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ABSOLUTE CROSS SECTIONS OF THE REACTION 
p+p-'IT++d 

Frank Stevens Crawford, Jr. 

I ABSTRACT 

Absolute differential cross sections for the reaction p + p

'IT++ d were obtained by detecting meson deuteron coincidences produced 

by passing the 340 Mev external proton beam of the Berkeley synchro

cyclotron through a liquid hydrogen target. The results obtained are 

as follows: 

Av. proton pion c. m. du 'x 10 30 total cross 
lab. energy energy Mev dOc.m. sectio~0 

Mev cm2 ster-1 cm2 ' 

338 21.5 34[(0.29 :I: 0. 08) + cos2 0] 269 :I: 26 

332 19.0 30[(0. 32 :I: 0. 05) + cos2 e] 245 :I: 13 

324 15. 5 2 23((0. 28 :I: 0. 07) +cos 0] 178 :I: 16 
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ABSOLUTE CROSS SECTIONS OF THE REACTION 
p + p - 1T+ + d 

Frank Stevens Crawford, Jr. 

II INTRODUCTION 

Experiments on meson production in nucleon-nucleon col

lisions furnish basic information on the problem of nuclear forces. 

In the present experiment, the absolute differential cross section for 

the reaction 

+ p+p-1T +d ( 1) 

was studied for several center of mass emission angles and proton beam 

ener.gies. 

Positive mesons produced in proton-proton collisions were 

first observed by Cartwright, et al, 1 using nuclear emulsion technique 

for the detection of mesons produced by the external deflected 340 Mev 

proton beam of the Berkeley synchrocyclotron, and using (CH2 )n (poly

ethylene) minus carbon subtraction. In that experiment, and in subse

quent plate work at Berkeley, 2 • 
3 

the mesons·' energy distribution·was 

found to exhibit a continuous region, which was attributed to the reaction 

+ p + p ... 1T + p + n, (2) 

together with a pronounced peak at the high meson energy end, which 

was attributed4 t~ the reaction (1). The existence of the reaction (1) 

was confirmed5 by direct measurement of meson deuteron coincidences 

with scintillation counters in the early stages of the present experiment 

at Berkeley. No absolute cross section was then obtained. 

It was pointed out independently by Cheston, 6 M. H. John-
7 8 . 

son, and Marshak, that comparison of the cross sections of the for-

ward and inverse directions of the reactio~ (1) would yield a measurement 

of the 1T + spin through the theory of detailed balancing, independent of 

assumptions concerning the nature of the nuclear forces involved in meson 

production. Measurements of the inverse of (1) were carried out at 

Rochester 9 and Columbia10 using coincidence counting techniques. 
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The angular distribution for (1) was measured by the nuclear 

emulsion workers at Berkeley, l, 2 • 3 who assumed the high energy peak 

in the meson spectrum to be due entirely to deuteron formation. They 

found a strongly peaked angular distribution (in the center of mass system) 

of the form a. + cos2 9, with a = 0.11 ::1: 0. 06, which was in fair agreement 

with the value of about o. = 0. 2 obtained for the inverse of (1) at Colum

bia. 
10 

The relative variation with p;oton beam energy of the reaction 
0 11 

(1) was measured at 0 from 310 to 336 Mev proton energy by Schulz, 

who detected mesons by scintillation counters using a delayed coincidence 

between a 11'+ meson and its Jl+ decay, and separating reaction (1) from 

(2) by integrating a meson range curve over the deuteron peak. No ab

solute cross section was obtained by Schulz. The Columbia group meas

ured angular distributions and absolute cross sections for the inverse 

of (1) at several meson energies corresponding to higher proton energies 

tha;n those used at Berkeley with the res1,1lt that the angular dependence 

appears to be almost independent of energy, at least at these high en

ergies. The present experiment was undertaken in order to obtain an 

unambiguous separation between reactions (i) and (2), while obtaining 

data of greater statistical accuracy than was obtainable in a reasonable 

amount of time with the nuclear plate method. The experimental method 

is discussed in Sections III and IV. Corrections to the data are discussed 

in Section V. The experimental results are presented in Section VI, 

and comparison is made to other experimental data and to theory in Sec

tion VII. 



III GENERAL DESCRIPTION OF EXPERIMENTAL METHOD 

The 340 Mev external "scattered" proton beam was collimated 

and passed through a thin walled calibrated ion chamber which produced 

a charge proportional to the number of protons passing through it. The 

beam then went through a liquid hydrogen target where it encountered 

1 gm em - 2 of hydrogen and about 0. 30 gm em - 2 of container. Leaving 

the target, the beam traveled through about 0. 5 gm em - 2 of air and was 

finally stopped by lead and concrete at the back of the "cave". The hy

drogen target was viewed by two telescopes, each consisting of two liquid 

scintillators. The telescopes were set at angles to the proton beam 

which were calculated from the two body dynamics of the reaction p + p -

11' + + d, and which were measured with a surveyorV s transit. A double 

coincidence (resolving time -1(~- 8 sec.) between pulses from the first 

counter in each telescope was used to trigger an oscilloscope sweep 

of about 50 x io -8 sec. duration. Photomultiplier pulses of about 2 x 

10-8 sec. duration (after amplification) from all four counters were then 

amplified with distributed amplifiers; suitably delayed, and fed to the 

vertical deflection plates of the oscilloscope. Each sweep was photo

graphed and recorded upon continuously moving 35 mm film. Enough 

copper absorber was placed between the first and second counters in 

each telescope so that mesons and deuterons from the reaction p + p -

11' + + d could not reach the second counter in their respective telescopes. 

Therefore any trace which exhibited a pulse from the rear counter in 

one or both telescopes, was discarded as being an accidental coincidence. 

The amount of material in front of the second counter (i.e., first counter 

plus copper absorbers) in both telescopes was small compared to the 

range of the fast protons from the target and the ''snout," which contrib

uted the major part of the singles rates which gave accidental coincidences, 

and the second counter was sufficiently larger than the first so that mul

tiple scattering losses were negligible. Meson plus deuteron production 

from the hydrogen was observed by detecting the meson and deuteron 

in double coincidence within 10-8 sec. resolution, using liquid scintil

lation counters counting at essentially 100 percent efficiency. The two 

body angular correlation and the relative time-of-flight of the two par

ticles were measured. These, along with the known proton beam energy 
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and the fact that the events come only. from the hydrogen, were alone 

sufficient to establish the identity of the particles as a "deuteron" of 

2. 0 ± 0. 03 proton masses, and a "meson" of 0.15 .± 0~ 03 proton masses. 

Copper range curves on the two particles and specific ionization in the 

detectors completed the identification by overdetermining the masses. 

In addition, when the mesons were made to stop in the meson counter, 

secondary pulses associated with the meson pulse were observed with 

the estimated efficiency with which 1T - fJ. decay pulses would be seen. 

The deuteron range curve is used to show that proton meson 

coincidences from the reaction p + p -+ 1T + + p + n are negligible within 

the experimental error. The two body dynamics of the comparatively 

heavy deuteron and the comparatively light meson enabled one to place 

the deuteron counter far enough from the target to use time -of-flight 
-8 ' 

technique with only 10 sec. resolution, without losing deuterons by 

reduced solid angle. The scattered proton beam rf fine structure is 

such that protons arrive at the target in bunches of about l/2 x 10-
8 

sec. 

duration, separated by 6. 0 x 10-8 sec., with an envelope of about 20 x 
-6 

10 sec. duration. This bunching, together with the fact that the deu-

teron velocity is only about half that of the proton beam, gave, in the 

geometry usually used, a time separation of about 1. 5 x 10-8 sec. be-
- + tween deuterons from p + p -+ 1T + d and beam protons. This separation 

-8 
along with 10 

-8 sec. coincidence resolution, -10 sec. photomultiplier . 

pulse duration, and negligible dead time of the single channels to the 

coincidence circuit eliminated most of the fast proton 'background" in 

the deuteron telescope and permitted operation of the deuteron counter 

at full pulse height efficiency at about 3 deg,rees from the direction of 

the proton beam, without an excessive accidental coincidence rate. 

In addition to the "penetrating" accidentals {i.e., those which give rise 

to a pulse in one or both rear counters) which can be subtracted 

individually, there are accidental double coincidences involving only 

the meson and deuteron counters (front counters in the telescopes). 

These are mea.sured by delaying one telescope by exactly one rf period 

(6. 0 x 10-8 sec.) and then measuring the coincidence rate. This repro

duces to a 1:ligh approximation the conditions for accidental coincidence 
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production, while eliminating all "real" coincidences. When the hydro

gen target is replaced by an equivalent empty ("blank") container, the 

real coincidences drop to zero. 

Reduction of the proton beam energy for the runs taken at 

reduced energy was accomplished by inserting 4. 64 gm em -Z of beryl

lium into the cyclotron end Of the 48 inch collimator. 



j 

-10-

IV DETAILS OF EXPERIMENTAL METHOD 

A Proton Beam 

1. Geometrical 

The 340 Mev external 91 scattered" beam of the Berkeley 

synchrocyclotron was collimated to 0. 25 inch horizontally by 0.1 inch 

vertically. before entering the steering magnet. (See Fig. 1.) It was 

steered down the center of the 48 inch long, 2 inch diameter, brass 

collimator to the snout; it then emerged out of the vacuum through a 

thin aluminum foil, passed through the integrating chamber, the liquid 

hydrogen target, about fifteen feet of air, and was stopped at the back 

of the cave by lead and concrete. (See Fig. 2.) The profile of the beam 

after it emerges from the snout is shown in Fig. 3. 

It was found that by holding the main cyclotron magnet and 

the steering magnet currents steady to one part in two thousand, the 

beam could be kept centered during a whole dayu s run. To do this, it 

was sufficient for the cyclotron operato.~ to periodically correct small 

drifts in the magnet currents as the magnets warmed up. 

2. Energy Measurement 

The energy of the beam was measured by two independent 

methods. The first consisted of a method of Segre and Mather, 
12 

which 

consists of measuring the ratio of ionization ,between two ion chambers 

through which the proton beam is passed as a function of copper absorber 

inserted between the two chambers, and taking the copper correspond

ing to the 0. 8 maximum point on the Bragg curve as the mean range, 
. . 13 

g1ven by the range energy curves of Aron, et al. The absolute accu-

racy depends on the accuracy of the determination of the beam energy 

by the angle of emission of Cerenkov radiation and is believed to be good 

to =1: 1 Mev. The second method depended on measuring the angle to the 

proton beam of the deuterons from the reaction p + p - 1T + + d, with a 

known meson lab. angle and assuming a known meson mass. With the 

deuteron telescope 12 feet from the target, a 4 Mev increase of proton 

beam energy would shift the deuteron peak counting rate position by 0. 6 
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inch. The accuracy of this method is limited by the accuracy of the 

meson mass value, the angular divergence of the. proton beam, the fi

nite angular apertures of the meson and deuteron telescopes, and the 

multiple scattering of the particles in the target. The energy measured 

by this method is believed to be accurate to about ::1: 4 Mev. 

