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Proton-nucleus interactions in nuclear emulsion at 205 GeV/c 

are studied. Multiplicity and pseudo-rapidity distributions 
are reported. In the laboratory backward hemisphere relativistic 
particles are emitted more abundantly than expected. Such 
backward narticles are also studied in D-Ta interactions at 
28.5 G~v/;. Energy, longitudinal momentk and angular distributions 
are considered to nive wssible explanations. It seems difficult 
to give satisfacto& e&lanation by usual processes in our 
present knowledge. 

1. Introduction. In nuclear emulsion stack (thirty-six Ilford K-5 pellicles, 
3 150 x 75 x 0.6 mm in siae) exposed to 205 GeV/c proton be- at the Fermi National 

Accerelator Laboratory, inelastic interactions have been studied. To obtain unbiased 

samples of inelastic events, along-the-track scanning has been employed. Events 

are classified into three groups by the number of heavily ionizing tracks (I h 1; 
a m ~ l y ,  W1..0 (quasi-protoh-nucleon colli- 

sions), 1 S % i  8 (collisions with C, TI, 0, 

and also Ag and Br), a d  Has 9 ccollisions 
with Ag and Rr). In this study, the heavily 

ionizing psrticle is the one uith ionization 

larger than 1.4 times of the plateau iani- 

zation of extremely relativistic particles 

and the gray particle is the one d t h  ioni- 

~ation betveen 1.4 and 3.0 times of the 

plateau value. 

In Table I the number of events so 
far anslyzed are given with other 01 
quantities. Distribution of thin particles 

for three groups are shown in Fig.1. For 

" %=O, khsre are peaks aC ns=3, 5 ;  and 7' 

corresponding to coherent interactions 

with nuclei. These coherent interactions Fig.1. Mulziplieity distribution in 
n w l e a z  e~i;Lsiun at 205 GeV/c. 

will be discussed e1~whplre'~), and 
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1) -1 - (10.7) .!. (18.0) %'' -. -- (8.- -- 1 - 

No. of B-events 11713.9%) 59t;1.3%) 114(M.-,-: 99 
, 

b. of NB-events ! 0 8( 1.45) j2( 9.6Z) 
I 

No. of S t r a c k s  1 90 . 
Total of ns I 0.5% 1.2% 2.5% 

Table I 58. 

passible cohe ra t  h t c rac t ions  a r e  excluded i n  the  

following conside78tiaas- 

hgdar  dists'ibutians of th in  par t ic les  for  
1 1  

three grows are sbm i n  f i g .  2 i n  integral  form 

against psedo-rapraitr rl_ (q =-lnftsnQ) on the 
2 

normal; probability p a p ,  for tbe convenience of 

the following discussiorns . 
Detailed dtsmassions on tbesf general features F i g .  2. F89udn-rapidity 

be given elsewhere with the consideration on distributiians for  three 
groups of $. 

m o & b  a9 intra-riueLear cascsde, but only one point 

iu to mea&ion- The aqpalar di&r%bat%aa far proton-;olltleus hteract iems is 
(2) &PZieuit %e~ h eqalahed by t k  e r r e r g  flux cascade mdel  . 

2. &la3;iristie part icles  eraftted backward i n  the laboratory system. 

Pigme 2 dmus that  the  q -distr ibut ion for %=O Is very close t o  Gaussian 

distribution. (cm the normal probability paper, the  s t ra ight  l i n e  earresponUs €0 

the  Ganssiars &*ribution. 3 Far p-~uc leus  collisions there axe .some d i s c r e p c i e s  

trols Gaussian distribation, 8nc? tails at q C 0 are significant.  This showa that 

*in part icles  emitted i n  ~ ~ a r d  h d s p h e r e  in  the laboratory system a re  

remru9rsbly abundant. Same f e e s  of 

tMs phenomenon has alxedy been reported 

els-e ( 3). The number oi backward 

thin tracks (33-tracks) , that of events 

w i t h  Btracks  h e a t s ) ,  and of events 

With n o r e  than one B-tracks (-events) 

