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A method c o n s i s t i n g  o f  a s e r i e s  i i n tegra t ion  o f  t h e  t h i n  t a r g e t  cross 

s e c t i o n  formula, which i s  expressed i n  a form t h a t  a l l o w s  an e s t i m a t i o n  

o f  the  t a r g e t  th ickness,  AE, has been developed. A knowledge o f  the  ab- 

s o l u t e  d i f f e r e n t i a l  cross sec t ions  a t  a g iven  angle i s  necessary f o r  a t  

l e a s t  one group o f  the  emergent r e a c t i o n  p a r t i c l e s  e m i t t e d  i n  the reac- 

t i o n  being s tud ied .  However, these cross s e c t i o n s  need be known o n l y  

f o r  an energy i n t e r v a l  below the i n c i d e n t  p a r t i c l e  e n e r g y ,  which i s  

s l i g h t l y  l a r g e r  than the energy loss  expected t o  be i n c u r r e d  i n  the t a r -  

g e t .  The u n c e r t a i  n t y  i n the  es t imated  t a r g e t  s u  r f  a c e  densi t y  depends 

ma in ly  on the u n c e r t a i n t i e s  i n  t h e  cross s e c t i o n s  and on the  accuracy 

o f  a s e r i e s  approx imat ion t o  the  f o i m  o f  these cross s e c t i o n s .  

Foi desenvolv ido um método que consi s t e  de uma in tegração  em s é r i e  da 

fórmula da secção de choque, a qual  é expressa nuna forma que permi tees-  

t imar  a espessura AE do a lvo .  E necessár io  o conhecimento das secções 

de choque d i f e r e n c i a i s  absolutas em um dado ângulo para no mínimo um 

grupo de p a r t í c u l a s  de reação emi t idas  na reação estudada. Essassecções 

de choque, contudo, precisam ser  conhecidas somente para um i n t e r v a l o d e  

energ ia  abaixo da energ ia  da p a r t í c i i l a  inc iden te .  Es te  i n t e r v a l o  é li- 

geiramente maior  do que a perda de energ ia  da p a r t í c u l a  no a lvo .  A i n -  
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certeza na densidade supe r f i c i a l  estimada do alvo, depende das incer te-  

zas nas secções de choque e das aproximações f e i  tas no desenvolvimento 

em sé r i e  das secções de choque. 

1. INTRODUCTION 

Targets are considered t o  be o f  intermediate thickness when the energy 

loss o f  the inc ident  p a r t i c l e  i n  the ta rget  i s  o f  the o r d e r o f t h e  ener- 

gy resolut. ion o f  the detector .  For the time o f  f l i g h t  f a c i l i t y  used 

t h i s  represents thicknesses o f  100 keV t o  1 MeV. This energy loss i n  

the ta rget  depends on the stopping,power o f  the ta rge t  mater ia l  f o r  the 

ínc ident  p a r t i c l e s  and hence depends on the inc ident  energy. However, 

once the mergy.  loss i s  determined f o r  a g iven beam energy, i t may ea- 

s i l y  ba converted i n t o  the energy independent t a rge t  desc r i p t i on  more 

commonly used: surface densi ty o r  number o f  ta rget  nuc le i  per cm2. 

The use o f  such targets f o r  nuclear reac t ion  studies, espec ia l l y  those 

invo lv ing  neutrons as reac t ion  products, has the advantage o f  an appre- 

c i ab le  increase i n  the counting r a t e  o r  y i e l d  o f  the detected p a r t i c l e .  

Even though 1 i m i  t a t i ons  on ta rget  thickness are imposed by the inherent  

s t ruc ture  i n  the d i f f e r e n t i a l  cross sec t ion  curves, intermediate t h i c k  

targets ai-e convenient f o r  making more rap id  surveys o f  the cross sec- 

t ions .  I n  add i t i on  such targets are p e r f e c t l y  appropr iate f o r  studying 

a la rge va r i e t y  o f  nuclear react ions f o r  which the d i f f e r e n t i a l  cross 

sections are smoothly vary ing over la rge energy ranges. 

The d i f f i c í u l t y  i n  using t h i s  type o f  ta rget  i s  i n  determining i t s  sur-  

face densi ty w i t h  a required accuracy. I t  i s  possib le,  o f  course,tome- 

asure the energy o f  the beam inducing the nuclear reac t ion  a f t e r  passa- 

ge througli the target ,  thus obta in ing  the energy loss which, w i  t h  the 

knowledge o f  t he  inc ident  energy, serves t o  determine the surface den- 

s i t y .  This however, usua l ly  c a l l s  f o r  more complicated experimental pro- 

cedures which are o f t en  times imprac t ica l .  

