collision with a hydrogen 
atom, and the scattered neutron traverses some path before colliding with a carbon atom. 
In the example, this latter collision is of the type I2C(n, np)ll B. The secondary neutron 
is shown to interact once again, this time with a hydrogen atom, and then the neutron 
escapes the detector volume, and the "history" of collisions for this incident neutron is 
complete. Slowing down of each of the four charged particles results in photons being 
created by fluorescence, and some fraction of the total of the created photons will intercept 
the photocathode end of the detector. 

In following the history exhibited in Fig. 3, one may observe several features that must 
be modeled in the program. The first task is to determine whether or not the first scattering 
takes place. If the Monte Carlo choice places an interaction inside of the detector, then the 
second task is to determine the type of interaction that took place, a task which requires 
cross-section data for all of the types of interactions energetically available. 



Fig. 3. Schematic illustration of a possible "history" for detection of a neutron in an 
organic scintillator. In this illustration the incoming neutron first collides with a hydrogen 
atom, and some of the kinetic energy of the subsequent recoil proton is converted into 
fluorescent light. The once-scattered neutron then strikes a 12C atom, and the event 
postulated in this history is a 12C(n,np)11B reaction. Again, some of the kinetic energy- 
of the recoiling "B ion and of the outgoing proton is converted into fluorescent light. The 
neutron leaving this reaction site collides with a hydrogen atom very near the surface of the 
detector. After this collision both the recoil proton and neutron escape the detector. Only 
a portion of the proton's initial kinetic energy is absorbed in the detector and so only that 
portion can interact with the organic molecules to produce fluorescent light. The escape 
of the neutron signals the end of the "history" of nuclear interactions by the neutron with 
the scintillation detector. All that remains is to determine the expected photomultiplier 
output pulse size by summing of the separate fluorescent yields. 

The third task is to determine (again by Monte Carlo choice) the energetics and kine- 
matics of the chosen reaction, and once having completed the reaction, to compute (a) 
the light output for each charged ion and (b) the direction and energy of the scattered 
neutron (if there is one) in the detector coordinates. Now the process just described is 
repeated for the scattered neutron, namely (a) determine a new probability for interaction, 
b) determine a new path length to the surface of the detector along the scattered path, 
c determine by Monte Carlo if an interaction takes place inside the detector and, if so, h w at type, (d) do the energetics, kinematics, and fluorescent photon production by the 

cllarged ions, and (e) determine the second-scattered (in this example) neutron's energy 
and direction in the detector. 

There are two other features exhibited in Fig. 3 that should be noted. The third scat- 
tering shows the recoil proton escaping the detector before all of its energy is lost. For 
high-energy neutrons, escapes of recoil protons are important, and so determining ener- 
getics of these processes is modeled in SCINFUL. Another feature shown in this figure is 
the observation that centers of fluorescent photon production may be at various places in 
the detector. Fluorescent photon absorption by the scintillator medium may be impor- 
tant, and so SCINFUL includes the capability of attenuating the light produced at the 
interaction point before it reaches the photocathode. 



4. FLUORESCENT LIGHT CONSIDERATIONS 

The third part of the neutron detection process is the absorption of the energy of the 
charged ion and the concomitant creation of light by excitation of the molecules of the 
scintillator. Although experimental work was performed in the early years of scintiilation 
spectrometry to determine the fundamental physics of this phenomenon [13], the fact is that 
it remains the least understood part of the neutron detection process. Indeed, for modern 
users of scintillation detectors the important aspect is not the absolute quantification of 
fluorescent light that is created (in lumens, for example) but rather the quantification of 
the electronic output pulse of the photomultiplier tube. And although the quantification of 
the electronic output pulse can be made on an absolute basis in some electronic unit (say, 
volts), that unit is by itself not very useful since it depends upon the specific hardware 
of the measurement system. What is desired is a nuclear physics unit related to energy 
absorption by the detector which should be independent of the specific hardware; what 
has evolved is a hybrid labelled a "light" unit (L.U.), which is not light (i.e., photons) and 
which does depend, on an absolute scale, upon the material that makes up the scintillator as 
well as the characteristics of the photomultiplier tube. In an early definition, one "light" 
unit was the (essentially maximum) pulse height observed following detection of 60Co 
gamma rays by the detector. More modern usage defines the "light" unit in terms of the 
electronic pulse height that would be observed upon detection of a monoenergetic 1-MeV 
electron by the scintillator. For detector calibration purposes, however, one usually uses 
gamma-ray sources for calibrations and takes the forward-scattered Compton electrons to 
be responsible for the largest electronic pulse heights observed from the photomultiplier 
tube. 

One difficulty with the above-discussed calibration met hod is that it hides one aspect of 
the total neutron detection process, an aspect mentioned in passing during the discussion 
of Fig. 3, and that aspect has to do with the efficiency by which the system converts the 
energy of the fluorescent photons into electrons at the photocathode of the photomultiplier 
tube. A few experiments have been reported [14-171 which show that the efficiency for 
events which take place in the detector some distance from the photocathode is less than 
the efficiency for events which take place in the detector close to the photocathode. The 
usual calibration procedure results in a spread in sizes of output pulses which is then 
interpreted as a "resolution" effect due, for example, to fluctuations in the number of 
photoelectrons created at the photocathode following absorption of a specific amount of 
light. The loss of efficiency, on the other hand, relates to such aspects as the reflectivity at 
the surfaces of the scintillator. Fluorescent light attenuation affects the overall neutron- 
detection measurement differently [14] than do fluctuation effects. Folding in fluctuation 
effects, or "resolution" effects, results in modifying the "ideal" response in the region of 
the maximum-sized pulses. There will be pulses observed to be larger than one would 
observe in an "ideal" measurement; however, these will be compensated for by an equal 
loss of lower-energy pulses. 

However, light attenuation always shifts the measured pulse height to smaller values; 
there can not be any pulses larger than the maximum obtained from an "ideal" measure- 
ment. Furthermore, the overall shape of the total measured response is different. One 
cannot measure the "ideal" response with just fluctuation effects folded in, and so one 
does not know the value of the maximum pulse height for the ideal case. 

Now the point to this discussion may be stated, and that is that the many experimental 
reports [2,18-231 of "light" units versus proton (or other charged ion) energy are essentially 
devoid of any consideration of this problem of the efficiency of fluorescent li ht collection. 
In these experiments the detector is "calibrated" using gamma-ray sources f&], and then 
the pulse height with respect to said calibration is reported for different energy protons 
(neutrons) incident onto the face of the detector. The assumption is implicitly made that 
the incident protons (neutrons) will create light throughout the volume of the detector with 



exactly the same probability as the calibrating gamma-ray sources create light throughout 
the volume of the detector, an assumption that is very likely to be wrong for most of the 
"light-unit" calibration measurements so far reported, and quite wrong for at least a few 
of them. It is little wonder, then, that there is poor agreement on the value of one "light" 
unit in the literature to within the usual assigned uncertainties. 

These concerns bear upon the development of the light-unit conversions in SCINFUL. 
Light-unit values in NE-213 are tabulated [24] in SCINFUL for protons, deuterons, alphas, 
and carbon ions having energies between 0 and 100 MeV. The most important are for 
protons, and for these SCINFUL uses the values of light given by Verbinski et al. [25] for 
0.1 5 Ep < 40 MeV; for Ep between 40 and 100 MeV the light-unit values were obtained 
from the current version of the 0 5 s  program [I] which are not reported in the Verbinski 
et al. paper [25]. Uwamino et al. [2] have reported measurements of proton light units 
LU(p) for monoenergetic neutrons of 22.6, 27.6, and 48.7 MeV (no BE, quoted). Their 
results, given in graphical form, are compared to LU(p) used in SCINFUL in Table I. 

Table I. Comparison of proton light-unit values used in SCINFUL 
with measurements of Uwamino et al. (ref. 2) 

Proton LWP) 

F:fT Ratio 
SCINFUL Measurement S/M 

22.7 12.61 12.08 f 0.36 1 .044 
27.6 16.00 15.87 f 0.48 1.008 
48.7 30.99 31.15 f 0.94 0.995 

Li ht-unit values in SCINFUL for alpha particles also used the reported Verbinski et 
al. [257 and from the 0 5 s  program [I] values for E, between 0.1 and 100 MeV. However, 
comparisons of computed responses with measured responses for En between 14 and 22 
MeV indicated that for E, 5 10 MeV, the Verbinski et al. [25] alpha-particle light-unit 
values were too small. The SCINFUL values are, therefore, somewhat larger so as to 
provide a computed detector response in better agreement with measurements. 

Other charged-particle light-unit values in SCINFUL were estimated from measure- 
ments of Bechetti et al. [26] The values in SCINFUL were checked by comparing measured 
responses with computed responses. As best as can thus be determined the comparisons 
are in satisfactory agreement. 

All of these tabulations are for the scintillator NE-213. For NE-110, Renner et al. 
[27] showed that proton light for this scintillator is the same as proton light for NE-213,* 
and carbon light is larger by about a factor of 3. In addition, comparisons of SCINFUL 
responses calculated for NE- 11 0 with measured responses for NE- 110 indicate that alpha 
light for NE-110 is about 75% larger than alpha light for NE-213, and that deuteron 
light for NE-110 is about 50% larger than deuteron light for NE-213. These increases are 
programmed into SCINFUL. 

5. COMPARISONS WITH INTEGRAL DATA 

Often, a neutron measurement will utilize a detector in an "integral" mode by setting a 
suitable discriminator (or bias) level on the electronic output of the phototube amplification 

* This equivalence is an artifact of the definition of a "light" unit. According to the 
manufacturer (Nuclear Enterprises, Inc.) the absolute light output for NE-110 is -75% of 
the absolute light output for NE-213. 



system and scaling counting) all registered pulse heights > discriminator level. SCINFUL 
reproduces very we1 \ most reported integral measurements for En < 20 MeV. For En > 20 
MeV, comparisons of SCINFUL calculations and two sets of measurements [28,29] using 
medium-volume detectors are exhibited in Fig. 4. The comparisons are very favorable. 
Note, however, that even for a low (and easily determined) bias of -1 L.U. less than 50% 
of the total integral yield is used. 
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Fig. 4. Detector efficiency for an NE-102 scintillator as a function of neutron energy 
for the data of McNaughton et al. (ref. 28) for two different electronic thresholds (left 
figure) and for the data of Riddle et al. ref. 29) for four different electronic thresholds 
(right figure). The SCINFUL calculations I ref. 7) are for NE-110, a scintillator very similar 
to NE-102. The detector of McNaughton et al. was 7.1 cm diam by 15.2 cm deep; the 
detector of Riddle et al. was 17.7 cm diam by 7.63 cm deep, and the incident beam was 
collimated to 5.1 cm diameter. This collimation was modeled in the SCINFUL program. 

Table 11. Efficiency comparisons with NE-213 measurements 
at Karlsruhe (ref. 30). Efficiencies are in 'percent. 

En (MeV) Experiment SCINFUL Ratio 

Bias = 0.6 MeV, 
49.5 4.98 f 0.15 4.71 f 0.11 1.06 f 0.04 
75.4 3.82 f 0.25 3.34 f 0.08 1.14 f 0.08 

Bias = 4.2 MeV, 
4.01 f 0.15 3.35 f 0.09 
2.86 f 0.25 2.71 f 0.07 

Bias = 17.5 MeV, 
49.5 0.85 f 0.10 0.78 f 0.05 
75.4 1.06 f 0.10 0.95 f 0.04 



Similar measurements using a "thin" detector have the a,dvantage of lessening multiple- 
scattering effects but have the disadvantage of charged-particle escape. Measurements 
made at ICarlsruhe [30] using a 3-cm-thick NE-213 detector (thus having a large proton- 
escape contribution) are compared with SCINFUL calculations in Table 11. The compar- 
isons are favorable for all three bias levels at both neutron energies. 

6. COMPARISONS WITH SPECTRAL DATA 

Very few experimental spectral data exist in the literature for En > 20 MeV. Two 
available spectra [29] are exhibited in Fig. 5 compared with results of SCINFUL calcula- 
tions. The shapes of the largest pulse height portions of both spectra suggested including 
a small amount of fluorescent light attenuation in the calculation, and so calculations were 
performed using an exponential attenuation having a small coefficient of 0 . O l /  cm. Then 
the)gains, in pulse-height light-units vs channel number, were adjusted at the largest pulse 
heights in order to display the calculated responses with the experimental responses. The 
agreement for En = 30 MeV in Fig. 5 is very satisfying. The comparison for En = 45 MeV 
in this figure is not so favorable, particularly for channels 60 through 80. 
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Fig. 5. Comparisons of experimental response measurements at En = 30 MeV (left 
figure) and 45 MeV (right figure) of Riddle et al. (ref. 29) and the results of SCINFUL 
calculations (ref. 7). Detector and neutron beam dimensions were as given in the caption 
to Fig. 4. 

The other response experiment to be discussed is that of Lockwood et al. [31] at Michi- 
gan State. These experimenters used pulse-shape-discrimination electronic techniques not 
only to eliminate gamma-ray interactions, but also to attempt to electronically eliminate 
alpha interactions, leaving only the proton interactions in the detector to be recorded. 
Their hope was in this manner-for En Setween 25 and 75 MeV to isolate the contributions 



to the response from the protons created in the n + 12C i p + . . . reactions and thus 
determine cross sections for this reaction channel. 

There were some difficulties in comparing SCINFUL results with these experimental 
responses. The major one was the "calibration" of the pulse-height axis, for it appeared 
that the experiment was. yielding protons of energies larger than the available energy. 
Furthermore, it was going to be difficult to determine a resolution function that might be 
used to fold resolution effects into the SCINFUL results for a better comparison with the 
measurements. Ultixately it was decided (1) to revise the calibration of the experimental 
proton-energy axis by about 8% and (2) to forego folding in of a response resolution 
function. 

The initial SCINFUL calculations for comparisons with these data were set to predict 
only light output from proton events but it soon became evident that it was necessary to 
include Z = 1 ions to obtain results of magnitudes similar to measurements. Second- 
round SCINFUL results for En *= 39.4 and 74.3 MeV are shown in Fig. 6. The comparison 
for En = 39.4 MeV is quite favorable both in shape and absolute amplitude. For En = 74.3 
MeV, the overall shape of the experiment is well reproduced by the calculation but the 
latter is ~ 2 0 %  smaller in magnitude than the former. 
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Fig. 6. Comparisons of experimental response measurements for En = 39.4 MeV (left 
figure) and 74.3 MeV (right figure) by Lockwood et al. (ref. 31) and results of SCINFUL 
calculations (ref. 7). The experimental pulse-height calibration for these data appears 
to be in error by about 8%. The small figures in parentheses indicate the pulse-height 
calibration given in ref. 31 

7. CONCLUSIONS AND RECOMMENDATIONS 

The overall accuracy of SCINFUL calculations on an absolute scale depends on accura- 
cies associated with evaluated data for n + p  scattering and for n+12C total cross sections. 
Indeed, for En > 40 MeV, the latter is the more important not only because of the increase 
in secondary protons from n+12C reactions with respect to n + p scattering, but also, as 
may be observed for the En = 74.3 MeV comparison, the definitely observed contribution 
from the n + p scattering represents <15% of the total pulse height spectrum (i.e., for 



E, > 60 MeV in the figure). Furthermore, it becomes more difficult with increasing En to 
delineate the n + p contribution from the main portion of the total response. 

