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ABSTRACT 

This r e p o r t  de sc r ibe s  the  compilat ion of neutron 
c r o s s  - sect ion da ta  fo r  na tura l  hel ium.  The e l a s t i c  s c a t t e r -  
ing c r o s s  sect ion,  ,EL, e, y, and e l a s t i c  s ca t t e r i ng  Legendre  
coefficients a r e  included fo r  4 ~ e .  Since 3 ~ e  has  a na tura l  
abundance of m e r e l y  0.00013%, only i t s  (n,p) c r o s s  sect ion,  
which i s  l a r g e  a t  low energ ies ,  i s  considered.  A l ist lng of 
t he  data  in the  ENDF/B f o r m a t  i s  p resen ted ,  a s  a r e  g raphs  
of much of the  data.  

INTRODUCTION 

Since na tura l  he l i um i s  a poss ible  coolant fo r  f a s t  b r e e d e r  r e a c t o r s ,  
the p r e sen t  he l ium c ros s - s ec t i on  data  w e r e  compiled.  The data  wil l  be 
dis t r ibuted with ENDF/B identification number  MAT = 1088. 

The composit ion of na tura l  he l i um i s  99.99987% 'He and0.00013% 'He. 
Because of the  low abundance of 3 ~ e ,  only ~ t s  (n,p) c r o s s  sect ion,  which i s  
l a rge  a t  low energ ies ,  need be considered.  E las t i c  sca t te r ing  i s  t he  only 
poss ible  reac t ion  for  neutrons  incident on 4 ~ e  a t  ene rg i e s  below 15 MeV. 
Thus the elast ic  scattering c r o s s  s e c t ~ o n  and values of k2 &., and 14 a r e  in- 

cluded in the  compilation, a s  wel l  a s  e las t i c  sca t te r ing  Legendre  coefficients,  
H e r e  EL i s  the  average  cosine of the  angle of e l a s t i c  sca t te r ing  in the  l abo ra -  

t o r y  sy s t em,  e i s  the  ave rage  logar i thmic  energy  dec remen t  in  a n  e las t i c  
coll ision,  and y, the  Greul ing-Goertzel  p a r a m e t e r ,  i s  the  ave rage  of the  
squa re  of the  logar i thmic energy  dec remen t  divided by twlce the  ave rage  
logar i thmic energy  decrement .  P a r a m e t e r s  for a f r e e -  gas  t h e r m a l  s c a t t e r  - 
ing law a r e  a l s o  included. 

11. DATA SOURCES AND CALCULATIONAL METHODS 

The e las t i c  sca t te r ing  c r o s s  sec t ion  and Legendre  expansion coeffl- 
cients w e r e  calculated f r o m  s - ,  p - ,  and d-wave phase  shif ts  using a 
FORTRAN p r o g r a m  wr i t t en  fo r  the  purpose.  Appendix A p re sen t s  t he  equa- 
t ions involved in th is  p r o g r a m .  The phase  shif ts  w e r e  r e a d  f r o m  smooth 



curves  based on Table I of Ref. 1. At energies  below the 300-keV lower 
l imit  of this table,  each of the two p-wave phase shifts  was obtained by using 
a functional f o r m  based on the low-energy l imit  for  a single p-wave reso-  
nance, with p a r a m e t e r s  determined f r o m  fitting the low-energy phase shifts 
of the table. Appendix B p re sen t s  the equations connected with the low- 
energy phase shifts ,  and the p a r a m e t e r s  obtained by the fitting procedure.  
The s-wave phase shift below 300 keV was calculated  sing hard-sphere  
scat ter ing and a nuclear radius  of a = 2.4 F. This yields a t he rma l  s ca t t e r -  
ing c r o s s  section of 47ra2 = 0.7238 barn,  in agreement  with the experimental  
value2 of 0.73 t- 0.05 barn.  The low-energy s-wave phase shifts of Ref. 1 a r e  
consistent with a nuclear  radius  of about 2.48 F and so  would yield a some-  
what high the rma l  c r o s s  section.  

Table I l i s t s  the phase shifts  used in the calculations a t  energies  
above 10 keV. 

TABLE I. Helium Phase Shifts Used i n  Calculations of Elastic Scattering Cross Sections and Legendre Expansion Coefficients 

Elab, MeV 6;  6i 6 ;  6 ;  6 ;  1 Elab. MeV 6; 6: 6 6; 63  



Values of FL, 5 ,  and y were  calculated f r o m  the Legendre coeffi- 
cients using a FORTRAN program,  MUXIGA. This p rogram is  based on the 
equations derived in Refs. 3-5. These equations a r e  summarized in 
Appendix C. 

An elast ic  scattering Legendre-coefficient transformation mat r ix  
f r o m  the center-of-mass sys tem to the laboratory sys tem was computed 
using  CHAD.^ A minor revision was made in the CHAD code to  avoid ele-  
ments of the ma t r ix  being se t  equal to  ze ro  if they were  l a rge r  than elements 
closer  to  the diagonal. 

