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ABSTRACT 

Evaluated neu t ron  c r o s s  -sect ion data  f o r  copper- 63, copper-65, 

and na tu ra l ly  occur r ing  copper  have been p r e p a r e d  fo r  the ENDFIB 

nuc lea r  data  file. Calculat ions , based  on nuc lea r  sy s t ema t i c s ,  

we re  used to  augment available exper iment  data ,  where  requ i red .  

A complete  s e t  of neu t ron  c ro s s - s ec t i on  data  was  p r e p a r e d  for  
- 3 

each nuclide,  f o r  incident neutron ene rg i e s  between 10 and 1.5 x 
7 

10 ev.  These  data ,  i n  ENDF/B fo rma t ,  have been fo rwarded  to  

the  National Neutron C r o s s  Section Cen t e r ,  a t  Brookhaven National 

Labora to ry ,  for  d is t r ibut ion.  

AI-AEC - 12741 
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I. INTRODUCTION 

An evaluation or' available measured  c r o s s  sections,  resonance pa ramete r s ,  

differential angular distributions, and other pertinent data for the two naturally 

occurring isotopes of copper and for natural  copper has  been completed. Meas-  

ured values were selected when they were available, even though some wide d is -  

crepancies between measured  values for natural  copper and values calculated 

by combining values for the isotopes, weighted by their  relative abundances, 

were found. Calculations were made to obtain pa ramete r s  for negative energy 

resonances which provided matches to low-energy absorption and scattering 

c r o s s  sections.  The evaluated resolved and unresolved resonance pa ramete r s  

were checked by comparing calculations of absorption c r o s s  sections and reso-  

nance integrals  f rom the TRIX-1 code" ) with measurements .  Adequate agree - 

ment was found. The unresolved parameters  were used to calculate background 

c r o s s  sections in the resolved resonance region from p-wave neutrons.  

Above the resonance region, the main source of data was the UKAEA Nuclear 

Data L ib ra ry  fi les for copper, a s  compiled by Offord and p a r k e r J 2 '  These files 

combined the evaluations of Benzi and Haggblom, along with severa l  improve- 

ments .  An analysis of this evaluation indicated that little improvement would be 

obtained by another complete evaluation at  this t ime; thus, the UKAEA resul ts  

above 100 kev were used, essentially a s  i s .  One a r e a  of improvement was the 

use of m o r e  recent experimental angular distributions in the evaluation of elastic 

neutron scattering in t e r m s  of Legendre expansion coefficients. 

AI-AEC- 12741 
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11. EVALUATION OF THE NEUTRON CROSS SECTIONS OF COPPER 
FOR THE ENDF/B LIBRARY 

A. LOW-ENERGY CROSS-SECTION DATA 

1 .  Energy Ranges and Reaction Types 

The low-energy region was defined to be 0.001 ev  to 100 kev. The range 

was divided into three  par t s ,  in each of which the c r o s s  sections a r e  presented 

somewhat differently. The ranges a r e  0.001 to 10 ev, 10 ev to 30 kev, and 30 

to 100 kev. 

The significant neutron reactions in the low-energy range a r e  radiative cap- 

ture  and elastic scat ter ing.  The total  c r o s s  section i s  taken to be equal to the 

sum of the part ia l  c r o s s  sections for  consistency. 

2 .  Energy Range, 0.001 to 10 ev  

The evaluated c r o s s  - section data a r e  entered a s  smooth data only. The data 

for each isotope were calculated f rom the resolved resonance pa ramete r s ,  using 

the Breit-  Wigner multilevel scattering formula.  ( 4 - 7 )  No c rys t a l  binding effects 

a r e  included. The absorption c r o s s  section of natural  copper was obtainedfrom 

the abundance-weighted isotopic values. The scattering c r o s s  section for  natural  

copper, 7 . 7  b, was obtained f rom an evaluation of reported measurements ,  and 

differs f rom the isotopically combined value of 8.6 b by m o r e  than 10%. 

3. Energy Range, 10 e v  to 30 kev 

Both File 3 smooth data and resolved resonance pa ramete r s  a r e  ~ r o v i d e d .  

All the resolved resonances a r e  t reated a s  1 = 0 resonances.  Components of 

both the radiative capture and elastic scattering c r o s s  sections from neutrons 

with Q > 0 were calculated from unresolved resonance pa ramete r s ,  using the 

TRIX-1 code,") and were entered in File 3 as  smooth data. 

4. Energy Range. 30 to 100 kev 

C r o s s  sections a r e  specified for the smooth data file only. The total  c r o s s  

sections for  the isotopes, and for natural  copper, were taken to be equal. The 

elastic scattering c r o s s  section was defined to be the difference between the total 

and radiative capture c r o s s  sections,  with the radiative capture c r o s s  sections 



taken f rom the evaluation of measu red  values in Section 11-D. The radiative 

capture  c r o s s  section of natural  copper i s  not equal to the abundance-weighted 

sum of the isotopic values .  The la t te r  i s  f rom 45 to 75% l a r g e r  than measu red  

values for  na tura l  copper in this energy range, and constitutes a discrepancy 

which has  not been resolved.  

Unresolved resonance pa rame te r s  for  this region a r e  not given explicitly 

in  the ENDFIB l ib ra ry ,  since the capture  c r o s s  sections a r e  entered a s  smooth 

data,  ra ther  than being produced f rom resonance p a r a m e t e r s ;  however, unre-  

solved resonance p a r a m e t e r s  a r e  given in this r epo r t .  They may  be used to 

obtain an al ternate  s e t  of data,  in which the natural  copper capture c r o s s  section 

i s  the abundance-weighted sum of i ts  isotopes,  and to  calculate self-  shielded 

c r o s s  sect ions .  

B. RESONANCE PARAMETERS 

1 .  Resolved Resonances 

The recommended pa rame te r s  of Reference 8 were adopted for the resolved 

resonances  with positive energ ies .  All resolved resonances  were t rea ted  a s  

Q = 0 resonances .  The top of the resolved resonance range was chosen a s  30kev; 

since,  below that energy, near ly  every  sizable resonance has  been assigned to 

a par t icular  isotope.  Most of the resonances below 30 kev occurr ing in the total  

c ross -sec t ion  curves  for  natural  copper in Reference 8 appear to exhibit the 

scattering interference charac te r i s t ic  of Q = 0 resonances .  

Although some la rge  Q = 1 resonances a r e  probably included in the resolved 

resonances ,  par t icular ly  a t  the higher energ ies ,  some smal l  Q = 0 resonances 

a r e  probably unresolved. Thus, the assumption that the number of resolved 

resonances  i s  the number of I = 0 resonances  below 30 kev i s  plausible.  Fur ther  

m o r e ,  the observation of P = 1 resonances  has  an appreciable probability only in 

the high-energy portion of the range,  so  only smal l  e r r o r s  in the resonance 

scat ter ing c r o s s  section below 10 ev  should be introduced by using the P = 0 

formula for a l l  resonances  (See also the discussion of Section 11-D). 

P a r a m e t e r s  for  one bound level for each isotope were determined by match-  

ing the evaluated scattering and absorption c r o s s  sections at  v = 2200 m l s e c .  

Posit ive energy pa rame te r s  contribute only 11 and 470 of the absorption c r o s s  s e c -  
6 5 tion, and 6 4  and 30% of the scattering c r o s s  section,  for  ~u~~ andCu , respectively.  

AI-AEC -12741 
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TABLE 1 

RESOLVED RESONANCE PARAMETERS FOR ~u~~ 

:kJ value assigned, (2g r ) preserved .  n 

TABLE 2 

RESOLVED RESONANCE PARAMETERS FOR ~u~~ 

::J value assigned, (2g r ) preserved .  n 

AI-AEC - 12741 
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Resonance energies  and scattering level widths a r e  l isted in Tables 1 and 2.  