Zisted in Table I. From Table I it 

clear that the ftquency of appesrance 

of %tracks ancf of Bevents increases 

w i t h  5, and t h i s  increase i s  strongez 
. - -- 

k h ~ ~  thai. OQ average nuzltis1ici-iy or' 

th in  part icles  with l!$,, as seen i n  the Pig. 3. me distm50aaf -* 
Zisle of CiPe Table. =aeqy ~ira d pmfxms- 



Part icle  i den t i f i ca thn  has been carriea oLli for Lackxiarc thin arid gray 

tracks with projected length ionger tnar. 1 ux i n  the plate v i t h  z ~ ~ l t i p l e  production 

evezts. 2~;:r.il-,::~sa r ~ "  k,--c--: eyer =- - - - - - IL - _ _ ~ r c  ria .s =-: ~ 1 0 t ~ ) v . i  2.-e 

shown in  Fig. 3 by dotted l ines.  Solid l lnes  in Fig. 3 are those of proton-tantalum 

interactions a t  28.5 GeV/c. 

Proton-Ta col l is ions are observed i n  glctures of 80 inch hydrogen bubble 

chamber of the Brookhaven National Laboratory. This chamber was ins ta l led  one Ta 

plate  near the downstream edge i n  order t o  ra i se  the detection efficiency of 

1-rays, and t h i s  p la te  has been used a s  the  target  i n  t h i s  experiment. In  the 

case of p-Ta col l is ions,  zenitp angles of observed tracks are limited in  the  

region larger than 120 degrees owing t o  the arrangement of Ta-plate. Also 

forward tracks a re  not measured because short available lengths do not allow the  

discrimination between pions and electrons. Part icles  are  ident if ied by the  usual 

bubble counting method. Ionization losses i n  the 'Pa-pla%e are corrected fo r  each 

tracks. Protons under 100 MeV and pions under 40 MeV may stop i n  t he  p la te  according 

to the depth of interaction and t o  the emission angle. Therfore, energies over 

these values are bias-free regions. The contribution t o  various dis tr ibut ions from 

secondary interactions i n  Ta-plate i s  estimated t o  be l e s s  than 10 $. Number of 

measured events and backward events i s  shown in  Table 11. These values should not 

be readily compared with those of Table I, 

because of the difference of measured regions 

of angle ard energy. But t he  frequency of 

backward emission of r e l a t i v i s t i c  par t ic les  

i s  not s ignif icant ly different  with incident 20 

energies. 

Fig. 5-  Angular distributions 
Pig. b ,  C-p, 1 spectra of p%ms a+ protons a, 5; 20SGeVlc p(&.Br) 
i n  p- Ta collisians at 28-5 GeV/c c ,  f% a . 5  *Y/c pJk- 



Wents Kith backward oroton( 2 100 M ~ V )  1 102 
Longitudinal momentum Observed evecr s ,== 11.4% 

- - - - - - - - -- - -- - - - - -- - - - 
dissribut icns of la'sorsrs~ y - cveli-s ; i i th  C ~ i l : . i a r 6    LO^( 2 $0 lJeirj 
backward protons and pions Observed events i$f = 15.6% 

i n  p-Ta col l is ions are  shown 

i n  Fig. 4. Momentum regions 
Table I1 

of appearance of these tuo kinds of part icles  a re  shorn to be ent i re ly  different .  

Angular distributions are  shown i n  Fig. 5. AbsciS$n is c o d .  Fig. 5 (a) and 

(b) give distr ibut ions of th in  and gray tracks i n  p-(~g,Er) col l is ions at 205 GeY/c. 

