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Abst rac t  

Neutrons produced by 350 Mev protons impinging on beryllium 

a r e  s c a t t e r e d  by hydrogen. We measure t h e  d i f f e r e n t i a l  s c a t t e r i n g  

cross  s e c t i o n  a s  a funct ion  of t h e  s c a t t e r i n g  angle. Results  a r e  

summarized i n  Fig. 3 of  t h e  paper. 



EXPERIMENTS ON N-P SCAT TERIXE NITH 2 60 BaEV iIXUTRONS 

E, Kelly,  C, L e i t h s  Eo 3egr$ and G o  Viegand 

Radia t ion  h b o r a t o r y ,  Department o f  Physics ,  Universi ty of Ca l i fo rn ia  
Berkeley, Ca l i fo rn ia  

Wroh 6 ,  lb95Q 

I :. In t roduct ion  

Then the c i r c u l a t i n g  proton beam, of  the 2.84-inch cyclotron is 

in te rcep ted  by a beryllium t a r g e t  a% a radius  of 81 fnohes, high ene,rgy 

oeut rans  a r e  produced wi th  an  energy d i s t r i b u t i o n  maximum a t  about 260 

Men, Using t h i s  neu-bron bem ~ 5 t h  a low energy cu%off a t  200 Nev we have 

perfirmed n-p s c a t t e r i n g  experiments s i m i l a r  t o  those  previously done w i t h  

neutrons of' 40 and 9Q Mev mean energies,  (1) 

The methods and apparatus used w i l l  i n  general  be described only 

where they  d i f f e r  from t h o s e  of t h e  previous work and t h e  reader  is 

r e f e r r e d  to t h e  e a r l i e r  paper f o r  t h e  missing d e t a i l s  and f o r  notat ion,  (2) 

The principEe of  t h e  experiment is t o  measure the  number of protons s c a t t e r e d  

from isn hydrogenous t a r g e t  i n t o  a f ixed  s o l i d  angle din= d v d  cos # a t  

a n g l e @  y %his nuuiber i s  p r o p o r t i m a 1  t o  t h e  d i f f e r e n t i a l  cross sec t ion  O- (4)o 

From t h i s  we f i n d  t h e  d i f f e r e n t i a l  c ross  s e c t i o n  (3- ( 8 )  = rr ($1 (d cos @/d eos 9) 

in t h e  oerib;ar u l  g r a v i t y  system, The direct ;  measurenent o f  CT (@) i s  n o t  

on an absolu te  soa le ,  but  we ean normalize it and pass t o  an absolu te  s a a l e  

by requ i r ing  tha% 

fT(@ d f i  = t o t a l  s a a t t e r i n g  cross  s e c t i o n  = rt 

I 

(l) J, Hadiey, Eo Kelly, Co Lezth, E o  Segre, C o  Wiegand and B York, Phya. 
R ~ T ,  7 5 ,  351 (1949); h e r e i n a f t e r  r e f e r r e d  t o  as NP-I, - 

(2j 1 formula (5) o f  NP-I should be replaced by ; i n  t h e  s i x t h  l i n e ,  
f irst  o o l - a n  o f  page 361 d cosa!d cos @ should be replaced by 
d sos @ /d oos 8; and t h e  formula of t h e  second column of page 361  
s h o u ~ .  read ~ ( r )  =: (g2/r) e"Kr (1 +- 1962) 



In p r a c t i c e  polyethylene was used f o r  the  hydrogenous t a r g e t  and t h e  e f f e c t  

of the  carbon was measured (using g raph i t e )  and subtracted,  

The main r e s u l t s  of t h e  i n v e s t i g a t i o n  a r e  given i n  Tables I and 

fl and Fig, 3 ,  These r e s u l t s  have been communicated i n  a  prel iminary 

form t o  Messrs, R ,  So Chr i s t i an  and E, We Hart  and they have taken them 

i n t o  account i n  a  t h e o r e t i c a l  paper endeavoring t o  i n t e r p r e t  a l l  n-p 

s c a t t e r i n g  da ta  through a s u i t a b l e  p o t e n t i a l ,  We r e f e r  t o  t h a t  paper 

f o r  t h e i r  t h e o r e t i c a l  t rea tment  of t h e  data,  (3 ) 