Where the value of the compound nucleus spin quantum number ( J )  i s  unknown, 

one of the two possible I = 0 values was assigned to facilitate use of the Bre i t -  

Wigner multilevel scattering formula.  ( 4 )  In these cases ,  r. was adjusted to n 
p rese rve  (2g 5).  The frequency of assignment of each J value was approxi- 

mately proportional to ( 25  + 1). The chosen values of the radiative capture 
6 5 

widths a r e  0.55 and 0.24 ev for ~u~~ and Cu , respectively. ( 8 )  Values of 0.65 

and 0.6 ev have also been given,(9 ) but the chosen values appear substantially 

confirmed by the resul ts  of calculations presented in Sections 11-D and 11-E. 

The resonance energies in the compilation of Reference 8 indicate a pecu- 
65 

l ia r ly  large amount of overlap between ~u~~ and Cu resonances.  Below 30 key 

eight such coincidences, which appear a s  single resonances in the total  c r o s s -  

section curves of natural  copper,  a r e  found. These a r e  l isted in Table 3 .  As - 
suming that the average level spacing in natural  copper i s  -0.6 kev, and that 

the average reduced neutron width is  -0.4 ev, the expected percentage of reso-  

nances involved in overlap between isotopes i s  -15%. The observed percentage 

i s  >3070. Whether this observation i s  related to the discrepancies between 

measured  natural copper values and the abundance-weighted sum of the isotopic 

values for some quantities (See Section 11-D) i s  yet to be resolved. 

2. Unresolved Resonances 

A se t  of unresolved resonance parameters  were formed, in the usual man- 

ner ,  by an averaging over the resolved resonances.  Because J values were 

assigned to only a few resonances of each isotope, parameters  for the individual 

J states a r e  not known confidently. The following assumptions were made: 

1 )  Average level spacings a r e  proportional to (2J  t and a r e  inde- 

pendent of Q. 

2 )  Strength functions for all  the (1,J) s ta tes  with a par t icular  I value a r e  

equal. Some evidence exists that, f o r  Q = 0, the two J s ta tes  may  

have significantly different strength functions. (10)  However, the 

accuracy to which the c r o s s  sections a r e  known does not s e e m  to 

warrant  a detailed study at  this t ime.  

AI-AEC -12741 
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TABLE 3 

SETS O F  OVERLAPPING RESONANCES 
BETWEEN Cub3 AND Cub5 

TABLE 4 

AVERAGE RESONANCE PARAMETERS 
O F  RESOLVED RESONANCES 

12.54 

14.9 

15.6 

16.1 

17.88 

12.53::: 

15.09 

15.82 

16.15:: 

17.8 

AI-AEC - 12741 
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::These resonances  we re  not  used ,  because  sca t t e r ing  
l eve l  width p a r a m e t e r s  we re  not  avai lable .  

Number  of Resonances  

E 
m ax 

(kev 

E m in  (kev 

( D) obse rved  (kev)  

m-2 ( e v )  

AE (kev)  

s (b /  e v  a t  1 e v )  

s ( b / e v  a t  1 e v )  
J 

( r n )  I ( e v )  

( D )  1 (kev)  

(r;) ( e v )  

( D )  (kev )  

Cu  6 3 

2 7 

29.3 

0.6 

1.1 

15.2 

30 

5.1 

2.55 x 

0.747 

2.93 

0.449 

1.76 

Cu 
6 5 

19 

25.0 

0.2 

1 .4  

10.1 

30 

3 .4  

1.7 

0.634 

3.73 

0.381 

2.24 



3 )  Average radia t ive  cap ture  widths a r e  independent of J and I. The 

average  reso lved  resonance  p a r a m e t e r s ,  and quanti t ies used in ca l -  

culating them,  a r e  given in Table  4. The fo rmulas  used a r e  

E - E 
- - m ax m i n  

( D, observed  (number  of r e sonances )  - 1 

- 4 
T h e c a l c u l a t e d s t r e n g t h f u n c t i o n s  of 2 . 5 5 ~  10 a n d 1 . 7 ~  l ~ - ~ f o r C u ~ ~  and 

6 5 Cu  , respect ively ,  compa re  f a i r l y  well  with the ranges  of values in the l i t e r a -  
- 4 - 4 

t u r e ,  which a r e  1.6 to  2.7 x 10 and 1.5 to 2.0 x 10 , respect ively .  (11,12)  It 

is not c l e a r ,  however ,  that  a l l  the resolved resonances  a r e  I = 0 r e sonances .  

The m a t t e r  is invest igated in  Section 11-D, and the p a r a m e t e r s  ment ioned p r e -  

viously a r e  adopted fo r  I = 0 neu t rons .  

- 4 
The P = 1 s t reng th  function was chosen to  be 1.0 x 10 , based on the ca lcu-  

- 4 
la ted  values  of Utt ley -- e t  al!l 3, fo r  A = 64, which a r e  -1.0 to  1.3 x 10 , and of 

~ a i n ! ' ~ )  which a r e  -0.5 to  1 .0  x The P = 2 s t rength  function was a s sumed  
- 4  

to  be  1.0 x 10 . The t h r ee  assumptions  l i s t ed  p rev ious ly  we re  a s sumed  to hold 

for  I > 0 .  

3. Potent ia l  Scat ter ing C r o s s  Section 

Values of the potential  sca t t e r ing  c r o s s  sect ion a t  low energ ies  have been 

m e a s u r e d  only fo r  na tu ra l  copper .  Values fo r  the s epa ra t e  i sotopes  we re  a s  - 
sumed  to  be the s a m e  a s  for  na tu ra l  copper .  The m e a s u r e d  data a r e  given in  

Table  5 .  A value of 6 .7  b was chosen.  This  in fe r s  a sca t t e r ing  length of 7 . 3  F. 

TABLE 5 

POTENTIAL SCATTERING CROSS-SEC TION 
MEASUREMENTS FOR NATURAL C O P P E R  

(J 
Re fe renc  e 

AI-AEC -12741 
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C . THERMAL CROSS SECTIONS 

1 .  2200 m / s e c  C a ~ t u r e  C r o s s  Section 

Measu remen t s  fo r  the 2200 m / s e c  radia t ive  cap tu r e  c r o s s  sect ions  a r e  

p r e sen t ed  in Table  6 ,  fo r  both na tu ra l  copper  and i t s  i so topes .  The values  

chosen f r o m  which t o  de r ive  negative energy  resonance  p a r a m e t e r s  we re  4.5 
6 5 and 2.7 b fo r  ~u~~ and Cu  , respect ively .  These  values give a value f o r n a t -  

u r a l  copper  of 3.79 b, in  good ag reemen t  with na tu r a l  copper  m e a s u r e m e n t s .  

TABLE 6 

22 00 -m/sec  RADIATIVE CAPTU E CROSS -SECTION 
MEASUREMENTS FOR C J 3 ,  Cub5, AND 

NATURALCOPPER 

Refe rence  
~ ~ ( 2 2 0 0 m / s e c )  

( b )  

Rat io  Cub3 / ~u~~ 

Comment  

16 

17 

18 

19 

15 

20 

2 1 

22 

5.0 * 1 

4.47 * 0.36 

4.54 

4.44 * 0.26 

4.52 * 0.10 

4.66 * 0.47 

5.4 

4.03 * 0.17 

1.82 * 0.36 

2.19 * 0.18 

2.63 * 0.26 

Natura l  Cu 

Adjusted fo r  43% K capture  

Renormal ized  t o  u A~~~~ = 98.8 b 
a2200 

nat  Cu Renormal ized  t o  u 
a2200 = 3.75 b 

ua = (2.5 12 * 0.058)$ extrapola ted l / v  

Adjusted f o r  4370 K cap ture  

Renormal ized  t o  (5 = 98.8 b a2200 

oa = (1.459 * 0.144)i" ext rapola ted l / v  

i s  neutron wave length ( A )  

16 

17 

15 

3.8 * 0.1 

3.76 * 0.03 

Evaluat ion t o  1966 8 



2. 2200 m / s e c  Scat ter ing C r o s s  Section 

The low-energy sca t t e r ing  c r o s s  sect ions  a r e  n e a r l y  constant  below 10 ev .  