3. Reducing Beam Energy 

In some of the runs, the beam energy was degraded by 13 

Mev. This was accomplished by inserting a 1 inch thick, 1 3/4 inch 

diameter machined cylinder of beryllium into the end of a lucite tube 

of inner diameter 1 3/4 inch, outer diameter 2 inches, length 48 inches, 

and then inserting this tube into the 2 inch diameter 48 inch brass col

limator so that. the beryllium was at the end towards the cyclotron. 

(See Fig. 4.) During these runs, the procedure was to first bring the· 

beam down the center of the two inch diameter collimator, as determined 

by photographing the beam with x-ray film. Then the beam energy was 

measured by the two ion chamber method just described. The beryllium 

was then inserted into the 48 inch collimator and the reduced proton 

beam energy was calculated from the range energy curves of Aron, et 

al.
13 

Beryllium was chosen because it combines low atomic number, 

and hence small multiple Coulomb scattering, with ease of shaping and 

handling. The PQ sitioning of the beryllium was such ·that the deuteron 

counter (and therefore, of course, the m.eson counter) was shielded by 

the 48 inch collimator from a direct view of the beryllium. This was 

important from the standpoint of accidental "background. 11 In addition, 

the multiple scattering in the beryllium was small enough so that, if 

the beam was premagnet collimated and centered as described, then 

a calculated 98 percent of the beam emerged from the snout without strik

ing the sides of the collimator. This was important because of "back

ground" particles introduced when the beam struck the sides of the col

limator. A photograph of the beam at the target, with the beryllium 

inserte'd verified this. expectation. 

4. Time Structure 

During each frequency modulation cycle of the cyclotron, 

protons from the scattered beam emerge from the snout in a pulse having 
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a time envelope of about 20 x 10-6 sec., containing about 300 proton 

bunches of about 0. 5 x 10 "'" 8 sec. duration (corresponding to a stable 

6 -8 
phase aperture of about 30 degrees) and separated by x 10 sec. 

(corresponding to the cyclotron rf period for 340 Mev protons). This 

process is repeated with the fm frequency of about 50 cycles per sec. 

Thus, with the average beam int~nsity of 2 to 8 x 10 6 protons per sec. 

usually used in this experiment each bunch consisted of about 100 to 400 

protons on the average. 

This time· structure was of fundamental importance in the 

time -of-flight technique used and in the method used to subtract "soft" 

accidental coincidences. 

B Ion Chamber and Associated Equipment 

The multiplication factor for the beam integrating ion chamber 

was calibrated by direct comparison w:lth the beam current collected 

in a Faraday cup. The ion chamber, condenser, electrometer, and 

recording system are believed to haye an overall accuracy good to one 

percent. 

C Liquid Hydrogen Target 

The experiment was first tried by the polyethylene minus 

carbon subtraction method, but suffered from excessive background 

from the carbon. Use of a liquid hydrogen target reduced the carbon 

to hydrogen matter ratio of 6 to 1 in {CHZ}n to a walls to hydrogen mat

ter ratio of about 1/3 to 1, for the target used, giving a gain of about 

twenty in target produced "signal to noise. 11 

-2 The proton beam passed through 1 gram em of hydrogen 

(5. 6 inches). A photograph of the overall target assembly is shown in 

Fig. 5. The vacuum jacket shown. here was used in only the first run, 

since the mesons had to ·pass through one -eighth of an inch of aluminum 

in this jacket, which was undesirable because of meson nuclear absorp

tion, energy loss and multiple scattering. The jacket used in subsequent 

runs is shown in Fig. 6. Here the emergent proton beam and the mesons 

both pass through a "wrinkly" 4 mil stainless l!i!teel foil. Details of the 

target are shown in Figure 7. 
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D Determination of ARgi.es 

1. Alignment of Detectors with Beam 

The center line of the proton beam was determined by expos

ing x-ray films at the snout and at the back of the cave~ Premagnet 

·collimator positioning and steering magnet cu-rrents were adjusted so 

as to bring the beam down the center of the 2 inch diameter collimator. 

A surveyorus transit was then mounted at the position of the center of 

the target. The detectors were set at angles calculated from the two 

body dynamics of the reaction p + p- 1T+ + d and measured with the trans

it by sighting upon the centers of the detectors and along the beam center 

line. The hydrogen target assembly and meson detector were mounted 

on a moveable platform and the final alignment was facilitated by mov-

ing this platform as a unit. The angles measured in the way between 

the center of the beam and the centers of the detectors were known to 
0 better than 0.1 . The basic limitation in knowledge of detector labora-

tory angles lay in the angular divergence of the proton beam. at the snout, 

multiple scattering of the beam in the ion chamber and target and ability 

to keep the proton beam aligned down the center of the collimator. In 

addition, the averaging over a detector .of finite angular aperture of a 

counting rate yarying with angle shifts the effective angle of detection, 

in so far as the counting rate varies non-linearly across the detector. 

All of these effects gave a combined uncertainty·of less than 0. 5° in 

laboratory angles. 

2. Center of Mass Angles 

If the laboratory angles are known accurately, the angles 

in the center of mass system for the two body reaction p + p -+ 1T+ + d 

are well known only to the extent that the masses and energies of the 

reactants are well known. The basic limitations here are the knowledge 

of the meson mass and of the proton beam energy. For instance, for 

a given constant meson laboratory angle of 30 degrees, corresponding 

to a meson c. m. angle of about 60 degrees (see velocity diagram, Fig. 

12) an increase of one Mev in the assumed meson mass would increase 

the calculated c.m. angle by about 0.7 degrees, while an increase of 
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one Mev in the assumed proton beam energy would decrease the calcu

lated c. m. angle by about 0. 2 degrees. · This limits the c. m. angle de

termination to an accuracy of about :1: 1 degree. 

E Detectors 

1. Counter Construction and Performance 

The detectors consisted of a meson telescope and a deuteron 

telescope, each telescope consisting of two liquid scintillation counters. 

The general location of the counters is indicated schematically in Fig. 

2. All counters were of lucite, of a construction similar to that described 

by Garwin.
14 

The scintillator fluid consisted of a solution of 4 grams 

of terphenyl plus 30 milligrams of diphenylhexatriene in one kilogram 

of phenylcyclohexane. The sensitive volume was viewed through a short 

lucite pipe by an RCA 5819 photomultiplier with mineral oil contact be

tween the lucite and the glass face of the tube. The photomultiplier was 

shielded frorn the stray cyclotron field of about 20 gauss by a mu-metal 

cylindrical shield, surrounded by a 1/2 inch thick iron shield~ The 

sensitive volumes were all rectangular parallel pipes in shape and had 

the following dimensions: 

Meson Telescope: 

Deuteron Telescope: 

Meson (front) counter 

2 11 X 2'' X 11/211 

Deutel;"on (front) counter 

Meson 
Anti- co fncidenc e fr·ear) 

Counter 

3 11 X 3 11 X 111 

Deuteron 
Anti-coincidence (rear) 

(before 1-L-53) Counter 
2 11 

X 2 11 X 11/2 11 3 11 X 3 11 X l/2H 
(after 1-1-53) 

2 7/8 11 
X 3 11 

X 5/8 11 3 7/8 11 X 4 11 
X 5/8 11 

One side of the sensitive volume consisted of the end of the polished 

lucite pipe. The front face of the meson counter consisted of a one mil 

aluminum foil window cemented to the rest of the lucite parallelpiped 

w:i:th Duco cement. The remaining walls of .the counter were of 1/8 inch 

lucite stock, glued together with a mixture of trichlorethylene and lucite 
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shavings. The counters and light pipe were wrapped with one layer of 

shiny one mil aluminum foil, and a layer of black photographic paper. 

The pulse height resolution of these detectors was such as to give with 
\ . 

nearly monoenergetic 340 Mev protons a curve of numbers of events 

vs. pulse height having a full width at half maximum of about 20 percent. 

of the average pulse height. Photographs of the meson and deuteron 

telescopes are shown in Figs. 8 and 9. 

2. Deuteron Telescope Construction 

The deuteron telescope was mounted on a frame providing 

easy hori21ontal and vertical translation of the entire telescope. (See 

Figure 9.) This enabled one to quickly translate the deuteron telescope 

by a known and reproducible amount during deuteron "integration."· 

F Electronics 

1. General Description 

Coincident pulses from the two front counters triggered the 

sweep of a fast oscilloscope. These two pulses were then suitably de

layed for convenience and displayed on one vertical deflection plate of 

the oscilloscope. Pulses from the two rear anti-coincidence counters 

were displayed on the other vertical plate, if they were present. The 

pulses were photogr.aphed and recorded on continuously moving film. 

A simplified block diagram of the electronics is shown in Fig. 2. Pulses 

corresponding to the characteristic types of events are shown in Fig. 

10, The pulse durations are about 2 x 10 -S sec. The final authority 

for the presence or absence of accidental "anti-coincidence" particles 

in one or both of the rear counters, associated with a sweep-triggering 

coinc~dence between the meson and deuteron counters (front counters). 

was taken to be the presence or absence of these pulses on the photo

graphic record. However, because of the large number of such pene

trating anti-coincidence accidentals it was necessary to use, in addition, 

electronic anti-coincidence subtraction during the actual running of the 

experiment in order to tell how the double coincidences were behaving. 

The electronic 11anti-coincidence 11 did not influence the triggering of 

the sweep no;r the recording of the four pulses, if present. It merely 
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electronically recorded separately those sweeps where either one or 

both rear counters had pulses in coincidence with the sweep generating 

coincident pulses. 