I1 Apparatus 

The arrangement of apparatus shown i n  Figo 1 was used f o r  a l l  

angles @ , The diameter of t h e  l a s t  counter  has  been increased t o  5 , l  cm 

and absorber  A has been changed t o  t h e  appropr i a t e  thickness of tungs ten  

t o  give a  primary neut ron  beam c u t o f f  a t  an energy of 200 Mev; otherwise 

t h i s  appara tus  is t h e  same a s  appara tus  A previous ly  described i n  I?P-1, 

The equipment was checked by a l l  t h e  performance t e s t s  described i n  

seaDion I I o E  of NP-I, The approximate angular  r e s o l u t i o n  of t h e  t e l e scope  

i s  300 The e r r o r  i n  t h e  value ofcr(di;) introduced by t h i s  l ack  of r e so lu -  

t i o n  i s  s i g n i f i c a n t  only f o r  t h e  va lue  measured a t  9 = 0; here we es t imate  

t h i s  e f f e c t  would put t h e  t r u e  c r o s s  s e c t i o n  poss ib ly  10 percent  above 

t h e  observed va lue  (we have n o t  made t h i s  co r rec t ion  t o  t h e  da ta ) ,  

TI1 E f f e c t  of  Absorber A 

The t h i c l a e s s  o f  absorber  A required t o  give a  200 Mev 

cu to f f  of t h e  primary neutron beam (approximately 12 c.m of A 1  o r  

of  Pb a t  smal l  angles)  causes l o s s e s  of t h e  coincidenee counting 
- 

energy 

4.5 cm 

r a t e  of 

t h e  r e c o i l  protons,  t h e  v a r i a t i o n  o f  which los ses  with @ is no t  small,  

These l o s s e s  a r e  due pr imar i ly  t o  nuclear  i n t e r a c t i o n ,  both  e l a s t i c  and 

(3) R n  So Christian and E. Ti. Hart ,  Phys. Rev. 77, 441 (1950) - 
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i n e l a s t i c ,  and t o  muit.ip%e small angle  Ruther ford  s ~ a t t e r i n g j  e s t i m a t e s  

of t h e  l o s s e s  i nd ica t ed  tungs ten  t o  be t h e  mos t  s u i t a b l e  ma te r i a l  f o r  

absorber  A and a c c o r d i n g l , ~  tungs t en  was used, It i s  not  poss ib l e  t o  

c a l c u l a t e  t h e s e  l o s s e s  a c c u r a t e l y  due i n  p a r t  t o  l a c k  of d a t a  and i n  

p a r t  t o  t h e  poor ly  def ined  geometry ~f t h e  s e n s i t i v e  region of t h e  

counter  behind absorbep A,, 

Ta g e t  an  empir ica l  measure of t h e  l o s s  due t o  

made t h e  fo l lowing  i n v e s t i g a t i o n ,  The t d e s c a p e  was placed i n  t h e  

e x t e r n a l  d e f l e c t e d  proton beam, t h e  diameter  of  which was l a r g e r  t h a n  

t h a t  o f  t h e  c o u n t e r s ,  and ths a t t e n u a t i o n  of  t h e  te lescope  coincidence 

counting r a t e  was measured f o r  var ious  th i cknesses  of  tungs ten  p laced  

in t h e  p o s i t i o n  ~f absorber  A. 

This  was done as follchwss f n  o r d e r  t o  determine t h e  number 

of i n c i d e n t  pro tons  a n  e x t r a  zountes  t ube  was piaeed i n  f r o n t  of  t h e  

t e l e scope  and e l e c t r o n i c a l l y  connected in t r i p l e  oaineidence w i t h  t h e  

f i r s t  two counter  t ubes  cf t h e  r e g u l a r  t e l e scope ,  This e l e a t r o n i e  

connect ion d i d  n o t  i n f luence  t h e  ope ra t ion  o f  t h e  r egu la r  t e l e scopeo  

