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ABSTRACT 

Ilford G-5 emulsions were exposed to an external, 3. 5 Bev 

proton beam of the Berkeley Bevatron. A total of 1200 nuclear inter

actions of beam protons was located, of which 128 were identified as 

proton-proton collisions. Multiple scattering, blob density, range and 

angle measurements were employed to determine the cross sections 

for elastic and inelastic interactions as well as the identities and cen

ter of mass system momenta and scattering angles of secondaries from 

inelastic proton-proton interactions. This analysis indicates a cross 

section of 8. 0 i 2.4 mb for elastic events, 24. 1 — 2.9 mb for two 

prong inelastic events, 7. 9 ^ 1.4 mb for four prong events and 

0.6 — 0. 3 mb for six prong events. The mean charged pion multiplic

ity in inelastic interactions is 1.5 t 0.2 and corresponds to an average 

degree of inelasticity of 0.45 - 0.06. Center of mass system angular 

distributions of charged secondaries from inelastic events display a 

peaking for small scattering angles which is most pronounced for 

protons and pions from events with low secondary multiplicity. Momen

tum and transverse momentum distributions of secondary protons and 

pions from inelastic events are presented and compared with the results 

at other energies. The angular distribution of elaatically scattered 

vii 



protons is found to be in fair agreement with that predicted by a uniform 

1 optical model of radius 1.25 x 10 cm and opacity 0.66. The results 

of the experiment are also in reasonable agreement with the predictions 

of a statistical model which incorporates isobar production. Q values 

for all combinations of nucleon-nucleon and pion-pion pairs were cal

culated, and showed a dominance of Q values less than 50 Mev. Q 

values for events in which one of the tracks was a low energy proton 

showed some evidence of a resonance with Q values of 150 Mev and 

higher. 

viii 



I. INTRODUCTION 

The availability of artificially accelerated protons with 

energies from 1 to 30 Bev has encouraged a number of investigations 

of proton-proton interactions in this energy range. The principal ob

jective of such experiments is to provide an indication of the important 

features of high energy nucleon-nucleon collisions in which multiple 

meson production contributes significantly. Although the behavior of 

the total and elastic cross sections in this energy region has been rathe 

extensively investigated, the variation of the partial inelastic cross 

sections, the multiplicity of secondary mesons, and the energy and 

angular distributions of secondary protons and pions with bombarding 

energy is less well known. 

The objective of the present experiment is to add to the 

available information of this type at an energy intermediate to that of 

previous experiments. In order to minimize the effect of the inclusion 

of collisions with bound protons in the sample of events selected for 

analysis, only those interactions are considered which satisfy rather 

stringent criteria with respect to any evidence which is not consistent 

with interpretation as a proton-free proton collision. In addition, as 

1 



a check on the effect of scanning efficiency, two independent scanning 

methods are employed. 



II. THEORY 

Statistical Models 

History 

With the advent of high energy accelerators, nucleon-

nucleon experiments in which more than one secondary pion is produced 
V. 

have become commonplace. The first approach to a theory that would 

predict multiplicities and spectra of secondary pions from nucleon-

nucttyan collisions was a statistical theory due to Fermi. ̂  His model 

was conceptually simple: momentum and angular momentum effects 

were neglected, and it was mainly applied to low energy reactions 

which have low multiplicities. In a later paper Fermi'^ modified his 

model by using the conservation of isotopic spin. 

Subsequent experiments showed that Fermi's statistical 

model, in its simplest form, was not quite correct. The multiplicities 

and momentum spectrum of secondary pions were not predicted correct

ly. even at energies of 2. 75 Bev, and the errors became much greater 

at higher energies. The multiplicities and the peak of the proton 

momentum distribution were greater than that predicted by Fermi. A 

refinement of Fermi theory was made by R. H. Milburn. ̂  

3 
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The statistical model was then altered with the idea that in 

the collision of two nucleons, one or both of the secondary nucleons may 

be emitted in an excited isotopic spin state, called an isobar. The 

isobar would then quickly decay into a nucleon and a pion. Various 

statistical theories incorporating the isobar concept were conceived 

during the next few years by D. C. Peaslee, ^ S. J. Lindenbaum and 

R. M. Sternheimer, ̂  S. Barshay, ̂  K. Niu, ^ F. Cerulus and R. 

Hagedorn, ̂  and T. Ericson. Fermi's theory was used as the 

starting point for all these theories and it was modified for such effects 

as conservation of angular momentum, the introduction of isobarlc 

final states, and better approximations for the computation of phase 

space integrals. 

Since Fermi's theory is well known at this time, only its 

basic ideas will be presented here. The model of F. Cerulus and R. 

Hagedorn^) will be presented, since even though it does not consider 

the conservation of angular momentum, its predictions at the energy of 

this paper are in good agreement with the experimental results. The 

effect of considering angular momentum conservation will be discussed 

briefly after this model is presented. 

t 
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Fermi Theory of Multiple Pion Production 

The probability for a transition from a state A to a state B 

can always be written as: 

SABS 27TITAB I/O (E )0 _ 

where T^g is the transition amplitude and p (E)0 is the density of 

final states in the neighborhood of state B, for the energy £ of the system. 

The state A will be that of two incoming protons (center of mass system, 

hereafter called c.m. system) and the final state B will consist of two 

nucleons and n pions. (Strange particles will be neglected since their 

contribution is small, and at this energy anti-nucleons can not be 

created.) 

Although TAB can not be computed by any present theories, 

we may at least obtain some of its properties by general arguments. 

State A may be described by the following set of quantum 

numbers: 

E: total energy, 

P: total momentum, 

I ; total isotopic spin, 

I3: third component of isotopic spin, 

B : baryon number, 

U : displacement of multlplet center. 
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These are believed to be good quantum numbers in strong 

interactions; hence T^b must vanish if B has other values for those 

quantum numbers. 