The (n,p) c ross  section for 3 ~ e  is  that recommended in the 3 ~ e  evalu- 
ation by J. ~ l s - ~ i e l s e n . ~  Extension f r o m  10 to 15 MeV was made using 
linear extrapolation on a log a versus  log E scale.  

The total c ross  section is  the s u m  of the elast ic  scattering and (n,p) 
c ross  sections. 

The f ree-gas  the rma l  scattering law involves a value of 0.7238 barn 
for the f ree-a tom scattering c ross  section. 

111. GRAPHS AND LISTING 

Figures  1-8 a r e  graphs of the ENDF/B Fi le  3 data.' The Fi le  3 data 
a r e  represented by a s e r i e s  of pa i rs  of x and y values with an interpolation 
rule applying between successive pa i rs .  The interpolation rule might specify, 
for example, that log y is  l inear  in log x between successive ( x , ~ )  pa i rs .  
In Figs.  1-8 the axis types have been chosen to correspond to the interpola- 
tion rule.  Thus in Figs .  1 and 2 a l inear  axis is  used for the total  c ross  
section and a logarithmic axis is  used for the energy, because l inear y versus  
log x interpolation i s  specified for this c ross  section. The total  c ross  section 
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Fig. 2. Helium Total Cross Section, 
1 keV to 15 MeV 
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Fig. 3. Helium Elastic Scattering 
Cross Section 
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Fig. 5. Helium (n,p) Cross Section, 
1 keV to 15  MeV 
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Fig. 7. Helium Average Logarithmic 
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Fig. 4. Helium (n,p) Cross Section, 
10'5 eV to 1 keV 
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Fig. 8. Helium Greuling -Goertzel 
Parameter, Y 



and the (nJp) c ross  section have been plotted in two energy ranges in 
Figs. 1 and 2 and Figs 4 and 5 ,  respectively, in order  to  display the data 
bet ter .  The data in Figs.  3, 6 ,  7, and 8 for the elast ic  scattering c ross  sec-  
tion, pL, c ,  and y a r e  not plotted below 1 keV because the values a r e  almost 
constant a t  low energies.  Not a l l  data points a r e  plotted, especially a t  high 
energies ,  to  avoid clutter on the graphs. 

Figures  9- 12 display the Legendre coefficients for e last ic  scattering 
angular distributions in the center-  of-mas s system, f l  through f4. The elastic 
scattering angular distribution, d a ( E ) / d ~ ,  is given by8 

where the elastic scattering c ross  section os(E) i s  tabulated in ENDF/B 
Fi le  3, and the expansion coefficients fR(E)  a r e  presented a t  a se r i e s  of 
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Fig. 9. Helium Elastic Scattering 
Legendre Coefficient fl 
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Fig. 11. Helium Elastic Scattering 
Legendre Coefficient f3 
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Fig. 10. Helium Elastic Scattering 
Legendre Coefficient f2  
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Fig. 12. Helium Elastic Scattering 
Legendre Coefficient f4  



energies  in F i le  4. In Figs. 13-31 the angular distributions have been calcu- 
lated f r o m  Eq. 1 a t  a representative sequence of 19 energies.  Note that the 
angular distributions a t  the energies  shown below 1.2 MeV a r e  peaked in the 
backward direction, a s  is  typical on the low-energy side of a p-wave reso-  
nance. All graphs were  drawn with the aid of the CDC-3600 computer and 
the Calcomp 580 plotter.  

The helium data in the ENDF/B format  a r e  l isted in Appendix D. 
The listing will not be explained h e r e  since a l l  information necessary  for  
understanding the formats  involved is  in Ref. 8. 
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Figs. 19-24. Helium Elastic Scattering Angular Distributions 
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IV. DISCUSSION 

The phase shifts of Ref. 1, which were  used in the compilation, a r e  
optical-model phase shifts chosen to  fit both angular-distribution and polar-  
ization data a t  many energies .  The total c r o s s  section is  a l so  fit within the 
scat ter  of the experimental points. Because Ref. 1 i s  recent and considers 
the experimental data comprehensively, the data calculated f r o m  the phase 
shifts should be reliable. Another recent se t  of phase shiftsg i s  not very  
different f r o m  that of Ref. 1 and could also have been used in the present  
work. 

As discussed in Ref. 7, the 3 ~ e  (n,p) c ross  section i s  ra ther  well 
known. Probably m o r e  e r r o r  is  introduced into the (n,p) c ross  section fo r  
natural helium by the uncertainty in the 3 ~ e  isotopic abundance than by the 
uncertainty in the 3 ~ e  (n,p) c ross  section itself. 

