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CHARACTERISTICS OF· THE PRODUCTION OF 
NEUTRAL MESONS NEAR THRESHOLD IN P-P COLLISIONS 

Robert Squire 

Radiation Laboratory 
University of California 
Berkeley, California 

September 13, 1955 

ABSTRACT 

The characteristics of the production of neutral mesons in 

proton-proton collisions near threshold has been studied. The external 

beam of the Berkeley synchrocyclotron was allowed to bombard a liquid 

hydrogen target and the high-energy gamma rays arising from the 

creation and decay of v
0 

mesons were detected with a counter telescope. 

Four independent experiments, consisting of three bombarding energies 

at one angle, and one energy at two angles, allowed a separation of 

the production contributions from the various angular momentum states 

that can occur. 

The excitation function is composed of two terms,. 

+(O.Olf1) +(O.ll17) +(0.3117) 2 8 
O'(millibarns) = 0.02017

0 
+ 0.57 71

0 

j 22 62 82 
0 0 0 

j 22 . 82 -(0.011]) +{0.11'1}) 
0 .o 

where '1}
0 

is the maximum m~son momentum in units of p.c. 

dO' 
ciiT 

The angular distribution is: 

f 
2{

+ (O.Ol.TJ2)2+(0.11 716)2+(0.21178)2 + .... 
0.0201} 0 0 0 

0 
- 0.0107) 

2 
0 

.... + 3 [ ~ 8 2 
--:r:= o.s7 ± .I~ n cos a, 
"±'!'!' - 0 

It appears from this work that the production of w0 mesons 

occurs principally in the P state, accompanied by two nucleons in a 

P state relative to one another, down to energies about 15 Mev above 

threshold, at which energy this production equals the production in 

S states. 
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I. INTRODUCTION 

An experiment has been performed to determine the char­

acteristics of neutral-meson production in proton-proton collisions 

in which the proton energy is close to meson threshold, i.e., 30 Mev 

or less energy available in the c. m. system after meson production. 

The data obtained allow a deduction of the excitation function for the 

process and give some indication of the angular distribution of the 

mesons for the laboratory-system proton energies near 330 Mev. 

The requirements of isotopic spin conservation are such as 

to permit· an analysis of all meson production by nucleon-nucleon 

collisions, at energies near threshold, in terms of only three funda­

mental cross sections. l, 
2 In the notation of Gell-Mann and Watson

2 
the 

cross section for the reaction p + p - p + p + v0 
or n + n - n + n + 1r

0 
is 

designated 0' 11 . Other reactions can contain 0' ll in combination with 

other cross sections, but the above two reactions are the oniy ones in 

which a direct determination of this quantity can be made. Further, 

t . f . . . 3 ; 4 1 . d "t 1 conserva 10n o 1sotop1c sp1n, angu ar momentum, an par1 y p ace 

certain restrictions on the possible final states of the nucleon plus 

mes.on. It is the purpose of this experiment to obtain a measure of 

cr 11 for several energies, and to determine the relative contributions 

of the various states possible under the above conservation laws. 

The experimentally detectable property associated with the 

neutral meson is its decay gamma rays. That this is so stems from 

the fact that the 'li>~ lifetime is of the order of 10 -lS seconds; indeed, 

aU proofs of the existence of the w0 rest on measurements made on 

the gamma rays. 
5

• 
6 

It is shown in Sections V -F and VII-A of this paper 

that there does exist a correlation between the angular distribution of 

the mesons and the angular distribution of the gammas. Further, 

because .each meson emits a fixed number of gammas- -two- -it is 

possible to determine, from the intensities of photon emission at 

various proton bombarding energies, the meson-production rate at 

these various energies and to therefore determine. the excitation 

function. Measurements of the decay gammas were made for two 

different angles of view, measured with respect to the proton beam, 

and for three different proton energies at one angle. 
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II. THEORY 

Since the first artificial meson production' at Berkeley some 

eight years ago, there has been an e:Xtremely'rapid development of 

elementary-particle physics" There now exist numerous machines 

capable of producing mesons, and experimentation with these has led 

to the a.ccumulation of many data concerning meson produt;tio~ and 

interactions" Basic understanding of these phenomena has not pro­

gressed so rapidly, however, partly because of the complexity of 

field-theoretical calculations, and partly because the available data 

are in many cases incomplete or inconclusive" 

In spite of the difficulties of the fundamental approach, it has 

been found possible to greatly simplify the experimental data by 

applying various levels of phenomenlogical theories to pion reactions. 

In many cases this has amounted to no more than the application of 

some general quantum mechanical principles" In fact, by assuming 

that pions are produced chiefly in P-states and by treating the nucleon­

nucleon interaction phenomenologically, it has been possible to explain 

the energy spectra and angular distribution of pions and in some cases, 

to predict the excitation functions for reactions" 

One result of pion reaction studies has been the growing 

confirmation of the charge-independence hypothesis" 
1

• 
4 

Th:ii.s theory 

postulates the equality of proton-proton, proton-neutron, and neutron­

neutron forces when these nucleons are in equivalent states allowed 

by the· Pauli principle, If the tr meson is the "photonu of the force 

field in nuclear interactions, charge independence imposes certain 

relations among meson-nucleon interactions" These conditions§ which 

depend on the charge of the meson and nucleon, possess no unique -

simplicity" They can be elegantly described through the introduction 
• I 

of the concept of isotopic spin" This has the advantage gf utilizing 

mathematical techniques familiar to physicists, but other machinery 

could be invented that would just as adequately give formal simplicity 

to the interaction scheme" 

We will here attempt only the briefest summary of the 

theoretical concepts that have been shown to be useful" There are 

three major assumptions we will make in the analysis of pion-nucleon 

• 

• 
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interactions. 

I. Charge independence is valid; i.e., isotopic spin is 

conserved. 

2. The pion-nucleon interaction range is finite and is, in 

fact, of the order of the meson Compton wave length, '11/IJ.c. 

3. A pion-nucleon system in the state I = 3/2, J = -3/2 has 

an especially strong (attractive) interaction. (I is the isotopic spin 

quantum number. ) 

Before we investigate the consequences of these assumptions, 

we consider the fact that for the experiments that have been performed, 

the energy of the pion in the c. m. system of the colliding nucleons is 

such that the wave length 11.. of the meson is not small compared to the 

range of interaction and so only a limited number of angular momenta 

are involved. This interaction range is expected to be not much 

larger than fi/11-c. Therefore, we do not expect orbital angular momenta 

greater than J. fi, where J. - ~ (:c) , to be important. If we plot this 

maximum expected 1 as a function of the c .. m. energy of the meson, 

we ha,ve the curve shown below. 

1.0 

+(1-1~) i 
0.5 

10 20 30 40 50 60 T (c.m.)­
Tl' 
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From this we see that in the energy region of 30 Mev, which is the 

maximum energy possible for mesons produced in p-p collisions at 

the Berkeley machine .• we need only be concerned about ·angular 

momentum J. = 0, or 1 at most. Other experiments have shown that, 

in fact, the state 1 = 1 is the most important for pion reactions. 

The fact that the interaction range is limited has certain 

further consequences. If only one state of orbital angular momentum 

is important for an emitted meson, then for low energies the energy 

d d fh · 'd · d 2 
epen ence o t e eros s sechon 1s eterm1ne . 

Let it be given that T fr} is the scattering matrix for the 

emission of a particle with the space coordinate r. and suppose that 

T (r) = 0 for r> R, the range of interaction. Ji we suppose that only the 

angular momentun1. 1 is of importance, then the amplitude for emitting 

a particle into a plane wave state cj> fr'»(where q is the linear. momentum) 
q 

is 

f . * ~ _,. 3-l. 
A,= cj>q{r~.T(r)d r. (~r\L 

Since the 1 th partial wave varies as \fiJ 
J. ti 

A CC q for--= ~ >R. 
q 

ti 
for r <- we have 

q ' 

The matrix element will be proportional to the square of thi~ amplitude, 

or q
21 

We shall use this fact in the construction of our cross sections. 

A consequence of the fact that only a few angular momentum 

states are important is that angular momentum and parity conservation 

will be significant in determining the possible allowable states. There 
i 

is one particularlY. important aspect of these conservation laws. The 

meson is a pseudoscalar particle, 
7

' 
8 

which implies that the simple 

emission of a meson by a nucleon must be into a state of odd orbital 

angular momentum. The original nucleon angular momentum O = 1/2.) 

. must be conserved, so the emission rnust.J:>e into the J. = l)P-state. 