Accurate measurements of n+12C cross sections are needed. In addition, measurements 
of scintillator light output for various secondary charged ions are needed [32]. The tech- 
niques [5] used in SCINFUL to compute secondary-particle production could be expanded 
and extended for En to -140 MeV; however, careful experimental response measurements 
should certainly be made to ensure that the resulting calculations are reasonable. 
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Abstract 

Continuous spectra of neutrons from inclusive p,xn) 
reactions can be used to study the equilibration p 6 ase 
of nuclear reactions as a function of the energy Ep . 
A SMDE interpretation [I] yields information about 
the strength of the effective nucleon-nucleon potential 
K(E,) and the number of steps contributing before 

- \ r ,  

the compound system is reached [2]. in addition the 
data allow a check of the QMD (Quantum molecular 
dynamics ) lications require a b -  
so lute  cross good howled e of 
the detector report %ere 
on our calculated 

7L2(p, n)7Be(g.s. + 0.43MeV) for Ep = 256MeV. 
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1. Introduction 

The statistical multistep model of Feshbach, Kerman and Koonin [ I ]  (FKA' )  
allows to embed direct, preequilibrium and equilibrium mechanisms of nu- 
clear reactions with a statistical formalism in to a multistep reaction model 
such that  they are contained as transient or limiting cases. The reaction 
probability is expressed as an incoherent sum of the contributions from sta- 
tistical multistep compound ( S M C E  ) and direct ( S M D E  ) emission. The 
S M D E  cross section is expressed as a convolution of n,,, single step inter- 
actions: 

- - -  
kf , kn, k,: momenta of nucleon in the respective step. The transition proba- 
bility in the continuum region from the (n - l)th to the nth stage is 

The  matrix element describes the transition from stage n - 1 -+ n, evaluated 
in Born approximation with O.M. distorted waves ,y and with the level den- 
sities p,, p, . Vn,,-l is the Matrix element between the nuclear states which 
was calculated with an effective nucleon-nucleon interaction of Yukawa shape 
of range ro = 1 fm and strength Vo . The n-step-contribution is 

I t  is obvious that we need a precise knowledge of the absolute cross sections 
if  we want to determine Vo(E,) and the number of steps contributing to the 
equilibration. Further details are given in [2]. 

Another possible usage of the data is the comparison to the QMD model 
[3]. This n- body model describes the t hermalization process in nucleus- 
nucleus collisions from medium to high energies ( E  2 100MeV/u).  It is 
possible to obtain particle multiplicities and dynamical multifragmentations. 
There are, however, discrepancies a t  lower projectile energies. Here statis ti- 
cal multifragmentations and Pauli-elTects of t he nucleus become important! 
An extension of the QMD model was done by Peilert et ~ 1 .  (31 by a simulation 
of an ideal Ferrni gas with a L'Paulipotential" applied to Boltzmann particles 
and tested in a comparison to (p,n) data on an absolute scale.. 

To obtain precise absolute cross sections it is necessary to know the de- 
tector efficiency as accurately as possible. Monte Carlo codes like ,the one 



by Cecil et al. ([4]) are able to provide the efficiency but overestimate ex- 
perimentally determined efficiencies of large liquid scintillators as the ones 
used in our experiments by 10% - 20% for En = 200iMeV([5j). Therefore it 
is mandatory to renormaiize the efficiency. This will here be done by using 
the 7Li(p, ~ t ) ' B e ( ~ . s .  + 0.43MeV) reaction as described in section 3.  In the 
following section we will give a short description of the experimental setups. 
in the fourth some experimental results for E, = 256.WeV and a short dis- 
cussion of problems for 800MeV projectiles. Our results are summarized in 
sect. 5. 

2. Experiments 

The data  where obtained in several neutron time of flight experiments at  the 
IUCF in Bloomington,Indiana (E, = 80,120,160MeV) and the WNR in Los 
Alamos,New Mexico ( E ,  = 256,800 MeV).  

The  IUCF beam swinger area provide? 15 angles from 0" to 145' with 
flight paths of 11 to 61m . Together with a burst kidth 5 700ps this results 
in an energy resolution A E  5 1MeV. The detectors were made of 12"e  x8" 
BI501 liquid scintillator attached a photomultiplier tube by use of a conical 
lightguide. To suppress charged particles each detector had a veto paddle in 
iront. Background elimination was done by means of additional shadow bar 
runs for each target and angle. 

At the WNR there were five flight paths a t  7.5",30•‹, 60•‹, 120" and 150" 
with lengths of 50,30,58,24 and 31m. For reason of comparable statistics and 
due to the partly fixed collimators we used several sizes of liquid scintillators 
as described in table 1. The detectors labeled (1) were formerly used in 

Table I: Detector setup at WNR 
9 Angle , Flightpath /m] 1 Det.-Size /in1 i Scintillator 
/ I  u " A  . ,  . . ,  

7.5O 50.3 I 1 0 0  x2 i BC501 i l l  

experiments a t  the Hamburg time-of-flight facility [6], the ones labeled (2)  
are equal to the detectors a t  IUCF. Background subtraction and charged 
particle suppression was done as mentioned above. The resulting energy 
resolutior was AE, 5 5MeV due to the overdl time resolution of only - 5723 (FWHM). 

The  targets were self supporting metal foils of thickness in the order 
of - 100mg. At  IVCF 7Li,'3 C,27 A/," Z r  and 208Pb were used, a t  WNR 
7Li,27 Zr,n4t Zr,nat Pb. 



3. Detector Efficiency 

The Cecil code ([4]) usually used to calculated the neutron detection effi- 
ciency covers an energy region of up to 300.WeI.~ with a quoted uncertainty 
< 10%. This would in principle be adequate for all our data. However, it was 
shown by Ryrd and Sailor [5] that for 12"a x4" liquid scintillators as used in 
these experiments the efficiency is overestimated by 10% - 20%. This result 
was reproduced by our IUCF data giving an overestimation of 12% - 22%. 
So it is neccessary to use an experimental test for the efficiency. 

Such a test is provided by the transition 7 L i ( p ,  no+l) to the only particle 
stable states in 7Be, see fig. 1. It is characterized for E, 5 800MeV by a 
prominent peak under forward angles; an example from our data is shown in 
fig. 2. The total cross section for the population of the particle stable states 
can be determined accurately by activation techniques [7]. This way it could 
be shown by Watson et al. [8] that for elcb = 0' : 

is almost constant over a wide energy range. 
Taddeucci et al. [9] supplemented these results for prcton energies up to 

800MeV. A universal description of the differential cross section is a function 
a(q)  of the momentum q transfered, viz.: 

with J o ( z o j )  = 0 
qlim = 2.6 ~ T T I  

o(q = 0) = ~ y = ~  a ~ ,  
N = 9  
Jo = spherical Bessel-function 

that is shown in fig. 3. A comparision of our 80MeV and 16OMeV data (fig. 
2) shows good agreement with the fit for q up to 2.5 fm" or 6 up to 45'. 

Using this smooth dependence of a(q)  as a function of the momentum 
transfer q(8,  E,), one is able to interpolate the cross section 4 6 )  for the 
appropriate angles and energies. By integrating the Li-Peak it is then possible 
to obtain the experimental efficiency as: 

with NLi-peak : integrated Li-peak counts 



: number of projectiles 
ntar : target thickness 
T :  dead time 
AR : solid angle 
Clab . 
ems . transformation from lab to cm system 

In our experiment a problem is the strongly forward peaked character of the 
reaction in combination with the experimental resolution. Therefore it is not 
possible for E, = 256MeV to find a Li-peak in a spectrum above O r e f  = 
7.5". We chose the following procedure to construct from the experimental 
efficiency &,(E,La, B T e f )  efficiency spectra over the whole energy range for all 
angles, detector geometries and thresholds: 

1. Calculate the normalization ratio 

2. Calculate CECIL -efficiencies for all other angles and their relation to 

3. The efficiency spectrum at the reference angle is obtained from 

4. For all angles: 

ECEC (En ore  f ) E C E C  (En 6) * ~ n o v n  (En, 4) = ~ e z p ( E f ; ~ ,  ere , )  . 
~cEc(E; ' ,eref)  & ~ ~ c ( E n , O r e f )  

The second factor gives the extrapolation from one energy point to a whole 
spectrum for It heta,, f ,  the third one the extrapolation to other angles. 

Application of the outlined procedure yielded R = 0.727 for a 10ttQtt 
detector used at 7.5', indicating an even larger discrepancy than mentioned 
above! 



4. Results 

Figur 4 shows forEp = 256hileV - double diiferential cross section spec- 
tra from ""'Pb and 'Li .The Li-peak is clearly visible. The characteris- 
tic transition from a flat shape at  forward angles indicating a dominace of 
single NNcollisions [ lo]  to an exponential descent at  backward angles is 
similar to that for 16OMeV. The uncertainty of the data from both ex- 
periment is 5 20%. Figur 5 shows the effective nucleon-nucleon potential 
Vo(Ep) resulting from a S M D E  analysis of the IUCF data and a previous 
experiment at Hamburg ( Ep = 25MeV,[ll]).  With increasing E, Vo must 
be reduced. A rough estimation for the 256MeV data confirms this trend: 
final calculations are in progress. 

Figure 6 gives an example for the comparison of the 16OMeV data to the 
QiMD model as described in the introduction. 

At 800MeV the situation is somewhat more difficult. The cross section 
of the 7Li(p, no+l)7 Be reaction a t  7.5' is very small due to a momentum 
transfer q = 0.9 fm-I and was not resolved in the spectrum. This effect was 
enhanced by the poor time resolution of At 572s smearing out the energy 
spectra especially a t  the highest neutron energies. So it was impossible to 
derive an efficiency lor the data in the way described above. In addition 
pion production has to be taken into account for energies above 300MeV. 
This exit channelis not yetincluded into the Cecil code. So even with a 
resolved Li-peak we would certainly not get the right structure of the spectra. 
An approriate way of getting reliable results cmld be the comparison of 
experimental Li(p. no+l) cross sections taken with better time resolution and 
longer flight paths with CECIL calculations including the pionic degrees of 
freedom. 

5 .  Summary 

In several experiments inclusive double differential(p,n) cross section were 
measured for 7Li,2' Al, Zr ,  Pb. The energy range covered was 80 - 800MeV. 
The dat& are in full agreement with S M D E  calculations and led to a de- 
creasing effective nucleon nucleon potential Vo(E,) . 

To obtain the absolute cross section values we normalized the Monte- 
Carlo efficiency of the CECIL code using the reaction 'Li(p, no+l)7Be . The 
discrepancies between experimental efficiencies and calculated ones seem to 
increase with Ep to values up to 27% a t  Ep = 256MeV. The problems at  
Ep = 800MeV are not yet solved. 
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Figure 1: Energy levels of 7Be 

N e u t r o n  Energy  ( M ~ v )  

Figure 2: E, = 16OMeV Li(p,n) spectrum [2] 



Figure 3: Taddeucci fit. Added are d a t a  from our 80 aad 160 MeV exper!- 
men ts 
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Figure 4: Double differential cross sections for ""'Pb and 7 L i ;  E, = 256 

Figure 5: Effective nucleon nucleon potential V,(E,) [2] 



Figure 6: Cornparision of our data to QMD [3] 
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Measurements have been made of the shape of the 2 3 5 ~  neutron 
fission cross section in order to improve the accuracy of this 
important cross section in the energy region over which it is 
considered a standard and to provide data which will allow the 
use of this cross section as a standard above 20 MeV neutron 
energy. The measurements were made at the Weapons Neutron 
Research facility at Los Alamos National Laboratory. The neutron 
fluence was determined with an annular proton recoil telescope. 
The fission reaction rate was measured with a fast ionization 
chamber. Above 15 MeV, there are differences as large as 5% 
between the ENDFIB-VI evaluation and the present results. 
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In addition to being accurately known, a neutron cross section 
standard should be easy to use. Below 20 MeV, the 2 3 5 ~  neutron 
fission cross section has been one of the most commonly used 
neutron cross section standards largely as a result of its ease 
of use. In certain energy regions almost all fission cross 
section measurements have been made relative to this standard. 
Making a measurement relative to this standard can often be done 
with a simple detector such as a multiplate ionization chamber 
employing uncomplicated electronic systems for each fission 
collector plate. Frequently corrections for effects such as 
backgrounds almost exactly cancel for these measurements. 

There is recent interest in improving the neutron fluence 
standards in the upper MeV energy region and notably above 20 MeV 
as a result of applications in radio-therapy, fusion, accelerator 
shielding, radiation damage, etc. It should be noted that any 
improvement in a standard such as the %(n,f) cross section 
improves all cross section measurements which have been made 
relative to this standard. Though a number of measurements of 
the 235~(n, f) cross section have been made, significant 
differences in the data exist, particularly at high neutron 
energies. Very little data is available above 14 MeV where new 
needs for standards now exist. In response to the need to 
improve this standard the present shape measurements were made 
which are normalized to the very accurately known 235~(n,f) cross 
section near 14 MeV neutron energy. 

Experimental Details 

The experiment was performed at the 20 m station of the 
Weapons Neutron Research (WNR) target 4 neutron time-of-flight 
facility at LANL. Measurements were made during several 
different running periods with different data acquisition systems 
and experimental conditions. The neutron fluence and fission 
reaction rates were determined with an annular proton telescope 
(APT) and a multiplate fission chamber, respectively. A white 
spectrum of neutrons was produced by 800 MeV protons from the 
proton linear accelerator of the Los Alamos Meson Physics 
Facility bombarding a tungsten target 7 . 5  cm long and 3 cm in 
diameter. The 20 m flight path is at an angle of 60 degrees with 
respect to the incident proton beam. For this work, the spacing 
between the sub-nanosecond width microstructure pulses was -4 ps. 
The experiment employed a collimated beam which passed through an 
evacuated flight path tube with a 2.54-cm thick polyethylene 
((2%) filter to reduce overlap effects due to previous micro- 
pulses and permanent magnets to deflect charged particles from 
the beam. The beam then entered the fission chamber, passed 
through 0.46 m of air, entered the APT, and was finally dumped in 
a concrete slab 5 m from the APT. The detectors and a vertical 
view of the collimation used in'this experiment are shown in 
Fig. 1. 



>. 

W N R  T A R G E T  4 -60'~ E X P E R I M E N T A L  G E O M E T R Y  - V E R T I C A L  V I E W  

Fig. 1. Experimental geometry showing the target, collimators 
and detectors 

Neutron Fluence Detector 

The energy dependence of the neutron fluence was measured with 
a proton telescope having an annular geometry. Recoil protons, 
emitted from a thin CH2 film placed in the neutron beam, are 
counted in a lithium drifted silicon (Si(Li)) detector which is 
shielded from the neutron beam by a carefully aligned copper 
shadow shield suspended in the center of the beam. The present 
detector is an improved design compared with that used in Ref. 1 
in that it has a larger vacuum vessel and a tapered copper shadow 
shield in order to reduce the background. This APT detector was 
used in measurements [ 2 ]  of the %(n,f) cross section from 
1-6 MeV neutron energy on the National Institute of Standards and 
Technology linac. Significant improvements [3] in this detector 
system have been made compared to that ahcwn in Ref. 2. The 

- layout of the detector is shown in Fig. 2. For the measurements 
a CH2 film having a thickness of 2.08 mg/cm2 and a diameter of 
12.7 cm was used. The background was determined from a series of 
measurements made with and without the CH, film in place and with 
and without a tantalum cap over the Si(Li) detector. The 
tantalum cap is sufficiently thick to eliminate proton recoil 
events but was assumed to be transparent to neutron and gamma ray 
backgrounds. For each measurement, the ambient background was 
determined from a time window located just before the WNR micro- 
pulse. Table 1 provides information on how the time dependent 
background was determined. This table shows the sources of 
signals in the Si(Li) detector. The true proton recoil events 
from the CH, film are shown by a,circle, and the background 
contributions, by crosses. The term tank refers to the vacuum 



SilLi) DETECTOR 

Table 1. Processes which can produce events in the APT detector. 
Run F is the foreground measurement. Runs A,B and C 
are background measurements. " 0 '  indicates true proton 
recoil events, "XW indicates background events. 

