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The neutra1 reactions a- + D -+ n + n, n + n + y, n + n + no  are ana l i -  

zed f o r  a a- k i n e t i c  energy o f  224 2 12 MeV, obtained i n  a 22 cm dia- 

meter and. 15 cm long cy l i nd r i ca l  bubble chamber containing deuterium, 

under a magnetic f i e l d  o f  24.3 + 0.2 kgauss. The t o t a l  measured cross 

sect ion f o r  the three reactions was aT = 50.0 + 3.7 mb. Applying the 

principies o f  d e t a i l e d  balance and charge invariance t o  the 

p + p + T+ + D react ion, the value onn = 18.6 t 1.6 mb was obtained . 
With t h i s  resu l t .and est imat ing a = 1 I 1 mb, i t  resulted 

nny "nm0 = 
30.4 * 4.2 mb. 

As reações neutras a- + D -+ n + n, n + n + y, n + n + no  são analisa- 

das para uma energia c iné t i ca  incidente de 224 f 12 MeV, obtidas em 

uma câmara de bolha c i l í nd r i ca ,  de 22 cm de diâmetro e 15 cm de cornpri- 

mento, contendo deutér io sob um campo magnético de 24.3 + 0.2 kgauss. 

A seção de choque t o t a l  medi da $& -a  as t rês  reações f o i  oT = 50 .O + 3.7 

mb. Usando-se os p r inc ip ios  do balanço detalhado e de invar iância de 
+ 

carga para a reação p + p + r  + D ,  obteve-se ann = 18.6 + 1.6 mb. Desse 

r e s u l t a d o , e d a e s t i m a t i v a a  = 1  2 1 mb, resultouunnno =30.424.2 
nny 

mb . 

* Work p a r t i a l l y  supported by FUNTEC-BNDE and CNPq. 



1. INTRODUCTION 

The reac t ions  

I T - + D + T - + D  : e l a s t i c  , 
-+ v- + p + n : i n e l a s t i c  , 
-+ no + n + n : charge exchange , 
-+ n + n : absorp t ion  , 
-+ n + n + y : r a d i a t i v e  absorp t ion  , 

have been analyzed t h e o r e t i c a l l y i a n d  exper imenta l ly ,  mainly the  e las-  

t i c  and the  i n e l a s t i c  ones, due t o  t h e i r  impl i c a t i o n s  e i t h e r  i n  the 

study o f  the  3-body problem o r  tÒ the  reac t ions  i n v o l v i n g  neutrons . 
A spec ia l  a t t e n t i o n  i s  g iyen t o  the  above reac t ions  f o r  t he  n- k ine-  

t i c  energy near,  the  (3/2, 3/2) resonance, when some o f  the impulse 

approxirnation (I A)  h ipotheses,  Refs. 1-5, have t o  be modíif i e d  t o  a l low 

fo r  h igher  order  approximat ions, Refs. 6-10. 

This paper analyzes the th ree neutra1 reac t ions  (3), (4) and (5) f o r  

a 224 MeV r- k i n e t i c  energy, and i t completes the work cif one o f  us, 

i n  which the e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  a t  the same energy1lwas 

s tud ied.  

Specia l  care was taken i n  determining the  i n c i d e n t  n- energy, s ince 

the  f i n a l  products a re  not  v i s i b l e  i n  t he  chamber and, there fore ,  k i -  

nematical checks cannot be used. Events w i  t h  an e r r o r  i r i  the n- ener- 

gy l a r g e r  than 5% were re jec ted ,  a1 though they were taken i n to  account 

i n  eva lua t i ng  the  e r r o r  i n  the cross sec t ion .  

2. EXPERIMENTAL AND SCANNING PROCEDURES 

The f i l m  we analyzed was obtained from the Enr ico Ferrni I n s t i t u -  

t e  o f  the Un ivers i  t y  o f  Chicago (EFI-UC) where the experirnent was car- 

r i e d  o u t .  The p ion  bearn was produced by the c01 1 i s i o n  o f  a 450  MeV 

pro ton beam frorn the EFI-UC Syncrocyclotron w i  t h  a b e r i  1 1  ium t a r g e t .  

The bubble chamber was a 15 cm deep and 22 cm diarneter s tee l  c y l i n d e r  



conta in ing  deute,rium w i t h  a dens i t y  0.26 g cm-3 under a pressure o f  

8 atm, p laced i n  a 24.3 I 0 . 2  kgauss magnetic f i e l d .  

The p i c t u r e s  were examined and measured a t  the  U n i v e r s i t y  o f  Brasí l ia,  

us ing  a t a b l e  w i t h  two encoders f o r  the s and y coord inate  measure- 

ments, one meter i n  t he  t a b l e  corresponding t o  5000 encoderun i ts .The 

r e s u l t s  from the measurements were reg i s te red  i n  a paper tape through 

a d i g i  trneter. 