Although simple emission cannot occur alone (energy conservation). 

it is not unreasonable that the P-state production should predominate 

at low energies. This is, in fact, borne out by experience. 

If we attempt to classify meson production by two colliding 

nucleons, at the energies considered above, we have to consider that 

the meson may,be in an S- or P-state with respect to the mass Genter 
/ 

.. 
·~· 
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of the two-nucleon system, and these nucleons may be in an S- or P­

state with relation to each othe.r. :For the nucleons, there will be a strong 

tendency for the S-state to predominate, owing to the strong attractive 

force in the S-state as compared to the relatively weak interaction in 

the P-state. This interaction will also tend to favor low nucleon 

energies. H we list the types of reactions accoring to their general 

experimental order of importance, we have: 

Sp, {nucleons in an S-state, meson in a p-state) 

Ss, 

Pp. 

Ps. 

We .are now ready to apply the above principles to the specific 

reactions that can occur to produce neutral mesons. These are seven 

in number: 

press 

cross 

P+P -+ ,/tP+N 

-+ n+ + D 

P+P 
0 

+ P+P - 1T 

P+N 
0 

+ P+N - '!T 

N+P-+ 'IT +P+P 

N + P ....., n+ + N + N 

N+N- -n: +P+N 

- n +D 

N t N -+ '!T
0 t N + N 

Under the concept of isotopic spin conservation one can ex­

all seven of these reactions in terms of only three fundamental 

sections. 9 • 
10

• 
11 

Further, it is possible to derive the excitation 

functions and angular distributions for these cross sections. 

Let us adopt the notation of Rosenfeld
1 

and others, in which 

u ab is the cross section for the reaction 

n + n -+ n t n + n, 

where n = nucleon, n = meson, 

for which the initial isotopic spin is a, and the final isotopic spin of 
r 

the two nucleons on the right is b. Then these three fundamental cross 
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s ection6 are 

u 10' 

\ u 01' 

u 11' 
where these .are listed in their experimental order of importance 

{magnitude). Each of these cross sections has an energy dependence 

of the form 

dN 

dT 
!ffi' 

dN 
where Mab is the matrix element and -- is the density of states in 

dT JT 

phase space. · These three cross secti.ons determine the reactions as 

follows: 
+ u {PPn ) =ulO+ull 

u {PPn°) = u 11 
± 

1/2 (u 11 u 01) u {NP'!I' ) = + 
0 

l/2(u 10 u 01) u (NP'TI' ) = + 

u(Nl'f'!l'-) = ulO+ull 
.· 0 

u {NNn ) = u 11 
Of these cross sections, a11 has been found to be the smallest, 

and has been the least studied because of this fact. It was the purpose 
I 

of the experiment reported here to examine u 11 } measure its magnitude, 

and determine its excitation function. As is seen below, several 

combinations of mesonand nucleon angular momentum may contribute 
i 

to this quantity. We will attempt to calculate each contribution from 

the data. 

reaction 

The straightforward way to measure CT 11 is through the 

0 
P+P-:rr +P+P. 

The following reactions occur: 

. {Class Ss refers to the final state in which the nucleons are in an S­

state relative to each .othe.r, and the meson is in. an s -state with 

respect to the c. rn. of the two nucleons.) -

J .. 

oJ. 
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o · ·· ·r 
'IT Production by P-P collisions 

Class Reactions Angular Excitation 
distribution function 

Ss 
3 1 
Po .... ( sos)o isotropic -o.or no 

2 

! 3p 3 
Pp 1 .... { PaP>r 

3 3 3 
p 0, 1, 2 or F 2. -+ ( p 1 P) 0, 1 , 2 

c 2 3 +cos B -0.2 no 
8 

3 3 3 
L ·' 

p 1, 2 or F 2, 3 -+ ( p 2 p) 1, 2, 3 

1 :.Ps 
1 3 
so .... ( Pos)o 6 

: 

•I 

I 
I 

isotropic oc no 1 3 
D2 .... ( P2s)2 

Sp none - -

The first thing of interest from this list is that the important 

reaction Sp is not represented. This class, with the nucleons in the 

S-state and the pion in the p-state, would be expected to be the most 

favored. Other reactions in which this state is a contributor do show 

that this is an important class. For instance, in the reaction 

P + P -+ m/ + P t- N, the major portion of the cross section 

comes from just this case. The fact that it is missing here arises 

from the conservation laws. If the meson is pseudoscalar, the Sp 

class has even parity and 1 unit of angular momentum. There are no 

initial states for two protons that fulfill these conditions. 

-

As pointed out above, a cross section wHl be enhanced if the 

meson and one nucleon are in an I= 3/2, J = 3/2 state. This condition 

cannot occur for the class Ss since there is no way for a nucleon 

(j = 1/2) to combine with a nucleon +meson with j = 3/2 to give 0 total 

angular momentum. For the classes Pp and Ps, the meson may be 

created in a J = 3/2 state with respect to one of the two P-state 

nucleons and be nevertheless in an s or p-state with respect to the 

c. m. of the nucleons. 

The reaction classes Pp and Ps will tend to be depressed by 

the requirement that the nucleons be in a P-state relative to each other. 
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A priori, one cannot say whether this will be less of an influence than 

the enhancement due to the possibility of a (3/2, 3/2) state. Experimental 

evidence to date favors an excitation function that is like 'f1 
6 

or n 8
, . . 0 0 

which indicates that the Pp or Ps cross section is larger than t'he Ss. 

Let the bombarding energy be such that the total kinetic 

•' 

energy available in the c. m. system after the r.eaction is T 
0

• Of this, '<' 

an amount T is taken by the meson, and T -T = E is taken by the 
0 

internal motion of the two-nucleon system (neglecting recoil). If we 

express the momentum of the meson in terms of 71 = Pw according to 
p.c 

convention, and if we let n be the momentum tof the meson (in these . ''o 
units) for the maximum energy T , we can express the differential 

0 

(energy) cross sections for the vario.us classes of reactions as the 

following:
2 

. i. Glass Ss 

[ ;;;rj Ss T 
0 

- T + B 0 

The numerator is composed of a constant from the matrix 

element (there is no momentum dependence for the s -state), times 

the phase space avai~able to the meson and nucleons. The denon1inator 

arises from the interaction bf the nucleons in the s-state. B' is here 
1 

the energy of two nucleons in a vir~ual S state, and is considered to 
0 

b~e· essentially zero. 

2. ~lass Pp 

t :;; !J Pp cJC 2 . 3/2 [ J 111 • f'l {To - T) ) q 11 Pp 

Here the interaction between the two nucleons is very small, 

or absent, and does not contribute a term in the denominator as in the 

above class. The numerator contains r/ from the matrix element and 

YJ from the meson phase space. As the nucleons are emitted in a 

P-state; the. relative momentum of the nucleons appears in the matrix 

1 t 
12 

e emen. 

3. Class Ps 

r :;;l]Ps ~ 'T - T)3/2 [ • ] YJ~ o r <Tll Ps 

J .. 
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Again, because the nucleons are in a P-state, there is 

essentially no contribution from their {weak) interaction. The meson 

in the s -state contributes no momentum dependence in the matrix 

element. 

These three classes contribute to the total cross section 

u 11 . Experimental work by Mar shall and Mar shall
13 

(1')
0 

= 1.11) and 

Mather and Martinelli
14 

(17
0 

= .62) is consistent withan excitation 

function of the form 
8 

u 11 = (.2 mb) 1'}
0 

, 

indicating that only the Pp class is large enough to have been detected. 

It is probable that the terms due to classes Ss and Ps are 

not absent. An investigation of the excitation function at low energies, 

where the 71
0 

8 term would be less predominant, ought to aid in the 

detection of these terms. The meson angular distribJ,Ition for these 

classes is spherical symmetry while for the Pp class the general 

form including the effect of interference, is ~ + cos 2 6. l- A 

measurement of the meson angular distribution will therefore be an 

aid in separating the Pp class from the s -meson classes. 

III. - EQUIPMENT AND EXPERIMENTAL PROCEDURE 

A. Arrangement 

The experiment was performed by allowing protons to im­

pinge on a liquid hydrogen target. The photons from the decay of the 

neutral mesons thus formed were detected by a gamma telescope. 

The source of the protons was the 340 ..;Mev Berkeley synchro­

cyclotron. The external beam from this machine was deflected by a 

steering magnet into a 15-foot channel in the cyclotron shielding, the 

last 6 feet of which consists of a tapered brass collimator of 2 -inch 

bore. This beam then emerged into the experimental area where it 

was analyzed by a 12,000-gauss magnet,. and was deflected here by 

about 20.0 , passed through the target, and finally went through an 

ionization chamber which served to measure the proton flux. 