-- ( I 5 )  have obtained f r e e  a tom s c a t t e r -  F o r  the individual i sotopes ,  Keating e t  al .  
6 5 

ing lengths of 6.72 and 11.09 F for  ~u~~ and Cu  , respec t ive ly .  Incoherent  

sca t t e r ing  was de te rmined  t o  be  ze ro ,  within the l im i t s  of e r r o r .  The s c a t t e r  - 
ing c r o s s  sec t ions  fo r  ~u~~ and ~u~~ a r e  5.67 and 15.46 b, respect ively .  The 

negative energy  resonance  p a r a m e t e r s  give acceptably  c lose  sca t t e r ing  c r o s s -  

sect ion values of 5.58 and 15.42 b, using the  mul t i level  sca t t e r ing  fo rmula .  

The isotopic values  in fe r  a c r o s s  sect ion of 8.62 b f o r  na tu r a l  copper .  

Measu remen t s  of the low-energy sca t t e r ing  c r o s s  sect ion fo r  na tu ra l  copper  

a r e  given in  Table  7. Based  on these  m e a s u r e m e n t s ,  the sca t t e r ing  c r o s s  s e c -  

t ion i s  indicated to  be probably  in  the range of 7 to 8 b,  which i s  well below the 

isotopical ly  combined value. The value of 7.7 b was adopted fo r  the  na tu r a l  

copper  data  file below 10 ev .  

TABLE 7 

LOW-ENERGY SCATTERING CROSS SECTION O F  NATURAL COPPER 
- -- 

AI-AEC -12741 
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Reference 

25 

26 

27 

2 8 

2 9 

2 5 

30 

15 

3 1 

8.1 

5 
7.7- 

7.55 * 0.4  

7.72 * 0.03 

7.7 * 0.3 

8 . 4  

7 .3  * 0.6 

7.84 0.32 

7.0 * 0.2 

R e m a r k s  

F r o m  m m e a s u r e m e n t s  f r o m  which o 
t a 

is sub t rac ted  a s  1 / v  with ua2200 = 3.8 b 

= 11.9 b a t  0.0253 e v  

F r o m  t r ansmi s s ion  cu rve  and T = exp( -o  ) n 

Ot 
= 7.94 b a t  10 e v  

2 to 20 e v  

at = 8.21 b a t  1.44 e v  

0.1 t o  1 e v  

Scat ter ing 

C 
Adjusted to us  = 4.71 b 

, 



D. UNRESOLVED RESONANCE RANGE 

The capture c ross  sections in the range 30 to 100 kev were taken from quali- 

tative fits to experimental data shown in Figures 1 and 2. The notable inconsis- 

tency between the isotopic combination for  natural copper and measurement is  

shown in Figure 2 also. The former  values a r e  from 35 to 75% higher than the 

lat ter ,  between 10 and 300 kev. Each se t  of experimental points represents at 

least  three separate measurements,  so the discrepancy i s  not easily resolved. 

I I I  I I I I I  1 
- - 

- 
- 
- 
- 

- 

A Cu-63 (Ref. 441 

O Cu-63 (Ref. 45) 

0 C u d 3  (Ref. 46) 

- v Cu-63 (Ref. 8 )  
Cu-65 (Ref. 8 ) ~  \ - 

-QUALITATIVE F IT  \ - 
--RESONANCE PARAMETERS - 

I I  1 I I I I I  

- 
I 

10 100 300 

ENERGY (kev) 
9-9-68 UNCL 7701 -3652A 

Figure 2. 

Figure 1. 

Radiative Capture Cross  Section 
vs Energy for cub3 and cub5 

Radiative Capture Cross  Section 
vs Energy for Natural Copper 

I  I I 1 l I l l  I 
- - 

SUM OF ABUNDANCE-WEIGHTED QUALITATIVE FITS TO DATA 
FOR COPPER ISOTOPES FROM FIGURE l 

- 
- 
- 
- 
- 

- 

QUALITATIVE F IT  

I I I  I  I  I  I I l l  I 
10 100 300 

ENERGY (keu) 
9-9-68 UNCL 7701-4651A 

AI-AEC - 12741 

16 



The to ta l  c r o s s  sect ion fo r  na tu ra l  copper  h a s  been m e a s u r e d  in the 30 to  

100 kev  range.  In o r d e r  to  r ep r e sen t  the da ta  accura te ly  with a reasonable  

number  of points ,  130 points we re  se lec ted .  The isotopic to ta l  c r o s s  sect ions  

we re  a s s u m e d  t o  be equal  t o  na tu ra l  copper .  E l a s t i c  sca t t e r ing  c r o s s  sect ions  

we re  defined to  be  equal  to  the to ta l  minus  the cap ture  c r o s s  sec t ions .  

Capture  c r o s s  sect ions ,  calculated with the TRIX-1") code,  using the un-  

reso lved  resonance  p a r a m e t e r s  of Section 11-B-2, a r e  shown in F igu re s  1 and 2. 

The energy  dependence of the potential sca t t e r ing  was  included in  the calculat ion.  

The calcula ted average  to ta l  c r o s s  sect ion,  which i s  n e a r l y  a l l  sca t t e r ing ,  was 

about 20% higher  than m e a s u r e m e n t .  The l a r g e  ma jo r i t y  of the sca t t e r ing  c r o s s  

sect ion is Q = 0 potential  sca t t e r ing ,  s o  the value of 6 . 7  b fo r  the low-energy1  = 0 

potential  sca t t e r ing  c r o s s  sect ion m a y  be too l a r g e ,  a s  well a s  pe rhaps  the Q = 0 

s t reng th  function. Changes in  the sca t t e r ing  l eve l  width ( T n )  would not  affect 

ca lcula ted cap tu r e  c r o s s  sect ions  appreciably,  s ince  r 2 T. 
n 

At 30 kev,  m o r e  than 50% of the calcula ted cap ture  c r o s s  sect ion a r i s e s  

f r o m  neutrons  with I > 0. Since the l a r g e  ma jo r i t y  of resolved resonances  ex- 

hibit  Q = 0 l ine shapes ,  a high l eve l  of I > 0 unresolved background i s  indicated.  

Below 100 kev,  the calcula ted cap tu r e  c r o s s  sect ion fo r  na tu ra l  copper  fa l l s  

between the isotopic combined and d i rec t ly  m e a s u r e d  values ,  thus lending sup - 

por t  to the resonance p a r a m e t e r s  used.  

E .  RESONANCE INTEGRALS 

63 6 5 
Measu red  values  of the resonance i n t eg ra l  for  Cu , Cu , and na tu ra l  cop-  

p e r  a r e  l i s t ed  in Table  8 .  The m o s t  probable  values for  the isotopes appear  to 

be about 5 . 1  b for  ~u~~ and 2 . 4  b f o r  C U ~ ~ .  They yield a combined isotope value 

fo r  na tu ra l  copper  of 4.3 b ,  which c o m p a r e s  f a i r l y  well with a m o s t  probable  

m e a s u r e d  value of about 3.9 b .  

