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1. Introduction 

This report.summarizes the evaluation of neutron and gamma-ray 

production cross sections for Mn55 from 1.0 x 10-5e~ t o  20.0 MeV for ENDF/B-IV. 

The resolved resonance parameters and the associated smooth background 

in File 3 are taken over from the ENDF/B-11 (MAT=2019) evaluation. In addition, 

the neutron cross-sections at higher energies have been reevaluated and the 

gamma-ray production cross-sections have been added. 

2. General Information (File 1) 

2.1 General Identification 

Mn 55 

MAT = 1197 

ZA = 25055.0 

AWR = 149.623 

R = 0.454 x 10-12cm 

I = 2.5 

and the (n, particle) Q values are given in Table 1. 

2.2 Radioactive Decay (MT = 453) 

The data of radioactive decay have remained the same as the data of 

ENDF/B-11. The data were not newly evaluated. 

3. Resonance Parameters (File 2) 

3.1 Resolved Resonance Region 

Since an extensive study of the available exper5mental and the 

calculated cross-section was carried out in evaluating the resolved resonance 

region of the ENDF/B-11 evaluation ( M T = 1 O L 9 ) ,  it was decided to retain these 

resonance parameters and the associated background in File 3. The only change 

made in these parameters was to reduce the gamma-width from 0.52 eV to 0.516 eV. 



The thermal cap tu re  cross-sect ion c a l c u l a t e d  from t h e s e  parameters i s  13 .3  

barns  and the  capture  resonance i n t e g r a l  from 0.5 eV up i s  15.31 barns. 

3 .2  Unresolved Resonance Region 

No unresolved resonance parameters a r e  given i n  t h i s  eva lua t ion .  

4 .  Neutron Cross Sect ions  ( F i l e  3) 

4 . 1  To ta l  Cross Sect ion (MT = 1) 

From 1.0-05 eV t o  80 keV, the  c r o s s  s e c t i o n  i s  given by the  resolved 

resonance parameters.  Above t h i s  energy, t h e  c r o s s  sec t ion  up t o  500.0 keV w a s  

based on the Stubbin 's  data(3)  and Rohr e t  a l ' s  d a t a  ( 2 ) .  The c r o s s  s e c t i o n  

from 500 keV t o  20.0 MeV was based on t h e  KFK Cie r j ack ' s  da ta  ( 4 )  . The cross-  

s e c t i o n s  were obtained by s p l i n e  f i t  t o  the experimental da ta .  

4.2 E l a s t i c  S c a t t e r i n g  Cross Sec t ion  (MT = 2) 

The e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s  i n  t h e  energy range higher 

than t h e  resolved resonance energy were obtained by sub t rac t ing  t h e  non-elas t ic  

c ross  s e c t i o n  from t h e  evaluated t o t a l  c ross  s e c t i o n .  

4 . 3  Nonelast ic  S c a t t e r i n g  Cross Sect ion (MT = 3) 

The n o n e l a s t i c  s c a t t e r i n g  c ross  s e c t i o n  was ca lcu la ted  by summing 

up a l l  c ross  s e c t i o n s  except t h e  e l a s t i c  s c a t t e r i n g  c r o s s  sec t ion .  

4.4 I n e l a s t i c  S c a t t e r i n g  Cross Sect ion (ETT = 4 ,  51, 52 ..., 91) 

The i n e l a s t i c  s c a t t e t i n g  cross  s e c t i o n s  were given a s  t o t a l  (MT = 4 ) ,  

d i s c r e t e  l e v e l  e x c i t a t i o n  c r o s s  s e c t i o n s  (M"I = 5 1  ...) of t h e  f i r s t  5 l e v e l s  

and continuum level e x c i t a t i o n  c r o s s  section (MT = 91). The l e v e l  scheme f o r  

these  d i s c r e t e  l e v e l s  was taken from t h e  d a t a  of ref (5) ,  and is tabu la ted  

i n  Table 2. 