Two sets  o f  20,000 p i c t u r e s  each were examined tw ice  by two scanners, 

us ing  p ro jec t i ons  w i t h  a magn i f i ca t i on  o f  2.2 r e l a t i v e  t o  the  ac tua l  

t r a c k  dimension i n  the chamber. The number o f  poss ib le  events found 

by the  two scanners were N, = 4479 and N, = 4752, respect ive ly ,  which 

gave the t o t a l  number o f  5154 f o r  the i n t e r s e c t i o n  o f  both.  The e f f i -  

c iency was, then, 98.7%. 

3. EVEINT SELECTION AND CORRECTIONS 

I n i  t i a l l y ,  5154 events were considered as zero prong events, i .e., 

w i t h  the f i n a l  p o i n t  apparent ly  stopping i n s i d e  the chamber and which 

cou ld  be a IT- -D r e a c t i o n  going i n t o  neu t ra l s .  1673 events were re-  

j e c t e d  a f t e r  the  ana l ys i s  was completed s ince they had t h e  f i n a l  p o i n t  

o u t s i d e  the  confidence ( o r  f i d u c i a l )  volume, wi t h  t h e i  r 1 i m i  t s  placed 

a t  0.5 cm from the bubble chamber wa l l s .  These events were remeasu- 

red  f o r  about 4000 frames and the  r e s u l t s  were e n t i r e l y  consistent wi th 

the previous ones. 663 among the remai nders had t o  be remeasured 

a iso ,  some twice,  e i  t he r  f o r  t echn i ca l  reasons o r  f o r  having an ener- 

gy e r r o r  l a r g e r  than 5%. 103 among these pe rs i s ted  w i t h  a l a r g e  e r -  

r o r  i n  the  energy and 155 cou ld  not  be analyzed a t  a l l ,  f o r  having 

t racks  superimposed t o  o thers ,  o r  f o r  be ing too  s h o r t  o r  f o r  be ing 

i n  a reg ion too b r i g h t  f o r  observat ions.  The t o t a l  nurnber o f  events 

resu l t ed  t o  be, then, 3326. For the energy d i s t r i b u t i o n  i t  was i n -  

cluded, besides these 3326 events, those t h a t  cou ld  not  be measured, 

which were (155/5154) x 3326 = 100, and those no t  ob ta i  ned due t o  t he  

scanning i n e f f i c i e n c y ,  which were 0.013 x 3326 = 43.  The i n c l u s i o n  o f  

these events i n  the  d i s t r i b u t i o n  was made p r o p o r t i o n a l l y ,  by supposing 



they have the same k ind o f  d i s t r i b u t i o n  as the f i n a l  set.  Thus, the 

t o t a l  number o f  events considered f o r  the cross sect ion ca lcu la t ion  

was 3469. 

4. SPATIAL RECONSTRUCTION 

The procedure t o  measure each view consisted i n  measuring the projec- 

t ions o f  two f i d u c i a l  marks graved i n  the interna1 surface o f  the fron- 

t a l  bubble chamber glass and the pro ject ions o f  four  po in ts  along the 

track, the f i r s t  one being the in te rac t ion  po in t ,  o r  vertex. 

To determine the track spa t ia l  coordinates from the plane coordinates 

o f  the four  points measured i n  each view, we used the method descr i-  

bed i n  Ref. 12. 

5. CALCULATION OF KINEMATICAL QUANTITIES 

The known expression f o r  the radius o f  curvature r o f  t l ie 8- meson 

( k i ne t i c  energy T and mass m) i n  the presence o f  a magnetic f i e l d  B 

(kgauss). 

/ where p = (T(T + h) 1' ' (M~v )  and a i s  the angle between the .rr- d i  rec- 
-+ 

t i o n  and a plane perpendicular t o  the magnetic f i e l d  B ,  inust be cor- 

rected t o  take i nto account the 8- energy loss along i t s  path i n  deu- 

terium. 

1 aT To determine the energy loss r a t e  - Vz along the track, we used the 

tab le  given by M.  Rich and R. ~ a d e ~ ' ~ .  Here, s i s  the length o f  the 

t rack i n  cm and p the deuterium density i n  g ~ m ' ~ .  Eigl i t  points we- 

r e  adjusted i n  the in te rva l  between 100 and 300 MeV by an equation o f  
aT -n the type = -k T , by the 1 east squares method. Once the cons- 

tants k and n are determined the equation i s  integrated t o  g ive 



where Ts i s  the s- k i n e t i c  energy a t  a distance s from the vertex. 