In o rde r  t o  v e r i f y  t h e  vo l t age  plateaus of t h e  two systems of t h r e e  

counters  t h e  e x t r a  counter  t ube  was d e s e n s i t i z e d  by lowering i t s  v o l t a g e  

s o  a s  ts make it t h e  o o n t r s l i i n g  counter  of the  monitor cofneidenee 

c i r c u i t ;  t h e  v o l t a g e  on t h e  r e g u l a r  t e l e scope  was then  v a r i e d  and i n  

t h i s  way we could ~ e P f f y  t h a t  t h e  r e g u l a r  t e l e s c o p e  was opera t ing  on  a 

vol tage  p l a t eau ,  Next t h e  s e n s i t i v i t y  of t h e  e x t r a  counter  tube  m s  

increased  u n t i l  it had t h e  same s e n s i t i v i t y  as t h e  o the r s  and t h i s  was 

eonfirmad by t h e  f a c t  t h a t ,  w i t h  no tungs t en  absorber ,  t h e  r e g u l a r  teLa-  

seope so ina idenee  counting rate was 0098  sf t h e  monitor eoimfdmme 

counting r a t e ,  F ina lby  t h e  a t t e n u a t i o n  measurements were made, 
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The at tenuat ion due t o  t he  tungsten was found t o  be approximately 

l i nea r  with t h e  thickness of t he  tungsten, ending i n  a sharp cutoff which 

gave the  range of t h e  proton beam, Data were taken a t  proton beam 

-2 
energies corresponding to  ranges i n  tungsten of 109, 58, 38 and 24 gm cm , 

 h he energy of t h e  proton beam was varied by placing A l  absorbers between 

the  magnetic def lec tor  and the  focussing magnet o f  t he  cyclotron beam 

def lec t ing  system), On the ba s i s  of these  data and t he  energy dis t r ibu-  

t i o n  of t h e  neutron beam given i n  t h e  next section,  t he  at tenuation due 

t o  absorber A was computed, Corrections f o r  t h i s  have been applied t o  

t h e  d i f f e r e n t i a l  cross sections given i n  Tables I and II and Fig, 3; the  

values of t h e  transmission of absorber A are  l i s t e d  i n  Table I, We es t i -  

mate these a t tenuat ion values t o  be good t o  about 10 percent, 

IV Xeutron Beam 

The neutron beam was produced by intercepting the  c i rcu la t ing  

beam of 350 Mev protons with a 5,08 cm thickness of beryllium, The beam 

was collimated i n  t he  f o m r d  d i rec t ion  by a hole i n  t h e  10 foot th ick  

concrete wal ls  of the  cyslotron shie ld  and emerged through an aperture 

whose diameter var ied from 1 t o  3 cm i n  the  various runs; t he  neutron 

5 -1 beam i n t e n s i t y  a t  the  s ea t t e r e r  xas about lo4 t o  10 neutrons cm-2 sea. ., 
The equipment was accurately centered in t he  beam by t h e  use of x-ray f i lm 

preceded by a shee t  of polyethylene fo r  an i n t ens i f i e r ,  

An experimental determination of the  energy d i s t r ibu t ion  of t he  

neutron beam xas  made by the  method described i n  NP-l a f  desensit izing t he  

l a s t  counter of t h e  telescope and varying the  amount of tungsten placed 

in t h e  pos i t ion  of absorber A, Al lodng  f o r  the  dependence of t he  n-p 

s ca t t e r i ng  cross sec t ion  on angle and energy and for  the  var ia t ion in 

l o s s  due t o  d i f f e r en t  thickness of tungsten a t  t he  posi t ion of absorber A 



we obta in  t h e  r e su l t s  given i n  Fig, 2, For t h e  200 Mev cutoff  used t h i s  

gives a mean neutron energy of about 260 Mev, 

V Conclusion 

The normalized values of a ( @ I  fo r  a l l  the  runs are  given in 

Table I. The normalization i s  done a s  explained before by requiring 

t h a t  

r(f) d f i =  O;t = 0.035 x c?n 
2 

Since rr (#) is no t  knom f o r  t he  e n t i r e  range of @ we have a r b i t r a r i l y  

extrapolated cr ($1); i n  un i t s  of loez7 cm2 we have put O (@ equal t o  

3.6 a t  75'. 3.0 a t  80°, 2.0 a t  85' and 0 a t  go0, The contribution of 

the  extrapolated par t  of the  curve t o  rt i s  15 percent of the  t o t a l .  