Processes Leading to Events Recorded in Si(Li) Detector 
Run Measurement 

Conditions Neutrons Neutrons Charged y-Rays Charged 
:s from Particles & 

y-Rays 

I B I No CH, Ta 1 I I X I  I -- I A I A 



vessel and all other material in the detector system except the 
CH, film. The time dependent background was obtained from the 
quantity A-B+C, where A is the measurement obtained with the CH, 
film and the Ta cap, B is the measurement obtained with no CH, 
film and the Ta cap and C is the measurement obtained with no CH, 
film and no Ta cap. Normalization of the various background runs 
was obtained by using the fission chamber as a monitor. The 
background in the telescope was small, a maximum of a few 
percent. The procedure above assumes that the only charged 
particles emitted from the CH, film are proton recoils from the 
hydrogen in the film. Except at the highest energies contribu- 
tions from 12c(n,a) and 12c(n,p) reactions were eliminated by 
setting the energy dependent bias channel for the pulse height to 
include the proton recoil events and discriminate against back- 
ground events. Studies of the contribution from neutron 
reactions with carbon at the higher energies were made using 
measurements with both CH, and CH films. No statistically 
significant contributions were observed. 

Monte Carlo calculations were made of an additional background 
associated with neutrons which scatter from the shadow shield and 
then either strike the CH, film or scatter from the vacuum vessel 
and strike the CH, film. This background was found to be 
negligible. 

Further information about the APT is given in Ref. 3. A 
typical pulse height distribution for this detector is shown in 
Fig. 3. The intrinsic resolution of the 3-mm thick Si(Li) 

Fig. 3. Pulse height distribution obtained with the APT for a 
neutron energy of 10 MeV. 



detector was better than 2% for "'Am alpha particles. The pulse 
height resolution observed in this experiment was dominated by 
the angular spread of the proton recoils and their energy loss in 
the CH2 film. The efficiency of the APT detector was calculated 
taking into account the angular distribution of the proton 
recoils and the finite size of the CH, film. Relativistic trans- 
formations from the center of mass to laboratory system were used 
in these calculations. The maximum difference between the 
relativistic and non-relativistic calculations of the effi- 
ciencies is about 0.6% at 30 MeV neutron energy. The hydrogen 
scattering cross section from the ENDFIB-VI evaluation [4] of the 
standards was used in these calculations. 

Fission Ionization Chamber 

The % fission reaction rate was measured with a fast multi- 
plate ionization chamber with 3 mm plate spacings. It was used 
at room temperature and contains a 1.5 atmosphere gas mixture of 
70% methane and 30% ar on. A typical pulse height distribution 
for one of the three Ug5 deposits used in this experiment is 
shown in Fig. 4. A single pulse height bias was used for the 
entire neutron energy range for each of the "U deposits. The 
chamber contained 200 pg/cm2 ='U deposits of 10.2-cm diameter on 
stainless steel backings of 0.00227-cm thickness. Also a backing 
with no fission deposit for background estimation and a 22~f 
deposit for diagnostic measurements were in the chamber. 

Pulse Height 
Fig. 4. Pulse height disrribution for one of the 2 3 5 ~  fission 

chamber deposits. 



The ZS2~f deposit was also used to match the gains of the sets of 
electronics associated with each of the fission chamber plates so 
the background from neutron interactions in the backing material 
could be determined. This background was found to be negligible 
for the entire energy range of this experiment. Other deposits 
used for fission cross section ratio measurements [ 5 ]  to the 
%(n,f) cross section were also contained in the chamber. The 
neutron beam at the chamber is 12.7-cm diameter. The diameter of 
the supporting structure for the fission backings was 15.2 cm, 
thus the detector could easily be aligned to ensure that the 
neutron beam would not strike this structure. Corrections for 
fission events which do not escape from the deposit were made 
using the expression given by Carlson [ 6 ] .  This expression takes 
into account fragment angular distribution and momentum effects. 
In these calculations the angular distribution measurement of 
Simmons and Henkel [ 7 ]  were used with a fragment range of 8.1 
mg/cm2. The deposits are all facing away from the neutron 
producing target. The maximum correction relative to the 14 MeV 
value where the data are normalized is 0.5%. The background 
contribution in the fission chamber due to overlap neutrons from 
previous micropulses was calculated using the neutron spectra of 
Russell [8]. This contribution was less than 0.1%. 

The ambient background for the fission chamber was measured 
by using a time gate located just before the WNR micropulse. A - 
run with the fission chamber out of the beam agreed with ambient. 
A check was made to determine if neutrons scattering from the 
shadow shield in the APT caused a background in the fission 
chamber. The test was performed by moving the telescope entirely 
out of the beam. No change in fission chamber count rate was 
observed. Further tests for background which related to both 
the fission chamber and the APT were performed. These tests 
included a run to check for high energy charged particles in the 
beam, a run to check for "cross talkw backgrounds related to the 
other flight paths, and a run with the target out of position. 
These runs indicated no significant background. Monte Carlo 
calculations were made of the background from neutrons which 
scatter from the beam defining collimators into the detectors. 
This contribution was negligible. 

Data Acquisition 

The APT and each fission foil employ essentially the same 
electronics. The electronic system permitted fast timing which 
is needed for the use of the time-of-flight technique and some 
integration of the pulse to provide reasonable pulse height 
resolution. A tagging method was used which allowed the timing 
information from all the detectors to be digitized in one analog 
to digital converter (ADC). The lengths of the flight paths used 
to calculate the neutron energies were obtained by measuring the 
distance of the fission chamber and APT from a well defined 
flight path mark. The distance of that mark from the neutron 
producing target was established from transmission measurements 
of the resonances in carbon with a plastic scintillator. 
Similarly ail the pulse height signals were digitized in a single 
separate ADC. The data were taken and stored in an event by 



event mode. Each event is composed of three words: the tag 
which defines the detector in which the event occurred, the 
digitized time-of-flight and the digitized pulse height. Storing 
the data in this manner allows the experiment to be "replayed" so 
that shifts, etc. can be noted and handled appropriately. It 
does, however, require the storage of a significant amount of 
data. 

Analysis and Results 

The APT data were sorted with an energy dependent bias, 
divided by the efficiency, corrected for backgrounds and the 
transmission through the materials between the fission chamber 
deposits and the APT, and grouped into appropriate energy groups. 
The resulting data are shape measurements of the neutron fluence. 
The fission chamber data, which uses an energy independent bias, 
were sorted, corrected for backgrounds, grouped and divided by 
the fluence to produce a cross section shape. The dead time 
correction for the APT as a function of neutron energy is almost 
identical to that for each of the fission chamber deposits. 
Since the ratio of these quantities is used in the analysis, no 
correction was made for dead time effects. 

The results of the present investigation are shown in Fig. 5. 
compared with the ENDFIB-V and ENDFIB-VI evaluations. The present 

ENERGY ( M ~ V )  

Fig. 5 .  Present measurements (labelled APT) of the 2 3 5 ~  fission 
Cross section compared with the ENDFIB-V and ENDFIB-VI 
evaluations. 



shape measurements have been normalized near 14 MeV to the 
ENDF/B-VI evaluation. The statistical uncertainty, one standard 
deviation, for these measurements varies from about 1% at the 
lowest energy to about 2% at the highest energy. The present 
results agree well with these two evaluations below 15 MeV. 
There is slightly better agreement with the ENDF/B-VI evaluation, 
e.g. near 3 MeV, near 12 MeV and from 15 to 18 MeV. However, 
near 20 MeV the present measurements are in better agreement with 
the ENDF/B-V evaluation. In the 15 to 20 MeV energy region there 
are differences as large as 5% between these evaluations and the 
present results. In Figs. 6-8, comparisons are madeswith a 
single absolute measurement at 18.8 MeV and with a number of data 
sets which have a large energy range of overlap with the present 
measurements. All of these measurements have been made relative 
to the hydrogen cross section standard except that of Alkhazov 
191 for which the time correlated associated particle technique 
was employed. The shape measurements shown here have been 
normalized near 14 MeV to the ENDF/B-VI evaluation. In Fig 6, 
the present data are compared with the most recent experiments. 
In this figure the absolute measurement obtained by Alkhazov and 
those of a separate shape measurement [lo] made at this facility 

APT 
x LET+MET 

ALKHAZOV e t  a l .  
ENDF/B-V I 

5 10 15 20 25 30 
ENERGY ( M e V )  

Fig. 6. Comparisons of the most recent measurements of the 
us~(n,.f) cross section with the present results. The 
data shown are the present measurements (labelled APT), 
those of Ref. 10 (labelled LET + MET) and those of 
Ref. 9. Also shown is the ENDF/B-VI evaluation. 



are shown. The separate measurement was made using the same 
fission chamber and at the 20 m station used for the present 
investigation, however, the shape of the neutron fluence was 
determined with two new proton telescopes, the low energy tele- 
scope (LET) and the medium energy telescope (MET). The measure- 
ments in this figure agree well with the present work and suggest 
that the ENDF evaluation is low above 15 MeV. In Fig. 7 the 
sha~e measurements of Leugers [ll] and the absolute results of 
~mikh [I21 are shown. Tho Leugers data above 14 MeV are 
generally in agreement with the present work. The Smith data 
are actually fairly old monoenergetic data obtained at the LANL 
Van De Graff facility. The original data have been corrected by 
G.E. Hanson. These data agree quite well with the present work. 
In Fig. 8 data obtained by Kari [13] and Czirr [14] are shown. 
The absolute measurements of Kari are systematically high 
compared with the present work. If these data are normalized to 
ENDFIB-VI at 14 MeV, as was done for the shape measurements, 
there is reasonably good agreement below 15 MeV neutron energy 
with the present measurements. However above 15 MeV, these data 
fall off more sharply than the present measurements with a 
maximum difference of about 10%. Both the Leugers and Kari 
measurements were obtained under similar conditions at the 
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- Fig. 7 .  Comparison of the 235~(n,f) cross section measurements of 
Leugers [ll] and Smith 1121 with the present nieasure- 
ments (labelled APT). Also shown is the ENDFIB-VI 
evaluation. 



Karlsruhe Isochronous Cyclotron neutron time-of-flight-facility. 
These data are presently being re-analyzed [15] in an effort to 
explain the differences between them. The shape measurements of 
Czirr were obtained with an electron linac using an APT similar 
to the present fluence detector. ~elow.15 MeV, there is fair 
agreement with the present data. Above 15 MeV, the Czirr data 
fall below the present measurements. However, at 18 MeV the 
slope of these data reverses which causes the data sets to come 
into agreement at 20 MeV. 

Summary 

The present measurements provide an accurate determination of the 
shape of the 235~(n,f) cross section from about 3-30 MeV. There 
is generally good agreement with previous measurements below 15 
MeV neutron energy while above this energy there are some differ- 
ences with previous data. However, there is considerable support 
for the present results. 

2 8 14 2 0  2 6  32  
ENERGY ( M e V )  

Fig. 8. Comparison of the 235~(n,f) cross section measurements of 
Kari [I31 and Czirr [14] with the present measurements 
(labelled APT). Also shown is the ENDFIB-VI evaluation. 
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ABSTRACT 

Until recently there has been very little cross section data for neutron-induced 
fission in the intermediate energy region, primarily because no suitable 
neutron source has existed. At Los Alamos, the WNR target-4 facility 
provides a high-intensity source of neutrons nearly ideal for fission 
measurements extending from a fraction of a MeV to several hundred MeV. 
This paper summarizes the status of fission cross section data in the 

A A 

intermediate energy range (En > 30 MeV) and presents our fission cross 
section data for 2 3 5 ~  and 238U compared to intranuclear cascade and statistical - 
model predictions. 



INTRODUCTION 

Nearly all of the theoretical and experimental results for neutron- 
induced fission are based on information obtained at relatively low incident 
energies. There, the fission process proceeds through the stage of compound 
nucleus formation with a definite excitation energy and' a well defined 
fissioning nucleus. The fission process. at higher energies is substantially 
different. In one picture [1,2], it is believed that a medium-energy projectile 
interacts with the target nucleus, making a few incoherent scatterings with 
the constituent nucleons, depositing some energy and ejecting some of them. 
After the ejected nucleons leave the nucleus, the struck nucleons remaining 
inside the nucleus dissipate their energy through further collisions. The 
compound nucleus can thus have a wide range in excitation energy 
depending on the number and energy of nucleons that were ejected. A 
detailed description of the fissioning process at intermediate energies is 
therefore quite complicated: the Z and A distribution of the fissioning 
system, as well as its excitation energy, needs to be determined. A complete 
description of the process entails a thorough knowledge of the nuclear level 
density, fission barriers (which may be temperature dependent) and nuclear 
viscosity (which affects the fission decay width). Although there have been 
no high-resolution studies, the small amount of proton-induced fission data 
in the literature suggests that there is little structure in the fission cross 
section above the third-chance fission threshold near 20 MeV. This is 
confirmed with much better resolution by the data that we will present here. 
At higher energies, above about 1 GeV, fragmentation begins to compete with 
fission causing a decrease in the fission cross section with increasing energy* 

The number of neutron-induced fission cross section measurements in 
the energy region above 30 MeV and below about 1 GeV, which we will 
define for the purpose of this paper as the intermediate energy range, is very 
small. There is the data of Pankratov [3] which used monenergetic sources to 
cover the range from 5 to 37 MeV, with 5 points above 30 MeV for *38U and 4 
points for 232~h; the results of Gol'danskii et al. [4] at 84, 120, and 380 MeV for 
232Th, and 235~238U; and some recent unpublished measurements by 
Fomichev [5] from 0.7 to 45 MeV for the same materials. 

The reason there is so little data is that fission cross section 
experiments require an intense neutron source with low background, and 
those conditions simply have not been available in the intermediate energy 
region until now. Using the 800 MeV pulsed proton beam from LAMPF to 
produce neutrons by spallation, the WNR target-4 facility [6] provides a source 
extending from about 100 keV to nearly 800 MeV, depending on the flight 
path chosen for the experiment, making it possible to perform fission cross 
section measurements for multiple samples in a single experiment over a 
broad energy range. The data that we are reporting here are part of a series 



designed to help resolve discrepancies for all of the long-lived actinides and 
to provide information about fission cross sections at energies above 20 MeV. 

EXPERIMENTAL PROCEDURE 

The WNR uses 800 MeV pulsed proton beam from the Clinton P. 
Anderson Meson Physics Facility (LAMPF) incident on a 7.5-cm long, 3-cm 
diam tungsten target to produce a 'white' source of neutrons extending to 
hundreds of MeV. This experiment was performed using a 20-m flight path 
of the WNR target-4 facility which viewed the neutron source at a production 

- angle of 600. The proton beam consisted of 150-ps wide pulses separated by 3.6 
or 1.8 ps with about 3x108 protons in each pulse. The macroscopic duty factor 
of LAMPF gave a rate between'8000 and 16000 of these proton pulses/second. 

The neutron beam was contained in an evacuated flight tube and 
passed through a 2.54 cm thick polyethylene (CH2) filter to reduce frame 
overlap; a permanent magnet to sweep out charged particles; and a system of 
t h e e  iron collimators as shown in Ref. 7, giving a beam diameter of 12.7 cm 
at the fission sample location. Monte Carlo calculations performed to 
determine neutron inscattering from the collimators showed the amount to 
be approximately 0.01% at 10 MeV. 