Now suppose there is a final state B of 2 nucleons and V 

pions with a total energy E, and a total momentum P - 0 (c.m. system). 

If the whole system is imagined to be enclosed in a volume V, what is 

the probability of these V 2 particles going through a reverse reaction 

to state A which consists of two protons? In order for two particles to 

interact, they must come within the range of nuclear force: thus one 

particle must come within the range of a second particle, then a third 

particle must come simultaneously within range of the first two, and a 

fourth must come simultaneously within range of the first three, and so 

on. 

We expect, therefore, that for purely geometric reasons 

the transition probability |TjjA| will have a factorWyV)0 ' where n is the 

total number of particles and Cl is an "interaction volume" that is closely 

related to the range of the meson producing forces. By the reciprocity 

theorem this factor must be present also in Itab I-

The Fermi model assumes: 

1. all other factors vary slowly with energy and 

multiplicity and may be assumed to be constant 

in a first approximation, 
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2. the interaction volume A is independent of 

multiplicity but is Lorentz contracted as, 

n= ^n„. 2m (m^ r„' , 

where r0 is approximately 1.2 x iO"^ cm. 

The units used in this theory are h s c : 1, and 

the mass of a nucleon M - 1. 

Next the density of states must be calculated. The expression is: 

p(E )B* (2 7Tf3n Vn-/./dp,— dpnS(g q.) S(^^/pf • mf - E) , 

where nij is the mass of the ith particle and the integration is over all 

momentum space. Angular momentum conservation is neglected and the 

conservation of energy and momentum is accounted for by the 8 functions. 

Also for each of the momentum states there are, in general, 

different states of spin and isotopic spin, which must be included. In 

addition yD(E)g must be corrected for the effects of the indistinguisha-

(v) 
bility of like particles b/ multiplying it by a factor f which depends Tj 9 

on the number, type, and total Isotopic spin of the particles, but not on 

their energy. 

The relative probability of the production of t) mesons and n 

nucleons in a collision with c.m. system energy £ is: 

w»(e) 1 ((zWf'C/ME! -

where ) is given by: 



P.,& >• /dR-dR/d5,-di),S( £ ft* + £.V<1?V -e). 
* i»i (>l |*> * i«l v 

and where M is the nucleon mass and JJl the meson mass. 

Although Fermi theory- has been presented in a somewhat 

abstract form, the physical reasons behind the assumptions 1 and 2 are 

« 

easily seen. The strength of the strong interactions is so great that s 

equilibrium between all possible end states is reached in a very short 

time. The weight of a certain configuration depends only on the density 

ft*) 
of final states of this configuration, or fT|# ^„(E). 

The interaction volume corresponds to distances such that 

particles no longer interact. The particles may still decay, but it is 

assumed that once they have left the interaction volume they can be con

sidered as free particles with definite rest mass, energy, spin, and 

isotopic spin. 

The assumption that Tj^jj is slowly varying can be satisfied 

even if T^jj has small rapid fluctuations, as long as these fluctuations 

cancel out by summing over all final states. It is possible that the 

conservation of angular momentum would alter this in that angular 

distributions would be affected. Cerulus and Hagedom neglected the 

conservation of angular momentum since the observed angular distribu

tions are very slightly anisotropic at low energies. 
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Isobaric States 

The interaction time for fast collisions is about 10"^ sec. ; 

thus in this theory any metastable state with a much longer lifetime is 

considered as a particle. At high energies there are complications 

since the number of metastable states of nucleons or pions with life

times greater than 10"^ seconds is not known. Cerulus and Hagedorn 

assume that at 2. 75 Bev only the lowest state will contribute apprecia

bly, and in this paper the same assumption is made since the center of 

mass energy of two protons with beam energy of 3. 5 Bev is 3. 38 M while 

that of 2. 75 Bev is 3. 14 M. The center of mass energies are therefore 

very close with about 7% difference. This isobar will have spin S s 1/2, 

isotopic spin Is 3/2, and a mass of 1. 31 M, which corresponds to the 

resonance of 180 Mev in p- W scattering. 

At higher energies one would have to consider carefully any 

evidence for a higher excited state nucleon or possibly a 7T -77 isobar. 

This may be done by calculating Q values of nucleon-nucleon and pion-

pion pairs for the final state particles in observed collisions. If there 

is evidence of a Q value higher than 150 Mev, there may be higher order 

particle states. 

The particles considered in this theory as final state particles 

are given in Table I. 
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Table I 

Mass/M Spin I-spin 

Nucleons 1 1/2 1/2 

Pions .147 0 1 

Isobars 1.31 3/2 3/2 

Spectra of Secondary Particles 

Also of interest, in addition to the number and kind of 

particles produced in a collision is the energy of one pion, say the V 

th 
To obtain the energy of the V pion it is necessary to take only such 

final states that are compatible with the givenV, E, and | Pv I. Thus we 

want: 

The density of states with | pv I between P and P •+• dP (in the c.m. 

system) is proportional to: 

P* ,n* v-» (E » Pt>) <*Pvi 

where 

/>h,< y (E) « /^nih^v-« (E - R,) 4 7T P* dp„» 

as it should. 

Then we have: 



WV(E,P) . fT(5 ^W(E - »m1.p ,)47r p*dp„ 

11 

for the unnormalized probability for production of t> mesons, n nucleons, 

and n* Isobars with a total energy E, where theV t^ meson has a momen

tum pv such that Fk p^< P+ dP. The spectrum of a nucleon or Isobar 

can be obtained similarly. The spectrum could also be expressed as a 

function of energy E s ^/PVttv . 

Spectra of the Decay Plons from the Isobars 

The plon spectra calculated in the preceeding section Is the 

spectra of plons directly produced In the collision. -To obtain the total 

pion spectra, the spectra of the decay plons from Isobars must be 

Included. 