A counter array referred to below as a "telescope" was 

locat.ed to one side of the target and collimated so that it viewed only 

the region of intersection of the beam with the liquid hydrogen in the 
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target. 

The general layout is illustrated in Figs. 1 and 2, .which also 

indicate the position of the pair of ion chambers used to measure the 

beam energy. These were removed during the actual running of the 

experiment. 

B. Beam 

The proton beam emerging from the brass collimator referred 

to above is contaminated with neutrons, which originate in the collisions 

of the beam edge with the collimator. If the protons are deflected with 

a magnet in the cave-, the target may be offset so that the neutrons are 

prevented from striking the target .. The proton beam traverses the 

magnet without striking the pole tips or any other material, so as to 

avoid any further neutron production. 

For maximum-energy protons, i.e." 340 Mev, it suffices to 

use the beam as described above. To measure.the excitation function, 

however, several energies are needed. These are achieved by in­

troducing carbon absorbers in the path of the beam while it is still in 

the fringing field of the cyclotron. Small increments of energy can be 

th11s quite successfully subtracted, although scattering in the absorbers 

reduces .the beam intensity :rather sever~ly. In this experiment a 

rapid decrease in cross section with decreasing energy, coupled with 

_the decrease in the beam intensity, makes it impractical to work 

below 320 Mev._ 

The beam is about 2 by 3 ~nches at the entrance to the target, 

and the target container is so constructed that at no point do the protons 

come closer than 2 inches from the side walls or internal structures. 

This is done to insure that events which take place really occur in 

the region of intersection of the proton beam and the liquid hydrogen 

target. 

The measurement of the intenf?ity and energy of the beam 

is described beJo~. 

C. Target 

The target was a volume of liquid hydrogen 6 by 22 by 14 inches. 

The low cross section for '!T'
0 production indicated that a relatively 

large volume would be required to achieve an adequate counting rate. 

.. 

... 
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Fig. 1 .. General plan view of the cyclotron and experimental 
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cyclotron, with the telescope at the 67D position. 
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Very little material could be tolerated in the beam. path-material on 

which protons could produce neutrons by charge-exchange scattering, 

or 'II' mesons which could be captured in the liquid hydrogen. 

For these reasons we chose .a double-walled Styrofoam 

target, as indicated in Fig. 3. The inner box was lined with a 5 -mil 

vinyl bag (not indicated) to contain the liquid hydrogen in the event of 

the mechanical failure. The total amount of material traversed by 

the beam before e'l\tering liquid hydrogen was 0.175 g/cm
2

. 

The liquid depth was monitored by means of a simple float 

driving a light reed inside a graduated glass tube. After a few hours 

of operation, the rate of consumption of liquid hydrogen was found to 

be quite steady at about 4 liters per hour. 

Filling was accomplished through a double -walled, evacuated, 

stainless s.teel tube. Liquid hydrogen was forced through this by 
I 

applying a few pounds pressure of helium gas to a Dewar to which one 

end of the filling tube was sealed by a rubber sleeve. 

D .. Monitor 

The flux of protons was measured by allowing them to pass 

through an ionization chamber. This was filled with helium gas at 

-3 pounds gauge pressure to minimize recombination. 

The beam size and shape were such that the entire beam 

passed through the sensitive region of the ion chamber. 

Calibration is described below (Section V-A). 

·E .. Telescope 

The detector, or telescope, was required to be an instrument 

with a high efficiency for detecting gamma rays in the presence of the 

very large background of ionizing radiation that one finds typical of 

. the experimental area of the cyclotron. The design described below 

was the evolution of some work done to determine the optimum 

. combination of components. 

In Fig. 4, the first unit is a plastic scintillator, somewhat 

larger in cross section than the following units, and designed to be 

lOOo/o efficient for the detection of charged particles, including those 

of minimum ionization. That it was so was established experimentally. 

This is called the "antiscintiUator, " and is electronically placed in 
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depth ~ double-walled 
gauge filling tube 

I 'l 

~ ~ 
,..... - "'I 

Styrofoam 
-I _c_~float 

I LJ:r I 
I 2 inch min. 

BEAM~ 
I .,. 

"' 
~ I 

I 
2 inch min. _I 

'I' 
l ~tyrofoam 

I : I 

I I 

ovent 

I f I I I 

scale-inches 
MU-10241 

Fig. 3a. Liquid hydrogen target. 
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ZN-1360 

Fig. 3b. Liquid hydrogen target - cross section. 
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Fig. 4. Gamma telescope less all shielding. 
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anticoincidence with the rest of the telescope. It serves to reject 

charged particle~ incident upon the array. This is followed by a lead 

sheet 2 by 2 by 0.206 inches which serves to convert the gammas into 

electron-positron pairs. These emerge from the lead and pass 

successively through a 1-inch:-thick plastic scintillator, a 4-inch 

Cerenkov counter of lucite, and another l-inch plastic scintillator. 

The two scintillators are placed ip electronic coincidence and serve to 

state that a charged particle passed through them, and hence had an 

energy equal to or greater than that necessary to penetrate the i~ter­

vening 4 inches of lucite. The Gerenkov counter served to identify 

the counting event as due to a charged particle having a !3 approximately 

equal to 1. It was this counter which allowed discrimination between 

electrons and the very much more intense "background" of ne-qtrot;ts 1 ,, 

and stray radiation of other forms in the experimental area. The 

identification of a gamma consisted of sirnultaneou~ pulses in the two 

photomultipliers viewing scintillator No. 1 {Sc 1) and scintillator 

No. 2 (Sc 2) and in the .two tubes .viewing the Cerenkov radiation block, 

unaccompanied by a pulse from the ''antiscintillator. 11 The manifold­

co~ncidence requirement was satisfactory in eliminating accidental 

counts. 

The theory of Cerenkov radiation is treated by several authors. 

The radiation is weak, the particles emitting a few hundred photons 

over the visible spectrum per em path length traversed. 15 This S'mall 

light output makes it difficult to discriminate between real Cerenkov 

pulses and tube noise, and requires the use of either large amplification 

for the co_mmon coincidence circuits, or special circuits. We have 

used the latter approach, and employ a modified Neher bridge co­

incidence circuit described under ''Electronics. " 

F. -Collimation 

A collimator was constructed of lead bricks which were 

machined for close fitting. This was 16 inches deep towards the target 

and contained a 2 -by-2.-inch hole aligned with the telescope. Enclosed 

by the lead was a block of beryllium 2 by 2 by 8 inches. This served 

to prevent 1ow-energy.charged particles from reaching the te1Ef1scope, 

thus reducing the individual scintillator counting rates. 
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Figure 5 is an enlargement of the geometry of the counter, 

collimation, and targeL 

G. EleCtronics 

1. Schematic arrangement ·;,; 

The circuitry associated with the gamma telescope is required 

to perform a logical analysis of the incoming photomultiplier pulses 

to determine whether they correspond to a gamma-induced event or 

otherwise. We recognize a gamma by its production of an electron­

positron pair in the converter, and the subsequent photon production 

by either; or both, of these particles in their passage through Sc. 1, 

Sc. 2, artd Ger. (see Fig. 4). The electronics then must select those 

events where there is a very close correspondence tirnewise (ideally 

simultaneous) between pulses from these three counters. It must re-

ject an· other combinations of pulses, and particularly those where 

there is an associated pulse in tll.e "anti" counter. 

Because the counters are bathed in the background radiation 

of the experimental area--radiation consisting primarily of low...:energy 

neutrons--the pulse rate from any individual s.cintillator will be high. 

For this reason, the counters are paired together to operate fast­

coincidence circuits. In particular, it is unnecessary to generate an 

anti pulse for every scintillation in the anticounter, but rather only 

for those scintillations which are simultaneous with a pulse in one, or 

all, pf the other counters. Similarly, we have interest in only those 

pulses in Sc 1 which are simultaneous with pulses in Sc 2 or the 

Cerenkov counter. One has as an additional source of "background" 

the noise pulses from the Cerenkov photomultipliers; some of these 

pulses are as large as the real Cerenkov pulses. 

We therefore place the anticounter in fast coincidence with 

Sc 1; · we place Sc 1 in fast coincidence with Sc 2; and we view ~~e 

. Cerenkov lucite block with two phototubes placed in fast coincidence 

with each other. At a later stage we mix the outputs of these co­

incidence circuits to perform our analysis. 