The fission reaction rate was measured in a fast parallel plate . 

ionization chamber holding multiple foils of oxide fission material 10.2 cm in 
diameter. The fission-foil deposits were vacuum deposited onto 12.7 pm thick 
stainless steel backings. The foils used in this measurement were located in 
the chamber used earlier [8,9]. A 252Cf deposit was included in the chamber to 
gain match pulse height spectra and for diagnostic purposes. Flight paths 
used for these results were obtained using 12C neutron transmission 
resonances. 

After passing through the fission chamber the neutron flux was 
determined using two detector systems. Although the setup for these fission 
measurements is similar to that described in Ref. [B], there are some 
differences. We installed two sets of proton-recoil telescopes to monitor the 
neutron flux, one covering the region up to 26 MeV, and the second 
overlapping that and extending to 250 MeV. The higher energy flux 
measuring detector system was a medium-energy proton recoil telescope 
(MET). That device consisted of one 7.62-cm square x 0.16-cm thick plastic 
scintillator paddle, a second 7.62-cm square 0.64 cm thick paddle, and a 7.62 x 
7.62 x 15.2 cm3 CsI(T1) total energy detector aligned at a scattering angle of 150 
relative to the incident neutron beam axis. Two thicknesses of carefully 
matched CH2 and high-purity graphite targets were used in this system. The 
beam was then dumped in a concrete shield 15 meters from the MET. A 
measurement of the neutron fluence obtained using the 235U(n,f) yield rate 
and the fission cross section results is shown in Fig, 1, where the solid line is 
an intranudear cascade calculation. Additionai measurement details are 
available in another contribution to this conference [lo]. 



An off-line analysis of the data was performed to subtract a small time- 
uncorrelated background, correct the fission rate spectra for the background 
resulting from high-energy (En > 35 MeV) neutron interactions in the steel 
backing and oxide content of the fission deposits, and to correct for neutron 
transmission through any upstream material in the chamber. The chamber 
was also disassembled and the fission foils were alpha counted ;o determine 
their thicknesses. The results of a mass spectroscopic analysis provided by 
Oak Ridge National Laboratory was used to identify contaminant mass 
contributions in cases where individual alpha particle peaks could not be 
resolved. We measured fission cross section ratio data for all of the major 
actinide contaminants during this experiment and those data were used to 
correct the results shown here. 

RESULTS AND DISCUSSION 

The fission cross sections obtained for 235U and 238U over the entire 
range of this discussion are shown in Figures 1 and 2. Above about thirty 
MeV, the data show a slow decrease and levelling off near 100 MeV. Other 
neutron [3,4] and proton [I 1,12,13] induced fission data available from 
published literature is shown as well. 

We have taken a large amount of data for 232Th, 233.234~236.238~, 2 3 7 ~ p ,  
239Pu fission ratios to 235U as part of the present measurement program [7,8]. 
One feature of the fission systematics at intermediate energies is obvious 
from those data - the ratios all reach constant, but different, values above 
about 20 MeV, extending to the upper limit of our ratio measurement, 400 
MeV. 

There have been some attempts to calculate the behaviour of the 
fission cross section at medium energies. Shown in Fig. 3 are the results of 
the GNASH pre-equilibrium-statistical model code calculation [141. The code 
incorporates a Hauser-Feshbach statistical calculation, using level densities 
obtained from Gilbert and Cameron parameters. Fission widths are calculated 
using both barriers in the complete damping approximation. The user can 
supply an enhancement factor (due to nuclear shape deformations) to the 
level densities at the two saddle points. Those calculations reproduce proton- 
induced fission results reasonably well, but are significantly above the 
neutron data. 

Additional calculations [IS] using an intranuclear cascade (INC) model 
preceding evaporation, include several treatments of the fission process. 
Figures 4 and 5 show the results of some of those calculations compared to 
bGh neutron and proton fission data. Although the data disagree ki th  the 
caIculations at lower energies, the agreement is good in the region starting at 
about 100 MeV where the INC model is believed applicable. Our fission data 



seem s stematically hi her than the (p,xf) data of Steiner and Jungerman [13], 
but wit f; 'n their cpotecf error. 

The data presented here rovide completely new information about 
the fission rocess, covering the roadest intermediate energy range to date. P g 
These resu ts provide a challen e for theorists to develop a model that can 
describe the entire range. k addition, having data throughout the 
intermediate energy range allows a fission chamber to be used as a neutron 
flux monitor for medium-energy studies with confidence for the first time. 
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Rg. 1. Fission cross section of 235U as a function of neutron energy. The 
smooth curve is a polynomial parameterization of the data. 
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Fig. 2. Fission cross section of 238U from the present measurements (filled 
circles) compared to the data of Ref. 3. (open boxes) as a function of 
neutron energy. 
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solid - Pre-equilibrium statistical model 
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Fig. 3 A comparison of fission cross sections calculated with a pre- 
equilibrium-statistical model and the present results for 2 3 8 ~ .  
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Fig. 4. A comparison of fission cross sections calculated with intranuclear 
cascade models, the present results for * 3 5 ~ ,  and other data for 
neutron and proton-induced fission. 
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Fig. 5. A comparison of fission cross sections calculated with intranuclear 
cascade models, the present results for 238U, and other data for 
neutron induced fission. 
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ABSTRACT 

In addition to H(n,p) scattering and 235,238~(n, f) reactions, 
secondary standards for neutron flux determination may be 
useful for neutron energies above 20 MeV. Far experiments 
where gamma rays are detected, reference gamma-ray production 
cross sections are relevant. For neutron-induced charged 
particle production, standard (n,p) and (n,alpha) cross 
sections would be helpful. Total cross section standards 
woul3 serve to check the accuracy of these measurements. 
These secondary standards are desirable because they can be 
used with the same detector systems employed in measuring the 
quantities of interest. Uncertainties due to detector 

- efficiency, geometrical effects, timing and length of flight 
paths can therefore be significantly reduced. Several 
secondary standards that do not depend on activation 
techniques are proposed. 



INTRODUCTION 

This Specialistsf Meeting is conc ntrating on neutron 
standards above 2 0  MeV where the 'H(nfp) N cross section is 
certainly the best known. Below the pion production 
threshold, the interaction between a neutron and a proton is 
almost entirely elastic scattering. Thus, for flux monitors 
based on the n-p differential cross section, all that is 
required is knowledge of the total cross section and the 
relative angular distribution. The former is very well known 
now, and the data base for the latter is steadily improving. 
In the T=1 channel, the considerable data base of p-p 
scattering can be used if charge independence of the nucleon- 
nucleon interaction is assumed. Finally, meson-theoretic 
models can be invoked to place constraints on the phase 
shifts. Thus the n-p cross section can be attacked from three 
fronts: (I) direct experimental measurement where only 
relative values need to be measured, (2) correlated 
measurements in another system; and (3) sound theoretical 
modelling. 

standard of choice is the fission cross section of B5us~~0%u . This cross section is measured relative to the 
n-p cross section and then serves as a secondary standard. 
Fission has several experimental advantages. In an ionization 
chamber, the fission event gives a large pulse which is 
usually much greater than other pulses, and therefore 
discrimination against background is easy. The electronics 
for an ionization chamber is simple. And a fission chamber 
can be made that is relatively sensitive and yet does not 
perturb the beam very much. The type of fission chamber that 
we-use at the white neutron source at LAMPF is described in 
Ref. [l]. 

The purpose of this contribution to the Standards meeting is 
to explore the desirability of other secondary standards. 
There are at least two motivations in the search for other 
standards: more accurate standards and more easily or directly 
used standards. 

CHARACTERISTICS OF A DESIRABLE STANDARD 

Orre can imagine the "perfectn neutron flux standard. 

For the reaction or scattering: 

(1) The cross section must be well known. 

(2) Failing (I), the cross section needs to be calibrated 
against another standard. 

(3) Theoretical constraints on the cross section are 
desirable. 



(4) Other experimental data4that can serve as constraints 
are desirable. Charge conjugate reactions, inverse 
reactions, activation cross sections and even total 
cross sections, where appropriate, might add 
information. 

(5) Energy or angular structure in the cross section 
should be a help, not a hindrance. Energy standards 
are needed in addition to cross section standards. 

For detectors based on the chosen reaction: 

(6) The detector and electronics should be simple or at 
least compatible with the other apparatus'in the 
system. They must not be excessively large or 
heavy. 

(7) The detector and electronics should be wbullet- 
proof," that is highly reliable, not sensitive to 
temperature or other environmental changes, and not 
sensitive to electrical pickup or vibrations. 

(8) The desired events should be easy to separate from 
other events. 

(9) Good timing (1 ns) should be possible. This is 
especially important in measurements with a white 
neutron source. 

(10) The detector should be able to reject charged- 
particle-, thermal-neutron-, and gamma-ray-induced 
events. 

(11) Exotic, expensive, or hazardous materials should not 
be involved (e.g. liquid Hz) unless they are already 
present in larger quantities in the experiment. 

(12) Extensive measurements of the geometry should not be 
required. 

(13) Ideally, the flux monitor should be placed where the 
investigated reactions are taking place. 
Uncertainties due to detector efficiency, 
geometrical effects, timing and length of flight 
paths can therefore be significantly reduced. 

A brief look at the n-p scattering and fission standards shows 
that neither measures up as well above 20 MeV as at lower 
energies. For the n-p reaction the angular distribution has 
been measured at only a few energies, and there are some 
discrepancies in the data; above 20 MeV, the angular 



distribution becomes significantly anisotropic. Usually a CH, 
sample is used as ige hydrogen-containing target: at energies 
above 20 MeV, the C(n,p) rqaction can interfere if protons 
are observed at non-zero angles. The observation of recoil 
protons does not imply that the incident particle was a 
neutron: a proton or other particle can knock out a proton; 
and if the recoils are observed at 0-degrees, any protons in 
the beam will be detected with high efficiency. 

For fissian, the cross section is base on measurements 
relative to another standard, usually PH(n,p). There is no 
theoretical underpinning of the fission cross sections other 
than that they must not exceed the non-elastic cross section. 
At energies in the 100's of MeV, spallation reactions on 
structural materials of the fission chamber begin to have 
pulse heights comparable to fission events. Fission chambers 
usually are placed significantly upstream or downstream of the 
other detectors and therefore measure the flux spectrum in a 
different location. Charged particles can induce fission; at 
energies above 50 MeV the (p,f) cross section is similar to 
that of (n,f), and the fission chambers are therefore not 
blind to protons, alpha particles and some heavy ions. 
Deposits of fissionable material are thin and their uniformity 
needs to be characterized. (We find variations of up to 18% 
in the thickness of the fissionable deposit over our 14 cm 
diameter foils, which were obtained commercially.) 

There are reasons therefore to consider other standards for 
flux normalization. 

An alternative approach to standards is that they be used not 
simply to measure the neutron flux but rather to measure the 
product of beam area times fluence times solid angle subtended 
by the detector times detector efficiency. The differential 
cross section, du/dR, is calculated from the number of counts 
in the peak according to: 

Counts = u*  t * A *  4 * A R *  Eff 
d R 

where t is the target thickness in nuclei per unit area, A is 
the area of the beam, @is the neutron fluence, bnis the 
solid angle subtended by the detector and "Effn is the 
detector efficiency. If a target is available with known 
thickness and known cross section, then the product (A * 4 * 
A n  Eff) can be determined. This product can then relate 
counts to cross section for the target being investigated if 
the fluence, solid angle, and detection efficiency are the 
came as when the standard was investigated. 



SECONDARY STANDARDS 

Feutron-induced aamma-rav ~roduction: Two classes of gamma- 
ray production experiments are those where discrete lines are 
detected and those where the continuum emission is of 
interest. 

Discrete gamma-ray lines at low photon energy are used to 
indicate reaction cross sections such as (n,xn), (n,p), 
(n,pn), etc. [2,3]. Useful secondary standards suggested here 
are : 

6~i(n,nt)6~i(0+t+3.56 M ~ V )  
7~i(n,n,)7~i(l/2 , 0.478 MeV) 

These inelastic scattering cross sections have received at 
least some experimental work. Proton-induced data also exist, 
and there is some theoretical basis in terms of direct 
reactions and nuclear wave functions. The decay of each of 
these residual states is by a single, full energy photon. The 
angular distributions of the photons are isotropic in the 
center-of-mass of the recoil lithium isotope due to the 
quantum numbers of the emitting state. 

A gamma-ray-producing interaction that has received 
considerable attention is Fe(n, gamma=0.846 keV) [2,3]. The 
emission of this photon is probably not isotropic and further 
work is needed to measure its angular distribution. It 
originates from the decay of the first excited state in 5 6 ~ e  
and is related to the total inelastic cross section of this 
nuclide because nearly all other excited states decay through 
this state.. Nuclear model calculations can be used to 
estimate the magnitude of this cross section. In any case the 
gamma-yield is a smooth function of neutron energy. 

A t  higher photon energies, inelastic scattering from carbon 
producing 4.43 and 15.1 MeV gamma rays would be useful. In 
this case, the anisotropy for emission of these photons as a 
function of neutron energy has been investigated [43. Proton- 
induced reaction data and direct reaction theory can help here 
too. 

Continuum photon emission presents a measurement challenge 
because the response function of the detector must be known. 
Monoenergetic photons, of the type discussed above, are 
essential in characterizing this response. After the 
characterization is complete, a check of unfolding of the 
continuum data would be highly desirable. This author knows 
of no extensive studies on continuum spectra for incident 



energies above 20 MeV, although,some work is being planned at 
LAMPF. 

eactions Standards: Th logical choice of a standard 
:&D:n:p) reactions is simply 'H (n, p) . What could be.. easier 
than to place a foil of CH,: in the target position? This 
works well for forward emission angles but of course does not 
yield any recoil protons backward of 90-degrees. And, as 
mentioned previously, recoil protons can arise from other 
scatterings. 

An alternative standard reaction could be 12~(n,p) 1 2 ~ ,  which 
has been studied with a white source as well as with 
monoenergetic sources [5-71. This reaction is specific to 
p$utrons. Peaks corresponding to different residual states in 

B can help in recognizing backgrounds and other experimental 
problems. 

fn.al~ha1 Standards: The major standard for (n,alpha) 
reactions is alpha-particle recoils from helium targets. The 
cross section for this scattering has been investigated at 
energies up to 50 MeV [8]. The problem here is that the 
alpha-particle recoils have at most 64% of the incident 
neutron energy, and the recoil energy decreases quickly with 
increasing recoil angle. 

Secondary stanqqrds for alpha-particle emission cross sections 
could include Al(n,xalpha) where work is underway at LAMPF 
[9,10]. Although there are reliable evaluations of this 
reaction below 20 MeV, the data situation is meagre at higher 
energies. The cross section is reasonably large and the 
emission of alpha-particles below 8-10 MeV should be 
reasonably isotropic. , 

One can imagine other standards where the residual nuclides 
can be measured by activation. The total (n,xalpha) cross 
section could then be normalized to the sum of the appropriate 
activation cross sections. For many targets, eirher the 
(n,alpha) or (n,ntalpha) reactions lead to able residual 
nuclei. One of the lightest exceptions is "V where the 
residual nucle f m n,alpha), (n,nt alpha), and (n,2n alpha) 
reactions are t 6 t f q f  4 Q S ~ t  a11 of which have convenient half- 
lives for act vation measurements. With a quasi-monoenergetic 
source (i.o. 'Li Cp,n) ) , the activation cross sections could be 
measured up to not-too-high energies, say 40 MeV. In this 
region, the (n,p alpha) and other alpha-emitting channels that 
lead to residual nuclides otner than scandium should be a 
small correction to the total (n,xalpha) cross section. 