The isotopic resonance in tegra l s  were  calcula ted,  with the TRIX code,  (1) 

f r o m  the resolved and unresolved resonance p a r a m e t e r s .  A breakdown of the 

r e su l t s  by resolution and angular  momentum i s  given in  Table  9 .  The values of 
63 6 5 

5 .35 ,  2.10,  and 4.35 b fo r  Cu , Cu , and na tu r a l  copper ,  respect ively ,  ag r ee  

well enough with the m e a s u r e d  values ,  to  lend some  confidence to  the chosen 

p a r a m e t e r s .  
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T A B L E  8 

MEASURED RESONANCE INTEGRALS O F  C O P P E R  

M e a s u r e d  
Value  

( b )  

N a t u r a l  C u  

4 .4  

3.09 0.15 

3.17 * 0.18 

4.2 * 0.2 

C u  6 5 

Cutoff 
E n e r g y ,  E c  

( e v )  

1 / v  inc luded  

No l / v ,  r e s t o r e d  us ing  
(5 - 4.5 b a2200- 

N o  1 / v ,  r e s t o r e d  us ing  

'a2 2 00 
= 4.5 b 

5 mil foi l  

0.52 

0.5 

0.62 

0.62 

2.2 

1.52 0.25 

1.53 * 0.24 

R e m a r k s  

I,, Ad jus t ed  
t o  E c  = 0.5 e v  
Inc luding  1 / v 

( b  

3.3 * 0.3 

4.0 

3.7 * 0.8 

4.96 

1.2 * 0.5 

2.6 * 0.3 

1.7 * 0.4 

3.8 * 0.3 

R e f e r e n c e  

4 .4  

5.11 * 0.2 

4.99 * 0.2 

5.3 * 0.2 

0.52 

0.5 

0.62 

3 2 

33  

3 4  

35 

0.5 

0.52 

0.49 

0.5 

0.52 

0.55 

3 2 

3 3 

3 4  

1 / v  inc luded  

No l / v ,  r e s t o r e d  us ing  

'a22 00 
= 2.2 b 

No l / v ,  r e s t o r e d  us ing  

'a22 00 
= 2.2 b 

1 / v  inc luded  

l / v  i nc luded  

l / v  i nc luded  

l / v  i nc luded  

N o  l / v ,  r e s t o r e d  us ing  

a a 2 2 ~ ~  
= 3.8 b 

No l / v ,  r e s t o r e d  us ing  

'a22 00 
= 3.8 b 

N o  l / v  

2.2 

2.51 * 0.25 

2.42 * 0.24 

3.3 * 0.3 

4.0 

3.7 * 0.8 

4.96 

2.9 * 0.5 

4.25 * 0.3 

3.7 * 0.4 

3.9 * 0.3 

36  

3 2 

37 

38  

39 

9 

4 0  

2 4  



TABLE 9 

RESONANCE INTEGRALS FOR C O P P E R  ISOTOPES, 
CALCULATED FROM RESONANCE PARAMETERS 

F. CROSS-SECTION DATA ABOVE 100 k e v  

1 .  Neutron React ion Data 

Above 100 kev, the  m a i n  s o u r c e  of data  w e r e  the  UKAEA Nuclear  Data 

L i b r a r y  f i les  for  copper ,  a s  compi led by Offord and P a r k e r .  ( 2  ) These  f i les  

combined the evaluations of Benzi  ( 4 7 )  and ~ B g g b l o m ,  (48)  along with s e v e r a l  

improvemen t s .  An analys is  of th is  evaluation indicated that  l i t t le  improvement  

would be  obtained by  another  complete  evaluation a t  th is  t ime;  thus ,  the evalu- 

a ted  copper  data  f o r  E N D F I B  essen t ia l ly  we re  der ived  f r o m  the i r  r e s u l t s ,  above 

100 kev.  

De s c r ip t ion 

Q = 0 resolved 

Q = 0 unresolved 

"1 / v f f  posit ive e n e r g y  resonances  

Q = 0 Tota l  

Q >  0 

Tota l  posit ive ene rgy  resonances  

Negative energy  resonance  

Tota l  

Where given, the c r o s s  sect ions  f o r  the  s e p a r a t e  i sotopes  were  used .  This  

included data  f o r  the  (n,y ), (n ,n t ) ,  (n,p) ,  and (n ,  a )  r e ac t i ons .  These  we re  abun- 

dance weighted to obtain values  f o r  the na tu ra l ly  occur r ing  e lement .  

The following reac t ions  have been speci f ied  fo r  copper  and i t s  isotopes:  

Cu  
63 

3.22 

0.02 

0.21 

3.45 

0.32 

3.77 

1.58 

5.35 

Reaction 

Tota l  

E l a s t i c  

Inelas t ic  

F i r s t  ine las t i c  l eve l  

Second inelas t ic  level  

Th i rd  ine las t i c  l eve l  

Four th  ine las t i c  level  

Cu 
6 5 

0.95 

0.01 

0.04 

1 . O O  

0 .24 

1 .24 

0.86 

2.10 

Natur  a1 C oppe r 

X 

X 

X 

X 

X 

X 

X 



Reaction Cu 
6 3  

Cu 
65 

Natural Copper 

Fifth inelastic level X X 

Sixth inelastic level X 

Seventh inelastic level 

Eighth inelastic level 

Ninth inelastic level 

2. Differential Elast ic  Data 

Secondary angular distributions may be expressed in t e r m s  of Legendre 

coefficients, fQ(E), where the f ( E )  a r e  defined by 
Q 

Since f ( E )  = 1, only values for Q = 1, 2, . . . NL a r e  specified. The angular 0 
variable (p )  m a y  r e f e r  to ei ther  the laboratory ( L )  o r  center-of-mass ( C )  co- 

ordinate system. 

Data expressed  a s  Legendre coefficients for elastic scattering above thermal  

energies ,  in ei ther  the (C ) o r  ( L )  system, can  be t ransformed to the other sys-  
- 1 tem with energy-independent transformation ma t r i ces  ( U  ) o r  (Uh), respectively. Qm 

m=O 
where NM i s  the maximum value of NL. The appropriate transformation mat r ix  

can  be included in  File 4 as  an a r r a y  of numbers V k = 1, 2, . . . NK. Vk denotes k ' 
2 either U o r  u - ~  with k = 1 t Q t m(NM t 1 )  and NK = (NM t 1 )  . Qm h ' 
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Different ia l  e l a s t i c  sca t t e r ing  c r o s s  sect ions  we re  obtained f r o m  the recen t  

m e a s u r e m e n t s  of and Holmqvist  and ~ i e d l i n ~ , ' ~ ~ )  a s  well a s  f r o m  

B N L - 4 0 0 ' ~ ~ ) .  The data  was p roce s sed  with the code  CHAD'^^) to  produce cen t e r -  

o f -mass  Legendre  expansion coefficients  to o r d e r  20. 

Legendre  coeff ic ients ,  a s  defined by Equation 1, we re  specif ied fo r  copper  

and i t s  i so topes .  Since the coefficients  we re  defined in  the cen t e r -o f -mass  s y s -  

t e m ,  the t rans format ion  ma t r i x ,  given by Equation 2, was  speci f ied .  

The Legendre  coefficients  we re  then used to  reproduce  the or ig inal  angular  

d is t r ibut ions  and to  check the c r i t e r i a  of non-negative differential  e las t i c  val-  
63  6 5 

ue s .  A s ingle  s e t  of Legendre  data was used  for  Cu  , Cu , and na tu r a l  coppe r .  

The Legendre  data  i s  given a t  45 ene rg i e s ,  over  the range 10 kev to  15 Mev.  

Below 10 kev,  the angular  data  i s  a s sumed  i so t rop ic ,  and h a s  the 1 0-kev value .  

3 .  Secondary Ene rgy  Distr ibutions 

Secondary ene rgy  dis t r ibut ions  a r e  e x p r e s s e d  a s  norrrlalized probabil i ty 

d is t r ibut ions .  The energy  dis t r ibut ions ,  p (E  '- E ), a r e  normal ized  such that  

with the differential  c r o s s  sect ion being obtained f rom 

The energy  dis t r ibut ion i s  f u r t he r  exp re s sed  a s  

S O  that  both pa r t i a l  d is t r ibut ions  o r  different  d is t r ibut ions  in different  energy  

ranges  can be accommodated.  The fk(E '- E ) a r e  normal ized  in  the s a m e  way 

a s  the p(E /+E). 

The inelas t ic  d i s c r e t e  l eve l  data  a r e  given a s  s epa ra t e  subsect ions  fo r  each 

level ;  L F  = 3, d i s c r e t e  ene rgy  l o s s ,  i s  the method of speci f ica t ion.  The d i s c r e t e  

energy  l o s s ,  0 ,  i s  talcen to be the absolute value of Q, the l eve l  excitat ion energy .  