The i n d i v i d u a l  exc i ta t ion  func t ions  c a l c u l a t e d  by us ing t h e  COMNUC-3 

codes ( 6 )  give goad agreement wi th  t h e  experimental data (7)-(12', so  that these 



ca lcu la ted  values  a r e  taken a s  t h e  evaluated values .  The o p t i c a l  model 

parameters used i n  t h i s  c a l c u l a t i o n  w i l l  be descr ibed i n  the  s e c t i o n  on 

the o p t i c a l  model. The c r o s s  sec t ions  of the  ind iv idua l  d i s c r e t e  l e v e l s  

a r e  given up t o  9 MeV. Above t h i s  energy t h e  c ross  sec t ions  a r e  s e t  equal  

t o  zero by neglect ing t h e  d i r e c t  process .  An improve men^ f o r  the  eva lua t ion  

can be  done us ing  t h e  coupled-channel c a l c u l a t i o n  by J u p i t o r  code(l3'. For 

the  i n e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  which e x c i t e s  t h e  continuum of levels, 

the  evaluated d a t a  a r e  taken from t h e  ca lcu la red  r e s u l t s  of COMNUC-3 and 

GROGT-111 (14 )  . 
4.5 (n,p) and (n ,nlp)  Cross Sect ions  (MT=l03, 28) 

M o s t  of the experiments f o r  rhe (n,p) c ross  s e c t i o n  were c a r r i e d  

out around 1 4  MeV (Ref. 16-21). The c ross  s e c t i o n s  ca lcu la ted  by using 

the  COMNUC-3 and GRBGI-111 codes were taken as the evaluated da ta .  The c ross  

section of (n ,nlp)  r e a c t i o n  was ca lcu la ted  by GIldGI-111 code. 

4 . 6  (n,a) and (n,n'  a) Cross Sect ion (M~=1071,22) 

The (n,a) c ross  s e c t i o n s  i n  t h e  neutron energy range between 12  M e V  

(23)  and 19 MeV have been measured by F. Gabbard e t  a1(22) and M. Bormann e t  a1 . 
The cross  sec f ions  of Gabbard e t  a1 are l a r g e r  than Bormann's d a t a  i n  the 

low energy region from 1 2  t o  1 4  MeV, but  t h e  former become smaller than  the  

l a t t e r  i n  t h e  high energy range. The c ross  sec t ions  of Gabbard show s t rong  

s t ruc tu re .  T h e  o the r  d a t a  (24)-'27) a r e  s c a t t e r e d  above or  below these  two d a t a  

s e t s  but the recent  data show r a t h e r  smal ler  values .  

The nuclear  model ca lcu la t ions  using the  s t a t i s t i c a l  model codes 

GRgGI-111, COMNUC-3 and t h e  semi empir ical  s t a t i s t i c a l  model code THRESF (28) 

were performed. The c a l c u l a t i o n s  using GRaGI-3 code were c a r r i e d  out  us ing 

two o p t i c a l  p o r e n t i a l  parameters of Becche t t i  and ~ r e e n l e e s ( ~ ~ )  and Igo-Huizenga. 



The c r o s s  s e c t i o n  ob ta ined  from the latter p o t e n t i a l  shows t h e  lower c r o s s  

s e c t i o n .  The c r o s s  s e c t i o n s  c a l c u l a t e d  by THRESH code a r e  l a r g e r  than those  

c a l c u l a t e d  by B e c c h e t t i  and Greenlees  ('') parameters  i n  t h e  neu t ron  energy 

range from 12 MeV t o  20 MeV. 

I n  t h e  energy range less t h a n  1 2  MeV, t h e r e  a r e  no exper imenta l  

da t a ,  s o  t h a t  we eva lua t ed  t h e  c r o s s  s e c t i o n  i n  t h i s  range  by model ca l cu l a -  

t i o n s .  The s t a t i s t i c a l  models used--GR@GI-I11 and THRESH a r e  n o t  accu ra t e  

nea r  t he  l o w  energy r eg ion .  So t h a t  t h e  c a l c u l a t e d  v a l u e  ob ta ined  from 

COMNUC-3 code i s  used a s  eva lua t ed  d a t a .  

4.7 (n ,  2n) , (n ,  3n) Cross Sec t ions  (MT=16) (MT=17) 

The (n ,2n )  a c t i v a t i o n  c r o s s  s e c t i o n  of ~n~~ i n  t h e  neu t ron  range 

from 12.6 t o  19.6 MeV has been measured by Menlove a t  n1(30) and A .  Paulsen,  

H. ~ i s k i e n ' ~ ' ) .  The o t h e r  d a t a  f o r  t h e  c r o s s  s e c t i o n s  were ob ta ined  e i t h e r  

a t  one energy around t h e  14 MeV o r  measured over t h e  f i s s i o n  neutron 

The Paulsen e t  a l ' s  d a t a  a r e  about 15% h i g h e r  t han  t h e  Menlove's 

data and a l s o  show s m a l l  f l u c t u a t i o n s .  The Pau l sen ' s  experiment was per- 

formed by us ing  t h e  p ro ton  r e c o i l  t e l e s c o p e  t echn ique  t o  measure the abso lu t e  

f lux ,  and t h e  Menlove's d a t a  a r e  ob ta ined  from t h e  r a t i o  measurements t o  t he  

,,235 
f i s s i o n  c ross  s e c t i o n .  

