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I. INTRODUCTION 

Members of the Cross Section Evaluation Working Group (CSEWG) 

subcommittee on Normalization and Standards have made a study of the 

various cross sections that are considered to be standards for cross section 

measurements. Various members of the Subcommittee evaluated the best 

available experimental data for the standards. The Subcommittee carefully 

reviewed the evaluations and recommended that certain sets of evaluated data 

be incorporated into the ENDF/B-III Library and that these data be considered 

as standards for future work in the area of experimental measurements and 

evaluations. 

This report contains brief summaries describing the various cross section 

standards. In certain cases only limited documentation was available. 

Detailed documentation, when it was available, is given in the Appendices. 

The Normalization and Standards Subcommittee have made recommendations 

on seven standards. Not all of the standards are known to the desired accuracy. 

Table 1 shows the various standard cross sections which have been incorporated 

into the regular ENDF/B-III materials. Each material is complete in that it 

contains all significant partial cross sections covering entire energy ranges 

and all secondary angular and energy distributions. 

Section II of this report contains a brief description of each standard. 

Some graphical displays are included which show the recommended cross 

sections and recent sets of experimental data. In some instances (e.g., 
6 1 9 7 2 3 5 Li, Au, and U) experimental data not shown on these figures was given 

the greatest weight in the evaluations. Hence the evaluations, considering 

:ill experimental data, arc far better than these figures might suggest. 

Kigures 1 am! 2 show tlie recommended standard cross sections. 



Status of ENDF/B-III Standards 

Accuracy 

Mat No. Material Reaction Type Energy Range Requested* Obtained 

1148 1H aT 0.1 - 20 MeV 0.5 1 

dan/dn 3 - 2 0 MeV 0.5 
3 1146 He a , , „ ^ w 0 n,p 1 keV - 3 MeV 3 

10 keV ~ 3 . 

10 - 50 keV ~ 5 

1115 6Li a thr - 100 keV 2 n,-v 
0.1 - 14 MeV 3 

.0253 eV 0.5 

< 10 keV 1 - 2 

10 - 100 keV ~ 3 
10 1155 B a thr - 100 keV n ,0" 

0. 1 - 1.0 MeV 4 

< 1 keV L 

10 keV 2 

100 keV 3 

1165 12c CTT l keV - 2 MeV 1 1 

d a / d Q l keV - 2 MeV 1 
197AU 

n 
1166 197AU a i keV - 100 keV 2 

n,Y 
10 keV - 500 keV ~ 8 

1157 235u a c 10 keV - 14 MeV 1 > 5 

*Desired accuracy as requested by the CSEWG Normalization and Standards 
Subcommittee and the U.S. Nuclear Data Committee (the USNDC was formerly the 
Nuclear Cross Section Advisory Committee (NCSAC) which was formerly the 
Neutron Cross Section Advisory Group (NCSAG).) 



II. DESCRIPTION OF RECOMMENDED STANDARDS 

A. Hydrogen Total and Differential Elastic Scattering Cross Sections 

MAT - I UiH C O I I I ; I fn.'i (IK- rcc.iiminciitl('<l Hi /NID'ird.s cl'ohh N O C I J O I I M lor 

hydrogen. This evaluation was done by Stewart, La Bnuve, and Y o u n g . ^ 

The recommended total cross section covers the energy range from 0.1 to 

20 MeV. The recommended differential elastic scattering cross section 

is given in File 4 and covers the energy range from 3 to 20 MeV. 

The total cross section was taken to be the sum of the elastic 

scattering and radiative capture cross sections. The elastic scattering 

cross section was obtained from a theoretical analysis of measurements 
(2) made by llopkinn and Breit. A set of phase shifts obtained by 

(3) 

Seamon et al. was used in this analysis. The differential angular 

distributions were obtained from the same analysis. 

Figure 3 shows a comparison between the recommended total cross - (4) section and the results from a measurement made by Davis and Barschall. 

The uncertainty in the recommended total cross section is believed to be 

about one percent. 
3 B. He (n,p) Cross Section 

3 
MAT = 1146 contains the evaluation of He cross sections by L. Stewart 

(LASL). Although this material contains all of the cross section data for 
3 -5 He, only the (n,p) cross section from 1.0 x 10 eV to 50.0 keV represents 

the recommended standard cross section. 

Below one keV, the (n,p) cross section was taken to be 1/v and 

normalized to 5327 barns at 0.0253 eV. This value was taken from a 

measurement by Als-Nielsen and Dietrich.^^ The thermal cross section 

is believed to be known to within one percent. 

Between 50 keV and 1 keV, the recommended standard cross section was 

» T- -H on the corrected results from a measurement made by Gibbons and 



Macklin.^ Below 10 keV, the recommended (n,p) is believed to be 

known to within 3%. Above 10 keV, the uncertainty in the recommended 

cross section rapidly increases beyond the desired three percent. 

Figure 4 shows the recommended cross section. 

6 3 C. Li (n,<y) H Cross Section 

The recommended standard cross section for ^Li(n,or) covers the energy 
-5 

range from L.t) x LO eV to 200 keV, and is contained in MAT = 1115. 

Above 200 keV the cross section is not known to the accuracy required 

to be considered a cross section standard. The recommended cross 

section was taken directly from an analysis by Uttley et al.^^ of . 

the total, eLastic scattering and (n,(y) cross section data. 

Up to 100 eV the cross section was calculated from the formula 

a(n,o0 = (149.56//E" ) - 0.024 b. 

The 2200 m/sec. cross section value of 940.25 b was based on a total 

cross hoction measurumt'iit of Uttley and Diinent. 

Between 100 eV and 500 keV, the recommended (n,ry) cross section was 
(8} 

obtained by a resonance parameter fit to the best measured results 

for the total, elastic scattering, and (n,cy) cross sections. As can be 

seen in Figure 5, the fitted curve is not in good agreement with the 

available experimental results for the Li(n,cy) reaction. 

The 2200 m/sec. value is believed to be known to within 0.5%. 

Between thermal and 10 keV the uncertainty is about one percent and 

increases to two percent at 100 keV. 

Although the Uttley and Diment analysis produced a total cross section 

that was in excellent agreement with the available experimental data, 



the disagreement in the(n,ry) cross section across the 247 keV resonance 

precludes the (n,f*) cross section from being considered a standard above 

100 keV at this time. 

D. ^°B(n,ty) Cross Section — 

The ^B(n,(y) standard cross section is part of MAT = 1155; the 

standard is given for the energy range from 1.0 x 10 ^ ev to 100 keV. 

The recommended cross section was based on an analyses by Sowerby 

et nl.^9,10^ The 2200 m/sec. value of the (n,u) cross section was taken 

to he 3836.45 b ^ ^ and this value is believed to be known to within one 

percent. 

Above the thermal neutron energy range, the recommended cross section 

was obtained from the formula^5 ^ ^ 

13.837 _ . ... 1f,-2 fu~ a. 2.809 x 105 
a = - 0.312 - 1.014 x 10 /̂E + ~ t~ n' a jE ^"'C (170.3 - E) + 2.243 x 10 ] 

where a is given in barns and E in keV. 

Sowerby et al. obtained the constants for.the above equation by 

making a least squares fit to selected data sets. The absorption cross 
(L2) 

section measured by Mooring, Monahan and Huddleston was used. The 

absorption cross section resulting from subtracting the scattering cross (13) 
section measured by Asami and Moxonv from the total cross section 

(14) 

measured by Diment also was used. The most important data set used 

was the ^B(n,<y) cross section derived from the Sowerby et 

^Li(n,<y)/^B(n,*y) ratio measurement. In this case the ^Li(n,iv) cross 

section was taken to be the same cross section as was used in ENDF/B-III 

for the standard. The resulting recommended cross sections for Li(n,ry) 

and ^B(n,/v) cross section contain a high degree of consistency. 



The recommended standard cross section is believed to be known to 

within one percent for neutron energies less than one keV. This, 

uncertainty rises from two percent at 10 keV to three percent at 100 keV. 

E. Total Cross Section 
12 -5 

The C total cross section from 1.0 eV to 2.0 MeV has been 

designated as a cross section standard. The differential angular 

distribution data for elastic scattering is also a preferred standard, 

however, the ENDF/B data is not considered adequate as a standard at 

this time. The recommended cross section is part of MAT = 1165 and was 

taken from an analysis made by Francis et al.^"^ 

The recommended free atom scattering cross section is 4.729 barns. 

This value is believed to be known to within 0.5 percent. 