Fission: Other fission cross sections could serve as 
secqgqary standards. One already proposed for lower energies 
is Np. The fission cross section for this nuclide has been 
measured recently to above 400 MeV [ll]. 



If one wanted to discriminate against neutrons below 50 MeV, 
then the Pb(n,f) cross section is attractive. Preliminary 
measurements have been made from threshold (about 50 MeV) to 
400 MeV for several lead isotopes [12]. With more work, this 
could serve as a useful secondary standard. An additional 
advantage is that the fissioning material, lead, is not an 
actinide and, at least before irradiation, not radioactive. 
It therefore could ease transportation and handling problems. 

Pion ~roduction standards: Recently measurements were made of 
(n,pi+) cross sections, angular distributions and spectra 
1131. With more work, these cross sections could be 
considered standards. 

Total cross section standards: Measurement of the total cross 
section is a relative measurement. A standard, per se, is 
therefore not required. A well measured total cross section 
could however serve as a check on the measurement technique. 
This author suggests carbon as the material of choice for 
testing total cross section data. Recent measurements of this 
cross section up to 550 MeV have been reported by Finlay et 
al. [14]. 

In summary, the need for secondary standards for neutron data 
measurements rests on the fact that it is easier and more 
reliable to make two measurements with one detector than two 
peasurements with two detectors. For different types of 
measurements, different standard cross sections will probably 
be required, 

ABSOLUTE STANDARDS 

We should not forget also the possibilities of absolute 
standards, two types of which are mentioned here, black 
neutron detectors and scintillation detectors that are 
calibrated by a known flux of neutrons. 

At energies above 20 MeV, many of the charged products from 
scattering and reactions have enough energy to excite a 
scintillator, which then emits detectable light. A large 
enough plastic scintillator is therefore a nblack detectorItt 
that is one that emits a pulse for (nearly) every incident 
neutron. Very few neutrons incident on the scintillator can 
scatter out of the plastic without leaving some significant 
energy in charged particles. This is different from the 
situation at lower neutron energies where scattering from 
carbon in the scintillator often does not lead to sufficient 
scintillation light. Such scintillators could be used to 
establish secondary standards. Routine use of black detectors ' 

in high flux neutron beams probably will not be practical 
because of the very high count rates that would be 
encountered. 



The efficiency of scintillators 'can be calibrated by a known 
lux of eutrons. One method is to use the 9 'Li (p, n) Be (g. s.+0.429 MeV) reaction where the angular 

distribution is well known. Neutrons in the forward direction 
are detec ed and time-of-flight techniques are used. The 
residual 'Be is collected and counted to indicate the total 
number of neutrons from this reaction. The inferred neutron 
flux at 0-degrees is then compared with counts in the 
detector, and the detector efficiency is obtained. This 
technique can work over a wide range of neutron fluxes 
according to the size selected for the scintillator. 
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ABSTRACT 

Absolute differential neutron production cross sections of 
the reactions 3~(p, n) 3 ~ e ,  lH(t, n) 3 ~ e ,  2~ (d, n) 3 ~ e ,  3~ (d, n) 4 ~ e  
and 2~(t,n)4~e for maximum neutron energies between 32 (p-T) 
and 73 MeV (t-H) are presented. By detailed balance conversion 
differential neutron reaction cross sections for 3~e(n,p)3~t 
3~e(n,d) 2~ and IHe(n,d) ?H for neutron energies up to 30+ MeV 
are obtained. These converted values are compared with recent 
measurements. The simple energy dependence of 3~e(n,d)2~ for 
energies up to 100 MeV is discussed. Recent n - 3 ~ e  elastic cross 
section measurements extending to 30 MeV are scrutinized. 



1. Introduction 
Neutron reference cross sections are used directly (e.g. 

through neutron production cross sections) or indirectly (e.g. 
through the use of standard cross sections) for the determin- 
ation of neutron fluxes. Consequently, such cross sections are 
also needed for the determination of the efficiency of neutron 
spectrometers. For practical reasons reference cross sections 
must not only be accurate, but easy to use, too. 

There will be cases when the primary standard, the n-p 
cross section [I], is not convenient to use. A variety of alt- 
ernative standards, even if they do not cover all the energy 
range, would be helpful. Beside the n-p cross section there are 
several other neutron cross sections in few nucleon systems 
known well enough even above 20 MeV to serve as a standard, 
either as neutron interaction or production cross sections. 
Such data in the 4 ~ e  and 5 ~ e  system are discussed here. 

2. Neutron production cross sections 
Differential neutron production cross sections of the 

reactions 3 ~ ( p ,  n) 3 ~ e  (up to 32 MeV) , lH(t, n) 3 ~ e  (up to 73 MeV) , 
2 ~ ( d , n ) 3 ~ e  (up to 41 MeV), 3~(d,n)4~e (up to 36 MeV) and 
2~(t,n) 4 ~ e  (up to 44.5 MeV) are known over the central portion 
of the energy range with an absolute accuracy of typically 3% 
[2]. These data are easily accessible by a computer code dis- 
tributed costfree by IAEA [3]. A recent global R-matrix evalu- 
ation of these fusion relevant data [4] showed a very good 
agreement and increased the confidence in these data. 

The d-T and t-D cross sections have been used to measure 
neutron detector efficiencies up to 40 MeV [5]. 

Because of limitations in the accelerators used in inter- 
mediate energy neutron production neither the t-H reaction 
(cross sections known up to 73 MeV [3] nor the d-D reaction 
(differential cross sections evaluated up to 44 MeV [3], pot- 
ential use up to 100 MeV, see Fig. 1 and [6]) are practical. 

On the other hand, the p-T reaction is not as popular as 
the 7~i(p,n)7~e reaction because of the radioactivity of the 
target material. 

3. Differential neutron interaction cross sections 
By detailed balance calculations [7] the cross sections 

dealt with in Section 2 can be converted into cross sections 
for the reactions 
3He(nIp)3H (up to 32 MeV) 
3~e(n,d) 2~ (up to 31 MeV) 
and 
4 ~ e ( n , d ) 3 ~  (up to 36 MeV) 



having the same accuracy as the original data. These data, too 
are supplied by the computer code mentioned above (31 using the 
routine NHE. 

As was pointed out recently [8] the latest data in this 
field [9] covering energies up to 30 MeV are of little (or no) 
value because of an extremely strong unexplained correlation 
between these experimental data and previously published de- 
tailed balance converted data [7]. As can be seen from Table b 
the agreement of the measured data of the reaction 3~e(n,p) 3~ 
between 10 and 19 MeV and the smooth previous curve is too good 
to be true 
a) no difference in shape 
b) 0.3 % difference in scale 
c) 0.1 % rxns scatter of points having more than 5 % 

uncertainties. 
Therefore a very strong correlation between these data 

sets must be assumed making the new data useless for a valid- 
ation of the converted data. 

Table 1. Correlation of recent 3~e(n,p)3~ data [ 9 ]  with 
previous smooth detailed balance values [ 7 j .  
Energy 

[MeV] 10 11 12 13 14 15 16 17 18 19 
Difference 

[%I -0.5 -0.1 -0.4 -0.5 -0.2 -0.1 0.1 0.4 -1.0 -0.6 
Uncertainty 

[ % I  5.6 5.6 5.5 5.3 5.7 5.4 5.8 5.3 5.8 5.1 

A similar caution is warranted towards the elastic n-3~e 
scattering cross sections in the same paper [9] extending to 
neutron energies up to 30 MeV. Relative excitation functions at 
13 angles are tied to just one ffreference" angular distribution 
at 12 MeV [lo] rather than fitting them into the complete sys- 
tem of 5 angular distributions between 7.9 and 23.7 MeV given 
in this reference. Furthermore, the original scale based on the 
n-p standard was changed rather arbitrarily. Even worse, the 
data are given as absolute differential cross sections in the 
center-of-mass system with identical c.m. angles for each dis- 
tribution. However, the measurements were done at exactly the 
same laboratory angle for each incoming neutron energy (white 
neutron spectrum!) which should have resulted in differencies 
of up to 0.3" in the values of the c.m. angle if converted 
relativistically, as is necessary. This fact further increases 
the doubt in the integrity of the data in this (unpublished) 
work [9]. Therefore the use of these data is not recommended, 
even if they are the only ones above 23.7 MeV. 



4. Inteurated cross sections 
As was pointed out be'fore [6] the integrated cross sect- 

ions of 2~(d,n)3~e appear to have a very simple energy depend- 
ence up to 100 MeV (see Fig. 1). A similar observation has been 
made for 7~i(p,n)7~e [11,12]. 

For the d-D case this energy dependence was later verified 
by independent measurements up to 40 MeV [13]. Furt.hermore, 
zero-degree cross sections derived in an evaluation up to 40 
MeV [14] in which the first coefficient of the Legendre fit was 
constrained to the integrated cross section obtained from this 
energy dependence were verified at a 1.5 % level at 25 MeV 
1151. Additional support of this evaluation came from relative 
data [16]. Based on this energy dependence of the integrated 
cross sections the evaluation of the differential cross sect- 
ions could be extended to about-100 MeV. 

In a similar way the simple energy dependence of the inte- 
grated 7~i(p,n)7~e cross section can provide accurate differ- 
ential cross sections using their energy independent paramet- 
rization [12,17]. 

5 .  Conclusion 
Several neutron cross sections in the 4 ~ e  and the 5 ~ e  

system are accurate enough to be a secondary standard for neu- 
tron energies well above 20 MeV. However, the relatively small 
interaction cross sections at intermediate neutron energies re- 
quire 'Ithick" media, e.g. liquidification of helium. For this 
practical reason only the neutron production cross sections re- 
main as candidates for secondary cross section standards. 
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ABSTRACT 

Monitoring of High-Energy neutrons fields is primarily of 
interest in the context of nuclear fusion research. D-Li and 
spallation neutron sources are proposed as high intensity neutron 
sources for fusion simulated radiation damage experiments. Some 
neutron dosimetry experiments in such sources are executed. The 
main probleem to analyse these experiments lies in the unknown 
cross-sections above 20 MeV up to 1 GeV. Only theoretical 
calculated cross-sections are available, tested in integral 
experiments. In this way some consistent cross-sections sets can 
be obtained, which however do not guarantee their correctness. 

High energy mono energetic neutrons are difficult to get, 
consequently a direct verification, measuring some differential 
neutron activation cross-section in the interested energy range 
is quasi impossible. Supposing that at these energies proton and 
neutron cross-section are nearly equal, some help may come from 
proton-activation cross sections. 

The status of neutron-cross sections for activation, helium- 
production and radiation damage (transmutation and dpa) is 
discussed and the need for further work considered. 



1. INTRODUCTION 

Radiation damage by fast (14 MeV) neutrons is expected to be a 
severe problem in future fusion reactors. The search for 
appropriate materials requires a high intensity neutron source 
which simulates the neutron spectrum and the radiation conditions 
at the first wall in a fusion reactor. For this purpose 14 MeV, 
deuteron-lithium and spallation neutron sources have been 
proposed (1). 

These neutron fields have to be characterized by experimentally 
verified calculations. The analysis ~f radiation damage 
experiments in these fields needs the knowledge of radiation 
damage parameters as displacements per atom (dpa) and transmuta- 

. tions produced (gaseous transmutation products, helium and 
hydrogen and solid transmutation products). Also these neutrons 
sources have to be shielded heavily. 

For the characterization, analysis of experiments and shielding 
of these high energy sources (up to 800 MeV) cross sections are 
needed. The difficulty of measuring cross sections in this high. 
energy region necessitates the use of calculated 
cross sections, sometimes verified by integral measurements. 

Mainly spallation source fields will be discussed here for which 
the resulting neutron field extends to the energy of the 
impinging proton beam on the target. 

2. CHARACTERIZATION OF SPALLATION NEUTRON FIELDS 

Although a certain number of spallation sources are in 
operation, and in development, driven mainly by solid and liquid 
state physics, very few are used for Radiation Damage. 
A facility devoted entirely for radiation damage experiments 
is the Los Alamos Spallation Radiation Effects Facility (LASREF) 
at Los Alamos National Laboratory (2). 

2.1. Characterization experiments 

Four characterization experiments of spallation neutron fields 
were executed : 



One experiment was performed by HEGEDUS and collaborators ( 3 )  
who made measurements of reaction rstes in activation detectors 
at seven different positions around the molten lead beam-stop 
at the TRIUMF accelerator in Canada. The energy of the protons 
entering the beam-stop was 445 MeV. The SANDA unfolding code 
was used to determine the neutron energy spectrum. This rzquires 
an initial guess for the spectrum: for this the time-of-flight 
(TOF) measured spectrum at the SIN spallation target mock-up, 
somewhat modified by a calculated spectrum, was taken. Twenty- 
seven reaction rates were used in the unfolding procedure. 

A second experiment was carried out in the old beam-stop of 
LAMPF/LANL, Los Alamos, New Mexico, before it was rebuilt. 
It is a dedicated spallation neutron source of medium intensity 
for radiation damage experiments. The old beam-stop of LAMPF 
was a water-cooled copper block. On the side of this block 
were several irradiation positions for radiation effect 
measurements in which capsules could be irradiated. The 
irradiation of the ISPRA capsule took place from 14 Octoby5 1982 
till 8 February 1983 reaching a neutron fluence of 2 x 10 cm- . 
Seven sets of up to eight detector foils (Co, Nb, Fe, Au, Ni 
end Ti) were placed in the capsule in order to obtain a fluence 
mapping inside the capsule volume. The experimental results are 
reported fully in Ref.4. The measured reaction rate were 
unfolded with the SAND code using a trial spectrum taken from 
Davidson (5). 

The neutron field of the upgraded irradiation facility at the 
beam-stop of LAMPF/LANL was measured by D.R.DAVIDSON and 
collaborators (5). Eight foils (Fe, Ni, Al, Cu, Ti, V, Sc, Au) 
were placed in the neutron spallation flux, outside the primary 
proton beam, about 5 cm from the beam centerline. The measured 
activities were used to adjust the calculated neutron spectrum 
with the STAY'SL code. 

At the accelerator INPS of ANL Aluminum and depleted uranium 
targets (238U) were bombarded with 113 and 256 MeV protons and 
the neutron fields measured at different emitting angles with 
foil activation (Al, Au, Co, Cu, Fe, In, Nb, Ni, Ti, Zr). 
The measured activities were unfolded with the STAY'SL code ( 6 ) .  

Finally different target cylinders (Al, Fe, A1-U) were bombarded 
with 1 GeV protons at the Institute of Nuclear Physics GATCHINA 
USSR (7). Reaction rates in activation foils (Co, Al, Au, 238U, 
Nb) were measured along the cylinder surface. 



2-2- Activation cross-sections 
. - 

Well defined cross-section up to 800 MeV do not exist. 
The different experiments were analysed with more or less 
arbitrary extrapolated cross-section sets. 

HEGEDUS and collaborators (3) started from a reference spectral 
neutron density (aE(~))determined as good as possible using 
the unfolding code SANDA with well known input data. The 
unfolded spectrum # ( E )  was used to calculate the reaction 
rates / #(E) Q(E)dE for all measured reactions. The cross- 
section values below 44 MeV were taken from the GREENWOOD 
library(8) and extended arbitrarily up to 800 MeV.The calculated 
reaction rates were compared with the measured values. 
In the event of a disagreement between the measured and 
calculated values, the slope of the cross-section between 44 
and 800 MeV was readjusted in order to improve the agreement. 
A constraint on the adjustment was that the slope of the cross- 
section function versus energy should decrease monotonically. 
By means of this library the neutron spectra O(E)in all 
seven irradiation positions were unfolded. 