Previous evaluations of natural  helium for reac tor  calculations in- 
clude those of schmidt1° and of Buckingham e t  - al.  - "," Schmidt 's  evaluation 
Includes the (n,p) c ross  section for 3 ~ e  and os, ,GL1 and a set of phase shifts 
for 4 ~ e .  Buckingham -- e t  a l .  p resent  separate  compilations for  3 ~ e  and 4 ~ e .  

For  'He, elastic,  (n,p), (n,d),  and (n,2n) c ross  sections a r e  given, a s  well as  
eYastlc angular distributions. The '?He evaluation consists of as and angular 
dlstrlbutions. 

The (n,p) c r o s s  section of 3 ~ e ,  which was based on Ref. 7, i s  nor. very 
different f r o m  those of previous evaluations , l o l l 2  a s  may be seen f r o m  
Table 3 of Ref. 7. 

The values of the elast ic  scattering c ross  section a r e  ln falr ly  good 
agreement with those in the other e v a ~ u a t i o n s . ~ ~ " ~  Schmidt 's  values10 agree  
wlth those of the present  evaluation a t  energies below the ma: ~n resonance 
and a r e  generally a little l a rge r  a t  higher energies, except. for a range on 
the hlgh-energy side of the maln resonance. The Engilsh valuesaE a r e  hlgher 
than the present  values a t  energies below about 1 MeV and lower at  higher 
energies .  

The present  values of pL a r e  in ra ther  good agreement with those 
shown on Fig. He-3 in P a r t  I of K F K - ~ ~ o ~ ~  at energies  above approximately 
1 MeV, but do not ag ree  well a t  lower energies .  



APPENDIX A 

Equations Relating the Elast ic  Scattering Cross  Section and Legendre 
Expansion Coefficients to  the s - ,  p - ,  and d-wave Phase Shifts 

The elast ic  scattering angular distribution, do/dR, in the center-of- 
m a s s  sys tem i s  given by13 

where 

and 

Here  p i s  the cosine of the center-of-mass scattering angle, Pa(p) i s  the 
Legendre polynomial of order  R, and 

The quantity k = J w ,  where E i s  the energy of relative motion of 
neutron and nucleus in the center-of-mass system, and m i s  the reduced 
m a s s .  The phase shifts 6; and 6 i  r e fe r  to  j = J +  1/2 and j = l? - 1/2, r e -  
spectively, where j i s  the angular momentum quantum number re fer r ing  to  
the addition of the orbital  and spin angular momenta. 

On restr ic t ing the sums in Eqs. A.2 and A.3 by considering only s - ,  
p-, and d-wave phase shifts, and using the explicit fo rms  for the Legendre 
polynomials, we obtain 

2 + k2co = sin 60 + 2 sin2 6: + sin2 6; + 3 sin2 6f + 2 sin2 6;. (A. 4) 



34 k 2 c 2  = 5 s in2  6; t 4 s in2 6: + 2 sin2 66; + s in2 66: + 7 s i n 2 6 i  

6 - 2 sin2 ((6- 66;) - -;- sin2 (6:- 6;) - 3 s in2 ((6:- 6:) 

- 2 sin2 (6; - a;), (A. 6 )  

18 
k 2 c 3  = 6 sin2 6: t 3 sin2 6; + sin2 (6; + 7 sin2 6; 

18 - 5 s in2 ( 6  - 6 )  - 7 sin2 (6: - 6,) - 3 sin2 (6; - 6:), (A. 7) 

and 

Equation 1 gives the  angular  d is t r ibut ion in  the  ENDF/B normal iza -  
tion. Thus the  e las t i c  sca t te r ing  c r o s s  sect ion i s  os = 4nCo, and the  
Legendre  coefficients a r e  given by 



APPENDIX B 

Low-energy Phase  Shifts f r o m  Resonance P a r a m e t e r s  

The phase shift, 6.11, J ,  near  an isolated purely scat ter ing resonance 
with orbi ta l  angular momentum R and total  angular momentum J is14 

where 

with 

and 

The functions j (p) and nj(p) a r e  spherical  Besse l  functions .15 The quantity 
p is  defined bf '  

where E i s  the energy of the relative motion of neutron and t a rge t  in the 
center-of-mass sys tem,  Elab i s  the neutron energy in the laboratory system, 
m = m n ~ / ( l  + A ) ,  with A being the rat io  of the ta rge t  m a s s  to  the neutron 
m a s s ,  mn, and a is  the nuclear radius .  The penetration and shift factors  
a r e  

and 

A 

where the p r ime  signifies differentiation with respect  t o  p. The S1 in 
A 

Eq. B. 1 i s  re lated to SR by S j  = S,& - BjJ,  where B j  i s  a bounda6-condition 
constant." The function R:j  ib. 



where -ykeJ i s  the reduced width of the resonance,  and EXe i s  the associated 

energy eigenvalue. 