Francis et al.^'"^ obtained the recommended cross section by 

analyzing several recent experimental results ' ̂  ' ̂ ' R-matrix and 

coupled channel model calculations were used in the analysis. The 

recommended cross section is believed to be accurate to within one 

percent and likely to within 0.5 percent. 
197 F. Au(n,y) Cross Section 

MAT = 1166 contains the recommended standard cross section for 
197 

Au(n,y) which extends from 10.0 keV to 5.4 MeV. The resonance region 

radiative capture cross section for MAT = 1166 has not been evaluated in 

a manner necessary to be considered a standard cross section. The 

recommended cross section for the above energy range was obtained by 

F. J. Vaughn and H. A. Grench^20^ (Lockheed Palo Alto Research Laboratory), 
Vaughn and Grench analyzed the results from 15 differential cro?s 

(21 35) section measurements. 1 In addition they used the results from 

- 6 -



19 different monoenergetic measurements. The results from each experiment 

was examined and the data sets were renormalized, when necessary to take 

into account information which became available after publication. 

Kcnormal i/.alions were based on new information about the standards used, 
235 

in particular the U fission cross section. 

The complete energy range was divided into three overlapping energy 

intervals, i.e., 10-150 keV, 123-560 keV, and 400-1800 keV. A least 

squares polynomial fit was made for each energy interval. An iterative 

procedure was used to obtain a "best curve" through the experimental data. 

In the iterative procedure, an adjustment factor for each data set was 

obtained. Each point in a particular data set was multiplied by its 

adjustment factor. The adjusted data sets were re-fit and new adjustment 

factors obtained. This process was continued until the results converged. 

For example, the final adjustment factors for the data sets measured by 

Fricke et a l . / 2 1 ) P o e n i t z a n d Kompe^35) were 1.01567, 1.07871, and 

1.11054 respectively. 

Figure 6 shows the recommended standard cross section for the energy 

range from 10 keV to 5 MeV. Also shown are selected sets of experimental 

results (unadjusted). 
235 G. U Fission Cross Section 

The CSEWG Normalization and Standards Subcommittee has recommended 
235 

that the U fission cross section from MAT = 1157 be considered as an 

interim standard for the energy range from 1.0 x 10 ^ eV to 15 MeV. It is 

difficult to estimate the uncertainty in the recommended cross section, but 

it is considerably greater than the preferred uncertainty of one percent. 

The evaluation of the fission cross section for the thermal energy region / o £ \ was made by Leonard. The 2200 m/sec values for the fission cross 

- 7 -



(37) section and the "Westcott-g factor" were taken from the 1969 IAEA review, 
i.e., af = 580.2 barns and gf = 0.9768. 

The recommended single level resonance parameters were obtained by 
( 3 8 "1 

Smith and Young for the neutron energy range from 1.0 eV to 82 eV. 
Several sets of experimental data were used in the fits, including 
de Saussure et a l , , ^ ^ Michaudon, Blons et al.,^*^ and Cao et 

In the energy range from 80 eV to several keV the fission cross (39) section was based on the data of de Saussure et al. Between several 
keV and 100 keV the results measured by White, ̂ ^ Perkin,^^ and 

( 4 5 ) 

Silver et al. were used for absolute values. A fine structure was. 
introduced into the recommended data. This structure was taken from a 
measurement by Lemley et al.^^ 

Above 100 keV, the recommended data were based on measurements by 
White, Szabo,^7^ and Smith et al.^*^ (as corrected by Hansen in 
1968). Figures 7, 8, and 9 show the recommended fission cross section 
above 4 keV and selected sets of experimental results. 

- 8 -
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Figure 2: Cross Section Standards 



Figure 3: TOTAL CROSS SECTION 
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Figure 4: 3 He (n,p) CROSS SECTION 
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Figure 5: 6 L i ( n , a ) 3 H C R O S S S E C T I O N 
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197 Figure 6: Au (n,Y) Cross Section 
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EVALUATED NUCLEAR DATA FOR HYDROGEN IN THE ENDF/B-1 I FORMAT 

by 

L . S t e w a r t , R. J . LaBauve, and P. G . Young 

ABSTRACT 

The f o l l o w i n g n u c l e a r d a t a a r e g i v e n f o r hydrogen i n t h e e n e r g y range 
f r o m 1 . 0 x 10~ 5 eV t o 2 0 . 0 MeV. 

F i l e 1 . The g e n e r a l i n f o r m a t i o n f i l e i n c l u d e s a b r i e f d e s c r i p t i o n o f the 
d a t a t o f o l l o w . 

F i l e 2 . V a l u e * f o r n u c l e a r s p i n and e f f e c t i v e s c a t t e r i n g r a d i u s a r e g i v e n 
i n t h e r e s o n a n c e f i l e . - - -

F i l e 3 . Smooth c r o s s - s e c t i o n d a t a a r e g i v e n f o r the t o t a l c r o s s s e c t i o n , 
the f r e e - a t o m 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 , and 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 ; d a t a f o r Jj, and y a r e a l s o i n c l u d e d . 

F i l e b . The a n g u l a r d i s t r i b u t i o n s f o r e l a s t i c s c a t t e r i n g a r e g i v e n as 
p r o b a b i l i t y vs c o s i n e o f t h e s c a t t e r i n g a n g l e . 

F i l e 7 - The f r c e - a t o m - s c a t t o r i n g c ross s e c t i o n i s t h e o n l y i n f o r m a t i o n 
p r o v i d e d a t t h e r m a l . 

F i l e 12 , Secondary garmia - ray p r o d u c t i o n mui t i p i i c i t i e s for c a p t u r e , w h i c h 
a r e e q u a l t o o n e , a r e g i v e n in t h i s f i l e . 

F i l e l 1 * . Gamma-ray a n g u l a r d i s t r i b u t i o n s a r e p r o v i d e d f o r the s i n g l e r a d i -
a t i v e c a p t u r e gamma r a y . 

I N T R O D U C T I O N 

T h i s e v a l u a t i o n f o r hydrogen (MAT = 11^8) d i f -

f e r s f rom t h e p r e v i o u s ENDF/B e v a l u a t i o n (MAT = 

1001) i n t h a t the e l a s t i c s c a t t e r i n g d a t a were 

t a k e n f r o m r e c e n t work by Hopkins and B r e i t ' and 

t h e d a t a f o r r a d i a t i v e c a p t u r e were t a k e n f rom r e -2 
c e n t work by H o r s l e y , A l s o , gamma-ray p r o d u c t i o n 

d a t a , not g i v e n i n t h e MAT = 1001 e v a l u a t i o n , a r e 

i n c l u d e d . A c o m p l e t e l i s t i n g f o r MAT = 1 1 i s 

g i v e n in t h e A p p e n d i x . 

F ILE 1: GENERAL INFORMATION 

A b r i e f summary o f t h e d a t a t o f o l l o w is g i v e n 

i n F i l e 1 . The a t o m i c mass f o r h y d r o g e n was t a k e n 

t o be 1 . 0 0 7 8 2 5 f r o m t h e May 1969 " C h a r t of the 

N u c l i d e s 

f l i t ' I : HLS0NANCL INFORMATION 

NULIIMI- ' . p i n und <; f t <:•• I i vc ' .cut l u r i n g r a d i u s 

or i ; yivi . ' i i in th i t i l e . An e f f e c t i v e s c a t t e r i n g 

-12 r a d i u s of 1 . 2 7 5 6 x 10 era is c o n s i s t e n t w i t h a 

p o t e n t i a l s c a t t e r i n g c r o s s s e c t i o n o f 2 0 , H 9 b, as 2 
d e t e r m i n e d f r o m Iffla . S i n g l e t and t r i p l e t s c a t t e r -

ing r a d i i a r e n o t i n c l u d e d . 

F ILE 3: SMOOTH CROSS SECTIONS 

T o t a l c r o s s s e c t i o n s (MT = I ) w e r e o b t a i n e d by 

a d d i n g t h e e l a s t i c s c a t t e r i n g and 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 s a t a l l e n e r g i e s ( 1 . 0 x 10 eV t o 

2 0 . 0 M e V ) . The hydrogen t o t a l c ross s e c t i o n s a r e 

shown in F i g . 1 . 