2. Photomultiplier -Amplifier Channels 

The RCA 5819 photomultipliers were ru~ at voltages vary

ing from 800, to 1200 volts. depending on the tube. Corresponding to 
'· 

the scintillator light fl~sh, the collecting plate of the photomultiplier 

delivered a negative. current pulse of fast rise and about 1/2 x 10 ~ 8 sec. 

decay time directly into a load consisting of a 125 ohm resistance to 

ground in parallel with a coaxial cable, type RG63U, o£ 125 ohms char

acteristic impedance. The pulse traveled along 16 feet of RG63U to the 

input of a 460 -A Hewlett Packard 100 megacycle bandwidth distributed 

amplifier, where it was partially transmitted and partially reflected 

by a mismatch with the 200 ohm input impedance of the 460 -A. The 

reflected pulse returned to the photomultiplier and was terminated there 

by the 125 ohm resistor to ground. The transmitted pulse was amplified 

by afactor of about 6 in the 460-A, 11pre-amplifier, 11 then traveled for 

130 feet .along a double shielded 125 ohm coaxial cable to the "counting 

area," thereby suffering an aUenuaHon from 100 percent down to about 

75 percent for the frequency components passed by the 460 -A. At the 

counting area the pulse was terminated without reflection at the input 

to a second 460-A. The output of this u1second Au' was split three ways. 

One branch monitored singles rates and started with an isolating and 

attenuating high.impedance before going to a low impedance input to a 

standard UCRL linear amplifier and then to a scaler. The singles rates 

taken in this way wiith 11 slow19 electronics did not reproduce the singles 

rates responsible for acddental coincidences, since the scaler could not 

respond to events from successive rf pulses, while the 10-8 coincidence 

circuit did resolve the separate rf pulses. The singles rates were useful, 

however, as a gross check that the equipment was working properly, 

since, coincident counting rates were only a few a minute. The second 

output branch of the second 460 -A went via a 2 foot section of 200 ohm 

coaxial cable to the input of a third 460 -A. The output of this "third 

A 11 was a negative current pulse of about 0. 8 volt. The output "plate 
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line" of a 460-A has a characteristic impedance of 270 ohms which is 

back terminated with a 2 70 ohm resistive load, inside the amplifier. 

When the current pulse left the plate line of the third 460-A, it met a 

"mismatched" load consisting of a 220 ohm resistance to ground in 

paralled with a 12 5 ohm characteristic impedance RG63 U coaxial cable. 

Part of the pulse was reflected at this point, returned along the plate 

line and was terminated without reflection inside the amplifier. The 

transmitted pulse traveled a few feet down the 125 ohm cable, where 

it met a high impedance (compared to 125 ohm) input to a double coin

cidence circuit in parallel with a two fo~t or four foot (for a front counter 

or rear counter, respectively) 125 ohm cable, short-circuited to ground 

at the end. The pulse reflected with change of sign at the shorted end 

of the "stub," returned past the coincidence circuit input and was termi

nated without reflection at the output of the third 460 -A by the 220 ohrp 

resistance to ground in parallel with the 270 ohm plate "line" of the 460-A. 

The third output branch of the second 460 -A was cascaded through three 

successive Hewlett-Packard type 460-B distributed amplifiers, with 

proper attention to impedance matching, went through several hundred 

feet of RG63U de~ay cable and, finally, appeared on one plate of the fast 

oscilloscope. The pulse by this time had an amplitude of about 100 volts 

and had been broadened to about 2 x 10-8 sec. full width. Typical pulses 

are shown in Fig. 10. 

3. Fast Pulser 

In order to adjust the gain levels and relative time delays 

in the various electronic components, it was ext~emely useful to pave 

an artificial source of pulses of variable amplitude and similar in time 

structure to the photomultiplier pulses. Such a source was provided 

by discharging a capacitor charged to 200 volts across a resistive load 

of about 100 ohms, using a mercury relay to provide fast switching ac

tion and with ·a repition rate of 60 cycles per sec. The pulser was de

signed by Mr. Vern Ogren. T~e decay time of the pulse could be varied 

by choosing different values for .the capacitance to be discharged, until 

the pulse looked like the photomultiplier pulse. For convenience, the 

pulser was placed in the u•counting area." The capacitor of about 200 fJ.fJ.f 
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capacitance (including stray capacitance of the relay tube) was discharged 

in paralled across four carbon potentiometers and another resistor to 

ground to give a total resistive load of about 100 ohms. (Small capaci

tance and inductive effects were present, but only affected to a few per

cent those frequency components which were passed by the distributed 

amplifiers.) Each of the four potentiometer center taps was connected 

through a 2200 ohm resistor to an output coaxial cable of 125 ohm im.,. 

pedance, each of which led to a separate counter in the cave. The 2200 

ohm resistance provided isolation between the four channels and attenu

ated the pulses by a factor of 20, so that the pulser output cables carried 

pulses independently variable from 0 to 10 volts. On each of the four 

output 125 ohm cables the 0 to 10 volt pulse traveled for 130 feet from 

the counting area to a counter in the cave, where it met a load consist

ing of a terminating resistor of 125 ohm resistance to ground, in pai"a1lel 

with a 11()0 ohm resistor whose other end was connected to the collector 

plate of the RCA 5819 photomultiplier of that particular channel, in par

allel with the 125 oh~ resistance to ground and the 125 ohm impedance 

cable leading to the first 460 -A, which constituted the RCA 5819 load 

described at the beginning of Section F 2. Thus the 0 to 10 volt artificial 

pulse was terminated without reflection, attenuated by a factor of 20, 

and appeared at the photomultiplier plate as a variable pulse of from 

0 to 0. 5 volt having nearly the same f!:ime structure and amplitude var

iation as the photomultiplier pulses and similarly coming from a high 

impedance source at the photomultiplier. When the proper capacitor was 

chosen for the pulser, the response of the coincidence circuit as to reso

lution time and threshold sensitivity, as obtained from the pulser, agreed 

perfectly with the response to real double coincidences between particles. 

When the pulser was not in use, it was simply turned off without discon

necting the cables. There was no problem of "cross talk11 between dif

ferent photomultiplier channels through the pulser network, since a pulse 

from the collector plate of one photomultiplier would appear at the col

lector plates of the other three photomultipliers only after being attenu-
. -8 

ated by a factor of 40, 000 and delayed by about 30 x 10 sec. 



-19-

4. Fast Coincidence Circuit 

Two double coincidence circuits of identical construction 

were used. One, with about·lo· 8 sec. resolution, was used to trigger 
' -

the oscilloscope sweep when a coincidence occurred between pulses from 

the two front counters. The other, with about 2 x 10-8 sec. resolution, 

was used to record coincidences between either one or both of the rear 

counters and the sweep triggering coincidence between the two front 

counters. The coincidence circuits were constructed by Mr. Vern C. 

Ogren. Each consisted of an input pulse -limiting stage where the nega

tive input signal was used to drive a current carrying 6AH6 pentode to 

cutofL Outputs from the pentodes from the two input channels were 

applied to the two control grids of a 6BN6 gated beam tube. The details 

of the 6BN6 and associated circuitry are similar to those described by 

Fischer and Marshall. 15 

5. Blocking Oscillator, Oscilloscope and Camera 

The output pulse from the 6BN6 coincidence circuit handling 

coincidences between the meson and deuteron counters (front counters) 

was amplified with 11 slow11 {0 .1 x 10-6 sec.) standard electronics to a 

level of about 30 volts, where it was discriminated. Pulses above the 

discrimination threshold triggered a blocking oscillator which put out 

a uniform square pulse of about 1/2 x 10-8 sec. rise, 200 volts ampli-
-7 : -6 

tude, and 10 sec. duration, with a dead time of about 8 x 10 sec. 

This pulse was used to activate the sweep circuit of an Edgerton, 

Germeshausen and Grier oscilloscope. The trace used had a duration 

of about 50 x 10-8 sec. in a len.gth of about 4 inches. The pulses were 

photographed on continuously moving 35 mm Kodak Linagraph Pan film, 

using a General Radio 35 mm moving picture camera. 

G Detection Efficiency 

L Pulse Height Distributions and "Plateaus'i 

Since the pulse height of every pulse was recorded on the 

film, it was not necessary to run high voltage plateau curves during 

the running of the experiment. Instead,_ one merely turned up the ampli

fier gains until visual inspection of the pulses appearing on_ the oscilloscope 
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showed that most of them were well above the known coincidence circuit 

threshold for triggering the scope sweep. In this it was helpful that 

the counters had a fairly narrow pulse height distribution for monoen

ergetic particles. After the run, the films were developed and repro

jected on a Recordak viewer. Efficiencies were estimated by plotting 

the pulse height distribution for a given counter and estimating how much 

of a low pulse height "tail" extended below the known threshold for de

tection. In the case of the two front counters, the de~ection threshold 

consisted of .the threshold for activ~ting the coincidence circuit and was 

determined both by the pulser, during the run, or independently by taking 

the lowest observed particle pulse on the pulse height distribution. These 

two methods agreed. In the case of the two rear "anti-coincidence" counters, 

the detection threshold was determined by the smallest pulse that could 

be detected unambiguously by the human observer, viewing the reprojected 

film. In all cases, the estimated loss of counts due to low pulse height 

was less than one percent and no correction was made for counter inef

ficiency. Pulse height distributions for the meson and deuteron counters 

are shown in Fig. 11. It was originally planned to use the factor of about 

three of the deuteron ionization over the fast proton ionization to separate 

deuterons from the high flux of fast proton background passing through 

the counter. This would indeed have been possible although with some 

loss in deuteron counting efficiency, since there was a slight overlap 

of the pulse height distributions for deuterons and fast protons. It was 

found, however, that the deuterons and fast proton background could be 

sufficiently well separated by the time-of-flight technique (to be described 

later) so that one could afford to let fast proton pulses lie well above the 

coincidence circuit threshold for the deuteron counter and identify them 

by their penetration through the rear "anti-coincidence" counter. This 

had the further aavantage that each fast proton could be discarded indi

vidually, without incurring the statistical uncertainties that would enter 

if the particles were separated by their pulse height distributions. 

2. Reasons for Avoiding High Voltage Plateauing 

In addition to taking valuable running time, running high 

voltage plateau curves on "5819 1 s" with fast coincidence gear can be 
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troublesome. Because of the long path of the electrons from the photo 

cathode to the first multiplying dynode, the "time of flightat of an electron 

pulse through a 5819 is fairly sensitive to the voltage between th~ cathode 

and first dynode. In fact, with about 1000 volts overall applied to the 

phototube and with the photocathode to first· dynode getting about twice 

the voltage difference of that between the rest of the successive dynode 

pairs, the "time of flight" through a 5819 is found to vary by from one 

to one and one-half feet of RG63U delay cable per 100 volts change of 

overall voltage. (8 feet of RG63U is traversed by a pulse in 10-8 sec.) 

