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NEGATIVE PIONS FROM NEUTRON BOMBARDMENT OF DEUTERONS 

Myron William Knapp 

. Radiation Laboratory, Department of Physics 
University of California, Berkeley, California 

November, 1954 

ABSTRACT 

In order to obtain information on the neutron-neutron interaction, a 

cloud chamber filled with deuterium gas was bombarded with the neutron 

beam of the Berkeley 184-inch synchrocyclotron. The spectrum of the 

neutron beam, which is produced by 340 -Mev prQtons on a 2-1/2 -inch 

lithium deuteride target, is peaked at 300 Mev and extends to .340 Mev" 
- - - ·3' . 

The three reactions d(n.;rr p)d, d(n, 1T pn)p, and d(n, 1T )H were stud1ed. 
e . 

A total of 310 events were examined; the three reactions contributed 

208, 80, and 22. events respectively. Laboratory-system angular dis

tributions and energy spectra of the mesons are presented. 

/ 
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NEGATIVE PIONS FROM' NEUTRON BOMBARDMENT OF DEUTERONS 
. p . . 

·.Myron Williams Knapp 

Radiation Laboratory, Department of Physics 
University of California, Berkeley, California 

November, 19 54 

INTRODUCTION 

M f th . 1, 2, 3 h . h h any o e recent exper1ments on mes.on p ys1cs ave soug t 

information on charge symmetry and charge independence of nuclear 

forces. The latter hypothesis, as formulated in the principle of con

servation of isotopic spin, permits all cross sections for pion produc

tion in nucleon-nucleon collisions to be written in terms of three inde-
. 4 

pendent cross sections, whereas the· weaker principle of conservation 

of isotopic parity relates only, the neutron-neutron interactions to the 

proton-proton ones. Either of these hypothe.sis predicts that the eros s 

section for the reaction p + p __.. 1T + + d will be the same as that for the 

reaction n + n -+ 1T + d. This is also true for the angular distributions 

in both reactions .. Because the latter reaction cannot be observed di

rectly, the reaction n + d __. 1T- + 3 nucleons has been substituted. An 

exact knowledge of the condition of the neutron in the deuteron when it 

is struck ~y the incoming neutron should permit the calculation of the 

angular distribution of the pions in the center-of-mass system of the 

two neutrons. Ideally one would compare this distribution with the 
2 . . 5 6 7 

( 1/3 +cos 8) obtained for 1T
0 

mesons by neutrons on protons ' ' 
0 . 1 

and for 1T mesons by neutrons on protons. · The unknown momentum 

of the neutron in the deuteroiJ, however, makes a transfo~mation to the 

center -of -mass system of the two neutrons impossible. Therefore the 

alternative possibility was chosep., and laboratory-system distributions 

are presented for comparison with theoretical distributions as derived 

from the known neutron spectrum and known momentum wave functions 

of the deuteron. Owing to difficulties in monitoring the high-energy 

portion, of the neutron beam, no attempt was made to determine ab

solute cross sections, and. the results are presented in terms of re

lative· angular distributions and energy spectra for the three reactions 

involved. 

A clouci chamber seemed the most feasible detector of negative -pion 
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. production f_or the following thr.ee reaCtions: 

(a) The t11:r.ee. poss"ible reactions 

·rt.td ...... ·Tr-:+p +d, 

n + d -+ Tr + 2p + ri, 
- 3 n +d ...... Tr +He . 

could be individually identified, and' a ratio of their production frequency 

thus obtained. 

· (b) Mesons at all angles· and energies could be examined simultane- · . 
ously. 

(c} The three- ·and four -'body problems ·invoived would make a counter 

experiment impractical. 

One of the great disadvantages in using a cloud chamber in this experi

mentis a low data rate. (It took on the· average, thirty minutes of cyclo

tron time to obtain each event.) Two factors. other than the small eros s 

section, limit the data rate. They are a relati'V~ely long cycle time (about 

two minutes), and a certain maximum amount of beam per cycle, this 

being limited by the large .background from the low-energy tail of the 

neutron beam. Both these factors have been pushed to their limits, so 

.that the pich~res are very crowded, and occasionally high-energy tracks 

fade near the top glass; For this reason, the pictures were not ·always 

of the. best quality. In order to be confident. that certain types of events 

were not lost because of picture quality, .·severa~ symmetry distributions 

were made .. These are recorded in the chapter on Experimental Checks 

and Discus.sion of Errors. 