The Q value of such decay plons Is . 16 M. To calculate the 

spectrum of the decay pions in the c.m. system of the collision we have 

to transform the motion of the plon from the Isobar coordinate system 

to the c.m. system. The Isobar decays Into a nucleon and a plon, thus 

the energy -9 and the momentum k of the plon in the isobar system are 

completely specified, and the angle of emission of the plon In this 

system is isotropic. The probability of an isobar having an energy E* 

can be found as in the preceeding section, and is W (E*). The trans

formation depends on the velocity of the Isobar and therefore one must 
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integrate over all velocities with a weighting factor proportional to the 

isobar spectrum. The probability to find the decay pion in the energy 

range E, E + dE is: 

W ( E ) d E  -

with 

•E, 

II" I dE* W(E*) 

"V. yprs*1 

dE 

E« 

e :  
ML 
H-

Statistical Factors 

fy| 
The factor fT s can be written: 

• (2^*l)^2VI)"lrl jr(Jf  p.,̂ T ) ,  

where s^ and S2 are the ordinary spins of the baryons (1/2 or 3/2), n, 

n*, and V are the number of nucleons, isobars, and pions, respectively. 

The factor (2s i+l)n(2s2 +l)n* results from the multiplicity of spin states. 

The second factor (n!n*!i>!)~* takes into account the indistinguishability 

of Identical particles. 

The factor p »„(T) is proportional to the number of states 

in isospin space that are compatable with a given total isotopic spin, 

total charge, and number and kinds of particles considered. These 
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have been computed by Yeivin and de-Shalit, (H) Barasenkov and 

Barbasev, and by F. Cerulus.(^) 

The theory thus far has predicted the multiplicity and 

spectra of all three pion charged states. If one wants to know the ratio 

of the cross-sections for various final charge states, it is necessary to 

find the relative weights of the different charged pion final states. For 

example, if the ratio of 77 to TT is.desired, more information about the 

different channels must be known. 

Consider the reaction p+ p -• N + N*+7T. The two baryons 

N+ N* may be in an isotopic spin state T • 2 or T = 1. The initial 

isotoplc spin state is JT, T3^ = |l, 1^ . Since isotopic spin is conserved 

in strong interactions the final state isotopic spin must be |i, i>. 

Hence there are two possible final state wave functions corresponding 

to T a 2 and T * 1: 

a > I1 '1) N.N*.¥ - C(2, 1, 1;2-1, 1)|2,2>N N+|l,-l)^ + 

C(2, 1, 1; 1, 0, 1) 12, 1^ jl, 0^^ + 

C(2, 1. l;0, 1, 1) (2, 0) Nb |l. l)^ + 

and 

b)  j^»^N,  N*,T • C(l. 1 ,  1 ;  1, 0, 1)  |l, 1^  ̂  11 , + 

C(l, 1, 1»0, 1, 1) |l.0> N>N*|l. l)^ 

where C(j^ j^, M) are the Clebsch-Gordan coefficients and 

I jpcxS represent the states. 
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The states | 2, 2^^ j,j*, |  2, 1^ 12, 0^ isT** I1 ' ^ N, N* 

and |l, 0^ j^,j, In turn can be written in terms of a Clebsch-Gordan 

s e r i e s ;  e . g . ,  

c) |l. 1^ N)N* = C(l/2, 3/2, 1; 1/2, 1/2, 1) 1/2, 1/2^ N |3/2, 1/2^N* + 

C(l/ 2 ,  3/2, 1;- 1 / 2 ,  3/2, 1) |l/ 2 ,  -I/ 2 )  N |3/2, 3/2^ N* # 

The isobars will decay in different ways according to their states: 

d) 13/2, 1/2) N» . Jlil |.l/2, 1/2) N |».o)w+ JTfl |l/2,-l/2)N|l, y 

e) |3/2.3/2> N„= |l/2,l/2>N|l(1)T . 

The relations c), d), e) may be then substituted into a) and 

b) to get the final state wave functions in terms of nucleons and pions. 

By collecting all the coefficients of the different final states, the relative 

probabilities are as follows: 

Case a) Case b) 

pp+- 37/60 1/12 

pn+0 13/60 3/4 

ppOO 9/60 1/12 

nn++ 1/60 1/12 

The states a) and b) have equal probabilities; thus the 

observed distribution of probabilities is obtained from the mean of the 

results for both states. 
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pp + - 0. 350 

pn+ - 0.483 

pp 0 0 0.117 

xm+ + 0.050 

This example shows how the relative probabilities of all the possible 

final charged states can be found. If the case V s 3 is considered, the 

situation becomes more complicated due to the fact that the three pion 

isotopic spin stated is not uniquely defined, and one must take into 

account the symmetry of the three particle wave function. The case 

Va 3 becomes increasingly important at higher energies. 

The ratio, TT*/ TT~ for the • 2 case is obtained from the 

above example and is: 

7T+ - • 350 + -483 * 2(.50) _ .466 . 2 66 

7T~ . 350 " . 175 " 

To obtain the momentum spectrum for charged pions, one 

must consider the different possible channels that contribute to the 

spectrum. For example, the 2 pion spectrum is achieved through three 

channels; N+N+2TT, N+N* + tT, and 2N*. Thus in order to get the relative 

probability for two pion production, one must consider all three channels 

by which two pions may be formed. 

We have now shown hdw to obtain the spectra of directly 

(Tt) tTr") 
produced pions Wiy&^E) and also the spectra of decay pionsWiyi(i>(E). 

(9 ) . . 
The Wnjafv(E) are obtained from f-fr's and^C^ n^v(E). The total spectrum 
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for a particular charged pi on, say 7T+ , may be obtained by multiplying 

every W with the probability of finding a 7T* in the channel and adding up 

these results for every point of the spectrum. Thus, if we want to cal

culate the total spectrum for two pions, we use the following: 

(it-; 
W lf  Ci(E). 