For t h i s  reason, the purpose o f  t h i s  paper i s  t o  present an ana l y t i ca l  

method f o r  determining the thickness of such targets.  The method requi-  



res  an a prior; knowledge o f  the  abso lu te  d i f f e r e n t i a l  cross s e c t i o n s a t  

a  g i v e n  angle,  

be i  ng de tec ted  

gy which i s  s l  

be i n c u r r e d  by 

For each new t 

f o r  a t  l e a s t  one group o f  the  emergent r e a c t i o n p a r t i c l e s  

f o r  an energy i n t e r v a l  below t h e  i n c i d e n t  p a r t i c l e  ener- 

g h t l y  l a r g e r  than the energy loss  which i s  expected t o  

the  t a r g e t .  

r g e t ,  a  spectrum a t  t h i s  i n c i d e n t  p a r t i c l e  energy and 

s c a t t e r i n g  ang le  a r e  taken and from the y i e l d  and known cross sec t ions ,  

the  energy loss  may be c a l c u l a t e d .  Checks may be repeated i n t e r m i t t e n -  

t l y  d u r i n g  the  data t a k i n g .  

2. THE ANALYTICAL METHOD 

Consider the  " t h i n  t a r g e t  formula' '  which i s  v a l  i d  f o r  an i n f i n i  tes imal  

l a y e r  o f  t a r g e t  m a t e r i a l :  

where dy i s  the  y i e l d  per  beam i n t e g r a t i o n  o f  the  emergent group o f  de- 

t e c t e d  p a r t i c l e s  f o r  which t h e  d i f f e r e n t i a l  cross s e c t i o n s  a re  known, 

do/dQ (E) : O ( E )  i s  t h e  known d i f f e r e n t i a l  cross s e c t i o n s  a t  a  g iven  an- 

g le ,  N i s  the su r face  densi t y  o f  the  t a r g e t  i n  u n i t s  o f  n u c l e i  pe r  cm2, 

n i s  the  number o f  i n c i d e n t  p a r t i c l e s  reaching the  t a r g e t  p e r  beam i n -  

t e g r a t i o n ,  AR i s  the  s o l i d  ang le  subtended by the  d e t e c t o r  and E i s  t h e  

o v e r a l l  d e t e c t o r  e f f i c i e n c y ,  which f o r  neutrons i s  a  f u n c t i o n  o f  neutron 

energy . 

Express ing the  densi t y  o f  t h e  t a r g e t  m a t e r i a l  i n  g/cm3 as P ( X )  where the  

parameter x  corresponds t o  t h e  target:  t h i  ckness i t i s possi  b l e  t o  ex- 

press N as: 

where A i s  Avogadro's number, M i s  t h e  mo lecu la r  we igh t  (grams) o f  the  

t a r g e t  m a t e r i a l  and P i s  the r e l a t i v e  i s o t o p i c  p u r i t y  o f  t h e  t a r g e t ,  



S u b s t i t u t i o n  o f  equat ion (2) i n  ( I )  g i ves  

which by d i f f e r e n t i a t i n g  w i t h  respect  t o  energy and m u l t i p l y i n g  b o t h s i -  , 

des by dE g ives :  

where the quan t i  t y  ( d ~ / & )  (E) ;def ined as s(E), i s the s topp i  ng power 

of the  t a ~ r g e t  m a t e r i a l  f o r  the i n c i d e n t  beam o f  p a r t i c l e s  induc ing  t h e  

nuc lear  r e a c t i o n .  

Rea rrangeinent o f  ~ q u a t  i on (4 )  g  i ves 

By s u b s t i t u t i n g  the  express ion f o r  dy/dE i n  equa t ion  ( 4 )  i n t o  equa t ion  

(5) and i i i t e g r a t i n g ,  the  q u a n t i t y  /dE Ai? i s  obtained which represen ts  

the energy loss  which the  i n c i d e n t  bearn s u f f e r s  i n  t r a v e r s i n g  t h e  t a r -  

ge t .  The q u a n t i t y  / (dy/dE)dE represents under the peak i d e n t i f i e d  w i t h  

the group o f  emergent p a r t i c l e s  whose d i f f e r e n t i a l  cross sec t ions  a r e  

g i v e n  by a (E) .  

3. DETAILS OF THE INTEGRATION 

To i ntegr,ate equa t ion  ( 5 )  i t i s  necessary t o  know the  dependence o f  t h e  

t a r g e t  s topp i  ng power, d e t e c t o r  e f f  i c iency  and cross s e c t i o n s  on energy. 