These c r o s s  s e c t i o n s  were eva lua t ed  by comparing t h e s e  w i t h  t h e  

r e s u l t s  c a l c u l a t e d  by us ing  t h e  n u c l e a r  model codes GROOI-111 and THRESH. 

There a r e  no exper imenta l  d a t a  nea r  t he  t h r e s h o l d  ene rgy ,  and 

GRC~GI-111 code cannot  t r e a t  t h e  d i s c r e t e  e x c i t e d  l e v e l ,  s o  t h a t  t h e  c r o s s  

s e c t i o n s  n e a r  t h e  t h re sho ld  were c a r e f u l l y  eva lua t ed  by us ing  t h e  t r ansmis s ion  

c o e f f i c i e n t s  ob ta ined  from o p t i c a l  model c a l c u l a t i o n s .  T h e  (n ,3n)  cross 

s e c t i o n  c a l c u l a t e d  from the  G R ~ ~ G I - I 1 1  code w a s  t aken  a s  eva lua t ed  c r o s s  s e c t i o n .  



4.8 (n ,d)  React ion  Cross S e c t i o n  (MT=104) 

(n,d) r e a c t i o n  c r o s s  s e c t i o n  curve  is  c a l c u l a t e d  by t h e  TdRESH code 

and i t  i s  normalized t o  t h e  expe r imen ta l  va lue  of r e f e r e n c e  (33 ) .  

4.9 (n,l4e3) React ion  Cross S e c t i o n  (MT-106) 

3 
(n,He ) r e a c t i o n  c r o s s  s e c t i o n s  a r e  eva lua t ed  by referring t o  the  

exper imenta l  va lues  of Refs (34, 35,  & 3 6 ) .  

4.10 The Rad ia t ive  Capture Cross  Sec t ion  (MT=102) 

The r a d i a t i v e  c a p t u r e  c r o s s  s e c t i o n  up co 80 keV neu t ron  energy i s  

given by the resonance  pa rame te r s  a s  d iscussed above. The neu t ron  cap tu re  

c r o s s  s e c t i o n  above 0.5 MeV was c a l c u l a t e d  by us ing  t h e  s t a t i s t i c a l  model code 

COMNUC-3 wi th  Axel ' s  y-ray s t r e n g t h  f u n c t i o n  which d e v i a t e s  "rom t h e  expe r i -  

mental  va lue  i n  t h e  same way as shown by Devbenko's ca l cu l a t ion '37 ) .  So t h a t  

t h e  c ros s  s e c t i o n s  between 0 . 1  MeV and 2.5 MeV was eva lua t ed  most ly  from t h e  

exper imenta l  d a t a  (37 ) - (41 )  b u t  t h e  sma l l  s t r u c t u r e  due t o  t h e  opening of t h e  

i n e l a s t i c  neut ron channels  were taken i n t o  account  by t h e  r e s u l t s  of t h e  

COMNUC-3 c a l c u l a t i o n s .  The c r o s s  s e c t i o n s  between 2 .5  MeV and 10  MeV were 

evaluated  from t h e  Menlove e t  a 1  d a t a  and t h e  ones from 10 MeV t o  20 MeV were 

based on fhe Longo-Saporetti 's (42) semi-di rec t  process  c a l c u l a t i o n s .  The 

cap tu re  c ros s - sec t ion  is shown in  F ig .  1. 

5 .  Angular D i s t r i b u t i o n  of Secondary Neutrons ( F i l e  4) 

5 .1 E l a s t i c  S c a t t e r i n g  (MT = 2) 

For neu t ron  energy up t o  8.05 MeV, the angu la r  d i s t r i b u t i o n s  measured 

by S. and B. H o l m q v i ~ t ' ~ ~ )  e t  a1 were taken a s  t h e  e v a l u a t e d  d a t a .  

These a r e  shown i n  the BNL-400(45). Above t h i s  energy up t o  20 MeV, t h e  shape  

e l a s t i c  s c a t t e r i n g  c a l c u l a t e d  by t h e  o p t i c a l  model code ABACUS-2(46) u s i n g  

t h e  Becchet t i -Greenlees ' s  o p t i c a l  parameters  was adopted as t h e  eva lua t ed  d a t a .  



The Legendre c o e f f i c i e n t s  c a l c u l a t e d  by CHAD were given i n  F i l e  4 .  