AI-AEC- 12741 
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The p ( E )  a r e  defined above the reaction threshold; however, the p ( E ) a r e  z e r o  k k 
above 1.75 Mev. The sum of the p ( E )  over k i s  1.0, fo r  th reshold< E < 1.75 Mev. 

k 

The secondary energy dis t r ibut ion fo r  continuum inelastic neutrons i s  given 

by a Maxwellian with an  energy  dependent t empera ture ,  L F  = 9,  and i s  assumed 

to  be the s ame  for  na tura l  copper  and  both i t s  consti tuents,  i  .e . ,  

and 

where 
- 1 

a = 4.8 Mev 

E i s  in Mev 

pk (E)  = 1.0 for 1.75 Mev < E < 15.0 Mev 

pk(E)  = 0.0 for  E < 1.75 Mev. 

Fo r  an (n,2n) reaction,  i t  i s  assumed that  the f i r s t  neutron has  an evapora-  

tion spec t rum which i s  identical to that  f o r  continuum inelas t ic  neutrons and 

pk(E)  = 0.5. The second neutron also obeys a Maxwellian distribution, with the 

following express ion  for  the tempera ture ,  

where 

The (n,Zn) threshold for  ~u~~ i s  11 .O1 Mev; and, for  C U ~ ~ ,  i t  i s  10.06 Mev. Fo r  

na tura l  copper,  the second neutron appears  a s  a separa te  subsection for  each 

isotope, and the p ( E )  for each subsection i s  weighted by the appropria te  abun- k 
dance . 
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APPENDIX I 

GRAPHICAL DISPLAY OF COPPER-65 ENDF/B DATA 

Copper-65 was chosen to  graphically i l lustrate  the ENDFIB copper data. 

The computer program  EDIT'^^) was used to automatically plot the ENDFIB 

Files 1, 3, 4, and 5 .  

The charac ter  of the plotted output depends upon the contents of each fi le.  

Except for File 4 and for log absc issa  interpolation regions, there  will be one 

plot per  interpolation region; for log abscissa interpolation regions containing 

m o r e  than 10 decades,  there  will be two plots.  

The plotted resul ts  a r e  described for  each file. 

A. FILE 1 

The l i te ra l  information, MT = 45 1, i s  printed. There  i s  one line per  

record,  with the f i r s t  66 columns of the record printed, and with 25 lines (o r  

l e s s )  printed pe r  C R T  f rame.  An example of Fi le  1 plotted output i s  given in 

Figures 3 through 5.  

B. FILE 3 

The type of gr id  for the plots of File 3 "smooth" c r o s s  sections depends 

upon the interpolation code specified in the TAB1 record.  At the top of the 

gr id appears a t i t le,  consisting of the f i r s t  48 charac ters  of the f i r s t  l i t e ra l  

record in File 1 .  The absc issa  t i t le i s  ENERGY (EV).  The ordinate t i t le 

depends upon the reaction type (the MT number) .  For  example, i t  might be 

TOTAL o r  (N,2N), meaning the total o r  the (n,2n) c r o s s  section. Figures 6 
6 5 

through 28 il lustrate the File 3 data for Cu . 

C.  FILE 4 

Angular distribution data in File 4 a r e  given either as  energy-dependent 

Legendre coefficients o r  as  tabulated functions of the cosine of the scattering 

angle for various energies .  The ordinate and the absc issa  a r e  l inear and log- 

ar i thmic,  respectively, for the coefficient data and a r e  logarithmic and l inear ,  

respectively, for the tabulated data. At the top of the grid appears  a t i t le,  

consisting of the f i r s t  48 charac ters  of the f i r s t  l i t e ra l  record  in File 1 .  For  

AI-AEC - 12741 
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Legendre coefficient data,  the absc issa  t i t le i s  ENERGY (EV).  The ordinate 

t i t le depends upon the reaction type (MT)  and the index of the coefficient. Fo r  

example,  ELASTIC LEGENDRE COEFFICIENT F 12 means  that the data plotted 

i s  the twelfth Legendre coefficient for the angular distr ibution of e las t ic  s ca t t e r -  

ing. There  will be one plot for each coefficient. Figures  29 through 48 a r e  

examples of this  type of data .  

D. FILE 5 

P lo t s  of the energy  distribution data in  File 5 depend upon the fk(E ' + E ) ,  

which m a y  be specified in a var ie ty  of ways; the pa rame te r  L F  i s  used to denote 

the method used. A reaction type m a y  consis t  of s e t s  of data for one o r  m o r e  

values of L F .  

The f i r s t  plot for any value of L F  contains the pk(E).  As in  Fi les  3 and 4, 

a t i t le,  consisting of the f i r s t  48 cha rac t e r s  of the f i r s t  l i t e ra l  r eco rd  in  Fi le  1, 

i s  printed a t  the top of each curve .  The absc i s sa  t i t le i s  ENERGY (EV),  and 

the ordinate t i t le depends upon the reaction type (MT),  the value of L F  (the sub- 

sect ion) ,  and a constant which m a y  appear  i n  the expression for f k ( E '  + E ) .  F o r  

example,  i t  might be 

INELASTIC P ( E )  L F  = 3 CONS = 1 . I14  t 06,  

which means  that  the p ( E )  data i s  for a d i sc re te  inelastic level reaction,  and k 
the f k ( E i  + E )  uses  the th i rd  method of specification; the constant ( 8 )  for the 

6 
distr ibution i s  the d i sc re te  energy loss ,  1.1 14  x 10  ev.  

For  copper ,  two values of L F  a r e  used; they a r e  

L F  Description CONS - 

3 Discrete  energy loss  The d isc re te  energy lo s s  ( e v )  

9 Maxwellian distribution,  8 = 0(E) ,  Undefined; value will be 0 .0  
and i s  tabulated 

L F  subsection requi res  no fu r the r  plotting; however,  additional plotting i s  

done for L F  = 9 .  Comments  on File 3 plots apply h e r e ,  except a s  noted. Fo r  

L F  = 9, a plot of a tabulated 0 ( E )  i s  produced. The ordinate might read 

(N,2N) THETA(E ) TAB. FOR MAXWELLIAN DISTRIB 

Examples of File 5 plotting a r e  given in Figures  49 through 52 for L F  = 3, 

and in  F igures  53 through 59 for  L F  = 9 .  
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C O P P E R - 6 5  ENDF/B  MAT 1 0 8 6  REF .  A I - A E C - 1 2 7 4 1  S E F T .  1 9 6 8  

Mf.1 GENERAL I N F O R M A T I O N  

ATOMIC  MASS G I V E N  A S  6 4 . 9 2 7 8  FOR A NEUTRON MASS OF 1 . 0 0 8 6 6 5  

MT.453 R A D I O A C T I V E  DECAY D A T A  FROM REF .  1 

MF.0 RESONANCE PARAMETERS 

M T t l 5 l l . A L L  RESOLVED RESONANCES TREATED A S  L = O  RESONANCES 

2 . R E X X V E D  RESONANCE FARAMETERS FROM REF .2 .  

3 . 6  VALUES FOR 0 . 2 2 9 K E V  AND ABOVE 1 4 K E V  A S S I G N E D  

4 . N E G A T I V E  ENERGY RESONANCE GAMMA-N AND € 0  O B T A I N E D  FROM 

F I T  T O  S I G S = 1 5 . 4 B I  S I G A = 2 . 2 B  A T  2 2 0 0 M / S .  ASSUMED GAMMA- 

GAMMA=O.24EV. 

5 .L=O UNRESOLVED RESONANCE FARAMETERS FROM AVERAGED 

RESOLVED RESONANCE FARAMETERS. OBSERVED L E V E L  S P A C I N G  

=DO=1 .4KEVt  STRENGTH F U N C T I O N / J  S T A T E = S O J = 1 . 7 E - 0 4 ,  FOR 

E A C H  J S T A T E  C=CO/G 

6 . L = l r 2  S l J = S 2 J = l . O E - 0 4 ,  D J = C O / C J I  GAMMA-GAMMA=O.24EV 

ASSUMED. 