The reactions leading. to pro.duction of positive and neutral-pions in 

neutron-deuteron collisions -are also of interest, but unfortunately im

practical to study with a cloud chamber. ln a 1r + . event/ for example, 

the cloud chamber would show only the Tr + meson'!;, which would be very 

difficult to find in the heavy background of O:lrer positive particles. Occa

sionally one w,as discovered, but it is unreasonable to assume that any 

significant fraction was seen .. As suggested by several authors
8

• 9 a 

comparison of the n + d :- 1r- + He 3 reaction with rf + d-...... Tr0 + He 3 would 

yield important information ·about charge independence. ·This is the only 

one of the three possible Tr0 reactions that might be identified in a cloud 

_chamber; although the triton could be identified .from its momentum and 

.. 
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and rela:ti ve ionization, the deuteron or proton produced i~ the triton 

were split up would not look different from a heuteron or proton scat

tered by a low-energy neutron. In order to identify the tritons with 

certainty, howeve.r, the pictures would have to be good quality, and 

some sac.rifice would have to be made in the data rate. Since one 

would expect half as many "TT
0 triton events as 'IT . He 

3 
events, and 

since only 22 He
3 

events were obtained during the course of the ex

periment, it would be impractical to attempt this investigation with 

a cloud chamber. 
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EXPERIMENTAL PROCEDURE 

Apparatus 

Cloud Chamber 

One of the vital parts of the experimenta~ apparatus was a ten-atmos

phere Wilson cloud chamber, designed and built at this laboratory by Dr. 

John De Pangher, Jr. His paper
10 

gives a very thorough discussion of 

the cloud chamber,. and only a brief description of it nee_d be given here. 

The sensitive volume of the chamber is a cylinder about 10 inches in 

diameter and· 2. 5 inches in height. This cylinder is bounded by a l. 2 5-

inch-thick top glass, a 0. 75 inch-thick lucite cylinder 12 inches india

meter, and a rubber diaphragm mounted on a 0. 5-inch-thick lucite piston. 

Pantograph arms restrain the piston in such a way that it is at all times 

parallel to the top glass. A layer of black gelatin on the piston serves 

as a source of water vapor, provides a photographic background, and 

acts as one of the clearing field surfaces. The other clearing field sur

face is supplied by a soap film and an aquadag ring on the top glass. 

Photography , 

Photographs are taken by a specially designed stereoscopic camei~a 

using Leica Summitar 50 -mm lenses and l. 8 -inch Kodak Linograph Pan 

film. Light for the photography is supplied through the lucite cylinder 

of the cloud chamber by two General Electric F. T. 422 .flash tubes. A 

2 50 -microfarad bank of condensers, charged to 1, 700 ~olts, is discha:r:g

ed through each of the flash tubes; the length of this light flash, about 

100 microseconds, determines the length of the exposure (the camera 
-

has no shutter). 

· An automatic developer .attached directly to the camera made it pos

si.ble to examine pictures about 15 minutes after they were taken .. This 

permitted a continuous check on operating conditions. 

Neutron Beam 

The neutron beam was produced by bombarding a 2. 5 inch-thick 

lithium deuteride target with 340 ~Mev protons in the 184-inch s ynchro

cyclotron. Figure 1 show the preliminary collimation in the igloo and 
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Fig. 1 'The collimating system. 

O FEET IO 

MU-4779-A 
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the neutron port, as wen as the 3-ft c.opper c.ollimator immediately in 

front of the cloud chamber The preliminary collimator served only to 

reduce background from the final c.ollimator, which .reduced the beam to 

the desired size of 2.1/4 x 5/8 inch.es. 

Magnetic Field 

The necessary magnetic field was produced by pulsing a 150-hp mine

sweeper generator through the coils of the cloud chamber magnet. ·When 

puls·ed, this generator supplies 4, 000 amp to the magnet, producing a 

field of 21,7000 gauss. This field is uniform to within 2. r:f/o over the. 

usable region of the cloud chamber. and the field at the center of a track 

is obtained from a uniformity plot . 
. 