The e l a s t i c s c a t t e r i n g cross s e c t i o n s (MT - 2) 

were t a k e n f r o m an e x L e n s i v e t h e o r e t i c a l t r e a t m e n t 

o f f a s t n e u t r o n measurements by H o p k i n s and B r e i t . ' 

In t h i s w o r k , a c o n s i s t e n t S e t of c r o s s s e c t i o n s 

and a n g u l a r d i s t r i b u t i o n s wer i ; o b t a i n e d by u s i n g a 

s e t o f phase s h i f t s p r e v i o u s l y d e t e r m i n e d a t YaK-

U n i v e r s i i y . ' T a b u l a r v a l u e . t) l t h e i - I j s I U sc.it I d l -

ing c r o s s s e c t i o n a r e g i v e n I n R e f . I l o r o n l y o 



few e n e r g i e s , the two lowest p o i n t s being 100 and 

200 keV. The phase s h i f t program and the Ya le 

phase s h i f t s Mere p rov ided by Hopkins ' so t h a i many 

i n t e r m e d i a t e p o i n t s c o u l d be c a l c u l a t e d . At 0 . 1 

ki-V , ihc lowest energy recommended f o r running t h i s 

program, the s c a t t e r i n g cross s e c t i o n is 20 .1^88 b . 

Th is v a l u e is i n e x c e l l e n t agreement w i t h the t h e r -

mal cross s e c t i o n (20.1)1)2 + 0 . 0 2 3 b) d e r i v e d by 

Davis and BarscJiaM"' f rom a r e v i s e d v a l u e of the 

e f f e c t i v e range o b t a i n e d by de te rmin ing the best 

va lues of the neu t ron e n e r g i e s from many e x p e r i -

ments below 5 MeV per formed s i n c e 1950. T h e r e f o r e , 

f o r t h i s e v a l u a t i o n , the f r e e - a t o m - s c a t t e r i n g cross 

s e c t i o n is assumed t o be cons tan t below 100 eV and 

equal to the v a l u e c a l c u l a t e d f rom the Ya le phase 

s h i f t s a t 100 eV, g i v i n g a thermal cross s e c t i o n of 

2 0 . M s b. At h i g h e r e n e r g i e s , these t h e o r e t i c a l 

p r e d i c t i o n s a r e in e x c e l l e n t agreement w i t h the r e -

cent measurements o f Davis^ g i v i n g an a v e r a g e v a l u e 

o f 0 . 8 4 f o r the square o f the d e v i a t i o n for e n e r -

g i e s below 2 0 . 0 MeV. The e l a s t i c cross s e c t i o n for 

hydrogen from I . 0 x 10 ^ eV to 2 0 . 0 MeV is shown 

in Fig, 2. 
The cross s e c t i o n s f o r r a d i a t i v e c a p t u r e (MT « 

102) were taken f rom the 1966 p u b l i c a t i o n o f 
2 

H o r s l e y , where a v a l u e of 332 mb was adopted f o r 

the thermal v a l u e . Deuteron photodi s i i n t e g r a t i o n 

cross s e c t i o n s were a l s o employed i n d e r i v i n g r a d i -

a t i v e cap ture in H o r s l e y ' s r e p o r t . A l though the 2 
Nuclear Data a r t i c l e by Hors ley was r e f e r e n c e d f o r 

MAT = 1001, the v a l u e s were taken from an e a r l y 

v e r s i o n d e s c r i u e d in AWRE 0 - 2 3 / 6 5 , and these were 

l a t e r r e v i s e d f o r the Nuclear Data a r t i c l e . The 

l a t t e r r e p o r t ( R e f . 2) has been used f o r t h i s e v a l -

u a t i o n , as suggested by H o r s l e y . The r a d i a t i v e 
c a p t u r e cross s e c t i o n f o r MAT = 1]1|8 from 1 .0 x 

-c 
10 eV to 2 0 . 0 MeV is shown i n F i g . 3 . 

The average v a l u e of the cosine i n the l a b o r a -

t o r y system (y^) f o r e l a s t i c s c a t t e r i n g (MT - 251) 

was d e r i v e d from the secondary a n g u l a r d i s t r i b u -

t i o n s i n F i l e 4 (MT = ' t ) . Va lues f o r p from 1 .0 x 

10 J eV to 2 0 . 0 MeV a r e shown in F i g . 

Values f o r the average l o g a r i t h m i c energy 

change per c o l l i s i o n (MT - 2 5 2 ) , and f o r y, the 

G o e r t z e l - G r e u l i n g constant (MT = 2 5 3 ) , a r e taken 

equal to 1 over the range 1 .0 x 10 ® eV t o 2 0 . 0 MeV, 

f o l l o w i n g the MT = 1001 e v a l u a t i o n . 

FILE SECONDARY ANGULAR DISTRIBUTIONS 

Angular d i s t r i b u t i o n s o f secondary r - u t r o n s r e -

s u l t i n g from e l a s t i c s c a t t e r i n g are t a b u l a t e d from 

1 . 0 x 10~5 eV t o 2 0 . 0 MeV. D i s t r i b u t i o n s a t 0 . 1 , 5 , 

10, 20, and 30 McV a r e p rov ided by R e f . 1; a d d i -

t i o n a l and I n t e r m e d i a t e da ta were c a l c u l a t e d by 

u s i n g the H o p k l n s - B r e I t phase s h i f t program and the 

Y a l e phase s h i f t s . As shown in F i g s . 5 through 16, 

the angu la r d i s t r i b u t i o n s above 100 keV are n e i t h e r 

i s o t r o p i c below 10 MeV, nor a r e they symmetr ic about 

90° a t h i g h e r e n e r g i e s as assumed in the e a r l i e r 

v e r s i o n (MAT • 1 0 0 1 ) . A t 100 keV, the angu la r d i s -

t r i b u t i o n s a re assumed t o be i s o t r o p i c because the 

180 /0° r a t i o Is v e r y n e a r l y u n i t y ( 1 . 0 0 1 1 ) . At 500 

keV, t h i s r a t i o approaches 1 . 005 ; t h e r e f o r e , the 

p o i n t w i s e n o r m a l i z e d p r o b a b i l i t i e s as a f u n c t i o n of 

the cos ine of the s c a t t e r i n g angle a r e prov ided a t 

1 .0 x eV ( i s o t r o p i c ) , 100 keV ( i s o t r o p i c ) , 500 

keV, and a t 1-MeV i n t e r v a l s from I to 20 MeV. 

FILE 5: THERMAL OATA 

Free -a tom cross s e c t i o n s s p e c i f i e d from 1 .0 x 

I 0 " 5 eV t o 5 eV a r e inc luded in t h i s f i l e . 

FILE 12: PHOTON PRODUCTION CROSS SECTIONS 

A m u l t i p l i c i t y r e p r e s e n t a t i o n is used t o de-

s c r i b e the s i n g l e hydrogen r a d i a t i v e c a p t u r e gamma 

ray from 1 .0 x l O - ^ eV to 2 0 . 0 MeV. The m u l t i p l i -

c i t y is r e f e r r e d t o MT = 102 in F i l e 3 and i s u n i t y 

a t a l l n e u t r o n e n e r g i e s . To a d e q u a t e l y r e p r e s e n t 

the gamma-ray energy f o r M e V - i n c i d e n t n e u t r o n s , the 

neut ron energy reg ion from 0 . 2 to 20 MeV is d i v i d e d 

i n t o 16 d i f f e r e n t energy bands, and the gamma-ray 

energy I s t a b u l a t e d f o r each n e u t r o n energy band as 

E y = 2 .225 x l o 6 + E n / 2 (eV) , 

where E is the n e u t r o n energy a t the midpo in t of 

the band In eV . The v a l u e 2 . 2 2 5 x 10 eV c o r r e s -

ponds to the deuteron b i n d i n g e n e r g y ; tha t i s , the 

smal l energy change due t o the n u c l e a r r e c o i l t h a t 

accompanies gamma emission has been i g n o r e d . 

FILE I I): GAMMA-RAY ANGULAR DISTRIBUTIONS 

The gamma-ray angu la r d i s t r i b u t i o n s a r e assumed 

to be i s o t r o p i c a t a l l neu t ron e n e r g i e s from 1 . 0 x 

10" 5 eV to 2 0 . 0 MeV. 

2 



!']>,. 1. I'otal rross scction (MT - I). 

I ' i R . 2. E l a s t i c s c a t t e r i n g c r o s s s u c t i o n (MT = 2 ) . 

3 



A V E R A G E VALUE OF M U ( lO" 5 ! 
6S.92 66. DO 66 • OB 66. If. 66. 66.-.,; 66 • H-O 66.4-a bb. S6 

CROSS SECTION, BARNS 



NORMALIZED PROBABILITY ( K T ' I NORMALIZED PROBABILITY | 1 0 " ! ) 



FILE A SECUNXRHY RNBULRH EZSTHItUTlaNS 

liU 
/. Anc.ul.ir d ist ribul ion fur .I.U M. V . 

u 
a F I L E 4 f i E U O N i n R T HNGUUHR I X S T R I & U T J i D N S 

l'iy,. K. Aiif,ii!.if ili»t rilmi inn lor 4.(1 MfV . 

