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Summary. - The predictinns of the model of Lindenbaum and Sler~t- 
heimer are compared with results oblained from the analysis of the 
reactions = + p  ,r:  4 -=++n ;  7- + p  ->~-÷ ,x°÷p ,  observed in an H~ 
bubble chamber. It was not possible to find any contradiction and all 
results concerning momentum spectra and branching ratios are sufficiently 
well described by the model. In the favorable ease: r: TI) ~ = + ÷ I -  

> =~÷ (7 --n), the correct 0-value distribution for the isobar is obtained 
and an~ular correlations in its decay are c.ompatible with a: J =  a for 
the (=--+ n)-pair. 

1 ~ -  Introduction. 

The re la t ion  be tween  p i o n - p r o t o n  sca t t e r ing  and  p h o t o p r o d u e t i o n  pheno-  

m e n a  observed  a t  low ene rgy  (the <, a.a ,> resonance)  suggested t h a t  i t  wmfld be  

of i n t e r e s t  to i nves t i ga t e  if also a t  h igher  ener~'ies the  observed r e s o n a n t  s ta te  

would  p lay  an i m p o r t a n t  role, in pa r t i cu la r ,  for p ion  p roduc t ion .  D u r i n g  the  

last, few years  ~ p h e n o m e n o l o g i c a l  model  for p ion  p r o d u e t i o n  was developed,  

in  which was b r o u g h t  in to  cons ide ra t ion  the  poss ib i l i ty  of the  presence  of an 

exci ted s ta te  of the  nuc l eon  in an i n t e r m e d i a t e  step of the  process, n a m e l y  

the  a a ~-~ r e s o n a n t  s ta te .  This  exci ted  nuc l eon  should be able to decay in to  a 

p ion and  a nuc leon  and  is well k n o w n  to be also respons ib le  for the  low energy  

p ion -p ro ton  resonance.  

(') On leave from tile Comisidn Naeional de Ener~ia Atdmica, Rep. Argentina. 
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The isobar model removes some difficulties appearing when one compares 

experimental  results with earlier models, like Fermi 's  statistieM theory for 

7:-production. Up to now the available experimental material  on pion-pro- 

duction in pion-proton and proton-proton collisions was not  very extensive (t), 

bu t  the general agreement with the isobar model was fairly good. 

I n  the present paper we compare the predictions of the detailed isobar 

model proposed by LINDENm~Ug and STEI~NHE~Eg (2) with results obtained 

from the reactions: 

(1) ~ - +  p -+ ~-  + r,+ + n 

(2) r. + p - + ~ - + r .  ° + p  

observed in an hydrogen bubble chamber. 

2. - P r e d i c t i o n s  of t h e  i sobar  m o d e l .  

We summarize here some conclusions obtained by  STERNHEIMEg and LIN- 

])E~BAU~I (3) from their detailed model. According to this model, the reaction:  

(3) ~ + ~ - + ? :  ÷7 :  + X  

should take place in two independent  steps: 

(4) r: -~- J V ~  r: ÷ i -~=  + 7:do~+ JV,  

where I stands for <~ isobar >>, whose decay products  should not interact  with 

the ~(extra-r: ~> of the first step of the reaction. 
There are five reactions of type  (4), according to the different possibilities 

of the  electric charge of the isobar and the (( extra-r: ~> and the different possi- 

bilities of decay of the isobar, namely the following: 

(5) 

(a) 

(b) 

(c) 

(~) See reference (3). 

(d) 

(e) 

n -  + p -~ T:- -~- I + ~ 7:- + .:+ + n 

7:- + p - ~ - +  I + - +  7:- + :: ° + p 

: : - +  p --~ r:.+ 4 - I -  - ~  ~:+ q - : : -  4- n 

? : - + p  +T:o + i  o _ ~ : o + T :  + p  

r : - + p  ___> ?:o + I  o _+?:. + v o  + n .  