5 .2  I n e l a s t i c a l l y  Sca t t e red  Neutrons (n, 2n) , (n,3n) , (n ,nlp)  and 

(n ,n lu )  r e a c t i o n s  (MT=51 ,..., 9lYMT=16,17,22,23) 

Neutrons from these  r e a c t i o n s  were assumed t o  be i s o t r o p i c  i n  t h e  

cen te r  of mass system. 

6 .  Energy D i s t r i b u t i o n  of Secondary Neutrons ( F i l e  5) 

6 . 1  (n,2n), (n,3n) and (n ,n ' )  r e a c t i o n s  (KC=16,17, and 91) 

The energy d i s t r i b u t i o n  of neutrons from t h e  (n ,2n) ,  (n,3n) and 

t h e  i n e l a s t i c  s c a t t e r i n g  c ross  s e c t i o n  of t h e  continuum p a r t  were assumed t o  

have the form of an evaporat ion spectrum. The  e f f e c t i v e  temperature of these 

evaporat ion s p e c t r a  were obtained by GR~GI-111 codes. 

7. Mua t i ~ l i c i t i e s  and Transi t ion P r o b a b i l i t y  Array of Gamma-Rays ( P i l e  12)  

7 . 1  Radiat ive  Capture Gamma-Rag M u l t i p l i c i t y  

The gamma-ray s p e c t r a  d u e  to thermal neutron capture  i n  55Mn isotope 

were measured by Hughes, e t  a1. ( 4 7 ) ,  Groshev e t  a1'48) : Bartholomew e t  a 1  ( 4 9 )  

and Rasmussen e t  a1 (") (51) '52) ( 5 ~ ~ ) .  The evaluated da ta  were taken mostly 

from Groshev's da ta .  For t h e  e p i t h e m a l  resonance capture ,  t h e  high energy 

I-ray s p e c t r a  measured by R.  Chrien e t  a1(53)end P .  Van Assche e t  a1'54) were 

used as the  evaluated d a t a .  The m u l t i p l i c i t i e s  i n c r e a s e  a s  a funct ion of 

inc iden t  neutron energy t o  preserve t h e  t o t a l  energy r e l e a s e .  There a r e  no 
4 

experimental data f o r  neutron energ ies  l a r g e r  than I MeV.  So t h e  gamma-ray 

production c ross  s e c t i o n s  f o r  a l l  r eac t ions  were ca lcu la ted  by the  GROGI-111 
1. 

code. The m u l t i p l i c i t i e s  a r e  t abu la ted  i n  t h i s  f i l e .  

7.2 Trans i t ion  P r o b a b i l i t y  Array f o r  Gamma-Ray due  t o  I n e l a s t i c  Neutron Scattering 

The electro-magnetic t r a n s i t i o n  p r o b a b i l i t i e s  from t h e  exc i t ed  

l e v e l s  of 55Mn i so tope  were measured by several authors  (56)-(58) . The evaluated 



t r a n s i t i o n  p r o b a b i l i t i e s  were ca lcu la ted  from t hese  d a t a .  

8. Angular D i s t r i b u t i o n  o f  Gamma-Ray ( F i l e  14 )  

All gamma-rays produced by neu t ron  cap tu re  (MT=102), i n e l a s t i c  

neutron s c a t t e r i n g  (MT=51%55) and non e l a s t i c  s c a t t e r i n g  (MT=3) a r e  assumed 

t o  be i s o t r o p i c .  

9. Energy D i s t r i b u t i o n  of Secondary Gama-Rays ( F i l e  15) 

The energy d i s t r i bu t i on  of t h e  secondary gamma-rays due t o  thermal 

neutron cap tu re  were expressed by a his togram type of spectrum wi th  0.25 MeV 

b in  energy width. The ones due t o  the  non e l a s t i c  s c a t t e r i n g  for t he  neutron 

energy more than 1 MeV are t abu la ted  a s  histogram type of spectrum w i t h  0.5 MeV 

b i n  energy width. 

10. Nuclear Model Calculations 

10.1 Optical Model Parameter 

I n  t h i s  eva lua t ion  work, o p t i c a l  model c a l c u l a t i o n  has  been used t o  

obtain the neutron,  proton and a p a r t i c l e s  p e n e t r a b i l i t i e s .  A s p h e r i c a l  

o p t i c a l  potential i n  t h e  fol lowing form was used. 

where 

2 
V = Z Z 1 e  /r  r 2 Rc 



f (x)  = (1 + ex)-' where x = (r - r 0 ~ l i 3 )  la 

1 
The neutron parameters at a neutron energy E (MeV) a r e  mostly taken 

from Becche t t i  and ~ r e e n l e e s ' ~ )  da ta ,  which is shown as  follows: 

V = 56.3 - 0 .32E - 2 4 ( ~ - 2 ) / A  

W = 0.22E - 1.56  o r  ze ro  whichever is g r e a t e r  

WD = 1 3  - 0.25E - 12(N - Z ) / A ,  o r  zero whichever i s  grea te r  

rW = rD = 1.26 aW = an = 0.58 

Vso = 6.2 

r =1.1 
s 0 

a = 0.75 
s 0 

where the unit: 05 length i s  i n  Fermis. 