7 . W T I O N S  L R U = I ,  L R F = 2  (MLBW REF.  10) ARE USED. 

M F = 5  SMOOTH CROSS S E C T I O N S  

M T = i  NO EXF .  VALUES A V A I L A B L E  FOR SEFERATE C U  I S O T O F E S .  THE 

TOTAL  WAS SET  E Q U A L  T O  SUM OF I T S  F A R T S , E X C E F T  FOR 3 0  

TO 100 K E V  W E R E  I T  WAS ASSUMED T O  B E  E Q U A L  T O  A 

SMOOTHING OF NATURAL  COFFER G I V E N  I N  R E F . 2  

M T - 2  BELOW RESONANCE R E G I O N  VALUES *RE C A L C U L A T E D  FROM 

RESOLVEC RESONANCE FARAMETERS U S I N G  UNICORN-REF .  5 .  I N  

THE RESOLVEC RESONANCE RANGE THE SMOOTH CATA I S  THE 

C O N T R I B U T I O N  FROM L .GT.  0 C A L C U L A T E C  FROM UNRESOLVEC 

RESONANCE FARAMETERS U S I N G  T R I X - R E F . 4 .  

FROM 3 0  T O  1 0 0  K E V  VALUES ARE THE 

D I F F E R E N C E  BETWEEN THE T O T A L  AND N O N - E L A S T I C  CROSS 

S E C T I O N S .  ABOVE 100 K E V ,  V A L U E S  W R E  

ASSUMED TO B E  I D E N T I C A L  TO N A T U R A L L Y  OCCURING CU-REF.5.  

L E V E L  CATA FROM R E F . 5 ,  ABOVE 1 . 7 5 M E V  CONTINUUM WAS USED 

W H I C H  WAS MATCHED T O  L E V E L  CATA AND WHEN M E I G H T E D  ALONG 

W I T H  C U - 6 3  GAVE CONTINUUM OF N A T U R A L  C U  FROM REF .5 .  

REF .  5 

MUBAR CALCULATEC FROM LEGENCRE COEFF .  I N  F I L E  4 U S I N G  

CHAD-REF .6 .  

X I  CALCULATEC FROM LEGENCRE COEFF .  I N  F I L E  4 U S I N G  CHAD 

-REF .6 .  

GAMMA CALCULATEC FROM LEGENCRE COEFF.  I N  F I L E  4 U S I N G  

CHAD-REF .6 .  

BELOW RESONANCE R E G I O N  C A L C U L A T E D  A S  PER MT=2.  FOR 

RESOLVED RESONANCE RANGE,L.GT.O C O N T R I B U T I O N  C A L C U L A T E D  

FROM UNRESOLVED RESONANCE PARAMETERS U S I N G  T R I X - R E F . 4 .  

THE 3 0  T O  100 K E V  RANGE FROM E V A L U A T l O N  OF REFERENCE 

DOCUMENT. ABOVE 100 K E V - R E F . 5 .  

REF .  5 

R E F .  5 

SECONDARY ANGULAR D l S T R I B U T l O N S  

MT.0 LEGENDRE COEFF.  FOR E L A S T I C  SCATT .  ARE G I V E N .  DATA ARE 

A V A I L A B L E  FOR N A T U R A L L Y  OCCURING C U  AND ARE ASSUMED TO 

B E  THE SAME FOR THE SEFERATE I S O T O P E S .  DATA O B T A I N E D  

FROM REFERANCES 7 , 8 , 9 .  W E R E  LEGENDRE COEFF. W R E  NOT 

G I V E N  THEY WERE O e T A I N E D  FROM THE D A T A  P O I N T S  BY  U S I N G  

CHAD-REF.6.  

M F r 5  SECONDARY ENERGY D I S T R I B U T I O N S  

MT=4 REF .  5 

M T = i 6  REF .  5 
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APPENDIX I I  

LISTING OF COPPER-65 ENDF/B DATA 

A listing of the data plotted in  Appendix I i s  presented,  along with the data 

fi les for copper-63 and natural  copper .  
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5.30COE 0 4  2.80COE 00 5.38CCE 04 1.6500E 0 1  5.4600E 3 4  3.3300E 001085  3 1 168 
5.5000E 04 2.OCCOE 0 1  5.60CCE 04 9.8000E 00 5.6503E 3 4  1.8600E 011085  3 1 169 
5.66COE 0 4  1.2OCCE 0 1  5.820CE 04 7.0000E 00 5.8600E 3 4  1.2330F 011085  3 1 170 
509000E C4 60RCCOE 00 5.96CCE 04 7.7000E 00 5.9803E 34 6,5333E 001085  3 1 1 7 1  
6.0600E C4 6.50COE 00 6.12OCE 04 5.00COE 00 6.1803E 34 4.3003E 001085  3 1 1 7 2  
6.2200E C4 7.80COE 00 6.30CCE 04 3.5000E 00 6.3303E 0 4  6.5030E 001085  3 1 173 
6.4200E 04 3.CCCCE C O  6.4700E 04 5.COOOF 00 6.5400E 3 4  1.3103E 011085  3 1 174 
6.6000E 0 4  5eOOCCE C O  6.6500E 04 1o1500E 0 1  6.6803E 34 H.2333E 001085  3 1 175 
6.7200E C4 1.2OCOE 0 1  t. 79CCE 04 6.2000E 00 6.8203E 3 4  7.2000E 001085  3 1 176  
6.9200E 0 4  3080CCE C C  0.98COE 04 Ro1000E 00 7.1003E 3 4  3.ROOOE 001085  3 1 177 
7.1500E 04 4.3CCCE 00 7.17CCE 04 2.9000E 00 7.2203E 3 4  3.6300E 001085  3 1 178 
7.2500E 0 4  2.7CCCE 00 7.3000E 04 1.4500E 01 7.33006 3 4  1.1300E 011085  3 1 179 
7.40COE C4 1.5CCCE C 1  7.44COE 04 1.0500E 0 1  7.5003E 0 4  1.53'33E 011085  3 1 180 
705800E 0 4  7.RCCCE C O  7.61COE 04 9.70COE 00 7.7600E 3 4  5.7303E 001085  3 1 1 8 1  
7.8000E 0 4  5.59q9E 00 7.85CCE 04 5.0000E 00 7.9203E 3 4  7.3300E 001085  3 1 182  
800600E 0 4  3070CCE C O  8.2OCCE 04 1.3300E 01 8.3803E 3 4  707300E 001085  3 1 183  
8o4200E 04 8.80CCE 0 0  8.560CE 04 5.3000E 0 0  8.6303E 3 4  8.2300E 001085  3 1 1 8 4  
8.73COE C4 5.60CCE 00 8.76CCE 04 6. COOOE 00 8.8400E 3 4  5.3300E 001085  3 1 185  
8.9000E 0 4  3.6CCCE C C  9.0000E 04 1.C500E 01 9.0800E 3 4  406330E 001085  3 1 186  
5. 15COE C4 8.1OCCE C C  S.2OGCE 04 6.7000E 00 9.2503E 34 8.0303E 001085  3 1 187 
9.3000E 0 4  5.90CCF 00 9.4OCCE 04 5.2000F 00 9.5003E 3 4  6.33DOE 001085  3 1 188  
9.5600E 0 4  5.1OCCE C O  9.62COE 04 7.60COE 00 9.7700E 3 4  4.7030E 001085  3 1 189 
9.8400E C4 b.CCCCE C O  S.SOOCE 04 408300E 00 9.9503E 3 4  6.3333E 001085  3 1 190 
5.9900E C4 4.70CCE 0 0  1.OOCCE 05 4.70COE 00 1.0003E 35 4.5177E 001085  3 1 1 9 1  
200000E C5 4.eOCCE 0 0  3.0000E 05 4.9040E 00 4.0003E 35 4.6532E 001085  3 1 192 
5.00COE 05 4.3532E C C  6.COCCE 05 4.1030E 00 6.7903E 35 3.3167E 301085  3 1 193 
7.0000E 05  3.Slt4E C C  7.820CE 05 3.7972E 00 8.0003E 35 3.7945E 001085  3 1 194  
SoOOCqE 05  30t477E C C  9.76CCE 05 3.5160E 00 1.0003E 3 6  3.5766E 001085  3 1 195 
1.1310E C6 3.52C6E C O  1.748CE 06 3.T706E 00 1.4353E 36 3.3308E 001085  3 1 196 
1.5000E C6 3.?15CE C O  1.572CE 06 3.2523E 00 1.6483E 36 3.2353E 0 0 1 0 8 5  3 1 197  
1.6500E C6 302355E O C  1.7300E 06 3.2380E 00 107500E 3 6  3.2257E 301085  3 1 198 
200000E C6 301554E C O  2.5000E 06 3.2561E 00 3.0003E 3 6  304754E 001085  3 1 199 
3.5000E 0 6  3.t344E C C  400OCCE 06 307919E 00 4.5000E 0 6  3.9178E 001085  3 1 200 
5.0000E 06 4.00C8E 00 5.5000E 06 4.0420E 0 0  6.0003E 3 6  4.0553E 001085  3 1 2 0 1  
6.5000E 0 6  400436E 00 7.000CE 06 4.0141E 00 7.5000E 3 6  3.9473E 001085  3 1 202 
8.0000E 0 6  3.89t9E 00 @.500CE 06 3.8209E 00 9.0003E 3 6  3.7425E 0 0 1 0 8 5  3 1 203 
9.5000E C6 3.65E9E 00 1.000CE 07 3.5841E 00 1.0500E 37 3.5322E 001085  3 1 204 
1.lOOOE 0 7  304057E C C  1.1500E 0 7  3.3341E 00 1.2003E 3 7  3.1973E 001085  3 1 205 
1025COE 0 7  3.1236E C C  1o300CE 07 3.0576E 00 Lo3503E 37 2.9654E 001085  3 1 206 
1.4000E 0 7  2.SC27E C C  1.45CCE 07 2.8565E 00 1.5003E 37 2.8048E 001085  3 1 207 
0.0 0.C 0 0 0 01085 3 0 208  
2.5063 +C4 6.23P9 + 0 1  0 0 0 0 1 0 8 5  3 2 209 
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1.50 +C7 0.0 1085 3 9 336  
0.0 0. C C 0 0 01085  3 0 3 3 7  
2.SOh3 +C4 6.2289 + 0 1  0 0 0 0 1 0 8 5  3 16  338  
0.0 - 10.481 + C C  0 0 1 91085  3 16 339 