These o f  course depend on the  p a r t i c u l a r  r e a c t i o n  being used and f o r  

t h i s  reason the i n t e g r a t i o n  wi11 be demonstrated f o r  a  p a r t i c u l a r  case. 

Our choici: i s  the  unresolved (no + nl) neutron groups f rom the  r e a c t i o n  

7 ~ i  (p,n) 7 ~ e  detected us ing  t ime o f  f l  i g h t  techniques and a Nuclear  En- 

t e r p r i s e  :213 l i q u i d  s c i n t i l l a t o r  o f  5 i nch  d iameter  and 1 i nch  leng th .  

The i n c i d e n t  p r o t o n  energy i s  10.00 MeV. 



I t  can be seem from the st0ppin.g power curves1 f o r  L i ,  the reac t ion  k i -  

nematics and the neutron detec t ion  e f f  ic iency2 o f  the above s c i n t i  l l a -  

t o r  t ha t  fo r  protons w i t h  energies between 9 MeV and 10 MeV, a l i n e a r  

approximation f o r  both the var iab les  S(E) and €(E) i s  s u f f i c i e n t ,  i .e. 

where E. i n  t h i s  case i s  the proton bombarding energy o f  10.00 MeV. E i s  

a value o f  proton energy a t  some po in t  w i t h i n  the ta rget .  From the cross 

sec t ion  data o f  6orchers3 f o r  the no and nl groups between 9.0 MeV and 

10 MeV, i t i s  apparent t ha t  a quadrat ic  dependence o f  o (E) on energy 

would be a very good approximation. Thus, 

I t i s  i n te res t i ng  a t  t h i s  po in t  t o  check the s ign o f  t hequan t i t y  (E-E~). 

Since f o r  the 7 ~ i ( p , n )  76e reac t ion  a t  o O ,  do/& i s  negative i n  the e- 

nergy range o f  i n te res t  ( i  .e. the cross sect ions decrease monotonical l y  

w i t h  energy) then the quan t i t y  (E-Eo/oo) i s  always p o s i t i v e  s in-  

ce E i s  always less than Eo. Thus the d i f f e r e n t i a l  cross sect ion o i n -  

creases w i t h  decreasing energy E, as i t  should. 

Substi t u t i n g  the a n a l y t i c  forms (61,  (7) and ( 8 ) i n  equation ( 5 ) and 

cal  1 i ng  

where 

s ince the i so top i c  p u r i t y  o f  meta l ic  L i th ium i s  .93 7 ~ i ,  gives 



Using tables o f  stopping powerl and e f f i c i e n c i e s 2  evaluat ion o f  the 

terms 

(E-E (E-E~) 
and 1 + 

o - I 
f o r  E. = 10.0 MeV and E = 9.0 MeV shows tha t  they d i f f e r  a t  most by a 

few percent. Thus f o r  these ca l cu la t i ons  they may be considered t o  can- 

ce l  . 

Denot i ng 

and 

then 

and expansion o f  the denominator term t o  t h i r d  order approximation g i -  

ves : 

BS a = -1 a 67.E E- L (E-E )+(R2-m) (E-E ) 2+(2h-%3) (E-E ) ] (1 I) 
C l E  o o o 

E ~ u o  

which upon i n teg ra t i on  becomes: 



where i t  should be remembered t h a t  /(dg/&)d. = a r e a o f  the n  O + n  1 unre- 

so lved groups i n  the neutron t ime o f  f l i g h t  spectrum. 

Employing the  sane cons idera t ions  on S, E and o, as done i n  the above 

paragraphs, t o  equat i o n  (4)  g  i ves :  

S u b s t i t u t i o n  o f  t h i s  i n t o  equa t ion  (12) fo l l owed by s i m p l i f i c a t i o n  and 

i n t e g r a t i o n  between E. and E where E. i s  the i n c i d e n t  p r o t o n  bombarding 

energy and E i s  t h e  p r o t o n  energy a f t e r  passge through the  t a r g e t ,  re-  

s u l  t s ,  t o  the t h i r d  o r d e r  i n  Ai?, i n :  

where (AE) (BSo/cOuO) x Area o f  peak, i s  nega t i ve  s i n c e  the  quan t i  t y  

so d e f i n e d  above i s  i n t r i n s i c a l l y  nega t i ve .  Th is  equa t ion  i n  A E ,  t h e  

energy loss  i n c u r r e d  i n  the  in te rmed ia te  t h i c k  t a r g e t ,  wi 1 l be r e f e r r e d  

t o  as the  energy l o s s  equat ion.  