For protons ,  t h e  fol lowing parameters a r e  used: 

W = 0.22E - 2.7, o r  ze ro ,  whichever is g r e a t e r ,  

WD = 11.8 - 0.25E + 1 2 ( ~ - z ) / A ,  o r  zero,  whichever is  g r e a t e r .  

rW = rD = 1 . 3 2 ,  % = aD = 0.51 + 0.7(N-z)/~ 

Vso = 6.2 

r = 1.01, a = 0,75 
s 0 s 0 

The a l p h a  parameters are taken from t h e  data obtained by C.  R .  Bingham 

et al. 
59 
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12. Evaluated Cross-Sections 

In addition to the evaluated capture cross-section of 55fi shown in 

Fig. 2 - 4 show plots of the remaining evaluated cross-sections from the 

data files. 



The Legendre c o e f f i c i e n t s  c a l c u l a t e d  by CHAD were given i n  F i l e  4 .  

5 .2  I n e l a s t i c a l l y  Sca t t e red  Neutrons (n, 2n) , (n,3n) , (n ,nlp)  and 

(n ,n lu )  r e a c t i o n s  (MT=51 ,..., 9lYMT=16,17,22,23) 

Neutrons from these  r e a c t i o n s  were assumed t o  be i s o t r o p i c  i n  t h e  

cen te r  of mass system. 

6 .  Energy D i s t r i b u t i o n  of Secondary Neutrons ( F i l e  5) 

6 . 1  (n,2n), (n,3n) and (n ,n ' )  r e a c t i o n s  (KC=16,17, and 91) 

The energy d i s t r i b u t i o n  of neutrons from t h e  (n ,2n) ,  (n,3n) and 

t h e  i n e l a s t i c  s c a t t e r i n g  c ross  s e c t i o n  of t h e  continuum p a r t  were assumed t o  

have the form of an evaporat ion spectrum. The  e f f e c t i v e  temperature of these 

evaporat ion s p e c t r a  were obtained by GR~GI-111 codes. 

7. Mua t i ~ l i c i t i e s  and Transi t ion P r o b a b i l i t y  Array of Gamma-Rays ( P i l e  12)  

7 . 1  Radiat ive  Capture Gamma-Rag M u l t i p l i c i t y  

The gamma-ray s p e c t r a  d u e  to thermal neutron capture  i n  55Mn isotope 

were measured by Hughes, e t  a1. ( 4 7 ) ,  Groshev e t  a1'48) : Bartholomew e t  a 1  ( 4 9 )  

and Rasmussen e t  a1 (") (51) '52) ( 5 ~ ~ ) .  The evaluated da ta  were taken mostly 

from Groshev's da ta .  For t h e  e p i t h e m a l  resonance capture ,  t h e  high energy 

I-ray s p e c t r a  measured by R.  Chrien e t  a1(53)end P .  Van Assche e t  a1'54) were 

used as the  evaluated d a t a .  The m u l t i p l i c i t i e s  i n c r e a s e  a s  a funct ion of 

inc iden t  neutron energy t o  preserve t h e  t o t a l  energy r e l e a s e .  There a r e  no 
4 

experimental data f o r  neutron energ ies  l a r g e r  than I MeV.  So t h e  gamma-ray 

production c ross  s e c t i o n s  f o r  a l l  r eac t ions  were ca lcu la ted  by the  GROGI-111 
1. 

code. The m u l t i p l i c i t i e s  a r e  t abu la ted  i n  t h i s  f i l e .  

7.2 Trans i t ion  P r o b a b i l i t y  Array f o r  Gamma-Ray due  t o  I n e l a s t i c  Neutron Scattering 

The electro-magnetic t r a n s i t i o n  p r o b a b i l i t i e s  from t h e  exc i t ed  

l e v e l s  of 55Mn i so tope  were measured by several authors  (56)-(58) . The evaluated 
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Table 1. Q Values and Thresholds f o r  Several 

Neutron Reactions an 55Mn. 

Reaction 

Threshold 

(MeV) 



Table 2. 

Nuclear Level Structure of 55Mn 

Eex (MeV) 

0.0 

0.1258 

0.984 

1.292 

1.528 

1,883 
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