(2) S. J. LINDENBAUM and R. B. STERNIIEIMER: Phys. Rev., 105, 
(3) R. B. STERNHEIMER and S. J. LINDENBAUM: Phys. Rev., 109, 

1874 (1957). 
1723 (1958). 
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Assuming charge independence it is possible to analyse the above listed reac- 
tions in te rms of two isotopic spin s ta tes  (½ and ~) for the  initial sys tem.  This 
analysis is perfoIned by  STER-NHEI3IER and LINDENBAUSI th rough  two suitable 

pa rame te r s  2 and ~, defined a.s follows: 

in~ , )  in (6) o = a~/_ .a~ , 

where a; ~ and g~" are the cross sections for single pion product ion for isotopic 
spin ½ and a respect ively,  and if, 

(7) - '2.(q/5)½.cos ~ ,  

where F is the phase difference between the  ma t r ix  elements  of isotopic spin 
and 23-. In  te rms of these paramete rs  there are several  relat ions between the 

five reactions (a) to (e) ; in par t icular  the following will be useful for comparison 
with the exper iment :  

(9) (b)/(d)  - ~., = (5 ÷ 16~ - -  20c~)/(5 T ~o - -  5~),  

(10) ((a) - -  ( c ) ) / ( (b )  -[- (d)) -= R = (10 -}- 17~ - -  25~)/(25 + 26o@ 35~),  

( l l )  ( c ) / ( ( a ) + ( b ) @ ( c ) + ( d ) @ ( e ) )  - N  = ( 1 0 - - 2 q - - 1 0 a ) / 4 5  ( 1 +  0). 

Now, if the numerical  values of ~ ,  ~.., R, and S are fixed (from the expe- 

r iment ,  for instance) then equations (8) to (11) represent  l inear relations be- 
tween t~ and ~; o shouhl s imul taneously  satisfy (6). This last  condition con- 
tains the inelastic r~*÷p cross section through the relations:  

(12) 
z 

(?learly all these equations are supe rabundan t  and this s i tuat ion provides 
an interest ing check of the reliabil i ty of the model.  

Fu r the rmore  the isobar model allows one to calculate the spectra  of the 
emi t ted  particles if several  reasonable assumpt ions  are made,  for instance, if 

a_3 isobar of a certain mass is re- i t  is assmned tha t  the probabi l i ty  to form a 9. 

la ted to the re+ + p  scat ter ing cross section at  the corresponding energy (3) (phase 

space factors included). Fig. 1 shows the spectra  for the <, extra-= ~ and for the 

<~ decay-~: ,~ calculated by  F. SELLERI (a) for an incident pion K.E .  of 960 MeV. 

(4) F. ~ELLERI: The,sis (University of Bologna), unpublished. 
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The peak in the ~, extra-r~ >> spectrum reproduces, ~part from the phase 
factors,  the  peak in the = + ÷ p  cross section. 
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Fig. 1. 

The exper imenta l ly  observed reaction (1) is a superposition of reactions (a) 
and  (c) of (5). In  favorable conditions it will be possible to deduce the branch- 
ing ratio (c)/(a)----~1 f rom the spectrum of the emit ted  pions. Bu t  it is also 

possible to eliminate ~1 lumping together  the spectra of the pions of bo th  signs. 

The  result ing spectrum is independent  of @ and ~. In  the same way the 
mom en tum  spectra of the pions from reaction (2) will give informat ion on the 
parameter  ~2 and again the spectrum resulting from adding both  pions is inde- 

pendent  of @ and ~. 
With in  the  f ramework of the isobar model the correlation between pro- 

duct ion and decay angles could give a possibility to determine the spin of 
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t he  (( i sobar  ,) in ~ s imi lar  way  ~s ADAIR (~) proposed for the  A°-hyperon  in  

the  process rc -~ p--> A ° +  0 °. The spin of the  ~ ~econd ~ par t ic le  e m i t t e d  is 

here well  k n o w n  a n d  the  a r g u m e n t  can be appl ied  as was also observed  by  

MORPU~c~() (6). One expects  a d i s t r i b u t i o n :  1 + 3  cos20 for the  decay produc, ts 

of the  ~ i~-isobar. The angle  of dec~y m u s t  be m e a s u r e d  wi th  respect  to the  2~ 

l ine of fl ight of the  i n c i d e n t  par t ic les  b u t  in  the  C31S of the  decay ing  isobar  (:). 