Using a computer t o  simulate the experiment under the same conditions, 

we found that  the radius o f  curvature which adjusted best t o  the cur- 

ve passing through the four  points projected on a plane normal t o  the 

magnetic f i e l d  was the radius of curvature o f  the track i n  i t s  medium 

point .  Knowing t h i s  radius one can ca lcu la te  the momentum ir, that  

plane, ( P ~ ) ~ ,  i n  the medium point  o f  the track. 

The rnomentum i n  the d i r ec t i on  o f  the magnetic induction, i n t h e  medium 

point ,  i s  calculated through ps = (pSlzy t g  " where ã i s  an average 

value o f  a given by 

s being the length o f  the t rack i n  the plane, and Z1 and Z, the z- 
P 

-coordinates o f  the vertex and i n i t i a l  points,  respect ively.  This i s  

not e n t i r e l y  correct,  since there i s  a lso an energy loss re la ted t o  

the motion along the magnetic f i e l d .  This loss was not computed, ho- 

wever, because the length o f  the p ro jec t ion  o f  the track i n  t h i s  d i -  

rec t i on  i s  only about 1% o f  the t o t a l  t rack length, according t o  the 

resu l t s  obtained a f t e r  the spa t ia l  reconstruction. The correspondent 

er ror ,  however, was taken i n t o  account i n  the f i n a l  calculat ions. 

Once ps i s  determined, one can obta in  T and, then, the k i n e t i c  ener- 
8 

gy a t  the vertex, T, f o r  each event. 

6. ERRORS I N  THE ENERGY 

The e r ro rs  associated t o  the energy come from the determination o f  R, 
+ 

S and 8 and from the magnetic f i e l d  B. Here S i s  the t rack length, R 
+ 

the radius o f  the c i r c l e  projected on a plane normal t o  B, and 0 i s  

the subtended by the arc.  The resul tant  e r ro r  associated t o  the k i -  

ne t i c  energy i s  given by 



where Ap i s  t he  e r r o r  i n  the momentum o f  the  pion.  For a d e t a i l e d  

discussion o f  t h i s  expression we r e f e r  t he  reader t o  the o the r  paper 

by the authors12. 

ar AI 1 events wi  t h  a va lue - > 0.05 were remeasured. Some were remea- 
T -  

sured several t imes and among these several were re jec ted  f o r  pers is-  

t i n g  w i t h  a l a rge  e r r o r  i n  t he  energy. The l i m i t  o f  5% f o r  the  ener- 

gy e r r o r  was a compromise between the p r e c i s i o n  o f  the m a s u r e m n t  

and a good s t a t i s t i c s .  I t should be c l e a r  t ha t  e r r o r s  mentioned abo- 

ve come from the e r ro rs  associated t o  the measurements. 

The t rack  and the f i d u c i a l  marks have a f i n i t e  w id th  i n  the pro jec-  

t i o n  on the t a b l e  and so the coordinatec from a po in t  ori the tab le  

have an i n t r i n s i c  e r r o r .  To determine t h i s  e r r o r  we made twenty mea- 

surements f o r  one chosen t rack .  The maximum dev ia t i on  obtained was 

0.5 mm on the  table,  which corresponds t o  0.15 mm i ns ide  the bubble 

chamber. The p r e c i s i o n  f o r  t he  t r i- d imens iona l  reconst ruc t ion  o f  a 

p o i n t  was determined us ing the d i f u c i a l  marks FA and F B ,  since t h e i r  

f i x e d  pos i t i ons  are  known a priom. The maximum standard deviat ionob-  

ta ined was 0.04, corresponding t o  the  2-coordinate eval uat ion.  

The d i s t o r t i o n s  i n  the p ro jec t i ons  o f  the  f i lms were measured us i  ng a 

laser  beam passing through the lenses. The co r rec t i on  f o r  abe r ra t i on  

was o f  the  order o f  the  t rack  measurements. Other types o f  e r r o r s  due 

t o  nonhomogeneity o f  the  magnetic f i e l d  and turbulences i ns ide  the 

bubble chamber were neglected. 

7. ENERGY MEAN VALUE 

The histogram shown i n  F ig .  1 g ives the number o f  events vs. energy. 

Since we have a s u f f i c i e n t l y  l a rge  number o f  events we considered i n  

our ana lys is  a smal l i n t e r v a l  around the  peak, t h a t  one between 198.5 

and 248.5 MeV. By ad jus t i ng  the correspondent Gaussian, F ig .  2 ,  the  





value 224 i 12 MeV was found f o r  the average n- incident k i  ne t i c  ener- 

gy. This value i s  a lso obtained i f  the d i s t r i b u t i o n  i s  made symme- . 
t r i c  i n a n  in te rva l  around the peak, Fig.  3, i.e., making the l e f t  

branch symmetric r e l a t i v e  t o  the r i g h t  one, as one would expect,since 

severa1 pions lose energy, due t o  t h e i r  i n te rac t ion  w i t h  the matter 

from the equipment, before they enter the bubble chamber. These pions 

increase the lower energy populat ion, resul t i n g  i n  an energy d i s t r i -  

bu t ion  not symmetric around the peak. 