Thus, with 10-
8 

sec. or bette.r coincidence resolution, one may fall off 

the edge of a delay curve, while rising onto a high voltage plateau, un

less cable delays are varied in a troublesome manner with each voltage 

point. This trouble can be avoided, of course, by keeping the high voltage 

constant and running plateaus by varying the gair.i. of the distributed ampli

fiers, or by using a passive attenuator somewhere in the channel. 

H Dynamics of p + p - 11'+ + d 

In order to under stand the application of the time -of -flight 

method, as well as the significance of the laboratory angles and solid 

angles subtended by the detectors, it is necessary to discuss the dynamics 

of the reaction. An exact velocity vector diagram of the laboratory ve

locities vs. laboratory angles of the lour particles in the above re;:tction 

for an incident proton beam energy of 340 Mev is shown in Fig. 12. The 

laboratory velocities and angles shown are relativistically correct. 

One can also see from the diagram to a fairly good approximation the 

center of mass angles of emission that correspond to a given laboratory 

angle, as well·as the approximate velocities in tb.e center of mass. 

It. is of course impossible, due to ll:he nature of the Lorentz transformation, 

to draw a closed velocity "vector triangle" unless all velocities are rep

resented in the same frame of reference. :With this in mind, we can 
01 close 11 the vector triangles in the figure by drawing the velocity of the 

particle with regard to the center of mass as seen from the laboratory. 

That this gives a good approximation to the center of mass velocities 

and angles, corresponding to the laboratory velocities and angles, can 

be seen from the relative weakness of the compression of tl_le meson center 

of mass velocity sphere in the direction of the center of mass motion. 
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Let us discuss the dynamics non-relativistically, for sim

plicity. The degree of approximation in the statements made can be 

checked by comparing them with the exact velocity diagram of Fig. 12. 

Since the two initial particles are of equal mass, the velocity of the center 

of mass system with regard to the laboratory is about half the velocity 

of the initial protons. Similarly, the kinetic energy shared between 

the· two protons in the c. m. system is about half the laboratory energy 

of the incident proton, namely half of 340, or 170 Mev. (Actually, only 

96 percent of this. We shall n~glect this difference.} In creating the 

TT + meson, which weighs about 140 Mev, we use up 140 Mev of the 170 

but gain back about 2 Mev when the neutron and p'roton bind to form a 

deuteron. This leaves roughly 28 Mev in the c. m. system to be shared 

between the me son and deuteron. (The carr ect answer is about 21 Mev 

at this point. Our 4 percent of 170 Mev relativistic tax evasion·: has netted 

an unlawful 7 Mev 0 We continue to neglect this 0} Since the meson weighs 

only about 1/13 as much as the deuteron, the meson gets 13 times as much 

of this energy as does the deuteron. Similarly, the mesonis c. m. ve'

locity is thirteen times that of the deuteron. Putting in numbers, it 

turns out that for a proton beam energy in the vicinity of 340 Mev the 

meson's c. m. velocity is roughly equal to the velocity of the center of 

mass in the laboratory, i.e., half the proton°s laboratory velocity. 

The deuteron has 1/13 of this. Thus the laboratory angle of the meson 

is about half the center of mass emission angle, while the deuteron 

laboratory angle is about 1/13 of the sine of the c. m. emission angle, 

with a maximum value of 1/13 radian. (Actually, about 5. 5° for a 335 

Mev proton beam, rather than 1/13 radian =.4. 4°.} 

I Choice of Laboratory Detection Geometry 

From the dynamics, as discussed in Section H and summarized 

in Fig. 12~ we see that it is possible to detect a particular c. m. polar 

angle and a particular c. m. angular aperture for meson emission by 

a meson counter located at about half this polar angle in the laboratory 

and with about half this angular aperture 0 The corresponding deuterons 

will_ be thrown forward into a laboratory angular aperture that varies 

from about 1/12 of the c. m. aperture (near 0° meson emission} to a line 
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of zero aperture (near 90° meson emission in c. m. ). Thus, neglecting 

multiple scattering in the target, a deuteron counter of the same size as 

the meson counter can be placed at least six times as far from the target 

as the meson counter without missing any deuterons in coincidence with 

detected mesons. The same is true for the counter dimension perpen

dicular to this, corresponding to azimuthal aperture. Thus, with a meson 

counter at 2 feet from the target, we can count most of the coincident 

deuterons with a similar counter 12 feet from the target, in the geometry 

of Fig. 2. This enables us to use the time-of-flight method discussed 

in the next section. 

J Time -of-Flight Method 
\ 

1. Particle:Identification 

. 0 
With the meson counter set at, for example, about 45 , cor ... 

responding to 90° c. m. angle of meson emission, the single fact that 

double coincidences are observed only when the deuteron counter is at 

the calculated deuteron angle (see Fig. 15) forces the sum of the masses 

of the two unknown particles to lie between 1. 5 and 2. 2 proton masses. 

The one additional fact that, with the geometry of Fig. 2, the calculated 

time-of-flight difference between the deuteron and meson agrees ~ith 

the experimental curve (Fig. 13) within the experimental error of ::1: 1 

foot of RG63U delay limits the unknown particle in the deuteron counter 

to having a mass of 2. 0 ::1: 0. 03 proton masses, and that in the meson 

counter to weighing 270 :1:: 50 electron masses. 

2. Elimination of Fast Proton Background in Deuteron Telescope 

Inspection of the velocity vs. angle diagram of Fig. 12 shows 

that the deuterons from th.e reaction p + p - 1T + + d had to be detected 

at angles of three or four degrees to the proton beam, for c. m. angles 
0 0 from 30 to 90 . Therefore the fast proton background from single 

coulomb scattering in the snout vacuum foil, ion chamber walls and 

hydrogen container, as well as contributions from nuclear scattering, 

gave a very high singles rate in the deuteron telescope. As pointed out, 

most of these could be subtracted by the rear "anti coincidence" counter. 

However, the number of such accidentals would be prohibitively large, 
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if they were not rejected before they could trigger the oscilloscope. 

Inspection of Fig. 12 shows that the deuteron laboratory velo'city is only 

about half that of the proton beam, which has about 0. 7 the velocity of 

light. Putting in the correct numbers one finds that a deuteron from 

p + p-+ Tr+ + d and a 340 Mev proton, both of which start from the target 

at the same instant, separate in arrival time by about 0.12 x 10-8 sec. 

per foot of flight. With the geometry of Fig. 2, such proton-deuteron 
-8 particle pairs are separated by about 1. 5 x 10 sec. From thevelocity 

diagram of Fig. 12, mesons and protons scattered through the meson 

telescope both have about the same velocity. Furthermore the meson 

telescope is only two or three feet from the target. Therefore mesons 

are not separated in time from their fast proton background. Therefore 

the 1. 5 x 10-
5 

sec. separation between deuteron and proton at the deuteron 

telescope corresponds to the amount of delay cable .that would have to 

be subtracted from the mesonRs electronic channel in order to go from 

Tr d coincidences, to p -p accidental coincidences, provided the proton 

beam came out in instantaneous bunches with the rf period and the co

incident circuit had very narrow time· resolution. The finite bunch width 
' -8 -8 of about 0. 5 x 10 sec. reduces this separation to about 1. 0 x 10 sec., 

since the accidental protons are not limited to coming from the same 

instant of the bunch; as are the meson and deuteron. The coincidence 

circuit half resolution width of about 0. 5 x 10-8 sec. further reduces 

the separation to about 0. 5 x 10""8 sec. 

Besides fast coincidence resolution, the single electronic 

input channels to the coincidence circuit had to have a short dead time 

in order to be ready to count immediately after fast protons had passed 

through the counter. These dead times were no longer than the pulses 
-8 themselves, namely -10 sec. after being clipped with a shorted stub. 

The time -of-flight technique was sufficient to reduce accidental 

traces accompanied by penetrating particles in the deuteron telescope 

to a number less than those where the meson telescope had a penetrat-

ing particle, and permitted running without being '3ammed11 with protons. 

3. Use ofProtons to Calibrate Delays 

In order to calibrate cable delays, a standard procedure ; 

was to leave the deuteron telescope in place and then to move the meson 
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telescope until it was directly in line between the center of the target 

and the deuteron telescope, about 4 feet from the targe't. Fast protons 

scattered from the target and container passed through both telescopes 

and furnished a convenient and intense source of monoenergetic particles 
• 

of known velocity and ionization. The gains and voltages were set by 

looking at the proton pulses on the oscilloscope and setting the gains so 

as to count fast protons with full efficiency in all four counters. A delay 

curve was run to check the resolution curve of the coincidence circuit 

and to locate the correct cable delay corresponding to the fast protons 

and to the known spacial separation between the two telescopes. Then 

the meson telescope was moved back into position for 'IT, d coincidences, 

and delay caole changes were made so as to permit 'IT, d coincidences. 

4. Coincidence Resolution Curves 

After aligning the delays with fast protons, as described 

in Section 3 above, counting was begun on meson deute.ron coincidences. 

A delay curve was run, of which an example is shown in Fig. 13. The 

''calculated delay" in the figure is the result of the proton calibration 

point and the calculated cable shift. The flat top of the resolution curve 

indicates that meson deuteron coincidences were being counted withes

sentially 100 percent efficiency by th~ coincidence circuit, at the center 

Qf the curve. In order to pres~rve 100 percent efficiency with a safety 

margin for errors of the order of a foot of cable, the coincid-ence reso-. 

lution time was kept about 10•8 sec. wide, although the steepness of the 

"sides" of the resolution curve indicates that faster resolving times 

were obtainable simply by shortening the clipping time on the pulses. 

K Range Curves 

1. Particle Identification 

Examples of range curves for the meson and deuteron are 

shown in Fig. 14. They give added confirmation of the masses of the 

particles. In fact, putting in numbers for the reaction p + p ... m 3 + m 4 
with 340 Mev protons and m 3 and m

4 
unknown, the observed angular 

correlation plus the measured range curves permit determination of 

m
3 

and m
4 

as those of a meson and deuteron to about half the' fractional' 
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error to which the range curves are known, i.e., if a range value is 

known to 20 percen.t, then the correspondi~g mass is known to about 

10 percent. This is no improvement for the deuteron mass identification 

of± 2 percent obtained by angular correlation plus time -of-flight cor-
• 

relation (Section J 1), but it does improve the meson mass identification. 