Temperature Control 

The temperature of the cloud chamber is controlled by circulating 

water at 20°C through heat shields surrounding the cloud chamber and 

through water ·jackets at various places on the cloud chamber its.elf. 

Sequence of Operation 

To allow time after each expansion for resupplying water vapor 
• . ' :.&: 

near the top glass, ,a two-minute cycle was necessary.: The sequence 

of events during a cycle was as follows: 

1. Magnet energized 
It takes 2. 5 seconds fo.r the field to reach 
its peak value, where it stays for about 0. 

2. Clearing field off 

3. Fast expansion 

15 seconds. 

This is timed so that the field reaches its peak 
just as the piston hits bottom. 

4 .. Cyclotron pulsed 
The first of four or five cyclotron pulses coincides 
in time with piston1 s h,itting bottom. 

5, Lights £lashed 
The lights are flashed about 0. 1 s.econd after the 
last beam pulse. 

6. Clearing field on 

7. Two slow expansions 
These expansions clear out old center of condensation. 

*A longer cycle would have produc.ea better pictures but a lower data 
rate. 

.• 

.. 
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8. Repeat cycle 
One and a half minutes are allowed after the second slow 
expansion for re-establishment of the required conditions . 

Analysis of Film 

Description of an Event and Sample Pictures 

Three types of events are possible in this experiment, and scanning 

procedure is determined by their appearanceo Table I shows the three 

types together with 

Table I 

Event Type O(Mev) 

-
11. +d -+1f +p+d d 138 

n +d -+ 1T +2p + n p 140 
--

+ d --+ 
-
+He 

3 3 133 n 1T He-

their Q values 0 The first is referred to as a 'd! or 

the second as a 'p' or proton type, and the third as a 

Because there is no unseen particle in either the d 

deuteron type, 
3 

He type event. 
3 

or He type 

events they must show a total forward momentum equal to that of the 

incident neutron, and transverse momentum must balanceo The p 

type event has an unseen neutron, therefore particles that are seen 

need not have as much total forward momentum as the other two types, 

and their transverse momentum need not balance. It also follows from 

momentum considerations that the pion, being light, can have any di

rection relative to the neutron beam and that the proton in a d-type 

or one of the pnotons in a p -type event can come off in a backwards 

direction, if its energy is fairly lowo 

An event consists, therefore of one lightly ionized track of nagative 

curvature and one or two positive tracks with considerable forward mo-
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mentum. Figures 2, 3, 4, and 5 are pictures of typical events. In Fig. 

2 is seen a 152 -Mev forward deuteron, a dot at the origin caused by a 

proton of less than 0. 5 Mev and a 21-Mev pion. The heavy forward 

track in Fig. 3 is a 69-Mev He
3

. The pion in this picture has 73 Mev. 

Figure 4 was included because it was the only event in which the pion 

stopped and produced a visible star. In this picture the pion has l Mev, 

one proton has 100 Mev, and the other proton 4 Mev. Figure 5 lJ.as two 

easily visible Tr events and one Tr + event. The Tr + shows how diffi

cult it is to spot Tr +mesons in this experiment. 

Scanning Procedure and Methods 

Two scanning methods were used. One of these employed a stero-

,scopic viewer, of a high magnifying power, through which one could 

examine track origins, looking for more than one track starting at the 

same point in space. In this manner oxygen stars from the oxygen in 

the water vapor, pion events of the three types mentioned above, and 

two-prong stars were found. The two-prong stars s:ould be fitted into 

one of three categories; they could either be oxygen stars, or coinci

dences, or pion events in "Yhich the meson was hidden or unseen for 

some reason. Therefore all two-prong stars had to be examined in de

tail to be sure that no pion events were missed, and those for which no 

explanation was apparent are discussed in a later section. 

Also noted during scanning were any negative mesons that appeared 

to start 1n the collimated region but for which no associated tracks were 

apparent. These were examired more thoroughly on the projection ap

paratus, and in all but one case the meson was either traced back to an 

event or to a point outside the illuminated region. 