The cross-section library used by CESANA and collaborators 
was essentially a calculated one (9) using ALICE (10) up to 200 
MeV and with the cross section extrapolated by a E-3/2 law from 
200 to 800 MeV. For most of the reactions the contribution due 
to neutrons above 200 MeV was less than 20%. Only for the 
reaction Ti(n,x) 42 Ar-42 K, the reaction rate due to neutrons 
with energies above 200 MeV is as high as 50%; The Fe-He 
production cross section was taken from ref.11. 

Below 20 MeV the neutron cross sections and their uncertainties 
as used by D.R.DAVIDSON and collaborators are taken from 
ENDF/B-V. Between 20 and 44 MeV the cross section were based on 
expsrimental and calculated data tested in Be(d,n)neutron fields 
(12). Because the present spectrum extends up to 800 MeV 
spallation cross sections were used to extend many of the 
activation cross sections (13-15). High energy cross sections 
(energies above 44 MeV) are not well known and are mainly from 
proton spallation cross sections. The high energy part of the 
neutron (and/or proton) fluence makes a substantial contribution 
to some of the activities. For example calculations with cross 



sections to 44 MeV and calculations with cross sections to 800 
MeV indicate that about 60% of the 54 Fe(n,p)54 Mn and the 
46Ti(n,p) 46 Sc activity is produced by neutrons above 44 MeV. 
On the other hand, many of the other reactions such as 
58 Ni(n,p) 58 Co and 59 Co(nr2n)58 Co have no significant 
response above 44 MeV. 

2.3. Validity of cross-sections 

In the above mentioned experiments a reasonable agreement 
(between 5 and 25%, with some exceptions up to 40-60%) is found 
between measured and calculated reaction rates in the adjusted 
spectra. This result is acceptable considering the appreciable 
uncertainties in the calculated cross-sections used. It 
demonstrates that using calculated extended cross-sections sets 
is a promising technique for future developments. 

It has to be noted however that the measured activities in the 
neutron spectra are contaminated by a non negligible amount 
of proton induced activation, especially at higher energies. 

This agreement does not mean that the cross-sections sets are 
correct. It means only that a consistency exists between the 
measured activities and the used cross section sets. An 
improvement in the cross-sections sets is needed. 

2.4. Status of activation cross-sections 

In the energy range of interest for fission reactors 
(E< 20 MeV) data files exists (e.g. ENDF and IRDF-90) 
to be used with confidence. At higher energies however most 
of the data come from calculations with scarse or no experimental 
validation. 

Up to 40 MeV cross-section data are based on calculated date 
tested in Be(dn) fields (8,12). Earlier calculated data with 
the THRESH code are published (16). At the University of Vienna, 
cross sections have been calculated up to 30 MeV for 52 Cr, 
55 Mn, 56 Fe and (58+60)Ni (17). They applied different model 
calculations using a set of model parameters, which reproduce 
the experimental data where available. New calculations 
extends the cross sections up to 40 MeV. Based on these data 
and the LANL data (18) an evaluated group data set EURLIB 40 
MeV has been set up (19). 



Above 40 MeV and up to 800 MeV the situation is critical. 
A library of cross-sections up to 2C0 MeV calculated with 
ALICE is available (9,lO) and can be complemented with other 
elements if necessary. 

Due to the difficulty of obtaining monoenergetjc neutrons in this 
energy region, additional data are obtained from proton induced 
reactions. Assuming that at this energies neutron-and proton 
cross-sections are nearly equal, the proton cross-sections can be 
used to normalize the ALICE cross-sections (20,21). The measured 
proton cross-sections can be assimilated and used directly as 
neutron cross-sections (13-15, 8). At ANL a programme is still 
going on, measuring proton induced activation reactions at IPNS 
to be used for monitoring high energy neutron fields (22,6). Two 
other codes could be used for neutron and/or proton cross-section 
calculations : the PNEM code (23) and the HETC code (24). 

3 -  HE-PRODUCTION CROSS-SECTION 

Total He production measurements for different materials 
in the experiments mentioned in the paragraph 2.1 are reported 
in related references. The calculation of He production is more 
difficult and only one He production cross section is reported 
in literature (11). The total He production for Fe is calculated 
based on ENDF/BV cross secti0ns.u~ to 20 Mev and with the VNMTC 
code (25) above 30 MeV. The two curves blend together well. 

It has to be noted that the few % of neutrons above 50 MeV are 
responsable for 50% of the He production in a typical spallation 
neutron spectrum. 

4,  TRANSMUTATION PRODUCTS 

One of the problems with high energy neutron sources, especially 
spallation sources, is the production of transmutation products. 
In the LAMPF irradiation (4) a series of pure samples were 
irradiated especially to measure which and how much of these 
products are formed. Some radioactive transmutation products 
due to spallation were determined in Nb, Ni, Ti, V, Co, Fe and 
Au. At the same time, samples of pure Fe, Ni and Au were 
analysed for total impurities and transmutation products using 
an ICP-MS mass-spectrometer at JRC Ispra (26, 27). 



* 

The calculation of the transmutation products is much more 
difficult. Besides the needed cross-section (referred to ifi 
2.2, 2.3 and 2 .4 )  the decay chain of the different radioactive 
isotopes formed in direct reactions has to be followed until a 
stable product is formed. 

5. DISPLACEMENT CROSS SECTIONS 

The displacement cross section is a calculated one based on 
elastic and inelastic scattering cross sections and (n,x) 
reactions. In the energy region below 2 0  MeV libraries exist 
(e.g. DAMSIG 84  and the ASTM norm E693-79). 

For enersies above 2 0  MeV one displacement cross section is 
published (11). It is the displaiement cross section for Cu as 
calculated by SPECTRA up to 2 0  MeV and by VNMTC above 2 0  MeV. 
Both curves do not blend together and at 20 MeV a large step 
separates the two results as well as the slope is different in 
both calculations. 

6. DATA NEEDS 

In order to interpret radiation damage experiments in high energy 
neutron fields, the main problem is the cross section knowledge 
above 2 0  MeV up to a few hundreds of MeV depending on the 
reaction. All such cross sections available up to now are 
calculated. Some calculations extend up to 4 0  MeV others up to 
200  MeV and thereafter are extrapolated arbitrarily. 
Measurements as well as calculations up to 8 0 0  MeV are difficult 
and: costly. The calculations have to be verified by differential 
measurements. Integral measurements may give some confidence in 
calculated cross sections but not an absolute knowledge. 
This applies to dosimetry reactions, total He production, dpa 
calculation for structural materials and to transmutation product 
calculations. Apart from further theoretical calculations, at 
least a few differential measurements and integral measurements 
are necessary if a consistent cross section file for energies up 
to some hundreds of MeV is to be constucted. The maximum energy 
depends on the primary proton beam energy envisaged in eventual 
future spallation source projects. It may be as high as 8 0 0  MeV 
or even 1 GeV. 



It would be desirable to construct a unique file, tested with the 
different activation data sets available, which would have been 
discussed by and agreed upon by an international group of experts 
and used in Europe, Japan , USA, USSR and the rest of the world 
interested in this field. This holds not only for dosimetry 
reactions and cross sections to determine radiation damage, but 
also for cross sections and other nuclear data needed for the 
design of high energy neutron sources, their shielding 
requirements and its application. 

To close I would like to report some of the most important 
recommendations related to cross section needs resulting from the 
advisory group meeting on nuclear data for radiation damage 
assessment and related safety aspects, IAEA 1989 (28). 

a) the existing high-energy cross section data for helium 
production and neutron monitor reactions should be compiled 
as discussed at the present meeting (28). It is recommended 
to extend the range of data up to 1 GeV. 

b) It is recommended that an evaluation of the two proton monitor 
reactions 12 C(p13p3n) 7 Be and 27 Al(p13p3n) 22 Na is 
stimulated. Other reactions such as 56  Fe(p,n) 56 Co and 
65 Cu (p,n) 65 Zn are considered to represent an important 
means to deal with mixed high energy neutron proton fields, 
typical for spallation sources. 

c) Many measurements of the present activation reactions leading 
to long lived activities of interest in fusion radioactivity 
calculations are limited in accuracy due to large 
uncertainties in the half-lives and decay data of the product 
nuclides. Therefore a reexamination of these data for a broad 
range of applications is recommended. 

The present status of the data on production of transmutation 
products other than H and He should be improved. It is 
recommended to gather existing measurements and to foster 
comparisons with calculations from suitable high energy 
nucleon-meson transport codes. In addition to the existing 
results new experiments are recommended. In this case, thin 
target measurements are proposed in order to avoid large 
spectra uncertainties due to the strong depth dependence in 
thick targets. 



e) The inconsistencies experienced in the work presented at 
this meeting ( 2 8 )  suggest that tests of the most important 
monitor reactions are necessary. Such test should be carried 
out with well defined spectra from time of flight 
mezsurements, and widely varying spectra, with maximum 
energies ranging between 100 and 1000 MeV, should be used. 

Radiation damage cross sections should be made available over 
the entire energy range from 1 keV to 1 GeV for one or more 
recommended materials (e.g. iron and/or copper). 
Presently there is, however, a discontinuity in the 
overlapping range, for example, of low energy calculations 
with SPECTER and high energy calculations with VNMTC. More 
theoretical work is recommended to match the two branches 
suitably in the overlapping range. 

g) In addition to the damage due to He released in nuclear 
reactions, further damage is produced by transmutation 
products. The basic data needed for a theoretical calculation 
of'this type of damage are the microscopic transmutation 
production cross sections and recoil energy spectra. 

h) all members states should be encouraged to contribute to the - 
improvement of the data for the 250 important neutron induced 
reactions needed in activation calculations for fission 
reactors, listed by the UK group at HARWELL (28) 

i) expertise in charged-particle reactions should be made 
available and assist in the compilation and dissemination 
of (x,n)reaction cross sections needed for future more 
complete activation calculations. 
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MONITOR REACTIONS FOR HIGH ENERGY SPALLATION SOURCES 
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ABSTRACT 

In the irradiation of materials with spallation neut- 
rons, the neutron fluence and spectrum can be measured 
in situ by means of threshold activation detectors. 

A set of detectors with increasing threshold energy was 
irradiated simultaneously with the desired material 
specimens. The reaction rates were determined from the 
measured radioactivities. The neutron fluence and spect- 
rum were obtained by using the SANDA unfolding code. 



INTRODUCTION. 

High energy spallation neutron .sources (e.g.at LAMPF) are 
used for radiation damage studies. The objective of the, 
dosimetry in these material irradiation experiments is to 
determine: the fluence rate and spectrum of neutrons and 
protons; and the concentration of helium and other trans- 
mutational elements in the material sample. 

In these experiments only the multifoil activation method 
can be used to measure in situ the isotropic fluence rate 
and spectrum of neutrons and pr0tons.A~ a typical example 
of this method, the measurement in the TRIUMF beam dump 
spallation source will be described. 

2. MULTIFOIL ACTIVATION METHOD TO MEASURE SPALLATION 
NEUTRON FLUENCE AND SPECTRUM. 

2.1. Principle of the method. 

In order to measure in situ the fluence and spectrum of 
spallation neutrons and protons the multifoil activation 
method is used. Comparing to other methods (e.g.TOF) it 
has advantages, e.g.: the dimension of the detector is 
small (few mm3) and it measures the isotropic particle 
flux incident on the material specimen. 

Usually a set of pure metallic foils, wrapped in a ther- 
mal neutron absorbent material (e.g.Cd), is irradiated 
in situ together with the material specimen. After the 
end of irradiation the gamma activity of the induced ra- 
dionuclids is measured and from that the reaction rate 
is calculated. Using the reaction rates, an unfolding 
code can calculate the neutron fluence and spectrum. 
This requires an initial guess at a spectrum and a cross 
section library. 

2.2. Spallation source. 

In a spallation source (e.g. lead target bombarded with 
600 MeV protons), neutrons and protons are produced with 
about equal intensity. A large proportion of the protons 
are retained by absorption in the target, but only few 
neutrons are suppressed. Therefore there is a mixed, 



neutron-proton field around the target. In the lower 
energy part (E<30 MeV) there are mostly neutrons. In the 
higher energy part (E>100 MeV), the intensity of neutrons 
neutrons and protons is about the same. 

2.3. Threshold reactions. 

From a target nuclide, the same radionuclide can be 
produced either by (p,xpyn) or by (n,xpyn) reaction. 
The exception is the (p,yn) reaction where the product 
nuclide can be made only by protons. If the detector 
material is not monoisotopic (e.g. copper consists of 
63Cu and 65Cu), many reactions can lead to the same 
product nuclide. In this case the uncertainty on the 
unfolding procedure will be higher than for a mono- 
isotopic detector. 

The unfolding procedure will work optimally on 15 to 
20 reactions with increasing threshold energy. In or- 
der to separate neutrons from protons, the proportion 
of protons should be estimated by means of (p,yn) 
reactions. 

The half life of the produced radionuclides should be 
more than 50 days. The gamma radiation energy should 
be in the energy interval of 0.1-2.0 MeV. 

A List of reactions taking place in the mostly used 
detectors is given in Tab.1. 

2.4:. Unfolding. 

The unfolding codes, in our case SANDA (a modified 
version of SAND), have been thoroughly tested. The 
maim problem is the uncertainty of the cross section 
library . 

3. MULIFOIL THRESHOLD ACTIVATION MEASUREMENT AT THE 
TRIUMF BEAM DUMP 

3.1. Description of the experiment. 

The. beam dump at TRIUMF is a lead cylinder (14 cm in dia- 
meter by 25 cm long). The proton beam (100 uA,445 MeV) is 



incident on the axis of the lead cylinder. Due to the li- 
mited access, the measurements were done in 6 positions 
around the lead cylinder (see Fig.1.). 

Activation detectors have been used to measure fluence 
rate and spectrum of spallation neutrons and protons. 
Al., Sc. Ti, Fe, Co, Ni, Cu, Zr, Nb, Tm and Au detector 
sets were used. Over thirty reactions, producing long 
lived radionuclides, were identified. 

3.2. Results. 

The neutron fluence rates obtained by using the SANDA un- 
folding code are reliable for low threshold values (e.g. 
E>1.0 MeV). The high energy part, E>50 MeV, is more un- 
certain. This is due to the uncertainty on cross sections 
of reactions with high energy threshold. 

Fig.2. shows the unfolded neutron spectra in pos.l.and 5. 
The reliability of the obtained neutron spectra have been 
confirmed by means of comparison to helium concentration 
measurements. 

A detailled description of the experiment and of the eva- 
luation procedure was published elsewhere [I]. 

4. CONCLUSION. 

The multifoil activation method is suited to measure the 
fluence and the spectrum of neutrons and protons around 
spallation sources. 

In order to improve the reliability of the method, more 
accurate cross section library is needed. 

[I] F.Hegedus, W.V.Green, P.Stiller, B.M.Oliver, S.Green, 
V-Herrnberger, M.Victoria and U.Stiefe1: 
The Strength of the Spallation Neutron Flux of SINQ for 
Kadiation Damage Fusion Technolow.(EIR Report Nr.579.) 
Journal of Nuclear Materials 141-143 (1986) 



TABLE la. LIST OF NEUTRON AND PROTON INDUCED THRESHOLD 
REACTIONS 

Reaction Half life Sensitivity interval [MeV]* 
1 ower upper 



TABLE la. (cant.; 

Tm- >168Tm 85.0 d 
167Trn 9.3 d 

TABLE lb. LIST OF PROTON INDUCED THRESHOLD REACTIONS 

React ion Half life Sensitivity interval [ M e V ] *  
1 ower upper 

* Estimation in Pos.1. of the TRIUMF experiment [I1 
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Fig.l. Layout of the T R I W  experiment. 
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Fig.2. Unfolded spectra for Pos.1.and 5. 
(Input spectrum is arbitrary in flux unit.) 
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ABSTRACT 

TWO simple target systems which produce intense semi-mono- 
energetic neutron fields for activation 'experiments were made by using 
proton beams of energy up  to 40 MeV. One consists of a Be target and a 
water coolant, and the other consists of a 7 ~ i  target and a carbon beam 
stopper. 