In addition, secondary pulses associated with meson pulses and inter .. 

pretable as 1T - 1-L decays were ob·served ·when mesons were expected 

to be stopping in the me son counter. The number of these that occurred 

in the region where they were easily observable (i.e., on the falling 

edge of the meson pulse, and before the rise of the next pulse on the 

scope face) agreed with the number predicted from the known mean life. 

2. Meson Range Curves 

An example of a meson range curve is shown in Fig. 14. 

Meson range curves were of importance for runs taken at 90° c. m. angle 

with reduced proton beam energy to check the fact that, as calculated, 

mesons were not being lost by stopping in the target. For these runs, 

the mesons emerged from the container with as low as about 15 Mev. 

This was one reason (multiple scattering was ~other) for bringing the 

mesons out of the container through a thin (4 mil wrinkly stainless steel) 

foil, and using a one mil aluminum foil on the meson counter. 

3. Deuteron Range Curves 

a. Thick target effect 

A deuteron range curve is shown in Fig. 14. The finite slope 

at the end of the range is due to deuteron energy loss by ionization in 
2 . 

the 1 gr /em thick hydrogen target. 

b. The Reaction p + p - 1T + + p + n 

First let us suppose that all of the observed coincidences 

were due to the above reaction. Then the very strong angular correla

tion observed between the coincident particles (see Fig. 15) would, in 

the face of the expected dynamical freedom introduced by the three body 

character of the problem, indicate that the neutron and proton were at

tracting each other strongly and coming off with very little relative 
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velocity, so as to count'erfeit the two body angular correlation.. In this 

case the proton would have the same velocity as the deuteron from p + p --
+ . 

TT + d and would therefore have just half the range of that depteron. 
I 

Since the observed range curves fit the expected deuteron range curve, 
" we can rule out this possibility. An experimental upper limit for the 

amount of strongly neutron correlated protons in coincidence with mesons 

can be obtained by setting a limit to the amount of "bump" at half the 

deuteron range, in the measured deuteron range curves. No bump was 

detectable and an upper limit'of 10 percent can be set. Another argument 

limiting strongly neutrbn correlated protons is given in the following 

section on the deuteron angular correlations. 

If the final neutron and proton are not strongly correlated, 

in p + p - TT+ + p + n, then several arguments rule them out as a negli

gible contaminent. In the first place, the protons would be spread uni

formly over a much larger solid angle than that covered in integrating 

the deuterons over their peak, so that only a small fraction of the pro

tons would be counted. 
+ Also, if protons from p + p- TT + p + n so.mehow preferred 

to counterfeit the deuteron's range rather than its velocity and still come 

off with the deuteron correlation angle, a trick which is dynamically 

possible though not expected, then the proton9 s velocity would be abbut 

20 percent greater than that of the deuteron, corresponding to a time 

delay of 0. 6 x 10 -S sec., which lies just outside the time resolution half 

width of the coincidence circuit, so that no coincidence would result. 

L Deuteron Angular Correlation and Integration 

Coincidence counting rate vs. deuteron counter position is 

shown in Fig. 15. The deuteron telescope is moved in units of one counter 

width or height, horizontally or vertically. As already pointed out, 

the agreement of the angular correlation with that calculated from the 

assumed masses helps identify the particles. The shapes of the cpunt-

ing rate curves vs. deuteron counter positions are determined by the 

finite meson solid angle·, multiple Coulomb scattering of the mesons and 

multiple Coulomb scattering of the deuterons. The latter is the largest 

factor. The calculated shapes agree with the observed ones. 
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The agreement of the calculated with the observed shapes 

provides·independent evidence against contamination from strongly neu-
+ tron proton correlated p + p - 1T + p t n events. Namely, protons of 

the same velocity as p + p - 1T + d deuterons undergo twice as much mul

tiple Coulomb scattering as do the. deuterons, and would therefore give 

almost twice as wide a distribution as is observed. The large bites 

with which the correlation curves were taken and the poor definition 

in the "tails" of the curves do not allow as low an upper limit for con

tamination as is provided by the.deuteron range curves. 

In order to obtain the total cross section, the deuteron tel

escope .must "integrate" over all space where deuterons are present. 

In doing this the usual procedure was to integrate in the shape of a cross, 

leaving out th~ corners, which were then calculated from the x andy 

integration curves, in the assumption of two dimensional symmetry over 

the deuteron peak. It turns out to be cheaper in terms of overall sta

tistics per unit of running time to calculate the corners rather than count 

in them. As a check on possible systematic errors incurred by this 

method, several angles were repeated with a new deuteron counter 

3 in. x 3 in. instead of the former 2 in. x 2 in. The results obtained 

were the same in both cases. 

M Subtraction of Accidentals 

1. "Penetrating" Background 

Fast protons and possibly other penetrating particles gave 

accidental coincidences which were identified by their having additional 

pulses in one or both rear "anti-coincideilce" counters. 

In the deuteron telescope these are believed to be mostly 

the result of single Coulomb scattering of protons from the ion chamber 

and from the stainless steel of the hydrogen container. In the meson 

telescope, nuclear p-p scattering g1ves the main contribution. 

These events are rejected individually and hence there is 

no statistical error incurred in their subtraction. A small fraction (about 

5 percent) of the fast protons incident on the deuteron or meson counter 

fail to reach the rear counter because of nuclear attenuation in the counter 

and copper absorber inserted between the front and rear counters. These 

become part of the "soft" background. 
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2. Soft Background 

By "soft" background we mean those accidental coincidences 

between the meson and deuteron counter where no particle was detected 

in either rear counter. These accidentals are reduced to roughly one

hal£ when the hydrogen target is replaced by an empty container equiv

alent to the hydrogen container, showirig that at least one .of the telescopes 

depends on the hydrogen for a large part of its soft singles. This is 

partly explainable as due to scattered ·protons from p -p collisions which 

suffer a nuclear absorption in the front counter or in the copper between 

the front and rear counters and so fail to count in the rear counter,, 

Hydrogen scattering of soft particles produced ahead of the hydrogen 

could also contribute. When the container is removed, so that only air 

remains in place of the target, the total counting rate drops to zero. 

3. Method of Subtracting Soft Background 

a. General Description. Use of rf Fine Structure 

The time structure of the scattered beam, as discussed in 

Section IV A 4, can be used advantageously to determine accidental count

ing rates. If we assume that any two successive rf pulses are the sarne 1 

then by adding delay cable equivalent to one rf period of 6. 0 x 10-8 sec. 

to one telescope the singles rates relationship between t}le telescopes 

is reproduced, so that accidental counting rates due to uncorrelated 

singles rates will be duplicated. At the same time, the true coincidences 

cannot occur. The method then consists of subtracting the coincidences 

per incident proton obtained at t + 6 x 10-
8 

sec. from those obtained 

at t, where t is the difference between the meson and deuteron channels' 

time delays. The assumption that the accidental coincidence producing 

singles rates at t + 6 x 10-8 sec. are equal to those at tis subject to 

some _limitations and systematic errors. Some of these are: 1) Error 

in choosing the right length of delay to correspond to the rf period; 

2) The effect of about a 10 percent pulse height attenuation in the 48 feet 

of RG63U necessary to effect the delay; 3) End effects due to the finite 

length of the fm cycle; 4) Effect of statistical fluctuations in rf bunch 

intensity; and 5) Effect of systematic fluctuations in intensity of succes

sive rf pulses. These will be discussed separately. 
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b. Errors 

1) Error Due to Wrong Time Delay 

The cyclotron rf period is calculated to be closely 6. 0 x 

10-8 sec. when the protons are ejected. RG63U coaxial cable delays 
-8 a pulse by 1 x 10 sec. per 8.0 feet of cable. Therefore, 48.0 feet 

of RG63U should give the correct delay to go to the next rf pulse. How

ever, since the soft accidentals vary appreciably in two feet of delay, 

the 48 feet delay must be known to be the correct value to about a foot 

error, i.e., about 2 percent. A very sensitive check on the correctness 

of the delay was furnished by the penetrating accidentals,. which were 

varying rapidly with relative meson deuteron delay and which were known 

to be accidentals both at t and at t + 6 x 10-8 sec. An error of one foot 

in the amount of cable added to go from t to t + 6 x 10-8 sec. showed 

up as a variation by as much at 30 percent in the penetrating accidentals 

counting rate. By running a short delay curve on the coincidences at 

t and at t + 6. 0 x 10-8 (whose main pu~pose was to verify the p + p-

'IT + d coincidence resolution curve plateau) and plotting the penetrating 

accidentals vs. delay, the amount of delay shift needed to bring the curves 

into coincidence couls be easily found. In this way an error of two feet 

in the "6 x 10 -B" cable delay was in fact found in several of the early 

runs. Fortunately the soft accidentals were varying much less rapidly 
I 

with delay than the penetrating accidentals. Nevertheless, a small cor-

rection of less than 10 percent had to be made to this data. 

2) Error Due to Attenuation in Delay Cable 

6 -8 The meson telescope was always the one delayed by x 10 

sec. to the following rf pulse. If the meson counter singles rates that 

gave soft accidentals were varying rapidly with pulse height, by being 

concentrated in pulse height near the coincidence circuit threshold, then 

the 10 percent pulse height attenuation suffered in the delay cable would 

have ~ade it impossible to reproduce the conditions for accidentals when 

adding 6 x 10-8 sec. delay. Inspection of the plot of the soft meson back

ground pulse height distribution, Fig. 11, reveals that this danger did 

not exist. 
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3) Error Due to fm Cycle End Effects 

As discussed in Section IV A 4, in each fm cycle about 300 

successive rf bunches of protons emerge from the snout under an enve-
-6 lope of about 20 x 10 sec. duration. If this envelope were "rectangular," 

an error of only one part in 300 would be introduced because of the fact 

that the number of successive pairs of bunches is one less than the total 

number of bunches. A smoothly varying envelope eliminates this effect 

completely. r;· 

4) Error Due to Statistical Fluctuations in Bunch • 

Intensity 

Purely statistical fluctuations in bunch intensity are unavoid

able. For the beam customarily used in this experiment bunch intensity 

was as low as 100 protons per bunch, on the average. This would indi-

cate roughly a 10 percent fluctuation in number of protons in an individual 

bunch. Accidental double coincidences are proportional to the product 

of the two singles rates involved. Singles rates from a given bunch are 

proportional to the number of protons in the bunch. Therefore, the average 

doubles accidental rate at t + 6 x 10-8 i~ proportional to the average of 

the product; of the bunch intensities of successive bunches. Since these 

are uncorrelated, this is just the square of the average bunch intensity. 