I n  the  case in  which ttle i sobar  is p roduced  no t  mere ly  in s-waves,  on ly  events  

p roduced  b a c k w a r d s  a n d  forwards  should  be used. 

I n  its p r e s e n t  s t a t e  the  isobar  model  gives no pred ic t ions  on the  abso lu te  

va lues  of the  cross-sect ions ,  except  u n d e r  pa r t i cu l a r  a s sump t i ons  as those in t ro-  

duced  by  LIS~DENBAV)I and  STERN:HEIMER (s) .  The p rob lem is re la ted  to the  

s ta tes  of a n g u l a r  m o m e n t u m  invo lved  in  the  p r o d u c t i o n  process. Some argu- 

m e n t s  in this  sense could  perhups  be o b t n i n e d  f rom the  analys is  of the  a ngu l a r  

d i s t r i b u t i o n  for i sobar  p roduc t ion .  

3. - E x p e r i m e n t a l  resu l t s .  

The even t s  here r epo r t ed  were o b t u i n e d  in  a new scan of p ic tures  of the  

h y d r o g e n  b u b b l e  c h a m b e r  of the  C o l u m b i a  U n i v e r s i t y ,  exposed to the  960 MeV 

p ion  b e a m  of the  B r o o k h a v e n  Cosmotron .  The same film w~s p rev ious ly  used 

TABLE I (*). 

Clear elastie events . . . . . . . .  521 (417) 
Stops . . . . . . . . . . . . . . .  222 (190) 
Clear ~°~r:.-~- I) . . . . . . . . . .  190 
(!lear ,= ~ - - l l  . . . . . . . . . .  240 
~,n,) or (,p,> . . . . . . . . . . . .  13 
Clear ~ + ~ - + ~ o + H  . . . . . . . .  43 
Probable ~ -+=om=O+p(+  ?) . . . .  8 
Clear ~ + ~  + ~  + p  . . . . . . . .  23 (21) 
~tran~'e particles . . . . . . . . . .  25 

Total . . . . . . .  1285 (983) 

(355) 

(5) R. K. At)AIR: Pl~ys. Rev.. 100, 1540 (1955). 
(~) G. MORPUR(~O: Nuovo Ci~ento, 9, 564 (1958). 
(7) F. EISLER, R. PLANO, A. PRODELL, N. SAMIOS, M. SCHWARTZ, J. ST~INB]~I~G~ER, 

P. BASSI, V. BORELLI, G. PuPPt, G. TANAKA, P. WALOSCHEK, V. ZOBOLI, M. CONVERSI, 
P. FRANZINI, I. ~[ANNELLI, R. SANTANG:ELO, V. SILVESTIgINI, G. L. BROWN, D. A. GLASER 
~nd C. GRAVES: ',Vuovo Cimento, 7, 222 (1958). 

(s) S. J. LINDENBAU~I and R. B. STERNHEIMER: Phys, Rev., 106, 1107 (1957). 
(*) Data between brackets are those obtained by ERWIN and KoPP (9) in a similar 

experiment. They are in good a.greement with our numbers. 
(9) A. R. EI~WIN and J. K. KoeP: Pltys. Rer., 109, 1364 (1958). 