As shown in Fig. 6, the output of the anticounter tubes is 

amplified by Hewlett-Packard wide -band amplifiers (200 Me) and put 

'into a pulse-shaping circuit to be described below. The output of 
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this circuit operates one input of a crystal diode coincidence circuit. 

The Sc 1 counter pulses are amplified and the signal is split, 

each half operating a pulse -shaping stage. The output of one of these 

operates the second input of the coincidence circuit receiving pulses 

from the ~.I).ticounter. The output of the second Sc 1 pulse shaper 

operates an input of a second coincidence circuit. Sc 2 pulse,s are 

similarly amplified and. shaped, and operate the second input of this 

second coincidence circuit. 

The outputs of the two phototubes on the Cerenkov counter are 

amplified and operate the two inputs of a Neher bridge coincidence 

circuit. 

The three coincidence-circuit outputs are each amplified by 

special circuits employing EFP 60 tubes, which also stretch the pulses 

to 1 microsecond for better matching with UCRL linear amplifiers. 

This constitutes the "fast" electronics, which is operated 

within a few feet of the telescope. All connections are made with 

197-0 coaxial cable and care is taken that all inputs are properly 

terminated to prevent reflections. 

The signals from the EFP 60 amplifiers are sent to the 

counting room on 125-0 cable and introduced into standard equipment 

linear amplifiers with a band width of the order of 8 Me. The signals 

then .operate variable gates. 

The three signals from the variable gates, one from the 
11Anti" plus Sc 1, another from Sc 1 plus Sc 2, and the third from the 

Cerenkov counter, are then mixed in a coincidence -anticoincidence 

circuit which responds only when there appears a pulse in the Sc 1 

plus Sc 2 and Cerenkov outputs, but none in the anti-plus-Sc 1 input, • 

within the one microsecond width of the variable gate pulse. The 

output of this circuit operates a scaler. In addition, other pulses 

from the variable gates operate scalers to allow monitoring of component 

operation. 

2. Specific components 

a. Counters 

The scintillation counters consisted of blocks of plastic 

scintillator material. This is a solid solution of terphenyl, with 
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tetraphenyl-butadiene frequency shifter • in polystyrene. The light 

output is about 40% that of. anthracene; it has a peak frequency of 

4500 A 0 , and a decay time of 4 millimicroseconds. The gamma -pair-

production length is of the order o£,50 em. '• 

Each block of scintillator is viewed by one RCA 1 P21 photo-

multiplier, with the exception of the "Anti, " which is viewed by two. 

The outputs are taken from the collector and this negative pulse is 

fed directly into a 197-n cable. 

The construction of a typical counter, a·s well as its normal 

operation; is indicated in Fig. 7. 

b. Cerenkov counter 

The Cerenkov counter is formed from lucite and is 4 inches 

long in the particle traversal direction. The two DuMont 6292 tubes 

view this at an angle such that the Cerenkov light cone is incident 

normal to the faces of the tubes. The joint between the lucite and the 

glass is made optically good by filling the intervening·space with 

mineral oil. The·tubes are shielded from stray magnetic fields by 

1/16 -inch mu-metaL See Fig. 8. 

c. Fast amplifiers 

Commercial Hewlett:...Packard model 460A amplifiers were 

used between the photomultipliers and the pulse-shaping circuit. The 

band width of these is about 200 Me, which increases the rise time of 

the photomultiplier pulses to about 4 or 5 m1-1sec. 

d. Pulse -shaping circuits 

Figure 9 is a schematic of the circuit used to modify the 

phototube pulses. An 18-inch clipping stub shortens the pulse to 

3 xlo- 9 second, thus equalizing the .''decay" time of pulses of various 

amplitudes. Each minimum-ionization scintillation pulse drives the 

tube to cutoff, thereby limiting the output pulse size. Where needed, . , 

pulses can be added together. A comprehensive descrtption of this, 

the following crystal diode coincidence circuit, and the EFP 60 ampli­

fier can be found in UCRL-1880. 
16 

e. Coincidence circuits used in conjunction with pulse -shaping 

circuits 

These consisted of crystal diode circuits, with a Garwin-type 
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Fig. 7. Typical scintillation counter and cosmic ray differential 
pulse height distribution for operation with 1700 volts applied 
to photomultipliers. 
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plate clamp, and an additional discrimination diode clamp as described 

by Madey. 
16 

The circuit diagram is sh'own in Fig. 10. These units 

were found to operate exceptionally well on limited pulses; giving 

discrimination ratios (pulse size for coincident pulses to pulse size 

for single input) of the order of 50:1. Figure 11 is a plot of their 

absolute efficiency versus time delay in the input of either pulse. The 

resolution is 4 to 5 mf.Lsec. 

f. EFP 60 amplifiers 
I 

Because the coincidence circuit outputs are too fast to operate 

standard Radiation Laboratory counting equipment and too small to be 

easily distinguished from noise pickup in the signal cables, these 

outputs are stretched and amplified in a special circuit, shown in 

Fig. 12, employing EFP 60 secondary emission tubes. The output 

of this circuit is of the order of one microsecond and is matched to 

the 125-0 signal-transmission lines. 

g. Bridge coincidence circuit 

This is a variation of the Neher bridge circuit which is 

capable of operating on very small input pulses. Figure 13 is a ' 

diagram of the circuit used for positive signals of approximately 

0.5 volt. The requirement was made that the polarity of the output 

signal for a s.ingle ·input pulse be opposite to that for coincident pulses. 

The starred 5K resistor and crystal diode in the cross feed of the net­

work was empirically determined so as to give this condition. The 

6BQ7A acts as a difference amplifier, while the 6AK5 below it is a 

constant-current device. The following tubes are an amplifier and a""· 

cathode follower. · A crystal diode is placed in the input to the last 

stage to limit pulses of the wrong (+) output polarity. This circuit has 

a re.solution time of 3 mJ.Lsec. Normally, however, it was used in 

conjunction with Hewlett-Packard amplifiers which degraded th~s 

'• 

resolutiontime to the width of the incoming pulses, about five mJ.Lsec. • 

The discrimination ratio was about 80:1. 
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Schematic of an EFP 60 amplifier. 
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IV.· EXPERIMENTAL RESULTS 

The data, reduced to counts per proton incident on the active 

target volume and corrected by .the subtraction procedure of Section 

V -D, are the following: 

Lab. Proton cts per aroton 
Run Angle Energy {Mev) X 101 
-· -·-

1 67° 329 2.33 ± .. 10 

2 67° 319.5 1.36 ± .11 

3 67° 314.5 1.03 ± .11 

4 135° 329 0.57 ± ,03 

The monitor c;:alibration and beam-energy determination are 

described in the next aection under heading V-A and V-B respectively. 

V. ANALYSIS OF DATA 

A. Monitor. Calibration 
..... 

The proton flux was measured with an ion chamber. which 

was calibrated with a Faraday cup. In this calibration the beam was allowed 

to pass through the .chamber and into a copper block that stopped the 

protons. The charge collected by the cup was a direct, absolute 

measure of the number of protons incident upon it. The charge 

collected by the ion chamber per proton traversal can then be calculated 

and this information used to determine the number of protons incident 

upon the target during the experiment. This process was repeated for 

the various energies and at the various beam tevels used in the ex­

periment. The results, in charge collected by the ion chamber divided 

by charge collected by the Faraday cup for various proton energies, 

is given in Fig. 14. 

B. Beam Energy Measurements 

The energy of the <:yclotron beam is not a constant, but varies 

for .different operating conditions by as much. as 5 Mev. Because the 

cross section that was to be measured was a sensitive function of the 

energy, an exa,ct value of this energy was needed. To determine this, 

two ion chambers were used, between which copper absorbers were 

placed to trace outtreBragg curve. An example of the results of this 
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procedure is given in Fig. 15, which shows the energy in this case 
2 . 

to correspond to 90.4 g/cm Cu. For our standard of range-energy 

relations we took the tables of Rich and Madey, UCRL-2301. 17 The 

criterion of 82o/o peak height comes from the work done by Mather and 

Segre, 
18 

in which they show that this choice gives .an energy value 

that is independent of energy spread ~if Gaussian~ and is the choice 

upon which the above tables have been contructed. In the experiment, 

the protons traversed 1.95 g/cm
2 

of liquid hydrogen, on the average, 

in reaching the sensitive region of the target. This degraded their 

energy by several Mev. The results are: 

RUN 

1 

2 

3 

4 

T {cyclotron} 
(Mev) 

342.5 

333.3 

327.5 

342.5 

T {bc;>mbarding) 
(Mev) 

329.0 

319.5 

314.5 

329.0 

C. Gamma Telescope Efficiency 

The determination of the efficiency of the telescope for the 

detection of gamma rays of different energies was accomplished in the 

following manner. First, an experimental test was made of the ability 

of electrons of vartous energies to penetrate converters of lead of 

various thicknesses from 0 to 0.25 inch, pass through, and register 

in scintillator No. 1, scintillator No. 2, and the Cerenkov counter. 