(E), and 
2, 0, 2 

w (7TV) (E). 
0, 2*. 0 

Each of the W(E) given above is multiplied by the probability of finding 

a7T+in the channel considered and this gives the probability of finding 

any meson between the total energy of E and E + dE. This must then be 

multiplied by the number of mesons in the channel, and the result is the 

probability of finding any meson in this energy range. 

Thus, for 77" , the total spectrum is: 

n\ f*) i 7 \  ,ir) ^ fl,) 

W* (E)dE . f(+D w2_ „• j + x 2 x W2, 0» 2 + fj?> x 3 x W2> 

+  K i :  i +  4 2 ) * 2  *  K i t  2  

+ hW Wo, 2* 1 

/0\ ^ ̂  /1 \ ^  1 2 )  W * )  

I G \  f i t " )  
+ **>»_ '  x 2 x W0j 2*0 

t \ \  •1I\ + inM x 2 x W0(2*i 

where the g^> h^)# are the probabilities of finding a 

T+ In the channel co&Sldered. These probabilities are found by 
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considering the statistical weights of the final state wave functions, by 

the method shown in the preceeding section. Thus for the reactions: 

p + p-» p + p + 7T* and 

p+p— p + n + 77" 

no IT" "are produced, so f(J) • 0. The statistical weights of the two final 

states computed as shown above are tabulated by Cerulus. These weights 

are listed in Table II. 

Calculations of P(E) were computed by F. Cerulus and 

Hagedorn^^ for a c.m. energy of 3. 14 Bev using a monte carlo method. 

Other methods of solution of the phase space integral were performed 

by M. M. Block, (*^) Fiaho, and T. Ericson.^®) Block and Fiaho 

made approximations in their calculations that led to large errors in 

some cases. The error in the monte carlo method was shown to be 

small by Cerulus. The c.m. energy of this experiment is 3. 38 Bev 

which is close to 3. 14,and since dP/dE is small in the neighborhood of 

E ; 3, 14, the values of P(3. 14) will be assumed equal to P(3. 38). All 

other parameters in the isobar model were calculated for 3. 38 Bev, 

and the results are shown in Table III. 

Angular Momentum Effects 

It is worthwhile to mention the effect that the conservation 

of angular momentum has on P(E). T. Ericson^1^ and Cerulus^^ have 
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made such calculations. The integral that must be computed is: 

>̂IE,P»0,I) «/"/<»P,-dft,(«r-dr.»(B-p„)Sllp,)S(l«rE)Sllf xp -I).  

Ericson then shows that this may be adapted to a quantum mechanical 

viewpoint and arrives at the conclusion that: the average angular distri

bution of secondary particles will have forward-backward symmetry in 

the c.m. system with respect to the beam direction even when the 

colliding particles are not identical. Also since the total angular 

momentum, T, is dominated by the orbital angular momentum, T is 

perpendicular to the beam direction and the angular distribution is 
i, 

peaked in the forward-backward direction. The energy spectrum of 

secondaries is very slightly affected by the conservation of angular 

momentum but the mean secondary multiplicity is strongly affected. 

The effect is to increase the multiplicity for low angulaT momentum 

and to decrease the multiplicity for large angular momentum. 

Tables 

The following are the parameters of the problem: 

Reactions considered: p + p = 2N + V7T» 

- N + N#+ t>7T, 

- 2N*+ 1>7T. 

Incident kinetic energy: 3. 5 Bev. 

C.M. S. energy: 3. 38 Mc^. 



Masses: Nucleon M • 1.00 

Isobar M* s 1.31 

Pion fJi = 0.1471 

Momentum of decay pion from isobar 

at rest: k - 0. 2402 Mc^ 

Energy of decay pion from isobar at 

rest: E = 0.2816 Mc^ 

Interaction volume: ft s 3 -08 



Table II 
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Charge distributions of the pions created through the 
various channels, and coefficients of the correspond
ing spectra in the total spectrum for charged pions. 

^SsChannel 
NN7T NN27T NN37T NN*7T NN*27T N*N*7T 

Charge orS. 
directly > f(i) f(2) f (3) g'1' g<2) H ( D  
produced TT 

- 0 0. 1500 0.2000 0.3000 0.2400 0.2000 

0 0.2500 0.3250 0.3222 0.4000 0.3200 0.2666 

•fr 0.7500 0.5250 0.4777 0.3000 0.4400 0.5333 

\Channel 
NN* NN*7T NN*27T N*N *TT N*N*7T 

Charge 
Isobaric \ 

t(0) tu> t(2) m<°) «<« 

- 0 0.0500 0.1600 0.1000 0.2333 

0 0.1666 
* 

0.3166 0. 3133 0.4666 0.3111 

+ 0.8333 0.6333 0.5266 0.4333 0.4555 



Table III 

21 

1 2 3 4 5 6 7 

End states 
, of collisions. l2s,-Hft2st+lf* f(v) 

Pnrf y(3.38) W 
Number of: n! n! Pnrf y(3.38) W 

N N* 7r 

2 0 2 1 2 1 1 .  9 2  3 . 0 8  7 3 . 4  

2 1 2 2 4 1 6 .  0 8  9 . 4 9  6 1 0 . 4  

2 2 l 4 4 2. 04 2 9 . 2 2  2 3 8 . 4  

2 3 0. 333. . . 9 3 5 . 6 1  1 0  8 9 . 9 9  15. 1 

2 4 0 . 0 8 3 3  21 1. 75 3 . 6 7  1 0  2 7 7 .  2  .2 

1 1 0 8 1 8 10. 38 3. 08 225. 8 

1 1 1 8 2 16 5. 93 9 . 4 9  900. 3 

1 1 2 4 5 20 2 . 9 5  1 0  2 9 .  2 2  1 7 2 . 4  

1 1 3 1 .  3 3 3 .  . .  12 16 1 . 5 7  1 0  8 9 . 9 9  2. 3 

1 1 4 0 . 3 3 3 . . .  30 10 5 . 4 5  1 0  2 7 7 . 2  -

0 2 0 8 1 8 8 . 5 3  3 . 0 8  2 1 0 . 2  

0 2 1 8 3 24 1. 374 9 . 4 9  3 1 2 . 9  

0 2 2 4 7 28 7 . 2 6  1 0  2 9 . 2 2  5 . 9  

0 2 3 1 . 3 3 3 . . .  18 24 1 . 9 0  1 0  8 9 . 9 9  -

Statistical factors f^ g» phase space density /0n< n# v(3. 38) powers 
of interaction volume' Q. and relative, unnormalized, probability W 
as functions of the number of nucleons, isobars and pions produced 
in p-p collisions at 3. 5 Bev incident proton energy. 
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Optical Model 