216 v .  ALLES-BORELLI~ S. BERGIA,  E.  PEREZ F]ERREIRA &rid P. WALOSCHEK 

for s trange particles exper iments  (10). All events  observed in a well defined 
region of the  chamber  were analysed.  Of a to ta l  of 1285 interact ions observed,  
there  were found 240 of react ion (1) (neutrons) and 190 of react ion (2) (protons). 

The classification of all events  is shown in Table  I.  Favorab le  conditions of 
the chamber  allowed a clear identification of near ly  all events.  The measured  

m o m e n t a  were first adjus ted  with a least  squares fit (in order to balance mo- 

m e n t u m  and energy) and then  t rans formed into the  CMS b y  means  of an 
IBM-650 computer .  Details of the  measu remen t s  and computa t ions  as well 

as some results  not  included in this pape r  will be  published separately .  

React ion  (1) is the  mos t  favorable  case to observe the  isobar. The ( ~ - ÷ n ) -  
pair  is a pure  isotopic spin ~ state,  and the isobar model  predicts  t h a t  react ion (1) 
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Fig. 2. 

(]o) F. EISLER, R. PLANO, A. PI~ODELL, N. SAMIOS, M. SCHWARTZ, J. STEINB]~RGER, 
P. BASSI, V. BORELLI, G. PurPI,  H. TANAKA, P. WALOSCHEK, V. ZOBOLI, 1V[. CONVEI~SI, 
P. FRANZ~NI, I. MAN]~LLI, R. SANTA~GELO and V. S~LV]~STR~NI: NUOVO Cimento, i0,  
468 (1958), 
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goes main ly  th rough  the  channel  (c). The m o m e n t u m  spec t rum of the posi- 

t ive pions is shown in Fig. 2 together  with the  spec t rum obta ined  f rom the 
isobar model.  The values of Q and ~ used here will be justified later.  The 
peak  at  400 MeV corresponds to the ~, ~- resonance.  The = - - s p e c t r u m  reflects 
the same si tuat ion a.nd shows the small effect of the (~++p)-isoba.r  (Fig. 3). 
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Fig. 3. 

Figs. 4 and 5 show the results front react ion (2) and are compared  with the  

spectra  obta ined f rom the isobar model,  using the same values of 9 and ~ as 

before (full line). The dot ted  curves, which correspond to values of ~2 deter- 

mined f rom each spec t rum as will be shown later,  give a be t t e r  fit. 

As it was r emarked  before, the superposi t ion of the  two spectra  of Fig. 2 

and 3 is independent  of the initial mix tu re  of isotopic spin states.  The same 

holds for Figs. 4 and 5 and also for the  sum of all pion spectra.  This la t te r  

is shown in Fig. 6 and it is in agreement  with the spec t rum predieted by  the 
isobar model. 
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I n  order  to get  the  b r a n c h i n g  rat ios  defined in (8) and  (9) we first d iv ided  

each  expe r imen ta l  s p e c t r u m  into  two regions : region <( A )> over  325 MeV/c and  
region ~ B ~> u n d e r  325 MeV/c.  l~egion ~ A >> conta ins  9 0 %  of the  ex t r a  p ion  

Eve 
251', 

~°-Momentum ( crn~ ) 

-20 

10 

100 200 300 400 MeV/c 500 

Fig. 4. 

s p e c t r u m  and  1 5 %  of the  decay  pion spec t rum,  while region <~ B >> conta ins  

85 % of the  decay  pion s p e c t r u m  and  10 % of the  ex t ra  p ion spec t rum.  These 

pe rcen tages  were  ob ta ined  f r o m  the  theore t i ca l  spec t ra  of Fig.  1. h-ow, f r o m  

the  n u m b e r  of events  obse rved  in (( A ~) and  (( B ~) we can deduce  the  ra t io  

(~ extra-r :  ~>/(( decay-~: ~) for  every  spec t rum.  This p rocedure  seems more  reliable 

to  us t h a n  a least  squares  fit, since small  m e a s u r e m e n t  errors could  displace 

some even t s  (in pa r t i cu la r  f rom the  na r row  peak) s l ight ly de fo rming  the  spec- 

t r u m ,  b u t  the  sum of all even ts  con ta ined  in (( A ~> and  <, B ~) could c o m p e n s a t e  

in p a r t  th is  effect as well as the  influence of an  even tua l  a n i s o t r o p y  of the  
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decay ain~zuh~r distribution of the isobt~r which would only affect the form of 

t h e d e c a y  pion part.  
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F ig .  5. 