These electrons were obtained by allowing the bremsstrahlung beam 

of the Berkeley synchrotron to create a spectrum of electrons in a 

thin converter, analyzing these electrons in a magnet, and selecting 

the desired energy. Upon emerging from the magnet, they are 

caused to pass throughan auxiliary electron monitor consisting of two 

plastic scintillators, each 3/8 inch thick. (Fig. 16). In area, these 

scintillators are 1/9 the area of the .2 -by-2 -inch converter of the main 

telescope, so as to allow for exploration of various regions of this 

converter. The number of electrons through the monitor is the 

number of electrons incident on the telescope in the area covered by 

the monitor, and the number of events in which the telescope and the 
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determinations of the proton bombarding energies_. 
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monitor pulses occur in coincidence is the number of "successful" 

traversals of the telescope by the monitored electrons. The efficiency 

for counting electrons is then 

Eff. = No. of co~ncidences (monitor + telescope) x lOOo/o. 
No. 1n mon1tor 

(Fig. 1 7) 

The efficiency used below is the average of the weighted efficiencies 

for the detection of electrons incident on various areas of the 

2 -by-2 -inch converter. The arrangement of this method, and the 

electronics employed, are shown in Fig. 16. 

Finally, to derive the efficiency for gamma rays, a numerical 

integration was performed in which the production of electron-positron 

pairs by photons was calculated for different depths of the 0.206 -inch 

converter. Then the probability that an electron be produced with an 

energy E at the depth x in the converter was multiplied by the ex­

perimentally derived probability for the recording of a count from an 

electron of energy E that has to penetrate (0.206-x) inches of Pb 

before entering the telescope. 

The result of this determination is indicated in Fig. 18. 

From the accumulated errors introduced into the problem it is felt 

that about ± lOo/o accuracy ought to b.e attached to the absolute value; 

however, the shape of the curve is believed to be more precisely 

determined. 

D. Background and Subtraction 

1. Background 

Since the cross section for the reaction studied was quite low, 

particularly careful attention had to be given to possible sources of 

background. 

There are two essentially different causes of spurious counts 

in the gamma telescopet multiple accidental coincidences of the kind 

to cause the electronics to respond as to a gamma ray, and gamma 

rays having their origin in other than proton-proton collisions. 

To eliminate the first kind of background a manifold co­

incidence requirement was used, parts of which had resolving times 

of the order of a few millirnicroseconds. Experimental checks were 
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Fig. 16. Experimental arrangement for the determinations 
of the penetration of electrons through various thicknesses 
of lead and the counter telescope. 
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to register as a count. 
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made for these accidentals. It was possible to demonstrate that a 

variation in the intensity of the proton be.am by a factor of 8 did .not 

alter the counting rate per incident proton. The electronics would 

have responded to accidentals as approximately the cube of the beam 

level, so this provided a sensitive test. Further, blocking the 

channel in the collimation with lead reduced the counting rate to zero. 

The second kind of background might arise from a number of 

different kinds of events. Admitting a "spray" of neutrons from the 

brass collimation, and the possibility of some protons' being outside 

the beam pattern at the telescope entrance window, we have the 

fallowing possibilities: 

a. 11'
0 production by neutrons on the air behind the target, 

in the target walis, the collimation, etc. 

b. 1!'
0 production by stray protons on the target walls, 

collimation, etc. 

c. '11'
0 production by protons in the beam on the deuterium 

11contamination" in the liquid hydrogen. 

d. v 0 production by protons multiply scattered from the 

beam into the target walls. 

e. 11' capture in the liquid hydrogen, the 11' mesons coming 

from protons striking the carbon nuclei in the target entrance windows. 
19 - 0 The capture leads to tr + p -+ n + 'Y or 11' + p - n + 1r • 

A large number of other possible sources of background were 

eliminated by the design of the telescope. Electrons, charged mesons, 

or protons incident on the array were rejected by the anticounter, 

which was made to lOOo/o efficiency for the detection of minimum 

ionization particles. Neutrons~ by making charge -exchange or ordinary 

scatterings, could eject protons that could cause counts in Sc 1 and 

Sc 2}. but not in the Cerenkov counter. By capture in lead, neutrons 

can give 8-Mev gamma rays which can be detected in the Cerenkov 

counter, but by virtue of the approximately 40-Mev threshold of the 

telescope, these could not cause .a count in the Sc 1 - Cer - Sc 2 

combination. 

The possible sources 1\M:ll"e dealt with as follows: 
.. 

a. All neutron-induced events were subtil"acted by a process 
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to be outlined below. 

b. Stray proton production is similarly subtracted. 

c. The normal deuterium content of hydrogen is 1 part in 

7000. 20 
Hales and Moyer report that the deuterium cross section 

relative to carbon is 0.14 ::1: .03. The carbon cross section is reported 

as 1.5 mb, giving a deuterium cross section of -0.2 mb. This is 

about 20 times the cross section for hydrogen as reported by Mather 

and Martinelli (0.01 ::1: .03 mb). 
14 

Thus the contribution from this ' 

source is 20/7000; about 0.3o/o. 

d. @ 2 for the scattering of protons by liquid hydrogen in 

the path length of 50 em is about 5 x 10-5 radians 2 • . 

. (P.@ d @ ;- 55 e -@ 2/l0-
4

). The minimum angle of scatter that 

can bring a beam proton into the target walls in the .area of the 

sensitive region is -0.1 radian. The probability of sU:cha scattering · 

is: 
. 2/ -4 

P{.l)d@-55e-(.l) 10 . -55e- 100 . 

Since the cross section/cm2 for n° production in the walls is less than 

10 times that in hydrogen, the total probability for a proton to scatter 
0 and produce a 11' · from the styrofoam is of the order of 

-100 . 
(55 e ) x 10 x 50 em (50 em is the length of wall seen by the 

telescope). This will be entirely negligible. 

e. The surface density of the entrance window of the target 
. _/ 2 is 0.175 'f!:l em . The material is polystyrene, which consists principally 

of carbon·(CsH7). The carbon cross section
21 

for w- production at 

0° to the beam, integrated over the energy range (2 7 - 39 Mev) of 

. mesons that can stop in the sensitive region of the target, is 
-30 2;· 6 x 10 · em steradian. Since this sensitive region lies some 

11 inches from the entrance window, the solid angle subtended is of 

the order of 0.3 steradian. The effective cross section is thus about 

2 microbarns .. Taking the Mather and Martinelli value~ quoted above 

for the proton cross section, and considering. the relative numbers of 

nuclei contained in the target window and the s·e~sitive hydrogen volume 

(1.33 g/cm2 ) we obtain the ratio: . . 
o -3o _/. -2 I . .,_~..-.,.,. 

1f eventsfrom1r capture ;2~~~ ·x(0.1~5~crn.~ P"'f!::•uua::C)_ 0 .2 o/o. 
1T events from p-p production 10 , x {1.33 g/cm )/(1gm/mo1e H) . 
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This will be a source of background; however, the effect will be 

masked by the counting statistics in this experiment. 

2. Subtraction 

The subtraction procedure used was the following: 

Run 

A 

B 

c 
D 

. * 
Target Contained Beam 

Liquid Hydrogen (LH2 ) deflected * 
Gaseous (STP) hydrogen (GH2 ) -deflected 

* undeflected LH2 
GH2 

undeflected 

Let us adopt the notation that 11 P on LH" means protons incident on 

liquid hydrogen, _nN on air" means neutrons incident on air behind 

the target but within the field of view of the telescope, etc. We can 

then list the sources of counts in the four runs as the following: 

Run No. A. a. P on LH2 
b. P (stray) on target walls, collimation, etc. 

c. Non L:H2 
d. N on target walls, collimation, etc. 

Run No. B a. P on GH2 
b. P (stray) on target walls, collimation, etc. 

c. Non GH2 
d. Non target walls, collimation, etc. 

Run No. C a. (~ P on LH2 ) 

b. P on air behind target 

c. Non LH
2 

d. Non targ.et walls, collimation, etc. 