4. DISCUSÇION OF THE ENERGY LOSS EQUATION 

Recal l ing tha t  !L and m are re la ted t o  the f i r s t  and second der iva t ives  

o f  the d i f f e r e n t i a l  cross sec t ion  w i th  respect t o  energy, (eq. (9) and 

eq. (10)) three possib i  1 i t i e s  a r i se .  

The f i  r s t  i s  the case where o = constant, i .e. L = O,  m = O .  For t h i s  

case AE = represents an upper l i m i t  ( f o r  the case o f  cross s e c t i -  

ons which decrease w i t h  energy) on the energy loss expected i n  the t a r -  

get .  

The second case i s  when o var ies  l i n e a r l y  w i t h  energy. For t h i s  case 

w i t h  AE <,c 1 MeV the equation may be we l l  approximated by the fo l l ow ing  

quadrat i  c m e  

The t h i  r d  case 

case f o r  LE << 

ti on 

i s  when o has a quadrat ic  dependence on energy. I n  t h i s  

1 MeV the equation rnay be approximated by the cubic equa- 

I t  has been found tha t  the convergence o f  the equation i n  going from o= 

= constant t o  o(E) = quadrat ic  func t ion  o f  (E) i s  q u i t e  rapid.  

For target  "thicknesses" greater  than 1 MeV the  LU?)^ and ( A E ) ~  terms 

from Equation (12) may not  be neg l i g i b ie  and the so lu t i on  t o  the equa- 

t i o n  becomes much more laborious. 

5. CONCLUSION 

I n  concluding we present a concrete example taken from our data. F r m  

the time of f 1 i g h t  spectrum of neutrons frorn the reac t ion  7 ~ 1  (p,n) 7 ~ e ,  

a t  10.00 MeV proton bombarding energy, the area o f  the ( n  +n ) peak i s  o 1 



1.357 x 105 c t s  per beam in tegra t ion .  The number o f  p a r t i c l e s  inc ident  

on the ta rget  per beam in teg ra t i on  was 2.5 x 1013 and the so l  i d  angle 

subtended by the detector  a t  0' was Ai2 = 5.19 x 10-3 SR. These condi t i - 

ons g ive  a value of B = l .796 x 10-34 cm3/SR. 

From the react ions kinematics and the detector  e f f i c i e n c y  curve a value 

o f  c O  = .I28 i s  expected. The stopping power o f  7 ~ i  f o r  10 MeV protons 

i s  19.65 x 103 KeV/cm and f rom Borcher's data the (n + n  ) d i f f e r e n t i a l  
O 1 

cross sec t ion  a t  10 MeV i s  5.79 x 10-27 cm2/sR. Compounding these, gives 

a value o f  

BSo 
(AI?) o = --- = - .646 MeV 

"oU0 

which i s  the upper l i m i t  on the energy loss incurred i n  t h i s  ta rget .  

From the cross sec t ion  data o f  Borchers3 a good f i  t t o  the 10 MeV re- 

gion i s  g iven by the fo l l cw ing  quadrat ic  

Thus a t  10 MeV 

and the energy loss equation gives 

A E -  .178 (AI?)2  + ,049 = -.646 MeV 

So lu t ion  o f  t h i s  cubíc equatíon gives.one rea l  roo t  and two cmplex, the 

rea l  roo t  being 

ilE = - .578 MeV 

which represents the energy loss incurred i n  the ta rget .  



I t  i s  i n te res t i ng  t o  note tha t  had we assumed a l i n e a r  dependence o f  

cross sect ion on energy, i.e. assumed m = O then the so lu t i on  t o  the 

quadrat ic equation (15) i n  AE would g ive  

AE = - .584 MeV 

which shows the rap id  convergence o f  the terms mentioned previousl  y. 

6. UNCERTAINTIES 

The greatast  source o f  uncertainty i n  the ca l cu la t i on  o f t h e  energy loss 

comes from the uncer ta in t ies  associated w i t h  the cross sect ion measure- 

ments which i n  most cases 1 i e  between 8-20%. 

I n  the ca l cu la t i on  o f  ta rget  surface densi ty the uncer ta in t ies  i n t h e v a -  

lues o f  st.opping power should a lso  be included although these should be 

much less than the e r ro rs  i n  the react ion cross sections. 

D i f f e ren t i a l  cross sections a t  various other energies a t  0' f o r  the un- 

resolved no + nl groups were calculated from our spectra using the ta r-  

get thickniess evaluated by t h i s  meth.od. The resu l t s  were i n  exce l len t  

agreement w i t h  those reported by ~o rche rs3 .  
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