An optical model for elastic collisions has been calculated 

by Fernbach, Serber, and Taylor. The optical model changes the 

phase and amplitude of certain partial waves associated with the 

incident proton. This results in a defraction scattering, while that 

part of the wave which is absorbed corresponds to Inelastic scattering. 

The assumption is made that incoherent elastic scattering is negligible 

and that the elastic and inelastic scattering may be treated separately. 

radial variation of density and the real and imaginary parts of the index 

of refraction. For simplicity, complications due to spin, particle 

identity, and spin-orbit forces are neglected. 

Fernbach et al consider a homogeneous disk of radius R. 

The elastic cross section, C0 , is 

The parameters associated with the optical model are the 

00 

and the inelastic cross section, 0"i , is 

.00 

and the scattering amplitude is 

00 

f (0 )  -  K /  | l -  o f l * |  J 0 lHps in9 )pdp  ,  
0 



where a is the amplitude, is the phase of the transmitted wave whose 

initial amplitude and phase are one and zero, respectively, p is the 

distance from the center of the Interaction volume to the incident 

particle in a plane perpendicular to its direction, and K is the propaga

tion vector of the incident particle. The opacity Q is defined as 0 

2 1-a^. In this experiment the best fit with the observed differential 

cross section was obtained by setting <^> equal to zero. (See Fig. 1) 



III. EXPERIMENTAL PROCEDURE 

Exposure, Development and Scanning 

A stack of 600 fj,m, llford G-5 emulsion pellicles was 

exposed to an external, 3. 5 Bev proton beam of the Berkeley Bevatron. 

The stack was oriented so that the incident particles entered the edge 

of the stack and traveled approximately parallel to the emulsion 

surfaces. After mounting, the plates were processed by a modified 

procedure in which the warm stage of the standard temperature cycle 

technique was replaced by development for 4. 5 hours at 5.0° i 0. 5°C 

in order to reduce the effect of spurious scattering and distortion on 

multiple scattering and angle measurements. 

The plates were scanned both by following lightly ionizing 

secondaries "upstream" to the point of interaction, as described previ

ously^ and by following incident proton tracks. All nuclear Inter

actions located by both methods were Initially divided Into three groups 

according to the following criteria: 

I) Clean even-prong events. - An even number of charged 

secondaries, no recall blob at the point of Interaction, 

no secondary Q tracks, no proton with a laboratory 

scattering angle greater than 90°, and no secondary 

24 



proton with a kinetic energy greater than that of an 

elastically scattered proton with the same scattering 

angle. 

ii) Clean odd-prong events. - Same as i) except with an odd 

number of charged secondaries. 

iii) Stars. - All nuclear interactions which satisfy neither 

I) or ii). 

Clean even-prong events include, in addition to collisions with free 

protons, collisions with bound protons which result in no visible evi

dence of nuclear excitation. Approximately 50% of such events are 

examples of proton-free proton collisions although it is not possible in 

general to identify individual examples of free collisions. It is assumed 

here, however, that the general features of inelastic proton-free proton 

interactions will be fairly well represented by clean even-prong events 

when the momentum of the incident proton is much greater than the 

average Fermi momentum of bound nucleons. Clean odd-prong events 

are considered only in order to make a statistical separation of free 

and bound proton-proton collisions for the purpose of estimating the 

cross section for proton-free proton collisions. 

Analysis of the events 

Clean even prong events were Initially separated into 

elastic and inelastic events by applying the following criteria to all 
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such events with two charged secondaries: 

i) The incident proton track and the two secondary tracks 

must be coplanar. 

ii) The laboratory scattering angles of the two secondary 

tracks must satisfy the relation: 

( l )  tan0 f t tan0 f i « I  -  (-^- )  f  

where 0# is the smaller and QA is the larger of the two 

scattering angles and v is the velocity of the center of 

mass system with respect to the laboratory system. 

Deviations from requirements i) and ii) will be caused by measurement 

error, initial scattering of secondary tracks, and possible Fermi 

momentum of the target proton as well as by the production of neutral 

particles in inelastic collisions. The separation of elastic and Inelastic 

collisions is facilitated by defining a quantity 8 for each clean two 

prong event which is a measure of the combined deviations from these 

requirements and which is given by: 

(2) $ = {[%" • (A<J>)* f 
where A 4> is the space angle between the small angle secondary and 

the plane defined by the incident and large angle secondary and y£ 

refers to the velocity of the center of mass system with respect to the 

laboratory system. An analysis of a type discussed previously^) 

indicates that in the present experiment 3 must be less than 1.6° for 
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an event to be classified as a possible example of elastic proton-free 

proton scattering. § is calculated for all two prong events and the 

results shown in Fig. 10. 

Charged secondaries from all clean even prong events not 

satisfying the requirements for elastic scattering were subjected to a 

combination of angle, energy loss, multiple scattering and range 
s. 

measurements. The Identity and momentum of secondaries which pass 

out of the emulsion was determined by the method of Kalbach et al^^ 

from a combination of blob density and multiple scattering measure -

ments. Secondaries which came to rest in the emulsions were Identi

fied by the track endings characteristic of protons and pions in emulsion 

and the corresponding energy obtained from range energy relations for 

emulsion. 