F o r  ,$ = 1, the explicit f o rms  of FQ and GQ a r e  

s in  p - p cos p 
F1 = 

P 

and 

cos p t p s in  p 
G1 = 

P 

Using Eqs.  B.5-B.9 in conjunction with Eq. B. 1 and the boundary 
condition BQJ = 0 resu l t s  in 

3 3 a a 
blJ t m1 = tan-'  ( l t ~ P 2 t ~ ~ t p - l ~ p 4 ) i  l t p 2 t t - 1 ) p 4 J  

(B. 1 0 )  

where 

and 

( B .  1 1 )  

(B. 1 2 )  

The p a r a m e t e r s  a and /3 were  determined by fitting the low-energy 
p-wave phase shifts of Table I of Ref. 1 using Eq. B. 10 and a = 3.0  x 

1 0 - l 3  cm. The phase shifts a t  0 .3  and 
TABLE 11. LOW-energy Parameters 0 . 4  MeV were  fi t  f o r  J = 3 / 2 ;  those a t  0 . 4  

for p-wave Phase Shifts and 0 . 6  MeV were  fit fo r  J = 1 / 2 .  This 

J a P procedure gives two l inear  equations in 
a and /3 for both J = 3 / 2  and J = 1 / 2 .  

3/2 2.528 -2.534 
1/2 0.857 -0.204 

Table I1 presen ts  the solutions of the 
equations. 



APPENDIX C 

Equations for Calculation of pLJ 5 ,  and y 

Equation 1 gives the angular distribution in the center-of-mass 
sys t em for  e last ic  scattering. The equations for  c L ,  e, and y, in t e r m s  of 
the f~ expansion coefficients, derived in  Refs. 3-5 and used in FORTRAN 
program MUXIGA, a r e  given below. 

The average cosine of the angle of e last ic  scat ter ing in  the labora-  
tory  sys t em i s  

where 

A being the rat io  of the m a s s  of the sca t t e re r  to  the neutron m a s s .  

The average logarithmic energy decrement  in elast ic  scattering i s  

where 

and 

The Greuling-Goertzel pa ramete r ,  y, is  given by 



where 

The h j o  and 61i in Eqs. C.3  and C.5 a r e  Kronecker 6 symbols; 
t h a t i s ,  hee l  = 0 for a # j r a n d 6  = 1 for j = el. 

aal 



APPENDIX D 

ENDF/B Listing. of Helium 

2 0 0 0  80 3 , 9 6 8 2 2  0  0  0  0 1 0 8 8  1 4 5 1  1 
O a O  0 . 0  0  0 7 4  0 1 0 8 8  1 4 5 1  2  