9 3 1085 3 1 6  340 
1.10 +C7 C.0 1.15 + 0 7  0.040 1.20 +37 3.073 1085 3 16  3 4 1  
1.25 +07 0.185 1.30 + 0 7  0.290 1.35 +37 0.382 1085 3 16  342 
1.40 +C7 0.47C 1.45 + 0 7  0.549 1.50 +37 0.539 1085 3 16  343 
0.0 0.0 0 0 0 0 1 0 8 5  3 0 3 4 4  
2mS063 +C4 6.2389 +C1 0 0 0 0 1 0 8 5  3102 345  
0.0 0.0 0 0 1 1951085 3102 3 4 6  

155 5 0 0 0 01085  3102 3 4 7  
1.0 - 0 3  72.026 2.53 -02 4.4977 5.1265 -31 0.9964 1085 3102 349 
1.0 +00 0,7115 5.5 + 0 0  0.2959 1.0 + 3 1  0.2L41 1085 3102 3 4 9  
1.0 E+01 0.004 5.0 E t 0 1  0.009 1.0 E+37 0.313 1085 3102  350 
5.0 E+C2 OeC2S 1.0 E+03 0. C38 5.0 E+33 0.062 1085 3102 3 5 1  
1.0 E+C4 0.C66 2.0 E+04  0.C58 3.0 E+34 0.343 1085 3102 352  
?.0000E 04 LoOSCOE-Cl 3.04POE 04 1.0415E-01 3.0553E 04 1.0383E-311085 3102  353  
?.0600E C4 1.C373E-C1 3,C8COE 04 1.0332E-01 301003E 34 1.3231E-011085 3 1 0 2  354  
3.1300E C4 1.0230E-C1 3.14COE 04 1.0210E-01 3.1600E 3 4  103170E-011085 3102 355  
3 0  1900E C4 loC111E-C1 3.21CCE 04 1.0073E-01 3.2300E 3 4  103034E-011085 3102  356  
3.2650E C4 9.5682E-02 3.30CCE 04 9.9032E-02 3.3403E 7 4  9.83'32E-021085 3102 3 5 7  
3.4000E C4 9.7223E-02 3.43CCE 04 9.6711E-02 3.4703E 34 9.5325E-021085 3102 358 
3.5000E C4 9.5518E-02 3054CCE 04 9.4854E-02 3.6003E 34 9.3833E-021085 3102 359  
3.6200E C4 9.3562E-C2 3.67COE 04 902777E-02 3.6900E 04 902468E-321085 3102 350 
?.7100E C4 9 .21 t iF -02  3.78CCE 04 9.1110E-02 3.8103E 3 4  9.3669E-321085 3102 3 6 1  
3.8200E C4 9.0523E-C2 3.93CCE 04 8.8959E-02 3.9700E 0 4  R08408E-021085 3102 362 
4.01OOE 04 8.7PP7E-C2 4.030CE 04 8.7663E-02 4.0507E 3 4  807440E-021085 3102 363  
4.0600E C4 8.7329E-C2 4. C9CCE 04 8.6999E-02 4.1103E 34 8.67alE-021085 3102 364 
4.1300E C4 8.6565E-02 4. 15CCE 04 8.6350E-02 4.1803E 3 4  8.6331E-021085 3102 365 
4020COE C4 8.5820E-C2 402300E 04 8.5507E-02 4.2603E 3 4  8.5 197E-0 21085 3102 366  
4.2900E 04 8.48SCE-C2 4.320CE 04 8.4586E-02 4.3503E 34 8.4286E-021085 3102  367 
4.3800E 0 4  8.3SESE-02 4040COE 04 803792E-02 4,4303E 34 8.3500E-021085 3102  368  
4.4600E C4 8.32 1 lE-02 4.48CCE 04 803020E-02 4.5003E 3 4  8.2830E-021085 3102  369 
4.7300E 04 8.C734E-C2 4.79COE 04 800213E-02 4.9003E 34 7.9282E-0 21085 3102 370 
4.9800E 04 7 * @ t 2 5 E - 0 2  5 .  C O C C E  04 708463E-02 5.0403E 34 7.8142E-021085 3102 3 7 1  
5.1000E 04 7.7668E-02 5.240CE 04 7.6594E-02 5.2703E 3 4  7.6370E-021085 3102 372 
5.3OCOE 04 7eC147E-C2 5.380CE 04 7.5563E-02 5.4600E 3 4  7.4992E-021085 3102 373 
5.5000E 04 7.471 1E-C2 5.60CCE 04 7.4022E-02 5,6503E 3 4  7.3685E-021085 3102 374  
5.6600E 04  7.3618E-C2 5.82COE 04 7.2570E-02 508603E 34 7.2315E-021085 3102 375 
5.90COE 0 4  7.2CC3E-02 5.96CCE 04 7.1689E-02 5.9803E 3 4  7.1566E-021085 3102 376  
6.0600E 0 4  7.1078E-C2 t. lZCCE 04 7.0719E-02 6.1803E 3 4  7.0365E-021085 3102  377 
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1.45 +C7 0.5 1.50 +07  0.5 1086 5 1 6  
0.0 0.C 0 0 1 111086 5 16 