Blob densities are measured in terms of g, the ratio of the 

blob density of the unknown track to that of the beam protons. Since the 

blob density of all tracks decreases .with depth z, in the emulsion, the 

comparison must be made with a beam proton at the same average z as 

the measured portion of the unknown track. The blob density that is 

measured is actually the projected density and must be multiplied by 

coa/8 where 0 is the dip angle, to obtain the true density. The value 

of g with its standard deviation is given by 

•" M * ̂ i*-k)cot0 • 
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where and Nx are the blob density and total number of blobs for the 

unknown track and np and Np are the blob density and total blob count 

for the beam proton. 

Measurements of second differences due to multiple scatter

ing were made with a Koristka MS-2 scattering stage using cell lengths 

of 100, 250 and 500 jJL m. In order to correct the measured second 

differences for the effects of distortion, stage noise and reading error, 

scattering measurements were made on 3. 5 Bev proton tracks, both 

with the cell lengths used to measure secondaries and with 50 jj, m cell 

lengths. If Dm is the mean measured absolute second difference, Sss 

is the second difference due to spurious scattering, Dn is the second 

difference due to stage noise, and reading error, and Bc is the second 

difference due to coulomb scattering, and if these quantities are 

assumed to have Gaussian distributions, we have the relation: 

(3 )  ,  B a
2 „  +  B |  +  T>1.  

The coulomb scattering second difference is related to the momentum 

26 times velocity of a given track by the relation { ): 

tH 
(4 )  pv  -  KS Z 57 3 . 

where pv is the momentum x velocity in Mev, Kz is the scattering 

factor, Z is the atomic number of the moving particle, L is the cell 

length in fJLm, and Dc is In For measurements on beam tracks. 
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5m and pv are known and the contribution of spurious scattering and 

noise can therefore be estimated from eqs. (3) and (4) for any given 

cell length. The contribution of noise was estimated from similar 

measurements using 50 fjLm cells, for which spurious scattering is 

assumed negligible. For 500 fx. m cells, Bss was found to be 0. 197^tm , 

Bn was 0.075 fjLm, and K.% was taken to be 25. 

If we define 7J. s and pc a k/3 with /9 • v/c then (4) 

becomes 

w = _^a_ V 

The standard deviation of this quantity is 

' f m  ' / »  ' / «  

where 0"m , CT„ , and CTSS are the standard deviations of 7^m , fjn and 

V** respectively. 

Secondary tracks were Identified as pions or protons by use 

of the Sternhelmer equation of g vs k/3 , which was verified by 

(23) 
Fleming. 1 ' K mesons were not considered since the cross section for 

their production is very small in proton-proton collisions. The 

point (g, k/9 ) of each track should Ideally lie on either the plon or proton 

curve; however, due to statistical errors In the measurements, this Is 

not in general the case. One must then determine the most probable 
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identity of the particle and the corresponding values of k/3 .  

The probability that the values of g and kQ are displaced by 

amounts €g and is 

where C^, and C7"^ are the standard deviations of g and kfi . By maxi-

mizing this probability considering that the point lies first on the pion 

curve, and next on the proton curve, the most probable location of the 

experimental point on each curve is found. The ratio of these proba

bilities gives a measure of the certainty that a particle is a pion or 

proton, and the associated values of g and kfi may be read from 

Sternheimer's graph. 

It is also of value to obtain a measure of the uncertainty in 

the final value of kftv or • This is obtained by finding the two 

points on either curve for which the probability has a value of 1/e of its 

maximized value. If these values are designated as an<* 

k/Bjr min » then k/3 can be expressed as 

Wir) + 

m i n )  

When k/9 and the identity of a track are known, its momentum and 

energy and angle of emission can then be found in the c.m. system by 
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standard transformation equations. 

All data reduction, including the identification of the 

secondaries, calculation of momenta and transformation of scattering 

angles and momenta to the center of mass system, was carried out on 

an IBM 650 electronic computer. 

Evaluation of Cross Sections 

Partial cross sections for proton-free proton collisions 

were determined both for the secondary scanning and for beam 

scanning. For secondary scanning, corrections for scanning efficiency, 

secondary multiplicity and collisions with bound protons are necessary 

in order to obtain the true relative numbers of proton-free proton 

collisions resulting in 2, 4 and 6 charged secondaries. The results of 

such analysis, described previously by Kalbach et al^^) and Blue et al, 

are given in Table IV. The corresponding partial cross sections, 0\, 

which are given in Table IV are obtained from the relation: 

( 5 )  C T i  «  ( 1 . 4 7 ) 1 ^  < T 8 / N 8 .  

where Ni is the corrected number of events of a particular type and 

Ng is the corrected number of stars located in the same scan of the 

plates. CTa is the cross section determined from beam scanning as 

outlined below. 

Partial cross sections for beam scanning were found from 

the corresponding mean free paths, after correction for collisions with 
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bound protons, from the relation: 

(6) CTi =1/ Xd, 

where (Ti is the cross section for a particular class of event, X is 

the mean free path, and d is the density of free hydrogen in emulsion. 

Table IV. Analysis of the results of secondary scanning 

Number of charged secondaries 

2 2 4 6 Stars 
(elastic) (inelastic) 

Number of events 5 46 24 3 718 
located 

Number of events 8. 75 
corrected for 
scanning efficiency 

Number of events 8.75 
corrected for 
secondary multiplicity 

Number of events 6. 12 
corrected for bound 
collisions 

8 0 . 5  4 2  5 . 2 5  1 2 5 6  

4 0 . 0  1 1 . 5 2  0 . 8 7  6 0 3  

1 9 . 6  6 . 1 4  0 . 4 4  6 0 3  

Cross section for 7.5 24. 1 7.5 0.50 
free proton-proton 
collisions, mb. 