H E L I U C  CROSS S E C T I O N S  M A T E R I A L  1 0 8 8  1 0 8 8  1 4 5 1  3  
COMPILED BY ED PENNINGTOIV, ARGONNE N A T I O N A L  LAB,, I N  JUVE 1 9 6 8 ,  1 0 8 8  1 4 5 1  4  
NATURAL H E L I U M  C O N S I S T S  OF 0 , 0 0 0 1 3  PER CENT i F - 3  AND 9 9 , 9 9 9 8 7  P E R 1 0 8 8  1 4 5 1  5  
CENT H E - 4 1  1 0 8 8  1 4 5 1  6  
BECAUSE OF THE LOW ABUNDANCE OF HE-3,  ONLY I T S  ( Y , P )  CROSS 1 0 8 8  1 4 5 1  7  
SECTION,  WHICH I S  VERY LARGE AT LOW ENERGIES,  NEED BE C b N S I D E R E D , l 0 8 8  1 4 5 1  8  
E L A S T I C  SCATTERING I S  THE ONLY P O S S I B L E  RFAC!T!ON FOR NEUTRONS 1 0 8 8  1 4 5 1  9  
I N C I D E N T  ON H E 1 4  AT ENERGIES BCLOW 1 5  MEV, TAUS THE E L A S T I C  1 0 8 8  1 4 5 1  1 0  
S C A T T E R I N G  CROSS S E C T I O N  AND VALUES OF MU B A S t L A B ) ,  X I ,  AND GAMMA1088 1 4 5 1  11 
ARE G I V E N  I N  P I L E  3, AND E L A S T l C  S C A T T E R I N G  LFGEYDRE C O E F F I C I E N T S i o 8 8  1 4 5 1  1 2  
ARE G I V E N  I N  F I L E  4 ,  PARAMETERS FOR A  FREE GAS THERMAL SCATTERINGIO~~ 1 4 5 1  1 3  
LAY ARE I N  F I L E  7,  1 0 8 8  1 4 5 1  1 4  
THE E L A S T l C  SCATTERING CROSS S E C T I O N  AND THE LEGENDRE E X P A N S I O N  1 0 8 8  1 4 5 1  1 5  
C O E F F I C I E N T S  WERE CALCULATCD FROM S-,PI, AND II-WAVE PHASE S H I F T S  1 0 8 8  1 4 5 1  1 6  
U S I N G  A FORTRAN PROGRAM k R I T T E h  FOR THE P u R P ~ S E ,  THE PHASE SHIFTSIOBB 1 4 5 1  1 7  
WERE READ FROM SMOOTH CURVES BASED ON T A B L E  I OF R E F , l ,  AT 1 0 8 8  1 4 5 1  1 8  
ENERGIES BELOW THE 3 0 0  KEVe LOWER L I M I T  OF TARLE I, EACY OF THE 1 0 8 8  1 4 5 1  1 9  
TWO P-WAVE PHASE S H I F T S  WAS OBTAINED BY A s S U Y ~ N G  A  F U N C T I O N A L  1 0 8 8  1 4 5 1  2 0  
FORM BASED ON THE LOW ENERGY L I M I T  FOR A S I N ~ L E  P-WAVE R E S O N A N C E , ~ O B ~  1 4 5 1  2 1  
U l T H  PARAMETERS DETERMINED FROM F I T T I N G  THE L ~ W  ENERGY PHASE 1 0 8 8  1 4 5 1  2 2  
S H I F T S  OF TABLE 1, THE SwWAVE PHASE S H I F T  BELOW 3 0 0  KEV, W A S  1 0 8 8  1 4 5 1  2 3  
CALCULATED U S I N G  HARD SPHERE S C A T T E R I N G  AND A NUCLEAR RADIUS, A s  1 0 8 8  1 4 5 1  2 4  
2 . 4  F E R M I ,  T H I S  Y I E L D S  THE THERMAL S C A T T E R I N 3  CROSS S E C T I O N  = 1 0 8 8  1 4 5 1  2 5  
4 m + P I * A * * 2 3  0 , 7 2 3 8  BARNS I N  AGREEMENT Y f TH T 4 E  EXPERIMEVTAL V A L U E 1 0 8 8  1 4 5 1  2 6  
OF 0 , 9 3 * =  0 . 0 5  BARNS ( R E F . 2 ) .  THE LOW ENERGY S-WAVE PHASE S H I F T S  1 0 8 8  1 4 5 1  2 7  
OF  REF,^ ARE CONSISTENT W I T H  A  NUCLEAR R A n I U S  OF ABOUT 2 , 4 8  1 0 8 8  1 4 5 1  2 8  
F E R M I ,  AND SO WOULD Y I E L D  A SOMEWHAT H l G H  THERMAL CRDSS SECTION,  1 0 8 8  1 4 5 1  2 9  
VALUES OF MU B A R ( L A B 1 ,  X I ,  AND GAMMA WERE CALCULATED F R O M  THE 1 0 8 8  1 4 5 1  3 0  
LEGENDRE COEFFICIENTS U S I N G  A  F O R T R A N  PROGR44, MUXIGAr  T H I S  1 0 8 8  1 4 5 1  3 1  
PROGRAM USES THE E Q U A T I O h S  OF REF.3 -5 ,  1 0 8 8  1 4 5 1  3 2  