6 



pij.o 
rt »-XLE4 SCCBNIKRY RNGL/LRR XXSTNXbUTXBNB 

Tig. 9. Angular distribution for 6.0 NeV . 

• FILE 4 SECONaWRY RNGULRR 3>XSTRXbUTXt9N5 

MU 
Fig. 10. Angular distribution for 8.0 M e V . 



I'll;. 12. Angular il tatr Unit lun for U.OMcV. 



* * FILE 4 SECUNZnRY RNSULRR SXSTRZbUTXQNS 

MU 

F i g . 13 . Angu lar d i s t r i b u t i o n f o r 11).0 MeV -

* FILE 4 SECONIRRY RNGULRR aiSTRlaUTIONS 

MU 
F i g . I f t . Angu lar d i s t r i b u t i o n f o r 1 6 . 0 MeV. 

9 



FILE 4 SECONHnny HNSULH* aiBTNXkUTXONS 

Fig. 15. Angular distribution for 18.0 MeV. 

FILE 4 5ECQN2RRY HNGULHR 3Z5TnZbUTXDNS 

F i g . 1 6 . A n g u l a r d i s t r i b u t i o n f o r 2 0 . 0 MtAf . 

10 
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APPENDIX 

LISTING OF HYDROGEN EVALUATION 

HYDROGEN I N E N O F / B - l l FOPMAT . MAT « 11 Uts 1 4 8 - 0 - 0 0 
1 . 0 0 1 E « 0 3 9 . 9 9 1 7 F - 0 I 0 0 0 1 ? 1 4 8 1 4 5 1 1 

0 . 0 0 . 0 0 0 6 7 0 1 4 8 1 4 5 1 ? 
1 4 8 1 4 5 1 3 

HYDROGEN FREF ATOM CROSS SECTION"? 1 4 8 1 4 5 1 4 
ENTRY BY L . STEWART. S . J . LABAtJVE . AND P . G . YOUNG 1 4 8 1 4 5 1 S 
LOS ALAMOS S C I E N T I F I C LABORATORY 1 4 8 1 4 5 1 6 
LOS AL AMOS.NFW MEXICO M75<»4 1 4 8 1 4 5 1 7 
OCTOREP 2 0 . 1 9 7 0 1 4 8 1 4 5 1 H 

1 4 8 1 4 5 1 9 
MF> I 1 4 8 1 4 5 1 10 

1 4 8 1 4 5 1 1 1 
M T = 4 5 1 . ATOMIC MAS5 = 1 • 0 0 7 H 2 S 1 4 8 1 4 5 1 1 2 

1 4 8 1 4 5 1 1 J 
MF»? 1 4 8 1 4 5 1 14 

1 4 8 1 4 5 1 1 5 
M T ' l S l , S C A T T E R I N G t I N(",lH = l . 2 7 S 6 F - 1 ? C M , 1 4 8 1 4 5 1 16 

1 4 8 1 4 5 1 i r 
MF * ) 1 4 8 1 4 5 1 18 

1 4 8 1 4 5 1 1 9 
MT= 1 . TOTAL CPOf.S S E C T I O N S THF TOTAL CROSS S E C T I O N S APE 1 4 8 1 4 5 1 2 0 

O R T A I N F O HY A o n I NO THE F L A S T I C S C A T T E K I N G AND 1 4 8 1 4 5 1 2 1 
R A D I ATT V c C.APIIJWK CPOSS S E C T I O N S AT A L L E N E R G I E S . 1 4 8 1 4 5 1 2 2 

l . O E - O S FV T i l 20 M t V . 1 4 8 1 4 5 1 2 3 
1 4 8 1 4 5 1 2 4 

MT= E L A S T I C S C A T T E R I N G FP0M AN E X T F N S I V E T H E O P E T I C A L 1 4 8 1 4 5 1 2 5 
TREATMENT OF FAST NEUTRON MEASUREMENTS 1 4 8 1 4 5 1 2 6 
RY J . C . H O P K I N S ( L A S L ) AND G . B P E I T ( S T A T E 1 4 8 1 4 5 1 2 7 
U N I V F W S I T Y OF NEW YORK> . 1 4 8 1 4 5 1 2 8 

1 . 0 E - 0 5 FV TO 20 M F V . 14H 1 4 5 1 2 9 
1 4 8 1 4 5 1 3 0 

MT = 10 2 • R 4 D T A T I V E CAPTtIPE THESE CROSS S E C T I O N S ARE TAKEN 1 4 8 1 4 5 1 3 1 
F P 0 " THE P U B L I C A T I O N OF A . HORSLEY WHERE 4 VALUE 1 4 8 1 4 5 1 3 2 
OF 3 3 2 MR WAS ADOPTED FOR THE THERMAL V A L U E . 1 4 8 1 4 5 1 3 3 

1 . 0 F - 0 5 £ V TO 2 0 M E V . 1 4 8 1 4 5 1 3 4 

1 4 8 1 4 5 1 3 5 
M T = 2 5 1 . AVERAGE VALUF OF C O S I N E OF S C A T T E R I N G ANGLE 1 4 8 1 4 5 1 3 6 

I N LAB S Y S T E M . 1 4 8 1 4 5 1 3 7 
l . O E - O S F.V TO 20 MEV. 1 4 8 1 4 5 1 3 8 

1 4 8 1 4 5 1 3 9 
M T = 2 5 2 . AVFRAGF L O G A R I T H M I C ENERGY CHANGE PER C 0 L L I S O N . TAKCN 1 4 8 1 4 5 1 4 0 

AS 1 . FROM 1 . 0 E - 0 5 EV TO 2 0 M F V . 1 4 8 1 4 5 1 4 1 
1 4 8 1 4 5 1 4 2 

M T = ? S 3 i GAMMA. TAKEN AS I t FROM 1 . 0 E - 0 5 EV TO 20 M E V . 1 4 8 1 4 5 1 4 3 
1 4 8 1 4 5 1 4 4 

MF * 4 1 4 8 1 4 5 1 4 5 
1 4 8 1 4 5 1 4 6 

MT= ? , NEUTRON E L A S T I C S C A T T E R I N G ANGULAR D I S T R I B U T I O N S I N 1 4 8 1 4 5 1 4 7 
THE CENTER OF MASS S Y S T F M — G I V E N AS N O R M A L I Z E D 1 4 8 1 4 5 1 4 8 
P O I N T W I S E P R O B A B I L I T I E S . 1 4 8 1 4 5 1 4 9 



1 1 4 8 1 4 5 1 5 0 
1 1 4 8 1 4 5 1 5 1 

MF»7 1 1 4 8 1 4 5 1 5 2 
1 1 4 8 1 4 5 1 5 3 

MT" 4 . . 0 0 0 0 1 TO 5 FV FREE GAS S I G M A « 2 0 . 4 4 S i H A R N S . 1 1 4 8 1 4 5 1 5 4 
1 1 4 8 1 4 5 1 S 5 

M F - 1 2 1 1 4 8 1 4 5 1 5 6 
1 1 4 8 1 4 5 1 5 7 

M T » 1 0 ? . GAMMA RAY M U L T I P L I C I T I E S M U L T I P L I C I T Y . (REFERRED 1 1 4 8 1 4 5 1 5 8 
TO M T * 1 0 2 • M F » 3 > . I S U N I T Y AT A L L NEUTRON E N E R G I E S . 1 1 4 8 1 4 5 1 5 9 
S I X T E E N ENERGY BANDS ARF G I V E N FROM . 2 MEV TO 2 0 M E V . 1 1 4 8 1 4 5 1 6 0 
AND THE AVERAGE GAMMA RAY ENERGY. F A G . I S DETERMINED 1 1 4 8 1 4 5 1 6 1 
FROM THE AVERAGE NEUTRON ENERGY. E A N . I N THE HAND BY 1 1 4 8 1 4 5 1 6 2 
F A G « 2 . 2 ? 5 E • 0 6 * E A N / 2 . » R E C O I L ENERGY I G N O R E D . 1 1 4 8 1 4 5 1 6 3 

1 1 4 8 1 4 5 1 6 4 
M F * 1 4 1 1 4 8 1 4 5 1 6 5 

1 1 4 8 1 4 5 ) 6 6 
M T = 1 0 2 « GAMMA RAY ANGULAR D I S T R I B U T I O N ASSUMED I S O T R O P I C 1 1 4 8 1 4 5 1 6 7 

HYDROGEN I N E N D F / B - I I FORMAT. 
1 . 0 0 1 E * 0 3 9 . 9 9 1 7 E - 0 1 0 

0.0 0.0 0 

HAT m e o o 
0 67 12 0 

HYDROGEN FREE ATOM CROSS S E C T I O N S 
ENTRY BY L . STEWART, R . J . LABAUVE» »-ND P . G j . YOUNG 
LOS ALAMOS S C I E N T I F I C LABORATORY 
LOS ALAMOS.NEW MEXICO 8 7 5 * 4 
OCTOBER 2 0 . 1 9 7 0 

MF«1 

M T - 4 5 1 » ATOMIC M A S S * ! . 0 0 7 8 2 5 

MF«2 

M T = 1 5 1 « S C A T T E R I N G L F N G T H x 1 . 2 7 5 K E - 1 2 C M . 