On the other hand, doubles accidentals at t come from singles produced 

by the same bunch, so the accidentals at t are proportional to the average 

of the square of the bunch intensities. These are not the same. There

fore, if we call "n" the bunch intensity, in number of protons per bunch, 

and A(t) and A(t + 6) the average double accidentals rates at t and t + 
6 ' -8 x 10 sec., we see that 

2 -2 
A{t) - A(t + 6) _ (n ) - (n) 

A(t + 6) - (n)2 
n 

--2 
n 

1 

for a Poisson distribution type of probability for n. If n = 100, the ac

cidentals as measured at t + 6 x 10-8 sec. are only off by one percent. 
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5) Error Due to Systematic Fluctuations in Bunch 

Intensity 

Systematic fluctuations in intensity of successive rf bunches 

due, for instance, to radial oscillations, or other cyclotron acceleration 

dynamics, would introduce error into the accidental subtraction method. 

As an extreme example, if successive rf pulses alternated regularly 

up and down by a factor of two, then accidentals taken with 6 x 10-S sec. 

delay would be 25 percent fewer in number than those with no extra delay. 

c. Experimental Check on Accidental Subtraction Technique 

To check the accidental subtraction technique 1 s assumptions, 

the telescopes were set so as to count only accidentals. Then a delay 
I 

curve was extended over two rf cycles, and the shapes and areas of the 

two accidentals peaks were compared. No significant difference was 

observed in the two peaks, so that the technique was considered to be 

legitimate. As a further check, reduction of the beam intensity gave 

a meson-deuteron counting rate variation which, extrapolated to zero 

beam intensity, agreed with the value obtained by the rf pulse delay sub

traction method. The accidentals subtracted in this way amounted to 

from about 10 to 40 percent of the total counting rate, on different runs. 
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V CORRECTIONS TO DATA 

A Cross Section Formula 

The laboratory and center of mass absolute differential cross 

sections for the reaction p + :p _:. 11' + + d are defined as follows: 

and 

du (Blab. , E) 
y v = an ~n lab. T A p v 

-1.ab. 

du (Bc.m.' E) du (Blab., E) 
-a""''":n~--= an 

c.m. -1.ab. 

where 

Y = Yield of meson deuteron coincidences per integrator v 
volt. 

B = Laboratory emission angle of meson with regard to lab. 
the beam. 

8 = Center of mass emission angle of meson with regard c.m. 
to the beam. 

E = Energy of incident proton beam. 

~'1ab. ='Solid angle subtended by meson counter in laboratory 

system. 

TA 
p 

v 

d'1ab. 
dO c.m. 

du (Blab. , E) 

dOJOab. 

= Target protons per unit area. 

= Protons incident on the target per integrator volt. 

= Differential transformation factor between meson lal;>

oratory and c. m. solid angles. 

= Differential c.ross section per unit meson laboratory 

solid angle. 

dO' ( B c.m.' E) an = Differential cross section per unit center of mass solid 
c.rn. angle. 

Each of these terms will be examined separately for cor

rections and estimates of sy'stematic error. 



-34-

B Corrections to Yield 

1. Deuteron Spacial Integration "Corners" 

Figure 15 shows an example of deuteron integration curves. 

x and y denote the horizontal and vertical locations of the center of the 

deuteron counter, measured in units of a counter width or height. Thus 

(x, y) = (0, 0) refers to the central position; (-1, 0) refers to translat-

ing the telescope one counter width towards the beam, from the central 

position; (0, 1) refers to translation vertically by one counter height, 

from t.he central position; etc. Let Yxy denote the meson-deuteron co

incidences per integrator at position (x, y). The "x-integration°1 curv~ 

of Fig. 15 consists of the measured values Yxo, with x = -1, 0, 1. Sim

ilarly, for the 01y-integration." The desired quantity is Yv. Obviously 

Yv equals the sum over all x and y of Yxy. In practice, the vtcorners" 

(i.e., Y1, 1, Y -L 1, etc.) were not usually counted, but were calcu+ated 

on the assumption of symmetry, which is that the "x-shape" was assumed 

to hold for all .important y and not just y = 0, where it was measured. 

Similarly for the other dimension. 

If we let Yx = ~ Yxo = the sum of the counting rates shown 
X 

in the "x-integration" of Fig. 15, and similarly YY., =~y Yoy; then it 

is easy to show that, assuming symmetry, Yv = ;
00

Y . This is obtained, 

as follows: If we have, for example, taken data for positions Y00 , Y01 , 

and Y 01 but not for the "corner" Y11; then the assumption of shape. sym-
Yll Y1o 

metry allows us to say -y = -y· • If we apply this to all the corners, 
01 00 

the above formula results .. If we count in some corners and not in others, 

then the symmetry assumption is only invoked to calculate the uncounted 

corners. No simple formula then results. The "corners" correction 

amounted to about twenty percent, in most cases. 

The assumption of elliptical symmetry of the deuteron spacial 

distribution was checked by calculating the detailed shape expected for 

the deuteron distribution, taking into account the finite target thickness, 

finite meson counter aperture, angular variation of the cross section 

across the meson counter, angular variation of the solid angle transfor

mation across the meson counter, multiple scattering of the meson, and 

multiple scattering of the deuterons. The calculation showed that the 
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main source of polar asymmetry was in the deuteron as solid angle trans

formation, combined with the finite meson aperture. This crowds deu

terons towards the larger polar angle side of their laboratory solid angle, 

as can easily be seen by insepction of Fig. 12. However, the deuteron's 

multiple scattering in the target blankets this asymmetry almost com

pletely, so that the net effect is merely a slight shift in the center of 

gravity of the distribution, 

The widths of the observed distributions agreed with the 

calculated ones, giving some confidence in the calculation. The use 

of the symmetry assumption in calculating the corners is believed to 

be about two percent, so that the overall uncertainty is less than one 

percent. No error was assigned to this assumption. 

In calculating the statistical error in Yv one must of course 

remember that the separate terms Yx, Yy, and Y00 are not statistically 

independent. For example, in the case where none of the corners were 
Yx Yy 

actually measured, therefore, one has the simple formula, Yv = y , 
00 

and one finds that the error is given by: . 

= (.6. Yx)
2 + (.6. Yy)

2 

Yx
2 

Yy2 (Yoo +· Yoo 
{.1 - 2 y . y--

X y 

2 
Yoo 
y y )} 

X y 

'I'he curly bracket would be unite if Yx, Yy and Y 00 were independent. 

2. Deuteron Spacial Integration ':•Tail" Correction 

In order to estimate how many coincidences were missed 

in the tails of the integration curves (Fig. 15), these curves were fitted 

to the calculated curves obtained when one takes finite integration "bites" 

out of a Gaussian. (The deuterons are distributed in space in almost 

a Gaussian, due to multiple scattering.) From the width of the x-inte

gration curve we can then obtain the width of the underlying Ga,.ussian, 

and from this one can calculate the amount of tail lying outside the counted 

regions. Similarly for the y-integration. In this way, one obtains "tail 
y y 

corrections" which are added to Yx and Yy to give a corrected Yv = y Y 
00 

The tail correction varied from one to twelve percent in different runs. 
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3. 1T - f.1. Decay 

The meson counter was located from two to three feet from 

the target, in various runs, and the meson energy varied from about 

15 Mev to 50 Mev for the different angles measured and different beam 

energies. If the f.l.+ meson decay product of the 1T+ meson were not de

tectable, or could be distinguished from a 1T + meson, the correction 

would be one of simply calculating how many mesons that would have 

given counts instead decayed before reaching the detector. Using a 

mean life of 2. 55 x lO-S sec. in the 1Tus rest frame, this correction 

would be of the order of fifteen or twenty percent in the various runs. 

However, the situation was .complicated by the fact .that the f.1. +meson 

could sometimes be detected by the me son counter and be counted as 

a 1T +meson. The effect of the f.1. detectability was therefore to effectively 

decrease the number of 1T 1s lost by decay. Some of these JJ. 1 S (those 

from 1T 1S aimed originally at the meson counter and decaying in the 

forward direction} had enough velocity to penetrate into the rear counter 

and hence be subtracted as penetrating accidentals, thus failing _to 

counterfeit mesons. Furthermore, the f.1. 1 S can decay at large laboratory 

angles to the direction of the 1T 1s velocity (up to eighteen degrees for a 

50 Mev 1T, larger angles for slower 1T 0 s} so that 1T 1 s which would never 

have been detected may decay into a f.1. that in. turn would enter the meson 

counter. The variation of the meson energy and production cross 

section with angle also becomes important because of the large decay 

angles possible. For a given meson that decays, the probability of its 

f.1. being counted depends on where in space the meson decays. All in all, 

a complicated numerical calculation was necessary to estimate the effect 

of the 1T - f.1. decays. The results of this calculation were that the 1T - fJ. 
. :. 

decay loss of about 15 percent was effectively reduced to from four to 

seven percent in different runs. 

4. Nuclear Attenuation of Mesons 

Loss of mesons occurred through scattering in the hydro-

gen, stainless steel container and, for several of the runs, copper ab

sorber in front of the meson counter. 1T+ scattering data at 60 Mev and 

30 Mev of Stork
16 

were used to make the corrections. In one run this 

amounted to about three percent. In the other thirteen runs the correction 

was of the order of one percent or less. 
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5. Nuclear Attenuation of Deuterons 

The deuteron is easily broken up in a nuclear collision. 

This occurred in the hydrogen, stainless steel container, air, and cop

per absorber. Total cross sections of one and one -half times nuclear 

area were used in the hydrogen17 and stainless steel. 18 The air was 

also taken as having 1 1/2 x nuclear area effect.. Break up' of the deu

teron in copper absorber in front of the deuteron counter has a slightly 

different effect, because of the large forward solid angle subtended at 

the absorber by the counter and the fact that a large number of the deu

teron disintegrations consist in a "stripping" process which ends with 

a proton of almost half the deuteron energy going nearly forward. These 

protons were counted by the deuteron counter. The cross section for 

absorption without the production of a countable proton was taken as 
18 

one nuclear area4 The deute;ron break up correction amounted to 2. 5 

percent in the hydrogen, 0. 2 percent in the stainless steel, one percent 

in the 12 feet of air and from 0 to 6 percent in the copper absorber in 

front of the deuteron counter, depending on the run. 