AN E L A S T I C  SCATTERING TRANSFORMATION MATRIX  FROM THE CEYTER-OF-  1 0 8 8  1 4 5 1  3 3  
MASS TO THE LABORATORY S Y S T E M  WAS COMPUTED U S l N G  CHAD ( R E F , 6 ) ,  1 0 8 8  1 4 5 1  3 4  
THE ( h , P )  CROSS S E C T I O N  FOR HE.3 I S  THAT RECOMMEVDED I N  THE 1 0 8 8  1 4 5 1  3 5  
E V A L U A T I O N  OF H E 0 3  BY J. A L S - N I E L S E N  G I V E N  I V  REF,7, E X T E N S I O N  1 0 8 8  1 4 5 1  3 6  
FROM I n  T O  15  MEV. WAS M A D E  U S I N G  LINEAR E x T ~ A P O L A T I O N  bN A  1088 1 4 5 1  37 
LOG S IGMA-  LOG E SCALE. 1 0 8 8  1 4 5 1  3 8  
THE TOTAL CROSS S E C T I O N  I S  THE SUM OF THE E L A S T I C  SCATTERING AND 1 0 8 8  1 4 5 1  3 9  
( N I P )  CROSS SECTIONSI  1 0 8 8  1 4 5 1  4 0  
COMMEhTS- 1 0 8 8  1451 4 1  
THE PHASE S H I F T S  OF R E F . 1  ARE O P T I C A L  MODEL DHASE S H I F T S  CHOSEN 1 0 8 8  1 4 5 1  4 2  
TO F I T  BOTH ANGULAR D I S T R I B U T I O N  AND P O L A P I ~ A T I O V  DATA AT MANY 1 0 8 8  1 4 5 1  4 3  
ENERGIES.  THE TOTAL S C A T T E R I N G  CROSS SECTIOY I S  ALSO F I T  W I T H I N  1 0 8 8  1 4 5 1  4 4  
THE SCATTER OF THE E X P E R l H k N T A L  P O I N T S ,  AVOT iER RECEYT SET OF 1 0 8 8  1 4 5 1  4 5  
PHASE S H I F T S  (REFIB)  I S  NOT VERY D I F F E R E N T  FqOM THOSE USED HERE, 1 0 8 8  1 4 5 1  4 6  
AND COULD ALSO H A V E  BEEN USED IN THE PRESFYT WORK, THERE SHOULD 1 0 8 8  14551 4 7  
BE NO SERIOUS D I s A G R E E M E ~ T S  WITH E X P E R I M E N T A L ~ V A L U E S  I N  THE H E - 4  1 0 8 8  1 4 5 1  4 8  
DATA CALCULATED FROM THE P ~ A s E  S H I F T S ,  1 0 8 8  1 4 5 1  4 9  
AS D ISCUSSED I N   REF,^, THE H E 9 3  (N,P)  CROSS SECTION I S  SATHER 1 0 8 8  1 4 5 1  5 0  
WELL KNOWN. PROBAaLY MORE ERROR I S  INTRODUCED I N T O  TYf  [NIP) 1 0 8 8  1 4 5 1  5 1  
CROSS SECTION FOR NATURAL H E L I b M  BY THE U N C E ~ T A I Y T Y  I N  THE HE-3  1 0 8 8  1 4 5 1  5 2  
I S O T O P I C  ABUNDANCE THAN B Y  THE U N C E R T A I N T Y  I V  THE H E 0 3  (N ,P )  1 0 8 8  1 4 5 1  5 3  
CROSS S E C T I O N  I T S E L F *  1 0 8 8  1 4 5 1  5 4  
PREVIOUS EVALUATIONS OF H E L I U M  FOR REACTOR CALCULATIONS IWCLUDE 1 0 8 8  1 4 5 1  5 5  
THOSE OF J .J .SCHMIDT   REF*^) AkD BmRmS,RUC!KIVGHAM ET AL (REF.IO),IO~~ 1 4 5 1  5 6  
S C H M I D T - S  E V A L U A T I O N  INCLUDES THE (N,P) CROSS S E C T I O V  F 3 R  H E W S ,  1 0 8 8  1 4 5 1  5 7  
AND S I Q M A  E L A S T I C ,  MU B A R ( L A D ) r  AND A  SET OF PHASE S 4 I F T S  FOR 1 0 8 8  1 4 5 1  5 8  
HE-4 ,  B U c K I k G H A M  ET AL G I V E  SEPARATE EVALI IATI I~NS FOR H E - 3  AND 1 0 8 8  1 4 5 1  5 9  
H E - 4 ,  FOR H E 1 3  E L A S T I C ,  ( N t P ) r  IN ID) ,  AND ( N 1 2 N )  CROSS S E C T I O N S  1 0 8 8  1 4 5 1  6 0  
ARE G I V E N a  AS WELL AS E L A S T I C  ANGULAR D I S T R I ~ U T I O N S ,  THE HE-4  1 0 8 8  1 4 5 1  6 1  
E V A L U A T I O N  G I V E S  THE E L A S T I C  CROSS S E C T I O N  AVD AVGULAR 1 0 8 8  1 4 5 1  6 2  