MF»3 

MT= 1 . TOTAL CROSS S E C T I O N S THE TOTAL CROSS S E C T I O N S ARE 
O B T A I N E D BY ADDING THE E L A S T I C S C A T T E R I N G AND 
R A D I A T I V E CAPTURE CROSS S E C T I O N S AT A L L E N E R G I E S . 

l . O E - O S EV TO 2 0 M f V . 

MT= E L A S T I C S C A T T E R I N G — FROM AN E X T E N S I V E T H E O R E T I C A L 
TREATMENT OF FAST NfcUTWON MEASUREMENTS 
RY J . C . H O P * I N S ( L A S L ) AND G . B & E I T ( S T A T F 
U N I V E R S I T Y OF NEW Y O R K ) . 

1 . 0 E - 0 5 FV TO 2 0 M f V . 

M T = 1 0 2 • R A D I A T I V E CAPTURE THESE CROSS S E C T I O N S ARE TAKEN 
FROM THE 1 9 6 6 P U B L I C A T I O N OF A . HORSIEY WHEKF A VALUE 
OF 3 3 2 MR WAS ADOPTED FOR THE THERMAL V A L U E . 

1 . 0 E - 0 5 EV TO ? 0 M E V . 

M T = 2 5 1 . AVERAGE VALUI OF C O S I N E OF S C A T T E R I N G ANGLE 
I N L A B SYSTEM. 

1 . 0 E - 0 5 EV TO 20 MEV. 

MT=252* . AVERAGE L O G A R I T H M I C ENERGY CHANGE PER C O L L I S O N . TAXEN 
AS l i FROM 1 . 0 E - 0 5 f.V TO 2 0 MEVa 

MT=25,V« 'GAMMA • TAKEN AS 1 . FMOM 1 . 0 E - 0 5 FV TO 2 0 M E V . 

MF»4 

MT» 2 i NEUTRON E L A S T I C S C A T T E R I N G ANGULAR D I S T R I B U T I O N S I N 
THE CENTER OF MASS S Y S T E M — G I V E N AS N O R M A L I Z E D 
POINTW1SE P R O B A B I L I T I E S . 

1 1 4 8 -1148 
1 1 4 8 
1 1 4 8 
1 1 0 8 
1 1 4 8 
1 1 4 B 
1 1 4 8 
1 1 4 8 ! 148 114H 1148 
1 1 4 8 
1 1 4 8 1148 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 1148 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
11 4B 1148 
1 1 4 8 
1 1 4 8 1148 
1 1 4 8 
1 1 4 8 
1 1 4 8 11 48 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 6 
1 1 4 8 
1 1 4 8 
1 1 4 8 
1 1 4 8 

0 -0 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 145) 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 S 1 
1 4 5 1 1451 
1 4 5 1 
1 4 5 1 
1 4 5 1 1451 
1 4 5 1 
1 4 5 1 
1 4 5 1 
1 4 5 1 

0 1 2 
3 
4 
5 
6 
7 
fl 
9 

10 1 1 12 
13 
14 
15 
l b 
17 lrt 11 20 
2 1 22 
2 3 
2 4 
2 5 26 
27 2H 
30 
31 
32 
33 
34 
35 
3 6 
3 / 
38 31 
40 
4 1 
4 2 
4 3 
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SUMMARY DOCUMENTATION FOR He-3 
L. Stewart and R. J. LaBauve 

Los Alamos Scientific Laboratory 

ABSTRACT 

The following nuclear data are given for ̂ He in the energy range 
from 1.0 X 10"5 eV to 20 MeV: 

File 1. The general description of the data which follow 

File 2. Values of the nuclear spin and effective scattering 
radius 

File 3. Smooth point-wise data for the total, the free-atom 
elastic, (n,p), (n,d), and the radiative capture cross 
sections; data for il, and 7 are also included 

File The angular distributions for elastic scattering as 
probability vs cosine of the scattering angle in the 
center-of-mass system 

File 7: The free-atom-scattering cross section at thermal 

I. INTRODUCTION 

These data were translated from an unpublished evaluation completed 
by L. Stewart in 1968. In 1971, the Standards Subcommittee of CSEWG re-viewed 
the file and concluded that the (n,p) cross section was still adequately rep-
resented to be recommended as a standard cross section. 

II. TOTAL CROSS SECTION 
The total cross section was obtained by summing the partials up to 

100 keV. From 100 keV to 20 MeV, the LASL measurements-*- were used exclusively 
in this evaluation. 

III. ELASTIC SCATTERING 
2 Available measurements of Seagrave, Cranberg, and Simmons , of 

Sayres, Jones, and Wu^, and of Antolkovic et al.^ were used. Also the p + T 
scattering was used to fill the gaps in energy where no n + ̂ He elastic scat-
tering measurements exist^ The p + T experiments employed were those of Brolley 
et al.5j Rosen and L e l a n d , and of Vanetsian and Fedcheriko?. Wick's Limit was 
employed at aJ.1 energies to insure the nonviolation of unitarity. The angular 
distributions are given as probabilities versus cosine of the center-of-mass 
scattering angle. 

* Work done under the auspices of the United States Atomic Energy Commission 
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IV. RADIATIVE CAPTURE 
Gallmann, Kane, and Pixley® have placed upper limits on the thermal 

capture cross section of 100 p.b and 10 ub for gamma and pair emission, respec-
tively. Since these are upper limits and absolute measurements do not exist, 
no estimate is made here for radiative capture. The gamma-ray production cross 
sections are also assumed to be negligible and are therefore ignored. 

V. (n,p) CROSS SECTION 
The (n,p) cross section below 10 eV was derived solely from the 

measurements of Als-Nielsen and Dietrich^ giving 5327 b at thermal. A 
l/v extrapolation was assumed to 1.7 keV, where the slope was changed to merge 
with the slope of the curve given by the data of Gibbons and Macklin-1-0*11. 
Many experiments^*12~17 have been performed at higher energies although, all 
too often, the cross sections were not obtained on an absolute basis. The most 
extensive absolute measurements were those of Perry et al. which have been 
heavily weighted in this evaluation. 

VI. (n,d) CROSS SECTION 
Only the Columbia data^ near 7-5 MeV were available on this reaction. 

Bradbury and Stewart 18, however, employed detailed balance and the LASL measure-
ments on the inverse reaction, that is, the D(d,n)^He reaction, to predict the 
energy dependent cross section to 15 MeV. Above 15 MeV, these data were extra-
polated. 

VII. THREE- AMD FOUR-BODY BREAKUP 
The 5He(n,np)D and 5jie(n,2n2p) reactions have Q values of - 5 . a n d 

-7.718 MeV, respectively. Only a few measurements exist on these reactions, 
and these are usually limited to a search for final-state phenomena. The spec-
trum is usually observed at one angle very close to zero degrees. Observation 
of the proton spectrum at 11*. 4 MeV reveals no clear indication of n-d, two-
nucleon, or three-nucleon final-state interaction. A strong n-p final state 
is evident from measurements of the deuteron spectrum at = 5 0 . An upper 
limit of 12 mb has also been set on the ̂ He(n,2n2p) reaction. In the absence 
of measurements of the absolute cross sections, these break-up cross sections 
have been assumed small and are therefore ignored in the present evaluation. 
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SUMMARY OF 6Li DATA FOR ENDF/B-III* 

by 

M. E. Battat and R. J. LaBauve 

Los Alamos Scientific Laboratory 

INTRODUCTION 
-5 6 The data, in the energy range of 10 eV to 20 MeV, for Li (MAT 1115) 

vere submitted to the MCSC in September 1971 for inclusion in ENDF/B-III. These 
data represent an extensive revision of the earlier file (MAT 1005) which was, 
for the most part, based on a UKAEA evaluation.-*- A major change was made in 
that below about 1.7 MeV the cross sections for MAT1115 reflect very strongly 
the detailed review of the available data by Uttley, Sowerby, Patrick, and Rae. 
In choosing the latter data, consideration was also given to the recommendation 
of the CSEWG Normalization and Standards Subcommittee that Uttley's (n,a) data 
be used in the latter energy ranged The data above 1.7 MeV for MAT 1115 will 
be discussed in later sections of this document. For this first pass reval-
uation, the (n, ?) cross sections from the earlier UK evaluation were retained. 
Following Uttley et al., the data will be considered in the following energy 
intervals: (l) thermal, (2) thermal to 10 keV, (5) 10 to 500 keV, and (4) 500 
keV to 1.7 MeV. Above 1.7 MeV, the data will be considered by reaction type. 