All pion spectra were treated in an identical way, and we obtained:  

$1 = 2 . 2 5 ~  0.43 

~ = 2.98 ± 0.60 

$~ ~ 1.32 4- 0.27 

~2 = 1 .25±  0.25 

from the ~+-spectrum (n) 

from tile ~--spectrum (n) 

from the T.--spectrum (p) 

from the 7P-spectrum (p). 
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The branching ratio R is obtained from Tuble I :  

R = 0.792 ± 0.077 ~ pro tons /neut rons .  

-100 
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Fig.. 6. 

The number  of << stops ~> gives an upper limit for the reaction (e) since this 

number  contains also the normal charge exchange events. We obtain:  

S < 0.334 =L 0.026 = s tops/ total .  

Before discussing the compatibi l i ty between all these numbers,  we shall show 

the  results of the analysis of the angular correlations. 

We first divided all events into four classes, corresponding to reactions 

(a), (b), (c) and (d), As << extra-~ ,> the more energetic one was always selected. 

The s~mples so obtained are contaminated with wrongly classified events in 
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~ 3(}°'o for class (a), ~ 10°.o for class (b), ~ 5 %  for class (c) and ~ 20% for 

class (d). Fi~'s. 7 to 9 show the angular distribution of the product ion of the 

differently eharR'ed isobars, without  any eorreetion for their mutual  conta- 

mination. I t  is clear from these di- 
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For  the spin analysis we first considered reaction (c). As the product ion 

is roughly isotropic, a first a t t empt  would be to assume tha t  the isobar is 

emit ted with / 0. Thus, all events could 

be used for Ada.ir's analysis, as is shown 

ill Fig'. 10. A curve ( 1 +  3 cos20) normal- 

ized to the total number  of events has 

been superimposed. The agreement is not  

too good, but  it becomes bet ter  by  selec- 
ting events with a small product ion ano'le. 

Corresponding regions are equally sha- 

dowed on the decay angle distribution 

and on the t)roduetion angle distribution 

([cos%~ ;> 0.6 and 9. 0.8). The result is 

(.ompatible with the assumed j _ a  (d 

the isobar, even though the statistics is not  

sufficient for a spin determination.  

The ang'ular distributions for the pro- 

duetiou of the other charge states of the 

isobar are not so simple and it is possible 

t ha t  the limit in |,he production angle for 

a successful ,spin analysis is very small. 
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Fig. 11 shows the decay distributions for ~11 events 

and for those produced at ]cos ~ ]~  0.8. With  the  

present statistics it is not  possible to reduce any fur ther  

the limit for the product ion angle and it remains doubt-  

ful if any conclusions could be obtained from this lasl~ 

~nalysis of reactions (a), (b) ~nd (d). 
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4 .  - D i s c u s s i o n .  

As we have shown, momentum spectra and angular correlations seem no t  

to contradict  the isobar model. We should now analyse the situation with 

respect to tim branching r~tios defined in (8) to (11). As we already said the 

parameters  ~ and ~ are related through linear equations contuining $1, ~.~, R 

H, a+ ~ and a~ ~. The experimental results on R and ~ ,  define ~ as very  close 

to - -  0.2. ~o could instead va ry  between 0.02 and 0.2, depending essentially on 