6. Coulomb and Nuclear Scattering in Deuteron Counter Walls 

The counter walls were of 1/8 inch lucite. Scattering from 

the walls into the sensitive volume of the deuteron counter had the ef

fect that in performing the spacial integration the space occupied by the 

counter edges was counted effectively slightly more than once. The 

combined Coulomb and nuclear wall scattering in the deuteron telescope 

were estimated to b~ from 0. 2 to one percent in various runs. 

7. . Counter Efficiency 

The pulse height distributions and known coincidence thresh

old were used to determine that the number of pulses lost was much 

less than one percent. No correction was made. 

8. Deuteron Telescope Geometrical Correction and Error 

Because of the finite thickness of the deuteron counter and 

because the telescope is translated rectilinearly in integration, there 

is an edge overlap effect which amounted to a correction of from 0. 5 
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to 1. 5 percent in various runs. The error in translating the counter 

by the desired amount was estimated at :1: 1/32 inch, giving an error 

of :1: 1 percent. 

9. Spacial Drift of Proton BE;am During Deuteron Integration 

If the proton beam shifted in a time comparable to the time 

taken to run the deuteron "integration" curves, a systematic error would 

be incurred. It was found by exposing x .. ray film that the beam position 

at the back of the cave remained constant within the error of the measure

ment, about :i: 1/8 inch, when the main and steering magnet currents 

were held steady to one part in 2000 by hourly correction of small drifts 
\ 

by the operator. Furthermore, if a drift did occur, systematic error 

could be avoided by covering the entire spacial region of deuteron inte

gration several times, each time in a period short compared to the time 

required for significant drift. Neither of these precautions was observed 

in the first few runs and it was later found that the beam could shift by 

of the order of half an inch at the back of the cave during a day8 s run, 

if no precautions were taken. The possible error present in the early 

runs due to this effect is estimated to be less than 5 percent and of un

known sign. Later runs were made with a larger-deuteron counter with 

the magnet currents held steady and no difference in results was obtained 

within the statistical errors of about 10 percent. 

10. Finite Angular Aperture of Meson Counter 

If the counting rate varies linearly across the angular aper

ture of the meson detector, the average angle measured in the same as 

the central angle of the detector. Since the angular distribution varies 

approximately as 1/3 + cos2 (}in the c. m. system this condition is least 

satisfied near 90° and 0° c. m, angles. For measurements at 90° c. m. 

the c. m. polar half width due to counter width, target thickness, and 

multiple scattering was about 8°, giving a calculated two percent increase 

in counting rate over that which would have been obtained for a very 

small aperture. At 60° c. m. there was no correction, due to the linearity 

of the c:ross section there. At 30° c. m. angle, a polar half width of 

5° c. m. gave only about 0. 5 percent reduction in counting rate per unit 

solid angle over that from a very small aperture. 
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ll. Finite Target Thickness 

' -2 . The one gram em · hydrogen target was about 6. 5 Mev thick 

to the proton beam. If we use the excitation £unction of Schulzll this 

gives an 18 percent variation in the c.m. cross section. The solid angle 

. transformation factor as energy variation reduces this to about a 13 per

cent variation of the laboratory cross section through the ta:tget. Since 

the variation is practically linear, no correction was made. 

C Correct~ons to Meson Laboratory Solid Angle 

1. Coulomb and Nuclear Scattering in Meson Counter Walls· 

Scattering of mesons from the 1/8 inch thick lucite side walls 

of the meson counter into the sensitive volume effectively increased 

the aperture of the meson counter, The estimate of the Coulomb contri

bution varied from 2 to 4 percent in various runs, while the nuclear 

effect was estimated at 0. 6 percent. 

2. Multiple Coulomb Scattering of Meson in Target 

The production cross section was linear over the multiple 

scattering angular width and this width was small enough so that energy 

variation of mesons over the width was small. About as many mesons 

were gained as were lost by multiple scattering. No correction was 

made for multiple meson scattering in the target. 

D Corrections to Target Thickness 

The hydrogen flask inner diameter was measured at room 

temperature to be 5o 617 ± 0. 001 inch, and calculated to be 5. 599 inch 

at liquid hydrogen temperature o 19 The density of the hydrogen was taken 

to be 0. 0709. 2? Tests, 21 using liquid nitrogen, have indicated that no 

boiling takes place in the liquid hydrogen "sensitive" volume in the pro

ton beam. A misalignment of the cylindrical target of 3/8 inch with 
;j, 

respect to the proton beam would produce only a 0. ~ percent correction. 

The beam was smaller than this in cross section for the full energy runs. 

For the runs with one inch of beryllium in the beam, multiple scatter

ing in the beryllium gave an additional rom 0 s 0 scattering half width of 

0. 32 inch at the target, which gave an effective 0. 8 percent reduction 

in target thickness. 
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E Corrections to Proton Beam Current 

1. FullEnergy Beam 

The; calibration of the ion chamber multiplication factor, 

capacitor and associated equipment is believed to ·be good to ::1:: 1 percent. 

The calibration of this equipment is described in Referenc~ 23. 

2. Reduced Energy Beam 

a. Proton Ionization 

When the beam was degraded by 13 Mev the ionization cur

rent had to be corrected by two percent because of the increased proton 

beam ionization. 

b. Nuclear Eventf! 

Roughly 8 percent of the protons passing through the 4. 64 

grams of beryllium suffered nuclear collisions. If a proton lost 2() Mev 

in a typical nuclear collision, this proton could not later produce a 'IT - d 

coincidence that would be detected, yet it could produce ionization in 

the integrating ion chamber. Furthermore, extra lower energy particles 

of the order of 10 or 20 Mev could emerge from the beryllium and be

cause of their high ionization counterfeit several "good" protons. These 

effects are believed to be negligible, however, because of the small solid 

angle seen by particles leaving the beryllium and attempting to get out 

of the 48 inch long, 2 inch diameter, collimator following the beryliiurn. 

If the low energy nuclear products come off with roughly spherical syrn

metry, they would have only about 10-4 chance of passing thll"ough the 

ion chamber. 340 Mev protons which lost on the average about 20 Mev 

in a nuclear collision would be expected to be concentrated in a forward 

cone of half angle roughly the square root of 20/340, or about 20 degrees. 

If they were evenly distributed in such a cone, only about 0. 6 percent 

of them would pass through the ion chamber. This is 0. 6 percent of 

8 percent and is negligible. 

F Corrections to Solid Angle Transformations 

1. Meson Mass 

An error in the value of the meson mass is propagated as 

an error in the c. m. differential cross section for a given laboratory 
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cross section, through the solid angle transformation. In fact, if we 

hold the meson laboratory angle fix~d, a one Mev increase in the value 

used for the meson mass would decrease the c.m. cross section cor

respondi'r~.g to the measured laboratory cross section by fro·m about 1. 9 

percent at 30° c. m. to 1. 4 percent at 90° c. m. The value used for the 

meson mass .was 139.7 ;t: 0, ;3 Mev. 22 

2. Proton Beam Energy 

At constant laboratory angle the c. m. cross section calcu

lated from a given laboratory cross section and the solid angle trans-:

formation factor is increased by about 0. 6 percent for a one Mev increase 

in the number used for the bea~ energy, approximately the same for 

all c. m. angles. 

G Overall Experimental Check for Systematic Errors 

In order to find possible unknown systematic errors, the 

same equipment and method were used to measure the differential cross 

section for proton proton scattering at 90° c. m. angle. The "deuteron" 

telescope was placed far enough from the target so that it was necessary 

to spacially integrate the protons corresponding to those entering the 

"meson" telescope. The value obtained for the diff~rential cross section 

was (3. 3 :t: 0. 3) x 10- 2 ~ cm2 /ster, which is in very good agr~ement with 
• 23 

the liquid hydrogen data obtained by Chamberlain, Segre and Wiegand. 



-42-

VI RESULTS 

Table I presents the uncorrecteP. laboratory cross sections, 

corrected laboratory cross sections and corrected c.m. cross sections 

for the individual runs. 

Table II presents the combined weighted averages for dif

ferent runs taken at the same angle and energy. 

In Fig. 16 the corrected c~m. diff'erential cross sections 

for the individual r.uns taken at 338 and 332 Mev are plotted as small 

pOilltS and their weighted averages, neglecting the energy variation, 

are plotted as the heavy points~ For clarity, the angular positions are 

spread about the three angles actually measured, which are indicated 

by the positions of the heavy points .. The brackets under the 30° and 

90° measurements indicate the effectiv~ c. m. angular apertures due to 

meson multiple scattering and finite counter width and target thickness. 

The curve plotted in Fig. 16 is 30 (1/3 + cos2
.9) tJ.b/ster. 

Table III presents the least square fit of the differential cross 

sections at 338, 332 and 324 Mev to the curve 

du 2 2 ] [a:rr- = a.
0 

+. a.1 cos 9 = q1 (a + cos 9) 
c.m. 

( 1) 

Also presented in Table III are the least square values of the differential 

cross sections at 0° and 90° for 338, 332 and 324 Mev and the total cross 

sections obtained by integration of the differential cross sections. The 

differential cross section at 324 Mev is obtained by using the relative 

excitation curve of Schulz11 to predict the 0° cross section at 324 Mev 

by using the 332 and 338 Mev least squa;re values at 0° to normalize 

Schulz~s curve. This predicted 0° value is then combined with the 90° 

measurement at 324 Mev to yield the differential cross section:, under 

the assumption of a curve of form (1). The ~east square curves for 338 

and 332 Mev are plotted in Fig. 17. The small points are the individual 

runs. The heavier points are their weighted averages. 

Figure 18 shows the total cross sections plotted against meson 

c. m. energy. Also plotted for comparison are the results of the nuclear 

plate group at Berkeley. 1• 2 • 3 and the results obtained at ColumbialOb 

and Rochester, 9 by measuring the inverse reaction:': 
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+ 1T +d-p+p 

The cross sJction for the forward re'action is obtained from these results 

by use of the formula from the theory of detailed balancing, 

3 2 
(1 (pp - 1Td) = 2 q 2 (1 ( 1Td - pp) (2) 

p 

where q and pare the c.m. momenta: of the meson and nucleon, respec

tively, and the meson!s spin is assumed to be zero. 