Run No. D a. (No P on GH2 ) 

b. P on air behind target 

c. NonGH2 
~ 

d. Non target walls, collimation, etc. . . 

. If we then subtract Run B from Run A, we get: 

(A-B) = .(P on LH) - (P on GH) + (Non LH) - (Non GH). . . 

Subtracting Run: D from Run C yields 

(~-D) = (Non LH) - (Non GH). 

* ' .. 
The magnet in the cave could be alternately turned on or off; it was 

thus possible to steer the proton beam into the target, or to allow it to 
pass, undeflected, !beside' the target. 
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Subtracting (C.:..D) from .(A-B), we have for the ,netc,counting rate those 

events due to (P on LH) - (P on GH). We igfiore the contribution of P 

on GH because of the relative densities of gaseous (STP~ hydrogen and 

liquid hydrogen. 

It is this final counting rate which is used as data. 

E. Meson Decay: Spectra 

The neutral meson lives about lo-15 second, decaying into 

two oppositely directed photons in its own rest frame, each of which 

has .an energy equal to half the meson rest mass. When viewed from 

a frame other than the meson. rest frame, these photons may appear 

with Doppler -shifted energies and with the 180° angle of emission 

altered by aberration. In this experiment, where the mesons are 

created near threshold, the meson generally has some velocity with 

respect to the center-of-momentum frame of the colliding protons. 

In addition, this c. m. frame is moving in the laboratory system with 

a velocity dependent upon the initial kinetic energy of the incident 

proton. 

For an isotropic c. m. distribution of neutral mesons, the 

photon emission (in the c. m. frame) is isotropic, although there is 

an energy sprea.d; which is greater for higher meson velocities. 

If, however, the mesons are emitted in the P-state with a 

cos
2 

8 contribution, there tends to be another kind of photon distribution. 

Where the meson has zero velocity, the photon distribution must be 

isotropic, but as the meson velocity increases, the distribution tends 
2 

to take on the cos · 8 shape. In addition, the spectrum develops an 

energy spread. This can be seen in the limiting case of very high 

velocities, with (3 approximately l, where the aberration of the photons 

is so great that they appear to go in almost the same direction as the 

originating meson, much as a high-energy photon from an electron 

bre:msstra:Q.lung moves in almost the same direction as the incident 

electron. 

The meson velocities dealt within this experiment are low 

and only a mild modification of the spherical distribution is achieved; 

nevertheless, it is sufficient to be detectable. 

The derivat.ion of the photon spectrum due to decaying mesons 
. I 
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having a velocity ~0 in the center -of -momentum frame and viewed by 
I 

an observer in the laboratory system where the c. m. velocity is j3 

is carried out in AJ>pendix VII-A and summarized here, in the formula: 

1(29., kL}dOL dkL = 

( A . k") -1 I_ a p (cos-&-13 a:)p (·.!._ [l _ 
1-'o'lo n n n 1-~cos • -n 13 0 

where: 

k" 
I 

= c. m. meson velocity - C, 

= (1 - ~02)-1/2, 
= (vel. of c. m. )-2- G, 

= (1 - 132)-1/2, 

)7- ~ observer's angle of view in lab system with respect to 

proton beam, 

kL = photon laboratory energy, 

dOL= observer's (lab) solid angle. 

(Meson distrtbution expanded as N(8') = 2;anPn(cos0').) 

The spectra resulting from spherically symmetric meson 

production, and a cos
2 B variation in intensity, for various values of the 

meson energy in the center-of-momentum frame, but viewed at the 

constant laboratory angle of 67°, or 135°, are plotted in Fig. 19. 

F. Solid Angles and Transmission Factor 

The average solid angle subtended by the telescope from the 

target region was computed as the average of the solid angles sub­

tended from various parts of the target. These were: 

An ( @ 67°) = 0.00223 steradian, 

&xO( @ 135 °) :::: 0.00231 steradian. 

Inserted into the collimation channel was an 8-inch-long 

block of Be. This served to attenuate by diE/dx any charged particles 

incident upon it. A certain small fraction of the incident gammas was 

also converted by it and subsequently rejected by the "anticounter. " 

We define a "transmission factor" as the fraction of gammas that get 

through the Be, as well as through one-half the anticounter without 

conversion. This factor is Tr = 0.85, and is assumed to be in­

dependent of the photon energy. 
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MU-10254 

Fig. l9a. Spectral intensity of gamma rays in the laboratory 
system for the lab viewing angle 670, resulting from the 
decay of a 1r0 created with isotropic symmetry and energy 
T 1T in the c. m. system, plotted from T 1T = 0 toT 1T = kinematic 
maximum. 



-48-

MU-10255 

Fig. 19b. Same case as 19a except that 1r0 is created with a 
cos28 distribution in the c. m. system. 
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MU-10256 

Fig. 19c. Same case as 19a except that the lab observation 
angle is 1350. 
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MU-10257 

Fig. 19d. Same case as 19b except that the lab observation 
angle is 1350, 
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G. Folding Operations and Calculation of Cross Sections 

.For a given proton bombarding energy, mesons may be created 

that have energies ranging all the way from zero to some kinematically 

determined maximum. For the apparatus described here, high­

velocity mesons are detected more effectively than low-velocity ones 

by virtue of the Doppler shifting of the gammas into higher -energy 

regions where the telescope is a more efficient detector. For this 

reason, an analysis of the data requires some k~owledge of the 

relative numbers of mesons created with different velocities. 

The theoretical treatment of meson production as done by 

Gell-Mann and Watson
2 

and by others (Section II, Theory) gives 

specific predictions for meson energy spectra for the Sand P states. 

As an example, consider the case where the maximum meson 

energy is 24 Mev. There are 3 "classes'' of meson production con­

tributing to the cross section, each with a different en.ergy spectrum. 

H we normalize to 1 meson, we have: 

ClassSs (O'OCJ70 ). 'dT 
0 

1fT :n-. , T
0

-24Mev Z . dn(Ss) = 2 ~o . _ 

w o T 0 -T 'lfo 

. 8 dn(Pp) 
Class Pp ( 0'00 Y1 ) : d · -

o ·T o 
128 
~.· 

'If 0 

6 dn(Ps) 16 
Class Ps(O'~ rr

0 
): <IT ~·· - TJ 

. :rr 1fo 

These three populations are plotted in Fig. 20. 

T )3/2. T = 24 Mev 1fo , o 

If we write the total meson-production cross section in terms 

of the three contributions. of momentum dependence, for a particular 

bombarding energy giving rr
0 

maximum momentum, we have 

2 6 . 8 . . 
0'( TJ ) = a:S YJ + o.p YJ + o.p (C + l) f1 .. where C 1s the vanable 
·0 so so p 0 . 

introduced in the Pp angular distribution. The number of counts reg­

istered by the telescope, per incident proton, then becomes (see 

Appendix B): 
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Fig. 20. Probability for a meson to be produced with energy 
T1r-+ T1r+ dT 1p where T

0 
is the maximum attainable energy, 

for the three classes of production: Pp, Ps, Ss. 
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where .. T_ is integrated from T =0 toT =maximum meson energy{c. m. ). 
.. tr 'II' 

kL is integrated from minimum to maximum gamma ray energy 

(Lab.) 

and N 1 =number of protons/crrf.for Run 1, 

.6.01 =average solid angle for Run 1, 

Tr = transmission factor, 

I8 (T Pl' T 1f' {), kL) · = spectral intensity of gamma rays in the 

laboratory system, for the lab viewing angle 29-and bombarding energy 

T pl• resulting from the decay of a '1T
0 created with isotropic symmetry 

and energy T in the c. m. 
1f 

Ip(T P' T Ti,'f)., kL) = spectral intensity of gamma rays in the 

laboratory system, for the lab viewing angle .?9 and bombarding energy 

Tp1, resulting fro~ the decay ~fa '1!'
0 created with a cos2 8 1 angular 

distribution and energy T .. in the c. rn. 
1f . 

e(kL) = efficiency for the detection of gammas of energy kL 

by the telescope. 

Since there are four experimental points, there are four equations 

such as this: one for the angle 135 °, and one for each of the three 

different bombarding energies at 6 7°. If we designate the integrals 

by F l through F 16 ~ we can write: 

.. 
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Because the only unknowns are the 01.5 , a.p , a.p and Cap . s s p p 
this is a set of four linear equations in four unknowns. ·We have solved 

these by standard methods to arrive at the values given below. The 

errors that have been attached are from the statistical indeterminancy 

of the data. 