THERMAL ENERGIES 

The cross sections given in the file at 0.0255 eV are as follows: 

Total = 941.015 b 
Elastic = 0.72 
(n,a) = 940.25 
(n,y) = 0.0^5 

It is estimated that the (n,a) cross section is known to ± 0.5$« The choice 
of Uttley et al. for the (n,y) cross section is 30 ± 8 mb. 

THERMAL ENERGIES TO 10 keV 

The (n,a) cross sections up to 100 eV were calculated from the formula 

a(n,a) = (149.56/v/e) - 0.024 b. 
Above 100 eV, the p-wave absorption contribution from the 247-keV resonance be-
comes increasingly important, and at 10 keV the negative s-wave absorption 
(-0.024b) is largely cancelled. Uttley et al. assign an uncertainty of ± 1$ 
to the (n,a) cross section from thermal to 10 keV. Over this energy range, the 
data given in the file deviate from a strict l/v dependence (14-9.56/ ̂ /E) by a 
maximum of -0.4$. 

Work done under the auspices of the United States Atomic Energy Commission 
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The elastic cross section is held constant at 0.72 b up to 2 keV 
with a monotonic increase thereafter to 0.7221 b at 10 keV. The elastic angu-
lar distribution up to 10 keV is specified as isotropic in the CM system. 

10 to •jOO keV 

The uncertainties estimated for the (n,a) cross section are: 
± at 100 keV, ± % from 100 to 300 keV, and 
± 10 i at 500 keV. 

As can be seen from Pig. 2 of Ref. 2, there is great disagreement among the (n,a) 
measurements in this energy range. The (n,a) curve used in this evaluation is 
the one recommended by Uttley et al. based on their careful review of the experi-
mental data. In arriving at the recommended curve, the latter authors have con-
sidered the following points; 

1. Errors in the energy scales of the measurements. 
2. The inadequacy of those experiments in which the cross 

sections were measured relative to the 235u fission 
cross section. 

3. The inadequacy of those measurements in which the neutron 
flux was measured relative to a long counter. 

k. The inconsistency of measurements made using thick lithium 
detectors with total and scattering cross section measurements. 

2 
Uttley et al. do, however, state that much experimental work remains to be done 
to confirm their recommendations. 

. In general^ the total cross sections are those reported by Uttley and 
Diment. The scattering cross sections below and above 100,keV reflcct the data 
of Asami and Moxon^ and Lane, Langsdorf, Monahan, and Elwyn , respectively. For 
the elastic angular distributions, Legendre coefficients (from which the normal-
ized probability distributions are reconstructed) were inferred by fitting the 
data of Lane et al. 

500 keV to 1.7 MeV 
The (n,a) data in this energy range were obtained by subtracting the 

scattering cross section from the total cross section. The total cross section 
values were essentially those reported by Diraent and Uttley.^ For the scatter-
ing cross sections the measurements of Lane et al." and Knitter and Coppola7 
were considered. The (n,a) cross section uncertainties are estimated to be: 

± 1C$ at 500 keV, increasing to ± 15$ between 700 and 1000 keV, 
and decreasing to ± 10$ by 1.7 MeV. 

TOTAL CROSS SECTION1 

From 2 to 15 MeV, the primary reference for the data in the file is 
the work of Foster and Glasgow.® The extrapolation to 20 MeV was based on the 
measurements of Peterson, Bratenahl, and Stoering.^ 
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Data given between ̂  and 10 MeV are heavily weighted towards the 
Hopkins, Drake and Conde evaluation. 0 A value of 0.88 b at lU MeV was used 
and data smoothly extrapolated to 20 MeV. 

Legendre coefficients for the angular distr ibutionsup to 2.5 MeV were 
determined from the data of Lane et al.° Between and 7«5 MeV coefficients 
were inferred from Hopkins et al. data.-1-® Based on lb-MeV elastic scattering 
data given In BNL-^OO, optical model calculations (ABACUS code) were performed 
to infer Legendre coefficients "between 10 and 20 MeV. Data for Mt 251 ((X-), 
252 (§), and 253 (7) were caluclated using the elastic angular distributions 
given in File b. 

THE (n,2n)qp CROSS SECTION 
The cross sections and angular distributions for this reaction (MT = 2U) 

are the same as in Ref. 1 up to 15 MeV with a smooth extrapolation to 20 MeV. The 
secondary energy distributions given in Ref. 1 have been approximated by ENDF/B 
Law 9 vith 9 = 0.21 Je (Mev). 

THE (n,n')y and (n,n')ad CROSS SECTIONS 
The (n,n')7 cross sections tabulated under MF = 52 are those measured 

by Presser, Bass, and Kruger-*--*- up to 7 MeV, with a constant 5 mb assumed there-
after.. Isotropy in the CM system is specified for the angular distribution. 

The (n,n')ad data given under MT = 91 are the same as in Ref. 1 up to 
3 MeV, with the data of Hopkins et alô -° taken into account between b and 10 MeV. 
The value of bji'i mb assigned at lb MeV is higher than the 1+03 mb given in Ref. 1, 
which is higher than the nominal 330 mb reported experimentally. A more detailed 
evaluation of the l^-MeV cross sections will be required to resolve the latter 
discrepancy. The extrapolation to 20 MeV of the (n,n' )ad cross section was ob-
tained by subtracting the sum of all other partials from the total cross section. 
For the angular distributions, the tabulated values of Ref. 1, extrapolated to 
20 MeV, were used. The secondary energy distributions of Ref. 1 were approxi-
mated using ENDF/B Law 9 with 9 values obtained by linear interpolation between 
the following points 1 

E = 1 . 7 1 8 MeV, 9 = 0 . 0 5 MeV 
E = U.l , 9 = 0 . 7 5 
E = 2 0 . 0 , 9 = 8 A 0 

THE (n,p) AND (n,q) CROSS SECTIONS 

The (n,p) cross sectionsup to 7 MeV reflect the data of Presser et al.11 
Above 7 MeV the data of Ref. 1 were used and extrapolated to 20 MeV. For the (n,a) 
cross sections the data between 2 and 15 MeV are those of Ref. 1. Extrapolation 
to 20 MeV was based on the measurements of Kern and Kreger^ between 15 and 18 
MeV. 
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SUMMARY DOCUMENTATION FOR B-10* 

R. J. LaBauve 

Los Alamos Scientific Laboratory 

ABSTRACT 

The following neutron data are given for B-10 in the energy range 
1.0 x lO"5 eV to 15 MeV; 

File 1. General description of data which follow. 

File 2. Values of nuclear spin and effective scattering radius only. 

File 3. Smooth cross sections for total, free-atom elastic, total in-
elastic, the inelastic level at 717 keV (MT = 5l)> the inelas-
tic continuum, (n,d), (n,t), and (n,a). Also data for p,, 
and 7 are included. 

File Angular distributions for elastic scattering (expressed as 
Legendre polynomial coefficients in the center-of-mass system), 
the first inelastic level, and the inelastic continuum. (The 
inelastic distributions are given as tabulated functions with 
the assumption of isotropy in center-of-mass system.) 

File !>• Secondary energy distribution for the inelastic continuum 
(law 9 - evaporation spectrum). 

INTRODUCTION 

This evaluation for l0B (MAT 1155) is essentially the same as that given 
for ENDF/B, Version I in MAT 1009 which was performed in October 1967 by D. C. 
Irving1 of ORNL. At the CSEWG meeting of May 19-20, 1971> the Standards Subcom-
mittee requested LASL to modify the (n,a) cross sections (MT = 107) of 10B (MAT 
1009) below 100 keV to conform to a recent evaluation of Sowerby et al.^ In car-
rying out this request, it was also decided to l) extend the range of modifica-
tion to 150 keV, and 2) change the elastic scattering cross sections (MT = 2) in 
the modified energy range, and, of course, 3) change the total cross section to 
be equal to (MT2 + MT107). 