The results, together with the corrections are shown in Table V. 
) 
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Table V. Analysis of the results of beam scanning 

Number of charged secondaries 

2 2 4 6 Stars 
(elastic) (inelastic) 

Number of events 6 21 7 1 329 
located 

Mean free path (meters) 23.6 6.7 20.2 141.6 0.42 

Mean free p^th corrected 
for bound collisions 38.86 13.59 35.67 248 0.42 

Cross section, mb. 8.5 24. 1 9. 19 1. 1 506 



IV. RESULTS 

Elastic Collisions 

The cross sections for elastic scattering listed in Tables IV 

and V are in slight disagreement, even considering the experimental 

errors. This is believed due to the difficulty of estimating the error due 

to scanning efficiency for small scattering angles in the case of- the 

secondary scanning method. For this technique, the scanning efficiency 

drops rapidly to zero for scattering angles less than about 3° in the 

laboratory system, while the corresponding angle for beam scanning is 

less than 45'. A weighted average of these two results yields an elastic 

cross section of 8.0 ± 2.4 mb. Figure 1 gives the center of mass 

system angular distribution of elastically scattered protons together 

with the predicted angular distribution of a purely absorbing optical disc 

whose parameters are computed from the experimental values of 

elastic and total cross section calculated from beam scanning. This 

m o d e l  h a s  a  r a d i u s  o f  1 .  2 5  x  1 0 "  ̂  c m  a n d  a n  o p a c i t y  o f  0 .  6 6 .  

Inelastic collisions 

The best values for the partial Inelastic cross sections, 

obtained from a weighted mean of the values from the two types of scan

ning are given in Table VI. The resulting total cross section is 

34 
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4 0 . 6  £  3 . 8  r a b .  I n  T a b l e  V I I ,  a  c o m p a r i s o n  o f  t h e  p a r t i a l  i n e l a s t i c  

cross sections of the present experiment with those at several 

neighboring energies is given. 

Table VI. Partial inelastic cross sections 

N u m b e r  o f  s e c o n d a r y  p r o n g s  C r o s s  s e c t i o n ,  m b .  

2  2 4 . 1  ±  2 .  9  

4  7 . 9  ±  1 . 4  

6  0 . 6  i  0 . 3  

The results of the present experiment are consistent with the observa

tion of Blue et al^^ that the cross section for inelastic events with two 

charged secondaries decreases rapidly in the energy range from 1 to 6 

Bev, while that for events with higher multiplicity suffers a correspond

ing increase in such a way that the total cross section decreases slowly 

in this energy interval. 

Table VII. Energy dependence of partial inelastic cross sections 

Partial cross sections in mb. 
Proton energy 2 prongs 4 prongs 6 prongs 8 prongs 

"(Bev) 

6 .  1 5  { 1 9 )  7 . 3  1 2 .  1  2 . 7  0 . 3  

4 . 1 5  ( 2 7 )  1 6 . 3  1 1 . 5  0 . 2  0 . 1  

3> 50 (28) 24 1 7<9 0 6 

2 > 7 5  ( 2 9 )  2 1 # 8  4 , 2  

1 . 5 0  ( 3 0 )  2 5 . 9  1 . 1  
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The present results may also be formulated to give the 

probabilities for the production of various numbers of charged pions in 

inelastic collisions. Table VIII gives these results and compares them 

with those at neighboring energies. These results show a shift toward 

higher meson multiplicities which occurs as the bombarding energy-

increases from 1.5-6 Bev. In the present experiment the mean 

charged meson multiplicity is found to be 1. 5 i 0. 2. 

A total of 259 tracks from all inelastic events were identified 

as protons or pions. Figures 2 and 3 show the center of mass system 

momentum distributions for secondary protons and pions. The proton 

distribution shows a peak at a momentum of about 1. 1 Bev/c with the 

mean value of 779 Mev/c (a kinetic energy of 350 Mev), while the peak 

of the pion distribution is at approximately 100 Mev/c with a mean value 

of 126 Mev/c (a kinetic energy of 48 Mev). The similarity of these 

distributions for two and four prong events indicates a rough independ

ence of the shape of this spectrum on secondary multiplicity. The shape 

of the pion spectrum is similar to that derived by Cerulus et al^» 31) at 

2.75 and 6.2 Bev but is shifted to lower energies than predicted by this 

statistical theory. 

The center of mass system angular distribution of secondary 

protons, shown in Figure 5 shows a definite tendency for emission at 

small scattering angles. A similar effect Is Indicated for secondary 
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Table VIII. Probability, Pn> for the Production of n Charged 

Pions as a Function of Bombarding Energy 

Bombarding energy, Bev. 

1.5  2 .75  3 .5  6 .2  

P Q  4.9  9 .3  14 .6  9 .4  

PJ  74 .5  66 .6  44 .9  41 .5  

P 2  15.7  13 .3  22 .  5  15 .1  

P 3  4.9  10 .7  14 .6  9 .4  

P .  3 .4  17 .0  
4 

P C  1.9  

pions (Figure 4) which is most pronounced for interactions with low 

secondary multiplicity. 

These results suggest that events with high secondary multi

plicity represent central collisions. The ratio of forward to backward 

scattering in the center of mass system is approximately 0.74. This is 

presumably due to Inclusion of proton-bound proton collisions in the 

sample of events analyzed as well as to statistical fluctuations and is of 

the same magnitude as reported elsewhere. 

Transverse momentum distributions for secondary protons ' 

and pions from inelastic events are shown in Figure 6. The pronounced 

maxima between 0 and 50 Mev for both distributions may be compared 
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with the observations of Blue et al^^ at 4.2 Bev, which indicate mean 

transverse momenta of 142 and 265 Mev/c for pions and protons, 

respectively, as compared to present values of ill and 232 Mev/c. 