In the laboratory bsckvard hemipphere thin and gray  articles show similar angular 

dependence and the slow increase toward cose =O is  observed. Ratios of  number o f  

part icles  between cose -1.0 and -0.5 with tha t  between -0.5 and 0 are 1.6 for both 

thin and gray tracks. Pig. 5 ( c )  and (d) a re  for  protons and pions in p-Ta coll is ions 

a t  28.5 GeV/c. In t h i s  case only the region of backward hemisphere is shown ern& the  

scale of abscissa i s  different from that  of p-(~g,Br) coll is ions.  In the  n a r r v w  Mas- 

f ree  ranges, distributions do not d i f f e r  from isotropy. 

In p T a  coll is ions decaying paxticles a re  found i n  backward pmA&cles. So f a r  
0 + 

observed decaying part icles  with cose  smaller than -0.5 a re  two IC 's, tvo K 's, and 

one A' in  894 events. Though the statystycs is  l o w  t o  give say figures of produetio 

ra t ios ,  the frequency is certainly unexpectedly hi&. 

3. Discussions. The probability o r  occurence of r e l a t i v i s t i c  par t ic les  ia the 

laboratory backward hemisphere i n  proton-nucleus collisions increases with mass 

number A of the target  nucleus ra ther  stronger than the increase.of produced 

particles. I t s  e n e r a  dependence seems not so strong, but i n  our case A-dependence 

and Edependence are combined and, therfore, the  conclusion should w a i t  more 

experimental data. From Table I, the prob&bility of MB-events is nearly the  spuese 

of that  of B-events for  three groups of Nh. This shows that  the  emission of 

multiple %tracks i n  one event i s  a phenomenon without correlation. 

A s  the  explanation of t h i s  phenoplenon, the first process to  be considered 

is  the multiple scattering insfde the nucleus of recoiled nucleons snd produced 

pions from intra-nuclear cascade multiple production. From t h i s  picture, sharp 

angular d i s t r i  bution i n  the backward hemisphere i s  expected fo r  par t ic les  Kith 

large lor~gitui$inal momenw .and such tendeacy is not found e v h e n w .  . 
ltoloreover, protons with  kinetic ecergy rare than 250MeV are found in  th- back*-ard 

hemisphere. Pratons with such energy f a r  higher than the Fermi energg inside the  

nucleus can not be emitted backward. Thus the superposition of e l e n *  rmittiple 



production processes and scattering processes, taking Fermi motion into consideration, 

can not give a sufficient explanation of this feature of proton- nucleus collisions. 
- .  ~Ize,,,  Let -1; cor; i ier t h e  2e-12~ 2: Tagbsi? ~~?cI~LL: 3c 13 :re rl;-l%us. ir? this case, 

longitcr&;nd~menta of ProGons and pions should be similar if the produced isobar is 

at rest in the nucleus. But, in general, the produced isobar has forward longitudinal 

momentum through the kinematic constraint and, if so, distribution of (-pa) of pions 

should have more particles in higher value side than that of protons, because of 

the difference of Larentz transfo-tion. Longitudinal momentum spectra of Fig. 4 
show remarkably the opposite tendency and the possibility of explanation by isobar 

production is completely ruled out. 

Ordinary processes in o& present knowledge thus seem to be impossible to 

explain this backward emission. 

Kinetlc energy spectra of pions and protons of Fig. 3 show similar tendency, 

though the slope for pions may be a little slower. These facts may suggest that 

those particles come out from some states like thermal equillibrium, but to give 

any conclusions se2m to be too early to give. 

There may be a possibility that the shock wave in the nuclear matter plays a 

role in this phenomenon. In this case angular distributions should shov some 

structures. It is not possible to deduce any conclusion in our limited statistics. 

The reason that such an interesting phenomenon has been overlooked is 

perhaps that people thought the possibility of explanation by usual processes. 

But as shown here the problem is not so simple and the accumulation of =re 

experimental data is urgent to clarify this aspect of proton-nucleus interactions. 

The study of proton-nucleus collisions at high energies may give another tool to 

investigate the nature of high density-nuclear matter now in course of intense 

study a,nd planning by nuclear physicists using heavy ion acceteletors at lover 

energies. 
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