DISTRIBUTIONSa 1 0 8 8  1 4 5 1  6 3  
THE PRESENT COMPlLA'fION WILL B f  DESCRIBED I N  DETAIL I N  S E F , I I ,  1 0 8 8  1 4 5 1  6 4  
REFERENCES- 1 0 8 8  1 4 5 1  65 
i e  G,R,SATCHLER ET AL, NUCLEAR PHYSICS ~ 1 1 2 , 1 * 3 1 r ( 1 9 5 8 ) ,  1 0 8 8  1 4 5 1  66  
2 @  R,GENIN ET ALe JQURNAL D E  PWYSIQUE ET LE ?ADIUM 24,2112681963,1088 145X 6 7  
3e H,AMSTER JOURNAL OF APPLIED PHYSICS 27 ;3 ,3071 (1956 ) ,  1 0 8 8  1 4 5 1  68  
4, H,AMSTER JQURNAL OF APPLIED PHYSICS 27 ;6 r663 , (1956 ) ,  1 0 8 8  1 4 5 1  69  
5, H,AMSTER JOURNAL OF APPLIED PHYSICS 29,4 ,6?3*627, (1958) ,  1 0 8 8  1 4 5 1  70 
6, R,F,BERLAND N ~ A - S f f - 1 1 2 3 1 , ( 1 9 6 5 ) *  1 0 8 8  1 4 5 1  7 1  
7,  E , h e E e A ,  NEUTRON DATA CQMPILATION CENTRE VEWSLETTER Y0,6rj.967,1088 1 4 5 1  7 2  
8,  B*COOP,JR, AND HeH,BARSCHALL NUCLEAR PHYSICS 83 ,65179 , (1966 ) ,  1 0 8 8  1 4 5 1  73  
9.  J.J.SCHMIDT K F K - ~ ~ O ~ P A R T S  I l r f ! I r ( l 9 6 2 ) r P A ~ T  1 , ( 1 9 6 6 ) ,  1 0 8 8  1 4 5 1  74  
1o,B,R,S,BUCKINQHAM ET AL AWRE 0 * 2 8 / 6 0 , ( 1 9 6 1 ) .  1 0 8 8  1 4 5 1  75  
I I . E , ~ e P E N ~ I N G T O N  ANL-7462,(TO BE ISSUED) .  1 0 8 8  1 4 5 1  76  