The MAT 1009 evaluation contained 15 datum points from- 1.0 x 10 eV to 
150 keV. As the Sowerby evaluation is based on experimental measurements of the 
ratio On,a( Li)/a„ the modified cross sections were put on the same mesh 
(30 points) currently in use in the LASL 6Li (MAT 1115) evaluation. The energy 
range was also extended to 150 keV as the MAT 1009 data were easier to merge at 
this point than at 100 keV. Moreover, it was felt that.additional points were 
needed between 100 keV and 150 keV to compare with the °L1 data. 

The (n,a) modified cross sections, as recommended by Sowerby et al.f are 
given by the formula: 

Work done under the auspices of the United States Atomic Energy Commission 
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a (10B) = 15/736 . 0 > 5 3 2 . l m G A x 1q-2 ^ + 2.809 x 1<? ( l ) 
n>a /e J E [(170.3-E) + 2.243 X 1(T] 

with a in barns and R in keV. 
Tncldontnlly, thf an a datn In the old KNDF/B 10B evaluation did not 

differ greatly from this formuia. The largest deviation from formula (l) for 
MAT 1009 was about The most significant change was the use of a more de-
scriptive mesh. 

This investigation did reveal a need to change the elastic scattering 
cross section, however. The E N D F / B evaluation was based on 1 9 6 6 data of Moor-
ing;5 whereas this modification was based on more recent (1969) data of Asami 
and Moxon.^ 

FILE 1: GENERAL INFORMATION 

A brief summary of these data is given in File 1. The atomic mass 
for HB was taken as 10.0130. 

FILE 2: RESONANCE INFORMATION 
-I:-1 

A nuclear spin of 5 and effective scattering radius of 0.399 x 10 ~ cm 
1B given in Kile 2. 

PILE 3: SMOOTH CROSS SECTIONS 

Below 150 keV: 

CT .. - from experimental data of Asami and Moxon , with a 
e±astxc constant value of 2.2 barns below 100 eV. 

2 cr - given by formula (1) (Sowerby et al. ). 
XXjCt 

CTtotal • " ̂ elastic + a
n,oci' 

From 150 to 500 keV: 
3 Gelastic " ̂ r o m ^he smooth curve of Mooring. This agrees 

with the data of Lane et al. 

0 - from a smooth curve through the (n,a) data of Mooring^ 
n' and G i b b o n s ,5 with little weight placed on the data 

of Cox.6 

CTtotal • " ̂ elastic ' + an,cP' 
Above 500 keV: 

aelastic ~ (CTtotal ~ ainelastic " CTn,cr ~ CTn,d " a(n,t)2c^' 
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7 8 CTt tal ~ frora t h e d a t a disPlayed i n BHt525. Some minor adjustments 
were made to remove spurious wiggles in the elastic 
cross section above b MeV. 

9 
a - from the data of Davis increased by 110 mb as suggested by 
n > a a comparison to the data of Gibbons and Nellie.^ 
o/ ,>„ - from a smooth curve was drawn by eye through the sparse 

d a t a o f Frye^ll tyyman, and perkin.13 
, * Ik 

a - a smooth curve was drawn through the Be(d,n; data of Bardes 
and S i e m s s o n 1 ^ and detailed balance used to obtain 1®B(n,d) 
values. These were connected by a straight line to a 
value at 14 MeV obtained by integration of the ciata of 
Valkovic which is slightly higher than that of Ribe.1' 

lfi o. - data from Day on excitation of the first level which 
inelastic a g r e e s w i t h t h a t o f jjellis10 was used to 4.5 MeV. This 

was connected by a smooth curve to a value at 14 MeV 
obtained by subtracting (n,d), (n,o:), and (n,t) from 
the nonelastic value of MacGregor. 

The (n,n'd)aci! reaction was neglected since it is contained for all 
practical purposes in the inelastic data. 

FILE b: SECONDARY ANGULAR DISTRIBUTIONS 

The experimental data for elastic scattering angular distribution is 
sparse, consisting of a few paints between .5 and 2 MeV (BNlAoo)2 0 and one at 
14 MeV (reported in Valkovicl°). By all rights an optical model should not be 
valid for boron. However, the calculations of Agee^l compare beautifully with 
the experimental data and have been used in the evaluation. The angular distri-
bution was taken to be isotropic below .5 MeV in agreement with BNL400 and the 
data of Lane et al. (see Mooring). 

The secondary angular distribution for inelastic scattering was assumed 
isotropic in the center-of-mass system. 

FILE 5: SECONDARY ENERGY DISTRIBUTIONS 

Up to 4.5 MeV, inelastic scattering was assumed to proceed via the 
first level at .71 MeV. Above 4.5 MeV an evaporation spectrum was used with 
the temperature as determined by Weinberg and Wigner.^ 
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Thermal Data 

The cross section shapes in this evaluation were derived, in general, by-
perturbing the results of an existing evaluation in order tn reproduce I lie desired 
g values. The results of existing pre.cision experimental differential measure-
ments were used as a guide to the nature of the perturbations. 

A n objective of the evaluation was to provide cross-section shapes which 
were smooth in the thermal region and would not produce irregularities in the 
behavior of thermally averaged quantities as a function, say, of neutron 
temperature. 

Point representation of the data intended to be in the E N D F / B - I files were 
_3 

received from C. R. Lubitz. These files covered the energy range 10 to 
5 eV. It was determined that these files contained apparently unintended irregu-
larities as large as one percent in the entries below 4 m e V . These entries 

-4 
were smoothed and the data files extended to 10 eV. Calculation of "g" factors 
showed that the value of ĝ . was about 0. 2 percent greater than the desired value. 
The original evaluation of the low-energy fission cross section was reported to 
have been made; by fitting ny data of L R L and Hanford. Accordingly, a now fit 
was m a d e including these data and also the fission dala of Safford and Melkonian. 
A smooth fit was obtained, the main difference from the original fit being the 
reduction of the rise in cross section at energies below about 0.02 eV. The fis-
sion cross section was fitted simultaneously with the capture cross section using 
an alpha variation deduced by Westcott. In order to achieve a smooth fit to the 
fission data the file was modified slightly for energies up to 0.18 eV. The capture 
cross section file was modified for energies up to 0.1 eV. 

The cross-section shapes derived for sub-thermal neutron energies are 
based in large part on precision total cross section measurements of Safford, 
et al. and the 1 + Q measurement of Safford and Melkonian. The total cross 
section data of Safford, et al. obtained with liquid samples is shown below c o m -
pared with the E N D F / B values. 

crT A/E" 
Neutron Energy 
0.000818 eV 
0.00128 eV 

Safford, et al. E N D F / B 
115.71 ± 0.35 115.56 
115.79 ± 0.29 115.49 

t -,> •or 
1 



T h e E N D F / B scattering cross sections at these energies is 16 b and a ±3 b 1/2 
uncertainty in this cross section contributes about ±0. 1 b - eV to calcu-
lated O^^T E values. 

A sunmwi'y of tin; 2200 ni/s cross section parameters is given below. 

0" 694.276 

a S 15.776 

580.2 

98. 3 

V 2.423 (Delayed + Prompt) 

a 0.1694 

n 2.07196 

Resolved Resonance Region 
235 

The resolved resonance region for U in ENDF/B-III extends from 1 to 
82 eV. The description uses single level parameters plus a smooth file. 
Parameters were derived from a simultaneous fit to the following sets of data: 

1) Simultaneous capture and fission rncasuremenl s by de.Saussui e, 
t'.t al. The strength »f Ibis experiment is that it measured Ihe two 

235 
most important partial cross sections of U simultaneously, under 
the s a m e conditions of resolution and background. Moreover, care 
was taken to correct for such effects as backgrounds, resonance 
self-shielding, and scattering in the fission chamber. These data 
were used principally to indicate the ratio of capture to fission for 
the resonances. 

2) Total cross section measurements of Michaudon. These data were 
obtained at liquid nitrogen temperatures and fairly high resolution. 
They turned out to give in most cases the best indication of the total 
widths of the resonances. The data were available only as cross 
section vs. energy, with results from several samples mixed together. 
Total cross sections are measured from transmission of samples, 
and the analysis should really be performed on the transmission data 
for each sample. 