11 3 1086  5 16  
1.0 +C7 0.10 +C5 1.C5 + 0 7  0.299 +06 1 e l O  +07 0.440 +Oh1086 5 16 
1.15 +C7 0.546 +Oh 1.20 + 0 7  0.634 +06 1 - 2 5  +07 0.711 +061086 5 16 
1.30 +C7 0.781 +C6 1.35 + 0 7  0.546 +05 1.40 +37 0.935 +061086 5 16  
1.45 +C7 0.S61 +C6 1.50 + 0 7  1.013 +06 1086 5 16  
0.0 0.0 C 0 0 OlOR6 5 0 
0.0 0.0 0 0 0 01086  0 0 
0 00 0.0 0 0 0 0 0 0  0 
2.90CO +C4 6.2954 +C1 1 0 0 241087 1 4 5 1  
0 . 0 0.C 1 0 8 3 01087  1 4 5 1  
C ~ P P  ER ENDF/R MAT LC87 PFF. AI-AEC-12741 SEPT. 1969 1087 1 4 5 1  
MF= 1 GENERAL I hFORPATI CN 1387 1 4 5 1  

ATOMIC M A S S  GIVEN A S  63.54 FGR A hEUTRON MASS OF 1.338665 10R7 1 4 5 1  
FOR RADIOACTIVF DECAY SEE SEPERATE ISOTOPES OF COPPER 1087 1 4 5 1  

M F= 2 RESONANCE PARAPETERS LOR7 1 4 5 1  
MT=151 CU-63 1087 1 4 5 1  

1.ALL RESOLVED RESONANCE 5 TREATED AS L=O RESONANCES 1097 1 4 5 1  
2.RESGLVED RESONANCE PARAYETERS FROM REF.2. 1087 1 4 5 1  
3.G VALLES FOR 7.64KEV AhD ABCVE 13.5KEV ASSIGNED. 1087 1 4 5 1  
4.NEGATIVE ENERGY RESONANCE GAPMA-N AND EO OBTAINED FROM 13R7 1 4 5 1  

F I T  TO SIGS=5.6Br SIGAx4.5B AT 2200M/S. ASSUMED G4MMA- 1087 1 4 5 1  
GAMMA=Ce55EV. 1087 1 4 5 1  

5.L=C CNRE SOLVED RE SONAhCE PARAPETERS FROY A V  ERAGEg 1087 1 4 5 1  
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5.30COE C4 2076 iBE C O  5.38CCE 04 1.6463E 0 1  5.46006 3 4  3.7633E 001087  3 2 268 
5.5000E 04 1.9963E 0 1  5.60COE 04 9.7637E 00 5.6503E 3 4  1.9564E 011087  3 2 269 
5.66COE C4 1.19t4E C 1  5.82CCE 04 6.9643E 00 5.8600E 3 4  1.1964E 011087  3 2 270 
5.90COE 0 4  607645E C C  5.9600E 04 7.6646E 00 5.9800E 3 4  6.5647E 001087  3 2 2 7 1  
6.0600E 04 6.4645E C C  60120CE Oft  409650E 00 6.1800E 3 4  4.2652E 001087  3 2 272 
6.2700E 0 4  7.7653E C C  6.300CE 04 3.4655E 00 6.3300E 3 4  605655E 001087  3 2 273 
6.42COE C4 205057E 00 6.470CE 04 4.9659E 00 605403E 3 4  1.3066E 0 1 1 0 8 7  3 2 274 
6.6000E 04 4.5662E 00 Cw65CCE 04 1.1466E 0 1  6.6803E 3 4  801663E 001087  3 2 275 
6.7200E 04 l o l S t 6 E  C1 6.7900E 04 6.1666E 00 618203E 3 4  7.1666E 001087  3 2 276 
6.9200E 0 4  3.76CeE C C  6.9800E 04 Ae0670E 00 7.1000E 34 3.7672E 001087  3 2 277 
7.1500E 0 4  4.2673E C C  7.17COE 04 2.8674E 03 7.220r)E 3 4  3.5575E 001087  3 2 278 
7.2500E 04 2.6675E 00 7.30COE 04 1.4468E 0 1  7.3300E D4 1.0968E 011087  3 2 279 
7.40COE 04 1.4St8E C1 7.440CE 04 1.0468E 01 7o5000E 3 4  1.119686 011087  3 2 280 
7.58COE 0 4  7.7682E C O  7.61CCE 04 9.6682E 00 7.7600E 34 5.5695E 031037  3 2 281  
7.8000E C4 5.S6EbE 00 7.85CCE 04 4.9687E 00 7.9203E 3 4  702658E 001087  3 2 282 
8.06COE 0 4  3.66SlE C O  8.20COE 04 1.3269E 01 8.3800E 3 4  7.6696E 001087  3 2 283 
9042COE C4 Ro7657E C C  8.56CCE 04 5.2699E 00 8.6300E 34 8.1700E 001087  3 2 284 
807300E 0 4  5.57CZE C C  8.760CE 04 5.5702E 00 8.8403E 34 502704E 001087  3 2 285 
8.90COE 04 3057C5E O C  S.000CE 04 1.0471E 01 9.0803E 3 4  4.5707E 001087  3 2 286 
9o1500E 0 4  8.C7CeE O C  90200CE 04 6.6709E 00 9.2500E 3 4  7.3710E 001087  3 2 287 
9.30COE 0 4  5.8710E 00 9.40COE 04 501712E 00 9.5003E 34 5.9713E 0 0 1 0 8 7  3 2 288 
9.5600E C4 5.C714E O C  9.6200E 04 7.5715E 00 9.7700E 3 4  4.6717E 001087  3 2 289 
9.8400E 0 4  5.9718E C C  9.9000E 04 4.7719F 00 9.9500E 0 4  5.9719E 0 0 1 0 8 7  3 2 290 
9.99 E+04 4.675 1.C E+05 4.672 1.0 E+35 4.4647 1087  3 2 2 9 1  
2.0 +C5 4.774 3.0 +C5 4.881 4.0 +a5 4.6342 1087 3 2 292 
5.0 +C5 4.3352 6. C +05 4. C86 6.79 +35 3.33 1087 3 2 293 
7.0 +05 3.8558 7.82 + 0 5 3 . 6 8  8.0 +35 3.6656 1087 3 2 294 
9.0 +C5 3.476 9 - 7 6  +05 3.33 1.0 +36 3.282 1087 3 2 295 
1.131 +06 3.05 1.348 +06 2.80 1.435 +06 2.73 1087 3 2 296 
1.50 +06 2.Ct15 1.572 +06 2.56 1.648 +06 2.45 1387 3 2 297 
1.65 + 0 6 2 . 4 5  1.73 +06 2 - 3 8  1.75 +36 2 -35  1087 3 2 298 
2.0 +C6 2.C77 2.5 +061 .847  3.0 +06 1.845 LOR7 3 2 299 
3.5 +C6 1.92 4.0 + 0 6 2 . 0 1 1  4.5 +36 2.108 1087 3 2 300  
5 0 +C6 2.157 5.5 +06 2.201 6.0 +36 2.214 1087 3 2 3 0 1  
6.5 +C6 1.221 7.0 +06 2.215 7.5 +36 2.176 1087 3 2 302 
8 - 0  +06  2.133 8.5 + 0 6 2 . 0 7 2  9.0 +36 2.311 1087 3 2 303  
9.5 +06 1.47-7 1.C +07 1.945 1.05 +37 1.935 1087 3 2 304 
1.10 + ~ 7  l e e ?  1.15 +07 1.77 1.20 +37 1.73 1037 3 2 305 
1.25 +07 1.65 1.30 +07 1.60 1.35 +37 1.523 1087 3 2 306  
1.40 +C7 1.465 1.45 +07 1.415 1.50 +37 1.355 1087  3 2 3 0 7  
0.0 0.0 0 0 0 01087  3 0 308 
2.9000 +04 6.2554 +C1 0 0 0 01087  3 4 309 
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