Figure 19 shows the absolute c. m. differential cross section 

at 0° plotted against meson c. m. energy. The comparison \ralues from 

the Berkeley plate group and from Columbia were obtained by fitting 

a curve of the form (1) by the method of least squares to their published 

data on the meson absorption cross section, and taking the value at 0° 

given by the formula. The meson production cross section was then 

obtained by using formula (2) with the modification that the 3/2 is re

placed by 3/4 for the differential cross section. (The factor of two enters 

because the total cross section for 1T + + d- p + p is obtained by integrat

ing the differential cross section over only one half of the angular spher~. 

because of the two identical particles detected.) The relative excitation 

curve of Schulz at 0° is also plotted and is rather arbitrarily normalized 

to the present experimental data at 332 Mev and 338 Mev. (21. 5 Mev 

andl9.0 Mev meson c.m. energy.) 

Figure 20 shows the c. m. differential cross sections at 90° 

plotted against energy with, again, comparison points from the Berkeley 

plate group and Columbia. The comparison points were obtained, as 

at 0°, by taking the value at 90° given by a least square fit ·of curve (1) 

to their data. The 90° points for 19.0 and 21. 5 Mev from the present 

experiment were likewise obtained by fitting all the data at these energies 

(Table III). The point at 15. 5 Mev,,is the weighted average (Table II) 
. 0 

of three measurements (Table I) taken at 90 c.m. 



TABLE I 

Uncorrected lab. cross sections, corrected lab. cross sections, and corrected 
C' TY eros secuons for individual -----

Date proton pion pion pion do-
X 10 30 do- X 1030 do-

X 10
30 

beam c.m. . lab. c.m. d~ab .. d~ab. dnc.m. 
energy energy angle angle 

~uru:;orrected) (corrected) (carr ectedl 
Mev Mev cmZ ster-1 cm2 ster.-1 cm2 ster-

1- 7-53 338 21.5 15.4° 29.6° 112 126 35.7 

1- 7-53 338 21.5 49. 1° 89.2° 29.6 31. 1 14.9-

2-:10-53 338 21.5 47.9° 87.3° 17. 1 17.9 8.5 

10-17-52 332 19.0 15. 1° 29.6° 97 120 32.6 

11-19-52 332 19.0 15.6° 30.5° 115 129 35.2 

8- 9-52 332 19. 0 3L0° 59.5° 41.9 51.0 16.7 

10-15-52 332 19.0 31.0° 59.5° 40.0 42.2 13.8 

10-16-52 332 . 19. 0 47.9° 89.0° 19.3 21.2 9.6 

10-17-52 332 19.0 47.9° 89~0° 21.3 24.7 11.3 

11-17-52 332 19.0 47.9° 89.0° 19.8 21.8 9.9 

11-18-52 332 19. 0 47.9° 89.0° 19.4 21.4 9.8 

1- 8-53 324 15. 5 45.7° 88.6° 18.7 22.4 9. 1 

2-12-53 32.4 15. 5 45.7° 88.6° 10.7 11.9 4.9 

1- 8-53 324 15. 5 45.7° 88.6° 18.7 21.2 8.6 
' 

--- ---

• 

rms error 
. X 1Q30_fm2 

ster 

:l: 4. 1 

:l: 3.6 

:l: 1. 9 

±3.3 

:l: 4. 1 

±2.6 

:l: 2. 1 

±2.8 

±2.4 

±: L 2 

:l: 1. 1 

:l: 1. 8 

:l: 1. 1 

:l: 1. 9 
: 

I 
~ 
~ 
I 
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TABLE II 

e1g. e w . ht d average d'ff 1 t' 1 eren 1a cross sec 1ons 

proton beam pion c.m. pion c. m. du 
X 1030 rms error x \0

30 

energy- M~v energy Mev angle dO c.m. cm2 ster-
{wei~ted av.) 

em ster-1 

338 21.5 30° 35.7 :1: 4. 1 

338 21.5 88° 10.0 :1: 1. 7 

332 19,0 30° 33.6 :1:2.5 

332 19.0 60° 15.0 :1: 1. 6 

332 19. 0 89° 9.92 :1: 0. 74 

324 15.5 89° 6.5 :1: 1. 0 
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TABLE III 

Least square values for differential cross sections and total 
cross section with r m s. error 

' . . 

.. 

pion du 
X 1030 total 0 0 proton 0' JO ) x O'b90 ) X 

·beam c.m. dn. cross 103 (least 103 (least 
c.m: energy energy 

(least square fit) section ?.! square square 
-Mev Mev cm2 ster-1 

o30 cm2 formula) formula) 
~:m2 ster-1 cm2 ster-1 

''. ,. : ~ . ,~ .' ! (0 2 " 

338 21:5 34((0. 29 ::1:: o: 08) +cos 9 269 ± 26 44; 1 ::1:: 5, 5 10. 0 ::1:: 1. 7 

332 19.0 
. 2 

30((0.32 ::1:: 0.05) +cos 9] 245 ::1:: 13 39. 3 ::1:: 3. 1 9. 6 ::1:: o. 7 

324 15.5 
2 

23[(0.28 ::1:: 0.07) +cos 9] 178 ::1:: 16 29. 7 ::1:: 3. 1 6.5::1::1.0 
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VII DISCUSSION 

From Fig. 18 we see that, when the excitation function is . 

taken into account, the total cross section obtained in the present experi

ment is in good agreement with the value obtained at Rochester (assum

ing a lT+ spin of zero) and in rather poor agreement with the results of 

the Berkeley emulsion group and with the Columbia group (assuming 

a 1T + spin of zero).· One way of expressing the amount of agreement 

or disagreement between the present experiment and results- obtained 

in the absorption experiments is to treat the meson spin as if it were 

a continuous variable, defined by writing the -formula from .detailed bal

ance theory in the form: 
2 . 

25 + 1 = ~ E...... 0" (pp -· lTd) 
3 2 (r(lTd ..... pp) 

q 

with an r. m. s. error ~s given by 

( 
D.S j = r~ u(pp-+ 1rd] 

2
+ 

s + 1 - 0" (pp ..... lTd [I . 
I 

( 1) 

(2) 

Here the error in momentum determination has been neglected in com

parison to the errors in the cross section. 

Actually, of course, S must assume integral values .. (That 

5 must be an integer rather than a half integer is proven, for example, 

by the existence of the two -body reaction p + p -+ 1T + + d and conservation 

of angular momentum. The lT+ could have half integral spin only if a 

third particle of half integral spin were present in the final state to con

serve angular momentum. This is ruled out by the experimental veri

fication of the two body correlation.) Nevertheless, from an experimental 

point of view, S is probably best considered as a continuous variable 

defined by (1) . 

In order to compare the production and absorption experi

ment by (1) the experiments must be performed at the same energy. 

It was therefore necessary to predict the Berkeley results for a meson 

c. m. energy of 23 Mev and 25 Mev to compare to the Rochester and 

Columbia results, respectively. To do this, the relative excitation curve 
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at 0° of Schulz {Fig. 19) was used. (By comparing the 0° and 90° exci

tation functions in Figs. 19 and 20 we see that the angular distribution 

shows no indication of changing rapidly with energy, so that a small 

extrapolation of the total cross sections using the 0° excitation data is 

a safe procedure. ) 

The results obtained by this procedure were: 

S(Berkeley, Columbia) = 0. 30 :1: 0. 09 

S(Berkeley, Rochester)= 0. 05 :1: 0. 11 ' 

It can be concluded that the 1T+ has an extremely high probability of hav

ing spin zero. 

If we take the spin to be zero, the above shows that the Berke

ley total cross section is 2(0.30 :1: 0.09) + 1 = 1.6:1:0.2 times larger than 

the Columbia value and is 2(0.05 :1: 0.11) + 1 = 1.1:1: 0.2 times larger than 

the Rochester value. 

It should also be mentioned that Yang (unpublished) has pointed 

out that a comparison of the yields of p + p - 1T + + d and n + p - 1T0 + d 

furnishes a severe test for the hypothesis of charge independence. If 

charge independence holds, then only half of then+ p states (those be

longing to the total isotope spin 1 state) can contribute to 1r
0 + d produc

tion. On the other hand, all of the p + p states can contribute to 1T + + d 

formations. Therefore the n + p - 1r
0 + d yield will be down by half from 

the p + p - 1r + + d yield. It would be of great interest to perform the 

n + p - 1r
0 + d experiment at neutron energies comparable with the pro

ton energies at Berkeley, in order to compare with the present experi

ment. The n + p - 1r
0 + d experiment is now being performed at Chicago 

24 . 
by R. Hildebrand at a meson c. m. energy of 53 Mev, which can be 

compared directly to the 53 Mev data of the Columbia group. 
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Fig. 3 

Proton b e am configuration at th e tar g e t. 
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Fig. 5 

Ov e rall liquid hydrog e n tar g e t ass e mbly. 
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Fig. 6 

Liqu id hydrogen tar ge t va c uum j a cke t with 
0. 004 inch wr inkly stainl e ss steel foil. 
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Detail of liquid hydrogen target. 
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Typical pulse height distr'ibutions. 
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Time correlation of meson deuteron 
coincidences. 



.. 63-

P+ P- d + 11'"" 

~ 15 go• eM DEUTERON RANGE CURVE 
> 
a:: PROBABLE ERRORS ARE SHOWN 
f2 
~10 

CALCULATED MEAN RANGE OF 

I I I OEUTERON (!) 
I&J ... 
i!!'; 

a:: 
le 
c:i 
z 

!J 
~ 
a:: 
~ 
"' a:: 
(!) 
I&J ... 
~ 
a:: 
I&J 
Q. 

c:i 
z 

I I+ 
5 

I 
0 

3 6 9 12 15 
DEUTERON ABSORBER GMCM-t OF Cu 

90°CM MESON RANGE CURVE 
PROBABLE ERRORS 
ARE SHOWN 

15 
CALCULATED MEAN RANGE 

·I 
+ OF MESON 

I 
5 

I 
0 2 

MESON ABSORBER GM CM-t OF Cu 
MU-4515 

Fig. 14 

Variati~1n of me son deuteron coincidence 
rate with amourit of copper in front '1f one 
tdcscope. 



-64-

X- INTEGRATION 
15 

~ CALCULATED JrUTE:::.:~~~E 

a::IO 
0 
t; ! 
a:: 
1;3 
~.5 
a:: 
~ 
i OL--'---.,___....,..:z:'----' 

15 Y-INTEGRATION 

-2 -I 0 

Y0 IN DEUTERON COUNTER WIDTHS 

Fig. 15 

MU-4514 

Deuteron angular correlation and 
integration. 
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Differential cross sections at 338 Mev and 
332 Mev. 
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Total cross sections vs. meson c. m. energy. 
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