0,O 0  e 0  0  0  0  01088  1 0  77  
o * O  0.0 0  0  0  01088  0  0  78  

2000,O 3 ,96822 0  0  0  01088  3  1 79  
0.0 0.0 0  0  1 1 4 2 1 0 8 8  3  1 80 
1 4 2  3  1 0 8 8 3  1 8 1  

1.00E-05 1,0721E+OO 2 ~ 0 0 E - 0 5  0 ~ 9 7 0 1 € + 0 O  3,OOE*05 0 ,9249E+001088 3  1 82  
5 . 0 0 ~ - 0 5  O,A796E+00 7.00E-05 O,8555F+nO l e O O E ~ 0 4  o ,8339E+001088 3  1 83  
2 .00E*04 0,8017E+00 3e00E-04 Oa7874E+00 5,OOE-04 0 ~ 7 7 3 1 E + 0 0 1 0 8 8  3  1 84  
7,OOE-04 Oe7b54E+00 1 .00E-03  Oe7586F+no 2,OOE-03 0 , 7 4 8 4 E + 0 0 1 0 8 8  3  1 85  
3,OOE-03 0,7439E+O0 5.00E-03 017394F+nO 7 e 0 0 E - 0 3  0 ,7370E+001088 3  1 86  
1 .00E-02 0 ,7348€+00 2 .00E-02 0 ,7316E+00 2,53E-02 0 , 7 3 0 7 E + 0 ~ 1 0 8 8  3  1 87  
3,OOE-02 Oe7302E+00 5.00E-02 017287F+00  7,OOE-02 0 ,7280E+001088 3  1 88  
1 .00E-01  0,7273E+00 2 - 0 0 E - 0 1  Or7263F+00 3 , 0 0 E - 0 1  0 ,7258E+001088  3  1 89 
5 .00E-01  O17254E+00 7 e 0 0 E c O i  Ot7251E+00 1,00E+00 0 , 7 2 4 9 E + 0 0 1 0 8 8  3  1 90 
2.00E+OO 0,7246E+00 3 * 0 0 E + 0 0  Oe7244F+nO 5,00E+00 0 ,7243E+001088 3  1 9 1  
7,OOE+00 0,7242E+O0 1 * 0 0 E + O i  O t7241F+no  2,0OE*01 0 ,7240E+001088 3  1 92  
3,OOE+01 Oe7240E+oO 5 * 0 0 E + O i  Ot7240E+00 7,OOE+O1 ~ , 7 2 3 9 E + 0 0 1 0 8 8  3  1 93  
i .OOE+02 Oe7239E+OO 2 ~ 0 0 E + 0 2  O t 7 2 3 9 ~ + 0 0  3,OOE+02 0 ,7239E+001088 3  1 94  
5.0OE+02 Oe7238E+00 7 * 0 0 E + 0 2  O,7238F+00 1 ,00E+03  0 ,7238E+001088  3  1 95  
2.00E+03 0,7237E*00 3 * 0 0 E + 0 3  0  t7237E+00  5,OOE+03 o ,7236E+001088 3  1 9 6  
7 .00€+03  017236E+00 1 * 0 0 E + 0 4  Oe7235F*00 2,OOE+04 0 ,7235E+001088 3  1 97  
3.OOE+04 017234E+00 5 * U 0 E + 0 4  0 * 7 2 4 1 € + n 0  7,00E+04 0 ,7256E+001088 3  1 98  
1 .00E+05 o a 7 2 9 7 E + 0 0  1 e 5 0 € + 0 5  Ot7425E+n0 2 * 0 0 E * 0 5  o ,7644E+OoloB8 3  1 99  
2 .50€+05  0 ,7977E+00 3 *0OE+05  0 * 8 9 7 8 F + n 0  3e50E+05  0 * 9 6 5 4 E + 0 0 1 0 8 8  3  1 1 0 0  
4.00E+05 O e 1 0 5 6 E * 0 1  4 * 5 0 E * 0 5  0 * 1 1 9 7 F + n l  5 ,0oE+05 o ,1373E+011088 3  1 1 0 1  
5,50E+05 O11581E+01 6 * 0 0 E + 0 5  0 1 1 8 2 6 E + o i  6 ,50E+05 0 , 2 1 6 8 E + 0 i i 0 8 8  3  1 1 0 2  
7.OOE+05 0 . 2 5 7 6 E + o l  7 .50E+05 O t 3 0 7 6 ~ + n i  8,00E+05 o ,3750E+011088  3  1 1 0 3  
8 .50€+05  Oe4380E*01 9 *0OE+05  0 * 5 1 1 4 F + 0 1  9,5OE+05 0 ,5844E+011088 3  1 1 0 4  
1 .OOE+06 O D 6 5 2 5 E + 0 1  1 * 0 5 E + 0 6  0  e7038E+01 l , i O E + O 6  0 ,7321E+011088 3  1 1 0 5  
1 .13€+06  0 .7424E+01  1 * 1 5 E + 0 6  O e 7 4 5 6 F + n i  i . i 9 E + 0 6  0 ,7461E+011088 3  1 1 0 6  
1 . 2 0 € + 0 6  0 , 7 4 3 2 € + 0 1  1 1 2 5 € * 0 6  0  t 7 2 7 8 E + n l  1 ,30E+06 0 ,7040E+011088 3  1 1 0 7  
1 .35E+06  0 ,6757E+01  1 * 4 0 E + 0 6  O t 6 4 5 3 F + n l  1 ,45E+06 0 ,6157€+011088  3  1 1 0 8  
1 .50E+o6 O 1 5 8 7 5 E + 0 i  1 * 6 0 E + 0 6  0 # 5 3 3 3 F + n 1  l r 7 0 E + 0 6  0 ,4882E+011088 3  1 1 0 9  
1,80E+06 0 ,4509E+Ol  1 * 9 0 E + 0 6  0 e 4 2 1 1 F + n l  2,OOE+06 013944E+011088  3  1 1 1 0  
2 e 1 0 E + 0 6  O13734E+01 2 * 2 0 E + 0 6  O t 3 5 5 1 F + 0 1  2,30E+06 0 , 3 3 9 9 E + O l l 0 8 8  3  1 111 
2.40€+06  0 ,3273E+01 2 * 5 0 E + 0 6  0 ,3169F+n1  2,60E+06 o , 3 0 7 1 E + O i i 0 8 8  3 1 1 1 2  
2 .70E+06 0 ,2988E+01 2 * 8 0 E + 0 6  0 , 2 9 1 1 € + 0 1  2 ,90E+06 0,2849E+011.088 3  1 1 1 3  
3.OOE+06 0 ,2789E+01  3 * 2 0 E + 0 6  O t 2 6 A 4 F + 0 1  3 ,40E+06 0 * 2 5 9 5 E + 0 1 1 0 8 8  3  1 1 1 4  
3.60E+06 0 , 2 5 2 4 E + o l  3 * 8 0 E * 8 6  0 , ? 4 6 9 F + n i  4,00E+06 o ,2424E+011088  3  1 1 1 5  
4.20E+06 Oe2373E+01  4 * 4 0 E + 0 6  O,2325F+f l i  4 ,60 f+06  o e 2 2 7 8 E + 0 1 1 0 8 8  3  1 1 1 6  
4 ,80E+06 Oe2232E+Ol 5 * 0 0 E + 0 6  0 * 2 1 9 O F + f 1 l  5 t2OE+06  0 ,2149E+011088 3  1 1 1 7  
5 .40E+06 Oe2107E+Ol  5 * 6 0 E + 0 6  O r 2 0 7 0 F + 0 1  5 *80E*O6  ~ , 2 0 3 1 E + 0 1 1 0 8 8  3  1 1 1 8  
6,00E+06 O , l 9 9 4 E + o i  6 @ 2 0 E + 0 6  0 ,1957F+n1  6,40E+06 o , 1 9 2 1 E + 0 1 l 0 8 8  3  1 1 1 9  
6.6oE+o6 0 , 1 8 A 7 E + o l  6 * 8 0 E + 0 6  0 ~ 1 8 5 3 F + n i  7,00E+O6 o ,1821E+011088 3  1 1 2 0  
7.2OE+06 0  e 1 7 8 7 E + ~ 1  7 *40E+06  0  ~ 1 7 5 6 F + n 1  7 * 6 0 E + 0 6  ~ , 1 7 2 6 E + 0 1 1 0 8 8  3 1 1 2 1  
7,8OE*06 0 * 1 6 9 6 E + 0 1  8 * 0 0 E + 0 6  0 , 1 6 6 7 F + 0 1  8,20E+06 0 ,1640E+011088 3  1 1 2 2  
8.40E*06 0 ,1612E+01 8 * 6 0 E + 0 6  0 , 1 5 8 5 F + n l  8,8OE+06 o e 1 5 5 9 E + 0 1 ~ 0 8 8  3 1 1 2 3  
9.OOE+06 0 .1534E+Ol  9 * a 0 E + 0 6  0 , 1 5 0 9 € + 0 1  9 t 4 0 E + 0 6  0 e 1 4 8 5 E + O 1 i 0 8 8  3  1 1 2 4  
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