8. CROSS SECTION 

To ob ta in  the  t o t a l  cross sect ion f o r  the neutra1 reactions, we con- 

sidered on ly  1163 events i n  the energy range 224 i 12 MeW, assuming 

that  the t o t a l  incoming s- f lux  had the same energy d i s t r i b u t i o n  as 

the s- in te rac t ing  wi t h  the deuterium i n  reactions ( 3 ) ,  (4) and (5) . 

The t o t a l  number o f  incident pa r t i c l es  counted i n  a11 frames used i n  

the scanning was 125,385, amng which 42,030 are d is t r ib t i ted  over the 

energy range cons i dered above. W i  t h  these data and the everage length 

o f  14.54 cm found f o r  the tracks, the fo l lowing value f o r  the cross 

sect ion was obtained: 

OT = 50.0 k 3.7 mb. 

The e r ro r  was calculated by taking i n t o  account the rejected tracks 

and the s t a t i s t i c a l  er rors .  

-9. PARTIAL CROSS SECTIONS 

By applying the p r inc ip les  o f  de ta i led  balance and charge invariance 
+ 

t o  the react ion p + p -* a + D, the cross sect ion f o r  the react ion 

n- + D 4 n + n was calculated. The k i n e t i c  energy f o r  the incident 

proton i n  the forrner reactions has t o  be 760 MeV i n  the Lab. System, 

i n  o r d e r  t o  a p p l y  the deta i led balance principie t o  ca lcu la te  the 

cross sect ion f o r  n- + D -* n + n, a t  a a- k i n e t i c  energy o f  224 MeV. 

We d i d  not f i n d  any reference t o  experiments a t  tha t  energy. Using 



o I .  
8 .  > 

198.5 223.5 248.5 ENERGV l w v t  

Fig.  2 - Adjusted Gaussian t o  the 

normalized d is t r ibu t ion  o f  number 

o f  events versus energy. 

Fig.  3 - Adjusted Gaussian t o  the 

normalfzed and symetr ized dis-  

tr ibutions o f  nurnber o f  events 

aga inst  energy. 



t he  a v a i l a b l e  data, we then made a p l o t  f o r  the  cross sec t i on  vs. 

energy14 f o r  t h a t  react ion ,  from which i t was obtained the  va lue 

a ( p +  p + a -  + D; 760 M ~ V )  = 1.70 2 0.15 mb. With t h i s  value, weob-  

t a  i ned 

U(T- D -+ nn; 224 M ~ V )  = 18.6 r 1.6 mb. 

Since there  are  no experimental data f o r  t he  reac t i on  IT-+ O +  n + n +  y, 

the  va lue f o r  t he  correspondent cross sec t i on  was estimated. Making 

use o f  the  values f o r  the  cross sect ions f o r  the reac t i on  IT-+ p-+n+y, 

Refs. 15, 16, 17, 18, we est imated t h a t  

U(IT-D + nny) = I + 1 mb 

The cross sec t i on  f o r  the  reac t i on  n- + D -t n + n + no i s  obtained 

from the previous r e s u l t s ,  by sub t rac t i ng  unn and u from the t o t a l  
nn-Y 

i ned was neu t ra l  cross sect ion .  The value obta 

U(T-D + nnvo) = 30.4 + 4.2 mb. 

CONCLUSION 

We analyzed the neu t ra l  react ions IT- + D -t n + n + no, and n + n + y 

f o r  a IT- k i n e t i c  energy o f  224 MeV. The resul  t a n t  energy d i s t r i b u t i o n  

f o r  the  IT- i s  i d e n t i c a l  t o  the  d i s t r i b u t i o n  obtained i n  o ther  analyses 

appl i ed  t o  t h e  e l a s t i c  and i n e l a s t i c  react ions f o r  t he  :;ame exper i-  

ment", i n c l u s i v e  i n  the va lue o f  the mean energy. Our numerical pro- 

gram was a very simpl i f i e d  one and appl i cab le  t o  smal l computers. 

The values obtained f o r  t he  cross sect ions are ind ica ted i n  Table 1 , 
where i t  i s  shown, f o r  comparison, t he  E. G. ~ e w i t "  r e s u l t  a t  142 

MeV. Note tha t  the  cross sect ions a t  224 MeV are  l a rge r  than a t  142 

MeV, except f o r  the  e l a s t i c  react ions,  which we b e l i e v e  are causedby 

the (3/2, 3/2) resonance. 



T d Z e  I .  Values obta ined f o r  t he  cross sec t ions  (a - Th is  paper; b - 
J. L. A c i o l i  a t  224 MeV; c - E. G. Pew i t t  a t  142 MeV). 
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