The values are: 

a.s s = 0. 0 2 0 ± . 0 10 m b' 

a.Ps = 0.084 ± .11 mb; 

~-a:Pp = 0.081 ± .21 mb; 

a.Pp = 0 . 5 7 ± . 11 m b . 

Here a.Ps' C a.Pp are equal to zero within the statistical spread shown. 

Further, the contributions from these terms are small for small 

values of YJ , and small in comparison with a.p where YJ is large. 
0 p .0 

They are included in the statistical spread of the final cross section. 
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VI RESULTS 

A. Gross Section Versus Energy 

The total cross section for '!f
0 production, near threshold, 

expressed as a function of the kinematic maximum possible meson 

momentum divided by f.J.C, is a sum of two terms: 

a11 (mb) 

This function is plotted in Fig. 21. The terms cn.p • C a.p are possibly . s p 
not zero, and serve in this figure to make the two statistical limit~ un-

equaL 

B .. Angular Distribution 

The o.Ss' o.Ps' G a.Pp contribute mesons having an isotropic 

distribution, while the term in ap contributes mesons having a 

cos
2

B distribution. Including the ~ossibility that «p , Gap are not . . s p 
zero, within the statistical errors attached, we have for the angular 

distribution: 

dO' ll (mb) 

dO -r
1
-- ·(.020 n

0

2 
411'. 'I 

If we express this as 

dO' 2 ""'dJ'2" = A + B cos B 

2 
-.010n

0 

3 [' ,l 8 2 "'41r .57±.11JT!o cos e. 

we can plot the ratio A/B versus TJ
0

• This is done in Fig. 22. 

At very low energies, isotropic production dominates. At a 

value of n
0 

of about 0.5 the spherically symmetric and cos
2e pro­

duction are equal, and for higher energies the cos
2e production rapidly 

becomes the dominant term. 

• 
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II I I MATHER AND I MARTINELLI 

I 
.4 .5 

"lo 
1.0 

MU-10259 

Fig. 21. Cross section for 1T 0 production in proton-proton 
collisions as a function of maximum meson momentum 
in units of IJ.C. 



A 
8 

-57-

d Oi1 = A+ 8 cos2 9 d!l . 

1.5 

1.0 

.5 

oL_~--~---L--~--~~~~ 
.3 .4 .5 .6 .7 .8 .9 1.0 

MU-10260 

Fig. 22. Ratio of the spherical to cos
2 

8 contributions to the 
cross section as a function of T'lo· 
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C .. Comparison with Other Experiments 

This process. because of experimental difficulties, has not 

been extensively investigated. Mather and Martinelli14 measured the 

total cross section at 337 Mev and found the value 

0'11 = 0.010 ± .003 X 1o-27 cm2 

This is plotted on Fig. 21 and can be seen to lie close to the predicted 

curve of this experiment. 

Marshall and Marshall
13 

have reported a value at the energy 

430 Mev, 
. 27 2 a11 =0.45±.15x10 em 

Extrapolating the curve of Fig. 21 to this region gives a prediction that 

is about three times too large. This is indicated in Fig. 23. This 

disagreement is not unreasonable. The energy, 430 Mev, is well 

above threshold and some of the assumptions that were made for this 

experiment are no longer valid. In particular, one might expect that 

the matrix elements might not be independent of energy over such a 

large range. It is expected that the TJ
0

8 dependence is modified for 

higher energies, otherwise the cross section becomes unreasonably 

large. 
. 22 ~ 

Tyapkin et al. have reported a value for the total cross 

section at 6 70 Mev 
. -27 2 a= 3.7 ± .8 x 10 em , 

and point out that this shows a dependence on momentum between 480 

and 670 Mev of ;, 4
·5 

9 
D. Summary and· Extensions 

The total cross section and the angular distribution of mesons 

produced in the process 
0 

p + p - 11' + p + p • 0'11 

has been measured at three energies close to threshold. At proton 

bombarding energy such that the maximum meson momentum in the 

center-of-mass system is 0.47 the spherically symmetric production 

term in the cross section is equal to the cos2 8 term. Above this 

energy~ the cos2 
6 term dominates and rapidly becomes much larger. 

This experiment offers evidence that the p-state production 

of mesons is a strong selection rule. For n0 =0.5:. there is only 13 Mev 
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.Fig. 23. Extrapolation of the excitation function and comparison 
with the datum of Marshall and Marshall. 
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available to be shared by the nucleons and the meson. Hence, class 
\ 

Ss is energetically much preferred. Sirtce the class Pp production 

is observed to equal the Ss production, one may conclude that the 

production of mesons into the p-state is a much more likely event 

than the production into an s -state. 

The rapid rise in cross section with energy, as the Pp state 

becomes more effective, gives the cross section an effective dependence 

proportional to rt
0

8 above rt
0 

equal to about 1. It is expected that this 

will be modified with increasing energy. The measurement of the 

actual form of the cross section versus energy for the energy range 

360 Mev and above would constitute an interesting experiment. 
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APPENDIX 

A. Calculation of .Photon Spectra 

Although the neutral mesons created in the collisions may ,. 
have a unique angular distribution, their decay prc;>ducts, photons, 

will tend to duplicate this distribution only weakly, for the higher 

the meson velocity the stronger the correlation between the two 

shapes. To calculate the energy spectrum and intensity distribution 

of~-photons due to. mes.on product_ion with _va_ri_<:>u~ angular distributions 
- . - . - -· -~ ·-- ' -· .. - ··- -- -

and velocities is the purpose of this appendix .. The resultant spectra, 

computed for the observer's fixed laboratory angle of 67° and 135°, 

are presented in Fig. 19. 

Select a coordinate system with its origin at the center of 

momentum of the colliding protons, with its Z axis towards the ob­

server (in the c. m. frame), and with the line of motion of the protons 

in the X-Z plane. The angle between the proton line .and the Z axis 

is the observer's ·c.m. angle of view. 

If we then have an arbitrary direction, its spherical 

coordi11ates are B, <j>. Let the angle between this arbitrary direction 

and the proton line of motion be designated 8', This is illustrated in 

Fig. 24. 

Because there is no preferred azimuthal direction in the 

proton-proton collision, it can be assumed that the meson production 

will be axially symmetric. The meson intensity as a function of 

angle will therefore de:pend only on 8' and, for generality, this 

function will be assumed to be expanded in a series of Legendre 

polynomials, 

N{B') = L . n anPn(cos ev), (1) 

where this is normalized to one meson. {8' is the correct variable 

since it is the polar angle in a coordinate system where the proton 

line is the Z axis. ) 

One has now to get from this expression in B' to an expression 

for the intensity of meson production as a function of B~ <j>. The general 

solution to the problem of transforming a Legendre pofynornial, ex­

pressed in terms of the polar angle from some arbitrary axi:S having 

,, 
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tcsraet 
proTon 

1~17d~--~------~~~) nc ent proton .... , .... ~~.m. velocity 

.... :oL observer 

c.m. system 

~:-:-::--:;;---~~~,.....· ---,..---:.-- _ prE~O.!' _I !_!I! 
proton v . ', &S>roton v of motion 

.... 

'1bserver 

spherical coordinates used in analysis 

. .9rblttary direction­
, coordinates 8,¢ 

/ 

z' ', 
....... ,observer 

MU-10262 

Fig. 24. Coordinate systems for the proton-proton collisions, 
and spherical coordinates used in the analysis of the meson 
production and decay . 
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coordinates @ , 0 in a 6, <1> system, is solved by the theory of 

biaxial harmonics. 
23 

The following expression is found to hold: 

Pn(c.os 6') = [ (2-0° ) ((n+-mF Pm(cos@) Pm(cos6) cos mq,. 
m=O m n m .. n n 

If we substitute this for Pn(6i) in Eq. (1), we find 

(2) 

n ( . 
N(8, <!>) = L an '[ (2 -o::J (~~:{~ P~(cos @> P: (cos 8) cos m<j>, (3) 

n m 

which gives the meson intensity per steradian at the spherical 

coordinate point 8, <j>. If we multiply this by the element of solid 

angle, we have 

N(6, <j>) d Q = N(8,<j>) d(-cos 8) d <j>. (4) 

Concentrating our attention on those mesons produced at the 

angle 8, we see that for their decay gammas to be emitted into 8 = 0, 

and observed, these gammas must,.be emitted at the angle 8 with 

respect to the meson velocity. 

··)· 

+--~---------observed ga,mma. 