the value of a~% (*). We have taken a~% =6.3  mb and consequently 

~1 ~ 2.89, ~ =  1.73, ~ ~- 0.l , ~ --~ - -  0.2 

. )  ii1 an+ is understood as referring to production of only one pion. 
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~s convenient  va.lues for the isobar model calculations. For  this compromise we 

had to go quite far from the experimentally determined w,~lue of G but,  as 

it was shown on the pion spectra (Figs. 4 and 5), this does not  seem to be in 

contradict ion with the experimental data  (*). 
The number  of .,, stops ~> corresponding to the reaction (c) obtained from 

our 9 and :~ is 140. ()ur experimental number  of 2'22 should then contain 

82 charge, exehange events. Sinee we have simultaneously fixed o~+~' (=  o~+t°~-- a~+)~n 

one ean verify tha t  there is no contradiction in the <, tr iangular relations ,> 

~/a~+ and between ~/s~- ~ 
The whole situation does not ei~ange very much if we assume any value 

o f  ill . in ~+  up to about  10 mb (i.e. taking' o < 0.18). Only if a~+ turned out to be 

higher than this upper limit we would find some trouble in fitting" the momen- 

tum spectra of the reaction (2) (= ÷T:"~-p). 

5 . -  Conclusions. 

I t  was not possible for us to find any eontradietion between our experi- 

mental  results and the very precise predictions of the isobar model of Stern- 

heimer and Lindenbaum, since the model describes sufficiently well all the 

results concerning momentum spectra and branching ratios worked out from 

the present statistics. With respeet to angular correlations, only for reaction (c) 

a reasonable number  of events is axaffable; al though not  statist ically signi- 

ficant for a spin  determinat ion,  it R'ives distributions whieh are compatible 

with the assumed spin 23 for the isobar. 

Results from v:+-r p reactions will provide a more precise cheek of the 

validity of the model. 
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224= V. ALL:ES-BOI%]gLLI~ S. B]~RGIA~ :E. PEREZ Flgt tREIRA and P.  WALOSCH:EK 

The help  of Miss A. DIAZ ROSIER0 a n d  Mr. C. ALWm in  the  c o m p u t a t i o n  

work  is g ra t e fu l ly  recognized.  

Most  of the  ca lcu la t ions  were pe r fo rmed  a t  the  IBM-650 of the  Cent ro  

Calcoli  of the  U n i v e r s i t y  of Bologna .  W e  are i n d e b t e d  to t he  m e m b e r s  of 

i ts  staff~ in  p a r t i c u l a r  to Dr.  Ing .  F .  PIERANTONI a n d  Dr.  A. CI-IIARI:NI who 

gave  us he lpfu l  adviees  for the  p r o g r a m m i n g  work.  

One  of us (E .P .F . )  wishes to t h a n k  Prof .  G. PuPPI  a n d  the  staff of t he  

<< I s t i t u t o  di  F is iea  A. Righi  )> in  ]3ologna, for t he  k ind  hosp i t a l i t y  e x t e n d e d  

to  h e r ;  she is also i n d e b t e d  to the  Comisidn Nae iona l  de E n e r g l a  Atdmica ,  

Rep .  Argent ina~ for a fellowship. 

R I A S S U N T 0  

Si confrontano le previsioni del modello di Lindenbaum e Sternheimer con i risul - 
t a t i  ot tenuti  dall'~nalisi delle reazioni ~ -4-P ~ - ÷ ~ + - t - n ;  7~-÷p ~ 7 ~ - ÷ ~ ° + p ,  osser- 
vate in una camera a bolle ad idrogeno. I risultati  sperimentali non sono in eontrad- 
dizione con il modello e sono da esso deseritti suffieientemente bene. Nel easo favo- 
revole =--4- p ~ =+-b I -  ~ =+ d- (=--4-n) il modello dh la distribuzione eorretta dei valori 
di Q e le eorrelazioni angolari nel deeadimento sono eompatibili con un J = ~ per le 
topple (,= +n) .  