The p-Be neutrons were measured by an NE-213 scintillator with an 
aid of the unfolding method, and the p-Li neutrons were precisely measured 
by using the TOF technique. 

Activation experiments were performed at the p-Be neutron field with 
natural Na, Mg, Al, Si, Ca, V, Cr, Mn, Cu, Zn and Au samples for 9 proton 
energies between 20 and 40 MeV. Production rates of 32 radioisotopes were 
measured, and converted into excitation functions. The accuracy of these 
procedures were examined. 



Introduction 

Activation cross sections for high energy neutrons are requested by 
neutron dosimetry, radiation safety and material damage studies, and those 
of the energy region from 10 to 50 MeV are especially demanded by the 
construction project of the Energy Selective Neutron Irradiation Test 
Facility (ESNIT) in Japan. 

By using monoenergetic neutron fields produced by the H(t,n), T(d,n), 
and D(t,n) reactions, Bayhurst [I] measured many (n,xn) reaction cross 
sections of energy between 7.5 and 28 MeV, and Anders [2] measured 
I2C(n,2n) reaction cross section of energy up to 34 MeV. W6lfle [3] 
measured the excitation function of the triton emission reaction up to 30 
MeV by using 6 different d-Be neutron fields. 

The situation of the cross section data compilation for the energy region 
above 20 MeV, however, is still very poor, since preparing a monoenergetic 
neutron source for activation experiment at this energy region presents 
some difficulties, [l] that is, the d-T neutron is not monoenergetic when the 
deuterium breakup is energeticdy possible. Neutron cross sections having 
Iower threshold energies, therefore, cannot be measured a t  this field. 

Using a proton beam and a simple target system consisting of a Be disk 
and a water coolant, an intense semi-monoenergetic neutron field for 
activation experiment of energy up to 40 MeV was developed 141 at the SF 
cyclotron of the Institute for Nuclear Study, University of Tokyo. The 
characteristics of the neutron field was studied. Since the spectrum of this 
neutron field is not clearly monoenergetic, that is, a high energy peak 
coming from the Be(p,n) reaction is broad and a low energy tail coming from 
the Be target and also from the coolant water exists, some techniques such 
as an unfolding method are necessary for obtaining an excitation function 
from measured activation rates of irradiated samples. [3,5] 

Activation experiment at this neutron field has been perfonned with 
natural samples of Na, Mg, Al, Si, Ca, V, Cr, Mn, Cu, Zn and Au. The samples 
are not isotopically enriched, and some reaction channels cannot be 
uniquely identified for induced activities made from fertile elements 
consisting of several isotopes. 

The cross sections of these reactions were calculated by the 
ALICE/LIVERMORES2 code, 161 and they were utilized for initial guesses of 
two unfolding codes, SAND-I1 [7] and NEUPAC. [8] The results of the ALICE 
code were also used for the least square fitting to the measured reaction 
rates. 

The excitation functions obtained by activation experiments a t  the p-Be 
neutron field cannot avoid the ambiguity coming from the unfolding method. 
To avoid this ambiguity, we made a similar p-7I.d target system also at the SF 
cyclotron facility. The peak neutrons from the p-7Li reaction are much 
clearly monoenergetic compared with the p-Be neutrons, and the unfolding 
method will not be necessaxy in obtaining cross sections. Precisely 
determining the neutron field, a measurement with the time-of-flight (TOF) 
technique was performed at the Cyclotron and Radioisotope Center, Tohoku 
University. We have perfonned activation experiment with samples made 
from enriched isotopes. 



Here we will report the procedure of the excitation function 
measurements at the p-Be field, and the results of the neutron spectrum 
measurement a t  the p-7Li field. Some data of the activation experiment at 
these fields are now under analysis, and the whole results will be published 
elsewhere. 

The g-Be Neutron Field 

Proton beams of energy at every 2.5 MeV between 20 and 40 MeV were 
transported to l-mm-thick (Ep=20 to 37.5 MeV) and 2-mm-thick (Ep=40 
MeV) Be targets which were backed by a water coolant, as shown in Fig. 1. 
The protons partly loose their energy at the Be target, and totally stop in the 
water coolant. 

The neutrons produced by this target system were measured by a 51- 
mm-dianl. by 51-mm-long NE-213 scintillation counter placed a t  about 1.1 
m from the target. [4] The pulse height distribution was converted to a 
neutron energy spectrum by using the FERDO unfolding code (91 with a 
calculated response function set. [lo] Since the Be target is not thin, a high 
energy peak due to the g~e(p ,n )  reaction in the neutron spectrum is rather 
broad. A low energy tail coming from the Be target and the water beam 
stopper is present. 

The energy resolution of the unfolded 
spectrum is not very good due to the 
detector system and the unfolding 
process. The width of the high energy 
peak in the unfolded spectrum is larger 
than that in a theoretically obtained 
spectrum. If an excitation function 
sharply increases or decreases at a peak 
energy region, this spectrum broadening 
at the peak will causes some error in a 
cross section estimation. For this reason, 
the peak of a measured spectrum was 
replaced by a calculated one with the 
peak area conserved. [4] The corrected 
neutron spectra are shown in Fig. 2. The 
digits in the figures indicate the incident 
proton energies (Ep) and average peak 
energies. The vertical bars are the errors 
estimated by the FERDO code, and they 
are large a t  a low energy tail especially in 
cases of high energy proton incidence. 

The p-'Li Neutron Field 

The target system is shown in Fig. 3. 
A proton beam from the SF cyclotron 
bombards the 7Li target after passing 
through a graphite collimator. For an 
accurate measurement of the beam 

' Water Outlet 
Aluminum I 

Fig. 1 Sectional plan of the Be 
target system. 



current, a negative 100-volt bias is 
supplied to the collimator so that the 
electrons emitted from the target are 
suppressed. A graphite beam stopper is 
.placed immediately after the 7Li target of 
2-mm thickness. The used Li was 
enriched to 99.98 %. The 7Li target can 
slide from the beam axis, that is, 
activation experiments can be done 
with/without the 7Li target. The 
activation just by the p-7Li neutrons can 
be obtained by subtracting the activation 
rate without the 7Li target from that with 
the 7Li target. 

The peak neutrons of the 7Li(p.n)7Be 
reactions correspond to the ground state 
and the 1st excited state (0.43 MeV) of 6 LI 

s m w e ~  

7Be. Since the energy loss in the target is grmphlto 

1.2 MeV for 40 MeV protons, the energy I) Insulmtor 

difference of 0.43 MeV cannot be mlurnlnum 

distinguished. The 2nd (4.6 MeV) and 
higher excited states of 7Be decay with I sem 

proton and alpha emissions, and they do I 

not remain as 7Be. The total neutron 
emission of the peak energy can be Fig.3 Sectional plan of the 7Li 
estimated from the amount of residual target system. 
7Be in the target which can be easily 
measured by gamma-ray spectrometry. 
D l1  

From the above reason, the neutron emission of the peak energy at 0 
degree, Qo, can be estimated by the following formula. 

where Ng, is the number of 7Be produced in the target, and ds/dQ is the 
angular distribution of the peak neutrons, that is, the double differential 
cross section in relative value. 

Low energy neutrons are also produced by the p-7Li reactions. From the 
above consideration, if the neutron spectxum of wide energy region at  0 
degree and the angular distribution of the peak neutron emission are 
measured, the p-7Li neutron field for activation experiments can be 
absolutely determined from an amount of the produced 7Be. 

The measurement of p-7Li neutrons was performed by using the TOF 
method at  the Cyclotron and Radioisotope Center (CYRIC) of Tohoku 
University. A 127-mm-diam. by 127-mm-long NE-213 scintillation counter 
was placed at  about 10 m awtiy from the target. Two targets were used. that 



is, one consisted of a 2-rnm-thick 7Li target and a small carbon beam 
stopper, and the other consisted of just a carbon beam stopper. 

Measurements a t  0 degree were performed twice for the two targets 
with and without the 7Li disk for the proton beam energies of 20, 25, 30, 35 
and 40 MeV. The angular distribution of the peak neutrons was measured 
with moving a beam swinger from 0 to 125 degree a t  20, 30 and 40 MeV 
proton energies. 

The list data taken by a CAMAC data taking system were analyzed with a 
two-dimensional n-y discrimation and a calculated response function set. 
(31 Response h c t i o n s  to several tens MeV neutrons include many 
ambiguities a t  a low pulse height region coming from reaction models and 
light output data of heavy ions. Several pulse height discrimination levels 
were set during analysis, and the effect of these ambiguities were 
minimized. 

Measured neutron spectra at 0 degree are shown in Fig. 4 for the proton 
energy of 40 MeV. A strong peak corresponding to the ground and 1st 
excited states of 7Be is seen at 38 MeV in the spectrum measured with the 
7Li target, and a small peak at 33 MeV is also seen, which corresponds to 
the 2nd excited state. The Q value of the 12C (p,n) reaction is - 18.1 MeV, and 
the spectrum measured without the 7Li target sharply decreases at 22 MeV. 
The neutrons above 22 MeV come from the 13C(p,n) reaction and the room 
scattered component which almost uniformly distributes in a time 
spectrum. 

The measured angular distributions of the peak neutrons are shown in 
Fig. 5. The differential cross sections were normallzed to unity at o degree. 
We measured at proton energies of 20, 30 and 40 MeV, and the data of 
Schery [ll] and Orihara [12] are also shown. Our data have a depression at 5 
degree, and this attributes a shielding effect of a vacuum duct placed after 
the target box. The forwardness of the distribution becomes stronger with 
the increase of the beam energy. The thickness of our used 7Li target is 

MeV lie closer to the curves of 24.8 and 35 MeV. 

Measurement of Excitation Functions at the p-Be Neutron Field 

The activation samples were irradiated by turns at 20 cm from the Be 
target, and placed on a Ge detector for gamma-ray spectrometry. These 
irradiations were repeated for 9 proton energies. 

Since the p-Be neutron field is not clearly monoenergetic, excitation 
functions cannot be directly obtained from the experiment. Some 
techniques, that is, the unfolding method and the least square fitting, are 
necessary for obtaining an excitation h c t i o n .  An initial excitation function 
is necessary for these techniques, and this is mostly derived from 
calculational results of the ALICE/LIVERMORE82 code. [6] 

In the least square fitting (L. S. F.), an initial value calculated by the 
ALICE/LIVERMORE82 code was absolutely adjusted to the measured 
reaction rates as shown in the following, 



c p  =k, gJE) (3) 
where Ai is an activation rate a t  the i-th neutron field, gj(E) is an calculated 
excitation function by ALICE for j-th reaction channel, and @i(E) is the 
neutron flux. kj is determined to make R minimum, and the excitation 
function, q(E), is obtained. If a fertile material consists of a single isotope 
and the reaction channel can be uniquely defined, the parameter j takes only 
1 
A. 

The measured reaction rates were converted to excitation functions by 
unfolding codes, SAND-I1 [7] and NEUPAC. [8] The NEUPAC code evaluates 
an error of the resultant excitation function. These codes requires initial 
guess as input data, and it was mostly taken from the ALICE calculations. An 
estimated error of the initial guess is also required by the NEUPAC code. If 
experimental data are available, this error was estimated by comparing the 
initial guess with the experimental data. For the other case the error was set 
to be 100%. 

Evaluated Excitation Functions h m  the p-Be Experiment 

The reactions of which cross sections were measured are listed in table 
11. Since the fertile element consists of a single isotope, the 2 3 ~ a ( n . 2 n ) 2 ~ ~ a  
reaction are definite1 identified. The 51T1 production from natural V which - 

!? consists of 5 0 ~  and lV isotopes can be considered as a single reaction of 
51V(n,p)51Ti, since the production of 5lTi from 5oV is impossible by a 
neutron irradiation. Since the 52Cr(n,5n)48~r reaction has threshold energy 
of 45.7 MeV, this reaction is energetically impossible by these neutron 
irradiations, and the 50Cr(n,3n)4*Cr reaction is clearly identified. From the 
similar reasons, upper 17 reactions in table I1 can be even identified from 
the p-Be e eriment using natural samples. 7 The 4Na can be produced by the 24Mg(n,p). 25~g(n,d)  and 26Mg(n. t) 
reactions, and this production is noted as Mg(n,xnp) reaction in table 11. 
The lowest threshold energy among the possible reactions is also listed with 
the corresponding reaction. The lower 15 reactions in table I1 are treated in 
the similar way. Some Q values of the possible reactions are positive, for 
example ~ ~ v ( ~ , u ) ~ ~ s c .  The cross sections for thermal neutrons, however, 
are nkg~igibl~ small, and they are also treated as the results of fast-neutron 
activation. 

The obtained cross section curves are shown in the Figs. 6a through 6d 
for the reactions of 23Na(n, 2n)22Na, 27Al(n,a)24~a, lg7~u(n,4n) 1 9 4 ~ ~ .  and 
197~u(n,2n)196~u, respectively. Since these reactions are often used for 
neutron dosimetry and the cross sections have been well measured by many 
researchers, a comparison between our results and many reference data 
gives good idea on the accuracy of this work. 

1]23~a(n,  2n)22Na 
The two unfolded results of the SAND-I1 and the NEUPAC codes 

resemble each other as shown in Fig. 6a, and they are close to the curve of 
IAEA. [13] The result of the least square fitting has smaller value than the 
other at the energy region lower than 25 MeV, that is, the result of the 



ALICE code have a gentler leading slope. The experimental data, in the 
compilation by McLane et al. [14] which is the 4th edition of the BNL-325 
and referred as BNL325, can be classified into 3 groups, and our result is 
close to the data of Menlove et al. The evaluation of ENDF-B/IV seems to be 
underestimation between 15 and 20 MeV, and that of ENDF-B/V might be 
overestimated. 
2]27~l(n, a)24Na 

The two unfolded results in Fig. 6b agree well with the evaluation of 
Greenwood (151 and ENDF-B/V within the error. The small bump at 25 MeV 

Table 11. Reactions of which cross sections were measured and their 
threshold energies. 