--:--"----"-...,...:.-.......... ---------~ Z axis (observer) 

This angle 8 uniquely determines the character of Doppler shift and 

aberration of tlie gamma from the w0 rest frame to the c. m. frame. 

as well as the solid angle factors that enter. So interest really centers 

on the number of mesons created at the angle 6 .for any <1> angle what­

soever. We therefore integrate over the range of <j>: 

N(6) d( -cos 8) = ran L (2 -o:) ------ Jcos m<j> d<j> 
n m · 

(5) 

(6) 

0 In the Tf · rest frame, the two-photon gamma decay is 

isotropic. Introducing a double-prime notation to distinguish this 

frame, we have for the (fractional) ~umber of gammas emitted irtto \ . 

the solid angle dO":· 
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dn dO'' 
dn = 2 · 4'1r cmn = 1 

-ziT. 

In the c. m. frame we have 

dn dO'' 1 
dn = ilft'' diT .6-0c = Zif 

c 

d( -cos 8") 
d( -cos B) c 

where .6-0c is the solid angle subtended by the observer. 

(7) 

(8) 

The relativistic transformation laws yield the following ex­

pression for the aberration of photons: 

cos 8-f.t cos 8" :::: ' 1"'0 

1 -(3
0

cos 8 

Therefore 

d(cos 8'') _ 
d(cos or -

where (3 0 = 
v (in .em.) 

'II' 

c 
(9) 

(1 0) 

Thus dn, the fractional number of photons emitted into solid angle .6. Oc 

is 

1 
dn = 2'11' 

( 11) 

To finallyderive the total gamma intensity 1(8), we multiply 

this number (of photons per meson) by the number of mesons produced 

in the interval 8 -· 8 + dB: · 

1(8) d (-cos 8) .6.0 c 

The variation of the angle of emission, 8 -o + d(:l; introduces 

a variation of the photon energy of k-k+dk, which can be derived 

from the relativistic expression 

k= 
kn 

(13) 
y (I - (3 cos B) 

0 0 
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where k'' is the photon energy in the meson frame .and is equal to 

6 7 Mev. Differentiating, we get 

dk = f3 k 11 d( -cos B)/v (l-f3 cos ()) 2 . 
o 1 o o ' 

which yields, upon inversion, . 
2 

d( -cos B) = Yo(l-Po cos()) dk. 
f3·k" 

0 

If we also. solve Eq. (13) for .the k dependence of cos(), we get 

cos;:(~-

Substituting Eqs. (15) and (16) into Eq. (12), we get 

( 14) 

( 15) 

( 16) 

I(k)dk.AO = (f3 'J k'~) -l ~anPn (cos ®>Pn(~ - ~ k'\<: ) dkAOc. (17) 
c . o o n . Po o'lo 

I 

Equation (1 7). giving .the spectral intensity in the c. m. -system 

variables, may be expressed in terms of the laboratory-system vari­

ables by the following transformation. We are observing photons 

emitted at the (c. m. ). angle@ with respect to the motion of the c. m. 

in the laboratory system. 

The c. m. angle @will undergo aberration to~ the lab angle !J-, the 

energy k of the photon ~ill be Doppler -shifted to the 'lab energy kL, 

and the solid angle Anc will :be changed to AOL' by the' motion of the 

c. m. The following relations hold: 

COS ® :: .COS i)- f3 
1 - ~ cos z.j 

An = c 
1 

For a transformation of variables we have: 

( 18) 

( 19) 

{20} 

•· 
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If x = g(t), andy = h("l), 

then f(x, y)dx dy = f(g(t). h(,)) JCe: ~ ) dt dy, 

where J is the Jacobian of the transformation. 

For this case, 

y(l-(3 cos 1.9> 
y2 (1-(3 cos"B-) 2 

Writing Eq. (17) with these changes, we have 

I(kL)dkL ..6.0c = 

(21) 

(22) 

(~ k")-1 \a P (1o~B-f3~p (1 (l- k'.i 1 
t"oYo ~ n n - cos n\~ y0ykL(l-~cosftfi=:::U-c:--l"'---A 

/1 /r , . 

• j~ ,k -R~· :/ c::~ . (23) 

This is the final expression for the spectral intensity emitted at the 
I 

angle 29-(lab) for rt
0 s having an angular distribution expressed as 

~ anPn (cos B') and a velocity f3
0 

in.the c. m. system, which in turn 

has a velocity f3 with respect to the laboratory system. 

Two specific cases are important. 

1. "S'' state production -- spherical symmetry: 

..6. ~ dkL 
· y(l-(3 cost)} 

(24) 

2. cos2 e• production 

1 - 2 
ao = 4iT , a2 - 41T ' a =O,n 4 0,2. n r . 

3 2 
(N( 0 1) = 4iT cos B') 

I (T ; T , kT, V.)dkL ..6.0 = 
p p 1!". .LJ c 

(25) 

I. 
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where f EJ" 

1 cos v--t" + 3 cosv-t" 1 :-- 1 _ . __ 
[ (

. _0 A )2 [ ( _{) A ) 2 J l f k 11 J ) 
- l-J3cos i)L 1-~cos iJl - -~ y-

0
-y-.k,_L-(r.1--""'-f3_c_o_s...,?J) 

B. Calculatiop of Cross Sections 

At a given bombarding energy there is a kinematically deter­

mined maximum velocity possible for the meson. The c. m. gamma 
-- - -- - - . . - -- -- .. -- b - - -- . -- - . -- - -- -- - . - - . - -· . . -- .. . . - .. --- -

spectrum emitted by a '111!' will be a function of that velocity. As 

indicated in Section II, the probability of a mesonus having an energy 

T -+T + dT is a function of T and of the class of production of the 
'n' 111: 111: T!' 

meson. The spectrum therefore is a function of the production class, 

and through the spectrum the detection probability is a function of the 

class. 

For example. given that the maximum meson momentum is 

flo 1 for a bombarding energy T 1 , then the photon spectrum per 

incident proton per N protons per cm
2 

per steradian at the laboratory 

angle z9.. is 

I(kL)dkL dn = 

N [ <tss flo?-
T =max 

J 'If Is HT T k f)) dn{Ss) dTw 
' 1' 'llll'_• L" · dT'IIll' -+ 

T =0 
'111!'. ' 

dTw + 

2 
where I and I are the spectra fo!! spherical and cos e meson pro-s p 
duction respectively. 

.. _ 

.. 

• 
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The use of a detecting apparatus that detects gammas of all 

energies, although with a varying efficiency, ~(kL) dependent upon the 

gamma energy, causes the actual detection probability to be proportional 

to an integral of this spectrum. 

Detection probability CC J I (k L) ~ (kL) d kL' so per 

incident proton, the counting rate will be 

Cl(llo)= 

where N 1 

(k ) dn(Ss) d k dT 
L ~ L Ti'+ 

'iT 

{c {~~8(TP!' T ... fJ-. kL) £(kL)ruar:) dkL dT,.. t 

{~LVTP!' T ,.B-. kL) £(kL) dar:) dkL dT .. ~ 
2 = number of protons/em , 

= solid angle of telescope, 

Tr =transmission of gammas into telescope. 

Because the I and I are in general complicated functions of 
s p 

their variables, the integrals were calculated by numerical integration. 

For each integral the spectral intensity "I'' wa~. calculated at 24 

different points. Each of these values was multiplied by the. appropriate 

efficiency ~(kL) for detection of that energy, by dn/dT appropriate to 

the production class» and by the intervals .D.kl/ AT ,r· A summation 

of these 24 terms then yielded the total probability for detection of 

the particular production class at the proton energy involved. An 

examination of the spectra plotted in Fig. 19 will show that the value 

of I (kL) changes slowly enough for the above to be a good averaging 

process. 
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A cross section at one proton energy and angle involves four 

integrals and the four experimental cases invol~e 16 integrals. If these 

are de~ignated F 1 through F 16 , we can write: 

c1 =·N 1.o.n1 Tr [assra;1 F 1 
. 6 F 

+ 01Psno 1 2 
8 

+ C aPp 1110 1 F 3 
. 8 

+ a.Pp T1 0 1 F 4] ' 
. c2 . [ 2 = N1.6.0 1 T.r a.Ss 1'fo2F 5 

.. 6 F 
+ o.Psflo2 6 

. 8 
+ c aPp'11o2 F 1 

.· 8 
+ a.Pp'llo2 F 8] 

Sinc·e C 1 through_C 4 are the experimental quantities, we have four 

equations in the four unknown~ the a.Ss' a.Ps' a.Pp and C a.pp· 
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