2 



3) Fission cross sections measured by Blons, et al. on the Saclay 
linear accelerator. These data were obtained at liquid nitrogen 
tempftrafurn, with resolution similar to that of Mic.haudon's total 
cross sc.cl.ion rm;;isurnmont. The Blons data arc the best resolution 
fission data, but below about 35 cV the normalization gets progres-
sively m o r e erratic because of difficulty in interpreting the back-
grounds in the presence of a B-10 filter used to eliminate low energy 
overlap neutrons. 

4) Fission cross sections measured by Cao, et al. on the linear acceler-
ator at C. B. N. M . (Geel). These data are the highest resolution r o o m 

235 
temperature measurements of for U . They are useful for c o m -
paring with the Blons data to confirm the effectiveness of the Doppler 
corrections in the analysis code. They go to a lower energy than the 
Blons datci, 6 eV vs. 17 eY. However, the Cao data are troubled by 
crratic background corrections in the vicinity of resonances in filters 
used to determine backgrounds. 

Cross Section Normalization 

Since this analysis covered only the resonance region above 1.0 eV, it was 
necessary to normalize all data to the existing E N D F / B - I I low energy file. Of 
the principal data sets, only the deSaussure measurements extends to this low 
energy. His fission data were raised by 1.5% to bring their integral from 0.4 5 eV 
to 1.0 eV into better agreement with that from the E N D F / B low energy file. The 
difference in the capture integrals was 2.4%. Nevertheless, the capture was 
raised only 1.5% in order that deSaussure's CI ratios might be preserved. 

The Cao data were raised 7 % to bring them into agreement with the renor-
malized deSaussure data. The Blons data, which already agreed well with the 
renormalized deSaussure data above 40 eV, were given an energy-dependent renor-
malization. The ratios to deSaussure values of a series of incremental reson-
ance integrals were fit with a fourth degree polynomial. This polynomial was 
then used to normalize the Blons data. The resulting correction ranged from 
about 19% at 18 eV to zero at 40 eV. 

Single level parameters were derived by fitting the experimental data by 
m e a n s of the automatic iterative fitting features of the Automated Cross Section 
Analysis Program (ACSAP). A value of 11.5 b was used for the potential 
scattering cross section. 

3 



A C S A P will upon request print and plot the differences between experimental 
points and the cross sections calculated from parameters. Such difference out-
puts were used in constructing the smooth files. In order to maintain proper Q 

values, tin: deSaussure data w«ra used as m u c h as possible in constructing llu-.si-
different files. However, this ideal had to be abandoned above about 35 eV, as 
degraded resolution spread the intrinsic difference well away from the resonances 
to which they apply. 

The scattering smooth file represents the difference between the single-
level prediction and a multilevel calculation adjusted to minimize the effects 
of intcrfc.rcncc imbalance at the two ends of the resolved resonance region. 

The parameters plus smooth file yield resonance integrals between 1 and 
82 eV of 170.6 and 104.5 b for fission and capture, respectively. The average 
alpha is 0.613 in this region, compared to a value of 0.617 calculated directly 
from deSaussure's data. 

The root m e a n square fractional difference between the fit and the individual 
dala .sets averages about 3.5%. This figure comes from an analysis of partial 
resonance integrals from the fit and from the data. Resonance energies are prob-
ably good to 0.050 eV and resonance widths to 10%. Overall error in cross sections 
is about 5%. 

For further details see the full report, ANCR-1044. 

Unresolved Resonance Region 

The ENDF/B-II1 evaluation in the unresolved energy range is based primarily 
on the experimental data of deSaussure. At the time of this evaluation, detailed 
resolution cross sections were not available from the recent measurements of 
Perez, Blons or Lemley. For this evaluation, a continuous curve of the fission 
cross section was constructed so as to reproduce the decimal interval averages 
of the experimental data. 

Differences between the present and ENDF/B-II evaluations are due to in-
clusion of new experimental data, renormalization of the experimental data to 
recent ^ B ( n , a ) cross sections and to differences in methods of constructing a 
smooth curve. The ENDF/B-III evaluation was obtained by averaging the data of 
deSaussure over lethargy intervals and by passing a continuous curve through 
the intervals. 
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The unresolved resonance parameters in the' U ENDF/B-III file were 
modified to yield the evaluated fission cross section and to reproduce the ENDF/B-11 
alpha value as closely as possible. The parameters wore obtained by adjusting 
the parameters to yield the desired fission and alpha values. 

The cross sections which were fitted and the s-wave strength function and 
fission widths resulting from the fitting procedure are given in WARD-4210T4-1. 
In this evaluation, the upper energy range for the unresolved resonance param-
eters was cut off at 25 keV and pointwise data was used above this energy. 
Data Above 25 keY 

a. Fission Cross Section 

Qualitatively, the experimental data in the energy range ~25'keY to 100 keV 
falls into two groups: the low fission values of Szabo and Lemley which use 
Li as a standard and the higher fission values such as White and DeSaussure 

•which use hydrogen and ^ B as a standard. However the recent data of Gwin 
using a standard supports the low fission values. The data of Blons tend 
to support the lower fission values while the data of Knoll are in good agree-
ment with White's data. The use of ̂ Li or ^ B as a standard does not appear 
to be the source of the discrepancy because the * B cross section used for 
normalization is partially derived from the ̂ Li data consistent with Lemley's 
normalization. 

No clear choice based on the differential data can be made at the present 
time between the low and high fission values. Integral testing against critical 
assemblies indicates that use of the lower fission values would require major 
cross section adjustments — particularly very low capture cross sections for 
23 8 

U in order to obtain eigenvalues as close as 1% less than unity. The latter 
is particularly true for soft spectrum assemblies typical of interest in L M F B R 
design. For this reason, the choice for the present evaluation is based on the 
data of Perez, White and Knoll. 

235 
The experimental data for the U fission cross section above 100 keV, 

as utilized in the present evaluation is based on the measurements of White, 
Szabo and Smith as corrected by Hansen. The data of Poenitz indicates notably 
lower fission values than the other measurements in this energy range. The 



principal new measurement since the E N D F / B - I I evaluation is that of Szabo. 
The measurements of Kappeler were reported since the present evaluation. 
The Szabo measurement is the principal source of the differences between the 
present and E N D F / B evaluations between 0.15 and 1.0 Me.V. 

Bclwcc.n 1.0 and 10,0 M c V , the only measurements with an accuracy of 
bettor than 5 % are those of "White at 2.25 and 5.4 M e V with relatively poor shape 

23 5 
determination in this energy range. In the present evaluation, the U fission 
cross section between 1.0 and 10.0 M e V was evaluated within existing uncertain-
ties in order to increase the cross section by 1 to 3 % primarily to enhance the 
238 

U fission cross section for which the most accurate measurements are 
23 5 

relative to U fission. Above 10 M e V , the present evaluation is evaluated 
to obtain a 14 M e V cross section of 2.13 barns. 23 5 

The detailed structure in the U fission cross section is important as it 
leads to variations of up to about 3 % between groups of multigroup cross sections 
averaged over quarter lethargy widths typical of m a n y L M F B R calculations and 239 
it significantly influences the Pu fission cross sections derived from ratios 

239 235 
of Pu/ U fission. For the present evaluation, a compromise structure 
was selected based on the measurements of Perez and Lemley. The evaluated 
structure w a s normalized to obtain the 10 keV evaluated average cross section. 
This structure could possibly be improved when pointwise data from the measure-
ments of Perez and Lemley become available. b. Capture Cross Section 

The capture cross section above 25 keV was obtained by folding the newly 
evaluated fission cross section into the ENDF/B-II alpha values. Results of 
discussions with deSaussure ( O R N L ) relative to the two sets of O R N L alpha 
data (the lower values of Weston et al. and the higher vahies of deSaussuro, ot nl. ) 
provided no basis of establishing one data set over the other. A weighted average. 
of the two sets was used. The alpha evaluation is s u m m n rizod as follows: 15-
40 keV (Schmidt evaluation); 40-60 keV (joining of now and Schmidt evaluation); 
60-200 keV (5-7% higher than Schmidt evaluation); 200-400 lceV (smooth joining 
of new and Schmidt evaluations); above 400 keV (Schmidt evaluation). 
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c. Total Cross Section 

Above 2 MeV, the data of Glasgow and Foster was used to represent the 
total cross section. Below 2 McV the total cross section of MAT 1044 was 
adopted. 

d. Elast ic Scattering Cross Section 

The elastic scattering cross section was obtained by subtracting from the 
total cross section the sum of the remaining partial cross sections. 
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