Reaction Threshold energy of reaction 
23~a(n,2n)22Na 13.0 MeV 
27~l(n,a)24Na 3 -2 
51V(n,a)48Sc 2.1 
51V(n,p)5 1Ti 1.7 
50Cr(n, 3n)48Cr 24.1 
50Cr(n, 2n)49C r 13.3 
55Mn(n,pa)51Ti 9.2 
55Mn(n94n)52Mn 31.8 
55Mn(n,2n)54Mn 10.4 
63Cu(n,3n)61Cu 20.1 
63Cu(n,2n)62Cu 11.0 
65Cu(n,p)65Ni 1.4 
W n ( n  ,t)62Cu 10.2 
Ma(n,3n)62Zn 21.3 
@Zn(n,2n)63Zn 12.0 
197Au(n,4n)194Au 23.2 
197Au(n,2n)196Au 8.1 
Mg(n,xnp)24Na 4.4 24Mg(n,~) 
Si(n,xnp)28Al 3.5 28s i (n ,p) 
Si(n,xnp)29Al 2.5 29Si(n,p) 
Si(n,xn2p)27Mg 4.3 30s i (n, a )  
Ca(n ,xnp)QK 2.3 42Ca(n,p) 
Ca(n,xnp)43K 5.4 43Ca(n,p) 
v (n,xn2p)46S c 10.1 5oV(n p a )  
V(n,xn2p)47Sc - 5OV(n ,a)  
Cr(n,xnp)52V 2.7 52Cdn 4 )  
Cr(n,xnp)53V 2.2 53Cr(n,p) 
Cu(n,xn2p)62mCo 0.1 65Cu(n,a) 
Zn(n,xn2p)65Ni - 68Zn(n ,a) 
Zn(n ,xnp)64Cu - 64Zn(n,p) 
Zn(n,xnp)66Cu 1.4 66Zn(n,p) 
Zn(n,xnp)68mCu 3.4 68Zn(n,p) 



in the SAND-I1 result might be caused by the 2 7 ~ l ( n , n 3 ~ e ) 2 4 ~ a  reaction of 
which threshold energy is 24.6 MeV. 
31 1g7Au(n, 4n) 1 g 4 ~ u  

The results are shown in Fig. 6c, and resemble each other. The 
estimation by Greenwood shows larger value at whole energy region, and his 
data might be overestimated. 
41 1g7Au (n ,2n) 1 9 6 ~ ~  

As shown in Fig. 6d. the two unfolded results and the result of the least 
square fitting resemble each other except for the case of the SAND-I1 r~sul t  
at high enera .  The estimation of Greenwood agrees well with the data of 
ENDF-B/V, but our results are about 15% smaller than that of him at the 
whole energy region. 

Results of the p-Be experiment have large error coming from unfolding 
process, and are much effected by the initial guess data which are mostly 
obtained by the ALICE calculations. Our obtained data, however, will be 
useful, since there are very few experimental data above 20 MeV. 
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Fig.4 Neutron spectra at 0 degree from 7U+C and C targets bombarded by 40 
MeV protons. 
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Fig.5 Angular distributions of p-7U peak neutrons. 
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Fig. 6a-6d Obtained excitation function curves. 



n-p Cross Section Workshop 

R. C. Haight, chairman 

The n-p differential scattering cross section is generally 
recognized as the primary standard cross section for 
determining neutron fluence in the region above 20 MeV. 
Incident neutrons'knock protons out of an hydrogenous 
radiator, and these proton recoils are counted with several 
types of detectors including magnetic spectrometers, solid 
state detectors, scintillators, and multi-element 
coincidence counters. The neutron fluence is then deduced 
from the differential n-p cross section and physically 
measurable details of the hydrogenous radiator and the 
detectors. 

Standard n-p reference cross section data exist from low 
energies to tens of MeV. These data in the ENDF/B-VI 
standards file are often used and extend from 10- eV to 30 
MeV. Above 30 MeV there is no standard data file although 
there are phase shift analyses of the experimental data (see 
for example contributions to this meeting). Models of the 
n-p interaction in terms of mesov exchange also are useful 
in providing a physical understanding for the energy 
dependence of the interaction. 

Experimental data on n-p scattering observables are compiled 
at the four nuclear data centers which distribute the data 
to researchers in their respective areas of responsibility. 
New measurements have been made in recent years on the total 
n-p cross section (Los Alamos), the differential cross 
section and polarization (Karlsruhe), differential cross 
section (Uppsala), and spin observables (Los Alamos and 
Saclay). These precise data are important additions to the 
data base from below 20 MeV to over 1000 MeV. 

When the n-p cross section is used as a standard reference 
cross section, the values used need to be available for 
future use in case the standard cross section is revised. 
The ENDF/B-VI file has these data below 30 MeV and can serve 
as a source that is easily obtained. From 30 to 350 MeV, 
the V7L35n phase-shift solution of R. A. Arndt can be used. 
Praf. Arndt offered to make this set available through a 
FORTRAN subroutine in the next few months. At higher 
energies, Prof. Arndt also has phase shift solutions, but, 
because of a steady flow of new experimental results, these 
solutions are not as stable as at lower energies. In any 
case, emerimenters are encouraaed to document the reference 
cross sections thev use, ~referablv with numerical values, 



in ~ublications or in com~uter-readable files sent to the 
data banks with results from the measurements. If the 
reference values will continue to be readily available (such 
as in ENDF files), a reference will be sufficient. 

Uncertainties in the ENDF/B-VI data on the n-p cross section 
are being developed at present. Uncertainties in cross 
sections calculated by phase-shift analyses are believed to 
be not well understood because the chi-squared per point is - -  - ~ -  

about 1.6 for 20,000 data points. In either case it was 
agreed that emerimenters should not include uncertainties 
in the n-D standard cross section when calculatinq overall 
uncertainties in their measurements. 

The problem of bad n-p data was discksed in that they have 
a deleterious effect on chi-squared in phase-shift analyses. 
Sometimes they are thrown out in the analysis and sometimes 
they are kept. If emerimental data are known bv the 
orisinator to be incorrect. then the oriainator should 
yeauest that the data centers withdraw these data. If the 
oriainator has doubts about the aualitv of the data. a 
formal note should be added to the data file describinq the 
problems. 

Several improvements are suggested to improve the n-p 
standard cross section data. 

1. Communication between the evaluators and physicists 
performing phase-shift analyses needs to be 
improved. The former need to be kept informed of 
the most recent phase-shift analyses and the 
latter need to be aware of the uses of the 
evaluated data. 

2. Experimenters are strongly encouraged to send 
experimental n-p results both to the data banks 

to those performing phase shift analysis. 

3. A subroutine to calculate total and differential 
cross sections from recent phase shift solutions 
will be of great use to experimenters. Prof. 
Arndt was thanked for offering to write such a 
subroutine. 

New n-p measurements are planned at Uppsala, Ohio University 
(with NIST and Triangle Universities Nuclear Laboratory), at 
Los Alamos (with NIST and Ohio University), at TUNL, and at 
the National Accelerator Center in South Africa. 

Measurements of other relevant processes could also be of 
great help. For example, neutron scattering and reactions 
an carbon would ~ h e d  light on background events in CH2 
radiators and organic scintillators. Experimenters are 
encouraged to keep in mind the possible applications of data 



and techniques to the n-p standard cross section and 
associated instrumentation. 

These observations and recommendations are submitted to the 
NEANDC for comment and endorsement. 



Summary of The Workshop On 
CROSS SECTIONS ABOVE 20 MeV NEUTRON ENERGY, OTHER THAN HYDROGEN 
SCATTERING OR ACTIVATION, FOR CONSIDERATION AS STANDARDS 
(Chairman: A. Carlson) 

Most neutron cross sections are measured relative to neutron 
cross section standards. This simplifies the measurement by 
replacing one of the most difficult parts of the measurement, the 
determination of the neutron fluence, by the easier process of 
using a neutron cross section standard. The requirements for a 
standard cross section were reviewed at the meeting. The cross 
section should be easy to use and well known. The cross section 
should be large so that reasonable count rates can be obtained 
with moderate sample sizes so that corrections and their 
uncertainties can be minimized. Also the cross section should be 
smooth and reasonably constant with energy. If there is 
structure as a function of energy it must be accurately known 
and must be measured with high resolution. Structure in the 
standard cross section requires that the neutron energy and 
neutron energy spread used in a cross section measurement be well 
known. Competing reactions with the standard material should not 
produce background which can not be discriminated against easily. 

The cross section for low energy neutrons should be small so that 
the background from such neutrons is not a problem. It is 
essential that a suitable detector be available for using the 
standard cross section. The detector should produce large pulses 
with good separation between signal and background. Good timing 
is required for time-of-flight applications. Favorable 
physically properties and cost of the standard material need to 
be considered but these are usually not as important as the other 
factors. A suggestion was made that a depository be maintained 
for these standard materials. The materials could then be 
carefully characterized and certified so that it may not De 
necessary to re-characterize them for each use. 

Many candidates for standards were considered largely based on 
the presentations given at this meeting. The point was made that 
these cross sections are generally easier to use than the 
hydrogen ,scattering cross section. Most of these potential 
standards depend on the hydrogen scattering cross section so 
there was strong support for any work which could lead to 
improved determinations of that standard. It would be desirable 
if appropriate standards were available for each of the types of 
cross section measurements. It is much easier to make a 
measurement if the standard can be used with the same detector as 
that used for the cross section measurement. 

After limited discussion of the various potential sta~dards, the 
following list of the types of standards and suggested candidates 
was proposed. This list is necessarily not complete since very 
little data are available for many of the candidates for 
standards in this energy range. The explanation of the priority 
rating is given below: 



I The cross section is fairly well defined and can be used as 
a standard now. Further work would be helpful. 

I1 More work needs to be done however there may be regions 
where the cross section can be used as a standard. May be 
canceptually a good standard. 

I11 The data base is fairly poor or there may be fundamental 
problems with this cross section as a standard. More work 
may be necessary to determine the usefulness of this as a 
standard. 

STANDARDS FOR SCATTERING: 
REACTION PRIORITY COMMENT 
c(nIn) I1 more data and modeling needed, 4.4 MeV 

first excited state is advantageous 

%e(n,n) I11 highly forward peaked angular 
distribution 

STANDARDS FOR CAPTURE AND INELASTIC SCATTERING: 
REACTION PRIORITY COMMENT 
C(n,nry) I1 - 
Fe(n,nf y) I1 (possibly I) good 
208~b(n,nty) 11 - 
'~i(n,n~y) I11 - 
A1 (nty) I11 - 
Fe (n, 2ny) I11 good 

since 100 mb at 100 MeV 

, there are thresholds 
STANDARDS FOR CHARGED PARTICLE PRODUCTION: 
REACTION PRIORITY COMMENT 
C(n,l?) I1 - 
3 w n c ~ )  I11 - 
3 ~ e  (n , d) I11 - 
T i ( n , ~ )  I11 needs exploratory work 
V ( n , x a )  I11 - 

STANDARDS FOR FISSION: 
REACTION PRIORITY COMMENT 
"%h(n,f) I not sensitive to low energy neutrons, 

not special nuclear material 
235~(r~If) I best data base but sensitive to low 

energy neutrons 

"8~(n, f) I not sensitive to low energy neutrons 

good where-hi h threshold required, 
better than 20'Pb (n, f) ,very poor data 
base though 

208~b (n, f) I11 



The neutron fluence can also be obtained from neutron production 
cross sections. The neutron spectrum from such sources is not 
monoenergetic at high neutron energies, but the dominant neutron 
peak can be utilized using time-of-flight techniques. The T(d,n) 
and D(d,n) cross sections may be useful up to about 30 MeV 
neutron energy. However, caution must be observed concerning 
heating effects in gas targets. The 7 ~ i  (p,n) cross section may 
be. preferred since the fluence can be obtained absolutely by 
using the associated activity technique. With this method the 
total neutron fluence from the source integrated over all angles 
is determined. Combining this result with relative measurements 
of the neutron angular distribution allows the neutron fluence to 
be obtained at a given angle. 

It is also possible to determine the fluence with a calibrated 
detector, i.e., a detector for which the efficiency has been 
determined. Such detectors are effectively transfer standards 
which allow determinations of the neutron fluence at one facility 
to betransferred to another facility. The determination of the 
efficiency relies strongly on pointwise experimental data. 
Models are useful in checking these efficiencies and permitting 
meaningful interpolations and extrapolations of the data. 



WORKSHOP MONITOR REACTIONS FOR RADIATION DOSIMETRY 

Chairman : R-DIERCKX 

In order to interpret radiation damage experiments in high 
energy neutron fields, the main problem is the cross section knowledge above 
20 MeV up to a few hundreds of MeV depending on the reaction. All such cross 
sections available up to now are calculated. Some calculations extend up to 
40 MeV others up to 200 MeV and thereafter are extrapolated arbitrarily. 
Measurements as well as calculations up to 800 MeV are difficult 3nd costly. 
The calculations have to be verified by differential measurements. Integral 
measurements may give some confidence in calculated cross sections but not an 
absolute knowledge. 
This applies to dosimetry reactions, total He production, dpa calculations for 
structural materials and to transmutation product calculations. Apart from 
further theoretical calculations, at least a few differential measurements and - 
integral measurements are necessary if a consistent cross section file for 
energies up to some hundreds of MeV is to be constructed. The maximum energy 
depends on the primary proton beam energy envisaged in eventual future 
spallation source projects. It may be as high as 800 MeV or even 1 GeV. 

The participants have discussed the applicability of different 
nuclear model codes for calculaions of cross-sections in the 
intermediate energy range. It was shown that calculations of 
fission cross-sections are reasonably accurate when codes like 
Alice, Gnash or Syncross are used for energies between 20 and 100 
MeV but at higher energies including models works better (A.LISOWSK1). 

It is recognized by the participants as necessary to dispose of a unique file 
tested with the different activations data sets available up to now. A few 
interested scientists, willing to collaborate, could compile and test this 
file. It was suggested that the IAEA could coordinate such an effort and 
assure the distribution of such a file (as is done for IRDF-90). 
Dr.KOCHEROV from IAEA-NDS was asked to inquire about the possibilities and 
availability of IAEA-NDS to coordinate such an effort. 

This holds not only for dosimetry reactions and cross sections to determine 
radiation damage, but also for cross sections and other nuclear data needed 
for the design of high energy neutron sources, their shielding requirements 
and its application. 



Proton measured activation data, together ~ t h  calculations 
estimating the difference between n and p activation, could 
complete the data in the high-energy region. At WNR-LAMPF 
(as parasite experiment) foil sets could eventually be placed 
in the extracted neutron beams (as they do not perturb the 
neutran beam) making it possible to dispose of activation 
date in measured TOF spectra. Also existing and future 
experiments for othe goals, may deliver useful data for 
dosimetry (f.e. the 

5 6 Fe (n,np experiment, analysing all 
gamma emitted. 

In table I, a list of most used monitor reaction is shown. 

Specific recommendations 

a) the existing high-energy cross section data for helium 
production and neutron monitor reactions should be compiled 
and tested. It is recommended to extend the range of data 
up to 1 GeV. 

b) it is recommended f9at an eval ation o,j,,the two prot 9 
monitor reactions C(p,3p3n) Be and 

9 9 
+3& (p,3p3n) Na 

is sg*nulated. 6gther reactions such as Fe (p,n) 5 6 ~ o  
and Cu (p,n) Zn are considered to represent an important 
means to deal with mixed high energy neutron proton fields, 
typical for spallation sources. 

c) the reactions 2 7 ~ 1  (n x) or (px) " ~ a  and 2 4 ~ a  should be 
considered as reference reactions, and therefore need 
special priority for evaluation. 

d) the inconsistency experienced suggest that tests of the 
most important monitor reactions are necessary. 
Such test should be carried out with well defined spectra 
from time of flight measurements, and widely varying 
spectra, with maximum energies ranging between 100 and 
1000 MeV, should be used. 

el it was agreed that NEANDC will put major effort in developing 
primary standards, like n,p elastic scattering while i t  is 
hoped that the nuclear data section of the IAEA would take care 
of the monitor reaction cross-sections used in this energy 
range of incident neutrons. 

Many measurements of the present activation reactions leading 
to long lived activities of interest in fusion radioactivity 
calculations are limited in accuracy due to large uncertainties 
in the half-lives and decay data of the product nuclides. 
Therefore a reexamination of these data for a broad range of 
applications is recommended in case of discrepancies. 



APPENDIX I : ACTIVATION REACTIONS USED IN HIGH ENERGY 
NEUTRON DOSIMETRY 