The value of CZt has been measured i n  t h i s  laboratory,  (4) (5) using 

2 two types of detectors;  t he  values of  5 = 0.035 x lomz4 cm has been 

taken a s  approximate average of these  data, As was explained i n  Section 

I11 of BP-1 t h i s  value of 0- i s  subject  t o  considerable uncertainty 
t 

(25 percent)  because of t he  neutron energy d i s t r i bu t i on  and the change 

of s e n s i t i v i t y  with energy f o r  t h e  pa r t i cu l a r  detectors  usedo 

To f i n d r ( e ) ,  t he  center of mass d i f f e r e n t i a l  moss section,  

the  value of  ~ ( 8 )  must be mul t ip l ied by d cos @/d coos e and the  r e s u l t  

paired with t h e  value of 0 corresponding t o  t h e  6 considered, This has 

been done using the appropriate values of d cos #/d cos 8 f o r  neutrons 

of 260 Mev energy and t he  r e su l t s  f o r  a l l  runs a re  given in Table 11; 

t h e  weighted averages of these  data  a r e  shown i n  Fig, 3, For comparison 

we have included i n  Figo 3 the  previous measurements a t  40 and 90 Rev 

which a r e  shown as s t a r s ,  The e r ro r s  given i n  t he  t ab l e s  a r e  the  

standard deviations calculated &om counting s t a t i s t i c s  only. 

(*) R. Fox, C, Leith, KO McIenaie, and Lo Wouters 
t o  be published i n  

(5) J. DeJuren t h e  Phys. Rev. 



The weakest points  of  these  experiments a r e  the broadness 

of t he  primary neutron spectrum, t he  uncertainty i n  t h e  t o t a l  neutron 

cross  sect ion and t h e  f a c t  t h a t  t he  form of t h e  primary neutron 

spectrum i s  not  well knowno I f  a b e t t e r  neutron source, e ,go,  p on d, 

should be found it would be  worthwhile t o  repeat  t h e  whole experiment, 

poss ibly  with oonsiderable changes i n  technique (e, go , s c i n t i l l a t i o n  

counters)*  In the meantime we have decided t o  publish the  present 

r e s u l t s  even though they a r e  probably l e s s  r e l i a b l e  than the ones i n  

NP-I 0 

This work was done under the auspices of t he  Atomic Finergy 

Commission, 

Information Divis ion 
ead/3-8-50 



2 Table I. 260 Nevr($) i n  lown cm per steradian. A l l  runs have been f i t t e d  t o  run 2, and adjusted t o  
- 0.035 x cm2. a7i- 

Iun Number 

late 
VJeight ed 
Average 

Trans- 
mission of 
Absorber i 

- 
.6O 
, 60 
.6l 
0 63 
8 65 
.68 
o 72 
*76 
081 
.G6 
.9o 
.93 
.95 
-96 
* 97 





Figure Captions 

Fig. 1 General arrangement of apparatus. 

Fig. 2 Energy d is t r ibut ion  of the primary neutrons i n  the beam i n  
the forward direct ion obtained by 350 Mev protons incident 
on 5.08 an thick beryllium. The width of the boxes represents 
the energy resolution of the detector and the height of the  
boxes represents the standard deviation due to  counting 
s t a t i s t i c s  alone. 

Fig. 3 Differential  neutron proton cross section i n  the center of 
& ." 

r V? mass system i n  cm2 per steradian. The s ta rs  represent 
data published ea r l i e r  but are included here for  reference. 
The lowest curve represents the data taken with 260 Mev 
neutrons; the errors  given are standard deviations due t o  
counting s t a t i s t i c s  alone. 



Bi FISSION MONITOR 

FIG. I 



NEUTRON ENERGY IN MEV 
FIG. 2 Mu 56 14601-1 



NEUTRON SCATTERING ANGLE 
FIG 3 Mu 57 