Q Value Results 

Q values for all combinations of proton-pion and pion-pion 

pairs were calculated and are shown in Figs. 7 and 8. The proton-

pion graph shows a large peak between 0 and 50 Mev and a secondary-

peak between 100 and 150 Mev. There is no strong evidence of a 

resonance at 150 Mev as the isobar model predicts. The pion-pion Q 

values are also clustered around zero showing no evidence of a resonance 

other than at zero. These results are somewhat puzzling since they 

seem to indicate that if isobars are formed, they do not contribute to a 

large fraction of the observed secondary mesons. However, the observed 

multiplicities agree very well with those predicted by the isobar model 

( s e e  F i g .  1 1 ) .  

It may be shown that Q values for protons and pions which 

had random values of momentum and emission angles tend to cluster 

about zero. In a typical inelastic event it is expected that neutral mesons 

are produced which can not'be detected, and thus Q values for all com

binations of pions and protons can not be calculated. The graphs in 

Figs. 7 and 8 are then misleading since they do not represent all 

possible combinations, but only the observed combinations, and since 
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pion»proton pairs that are not decay products of an isobar have Q values 

that cluster around zero, a peaking for low Q values is expected. 

An attempt was then made to limit the sample of events to 

those with a single neutral nucleon or pion. All events with two 

secondary tracks were subjected to a missing mass calculation, to 

determine which of these events had only one secondary pion. These 

events had the final states pp7T° or pn77"+. Q values for all combinations 

of nucleon-pion pairs were then calculated and are shown by the dotted v 

histogram in Fig. 9. It was known that these are all the possible 

combinations of nucleon-pion pairs and also that there could be at most 

one isobar formed; hence one could examine each combination for a 

single event and determine if one of these is between 100 and 200 Mev. 

The dark line shows the Q values obtained by such a determination. 

There is an indication of a resonance, but the statistics are poor. 

It was then found that a large percentage of events with one 
\ 

low energy secondary proton (about 10 Mev), had Q values that did not 

cluster around zero and thus may be related. In an emulsion such 

events are easily recognized since a proton of this energy leaves a dark 

track with a short range of about 500p.rr\. Fig. 12 shows the Q values of 

these events with the low energy proton considered as the decay proton. 

Here there is evidence of a peaking around 150 Mev. The higher Q 

values may be due to higher order excited states or to errors in the 
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measurements of the pion momentum. Since only 16% of theBe events have 

low Q values, there is an indication that a large number of these type of 

events involve Isobar formation. There were 49 such events found or 

about 44% of the total number. Unfortunately Q values could be calcu

lated for only 31 of the events, because of difficulty in evaluating the 

momenta of secondary particles. 

By reducing the number of events to those which may be 

completely reconstructed, one may chose one of the combinations that 

is closest to 150 Mev, and this was done with the results shown in Fig. 

13. Here there is a stronger indication of a resonance around 150 Mev. 

It appears that approximately 26 of the selected 58 events or 

45% have Q values that indicate an isobar decay. The theory of Cerulus 

and Hagedorn predicts that about 66% of the events take place by isobar 

production, which is higher than the figure found in this experiment. 



V. CONCLUSIONS 

The total and partial cross sections are in agreement with 

experiments at neighboring energies. The angular distribution of pions 

and protons in the c.m. system are peaked in the forward-backward 

directions as predicted by Ericson, and also agrees with experiments 

at neighboring energies. The c.m. system momentum distribution of the 

pions shows a peak at about 100 Mev which agrees very well with the 

predictions of the isobar model of Cerulus and Hagedorn. 

The pion multiplicity is in very good agreement with the 

isobar model and shows that almost 50% of the events produce two pions. 

The old Fermi theory predicted that the majority of the events would 

produce one pion and is thus in marked disagreement with the results of 

this experiment. Also, although the Q value results show a somewhat 

smaller percentage of isobar formation events than predicted by the 

model, they still indicate that almost 50% of the events reach their final 

states through isobar formation. Thus it appears that the isobar model 

is indeed an improvement over the original Fermi model. 



v Figure 1. 

Center of mass system angular distribution of elastically scattered 

protons. The histogram represents the observed distribution while the 

curve represents an angular distribution of a uniform optical model of 

r a d i u s  R  •  1 . 2 5  f e r m i  a n d  o p a c i t y  0  a  . 6 6 .  
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Figure 2. 

Momentum distribution of secondary protons from inelastic events 

plotted in the center of mass system. The solid line is for all protons 

while the dashed line is for protons from 4 prong events. 
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Figure 3. 

Momentum distribution of secondary pions from inelastic events 

plotted in the center of mass system. The solid line is for all pions 

while the dashed line is for pions from 4 prong events. 
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Figure 4. 

Center of mass system angular distribution of secondary pions from 

inelastic events. The solid line is for all pions while the dashed one is 

for pions from 4 prong events. 

Figure 5. 

Center of mass system angular distribution of secondary protons from 

inelastic events. The solid line is for all protons while the dashed line 

is for protons from 4 prong events. 
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Figure 6. 

Transverse momentum distribution of protons (dashed line) and pions 

(solid line) from inelastic events. 
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Figure 7. 

Proton-pion Q values for all combinations of secondary particles from 

all events. The solid line is for all events while the dotted line is for 

two prong events. 
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Figure 8. 

Pion-pion Q values for all combinations of secondary pions from all 

events. The solid line is for all events while the dotted line is for two 

prong events. 
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Figure 9. 

Nucleon-pion Q values for two prong events. The solid line shows one 

possible choice of the various combinations, and the dotted line shows 

the remaining combinations. 
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Figure 10. 

The density of events as a function of S. The dotted curve shows the 

error distribution, the straight line shows the quasi-elastic and back

ground distribution, and the solid line is the sum of the two. 
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Figure 11. 

Pion multiplicity from inelastic collisions. The solid line shows the 

prediction of Cerulus and Hagedorn, and the triangles sh^Jw the 

experimental results. 
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Figure 12. 

Proton-pion Q values from all events with one low energy proton. 
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Figure 13. 

Nucleon-pion Q values from all events in which all combinations of 

particles are believed known. 
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