The second scanning method involved projecting the cloud chamber 

pictures to approximately twice normal size and examining one of the 

paired stereoscopic vievvs at a time for tracks starting at the same 

point. By quickly shifting from one stereoscopic view to the q:11erirne cru1d 

decide whether or not tracks started at the same point iri space. The 

procedure in other respects was the same as above" Only about 1/4 of 

the pictures were scanned in this manner, but the fraction of events 

missed in the one scanning was the same as that in the other method. 

... 
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Fig. 7.. Cloud chamber picture. An example of 
the reaction n + d-+ 1T-+ p +d. The origin 
of the event is encircled. 
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Fig. 3 Cloud chamber picture. The circle 
surrounds the origin of an event of the 
type n + d-+ 1T- + He 3. 
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Fig. 4 Cloud ch,mber picture. One circle in this 
picture surrounds the origin of an event 
of the type n + d _, Tr + ?p + n and the other 
surrounds the point where the Tr- stops. 
The Tr- is captured at this point by an oxygen 
nucleus which it explodes into three visible 
fragments. 

ZN-1066 
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Fig. 5 Cloud chamber picture. This picture 
contains three events, two of the type 
n + d - iT-+ p + d and one of the type 
n + d - iT++ 3n. The three origins are en
circled. 

• 

d 

ZN-1067. 
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Measurement Procedure 

Those pictures containing events were projected according to the meth-
. 10-13 

od used by previous cloud chamber expenmenters, onto a translu-· 

cent screen by means of the stereoscopic projection apparatus shown 

schematically in Fig. 6. The translucent screen on which the images 

were focused has three degrees of translatory motion and two degrees 

of rotational freedom. By proper adjustment of the position of this trans

lucent screen, the two stereoscopic images of a given track could be 

brought into coincidence. When this was accomplished the original di

rection and position of the track in space was rep;roduced. The quantities 

determined for every track, t'ogether with the definitions of these quanti

ties are listed in Table II. 

* These data were recorded on Keysort Cards, one track per card. 

The film number and trace number provided a means of identifying the 

two or three cards belonging to a single event. 

Analysis of the Data 

Calculations Pertaining to Each Track 

The quantities calculated for each track, together with the definitions 

of the quantities and the formulas used in their calculation, are listed in 

Table III. The formulas listed in Table III have been used or derived in 

. 1 d h b . lO-l3 d h . d . . t previous c ou c am er experiments, . an t eir erivahons are no 

presented here. Figures 22 and 23 of Appendix I give Bp vs T for 

pions and protons respectively. If both scales of Fig. 23 are multiplied 

by 2, Fig. 23 then gives J3p vs T for deuterons. This follows because 

a deuteron, having twice the momentum of a proton, has twice the energy 

of that proton. A similar function scale was used for the He 
3

, but was 

not prepared for publication. 

* Keysort Cards provided a rapid and convenient form for analyzing 
data. 

I 

I 
J. ~ 
\ 
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TRACK 

--TRANSLUCENT SCREEN 

GLASS 

\PROJECTING LENS 

,\ \ FILM 

1-CONDENSER LENS 

SOURCE LIGHT 

I I I 
~ 

Fig. 6 The stereocopic projection apparatus. 
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Table II 

Quantities Determined for Each Track 

The angle between the h~¥izontal plane* 
and _the osculating plane of the tracko 

The angle between the neutron beam and 
a vettical plane through the initial track 
direction. 

The radius of curvature of the track as 
- d . . 1 t' 1 ** measure ln ltS OSCU a 1ng p aneo 

The length of the track if the particle 
stops in the gas. ,.---·· 

The length of a track over which p is 
measured. 

The height of tpe origin of the track. 

The height of the middle of the track. 

The distance from the middle of the 
track to the center of the chamber. 

The tentative identification of each 
track as that of a · 'IT, p, d, or He3, 
based· on relative. ionization. . . . 

The number of the stereoscopic pair of 
pictures in which the event was recorded. 

The number of each track, for identifi
cation purposes, as defined in a tracing 
of the event. 

The neutron beam lies in the horizontal plane. 
The tracks of course are actually segments of a helix, but the 
length over which they are measured, for a given radius, is 
sufficiently small to assume that they lie in a plane, which we 
call the osculating plane 0 

**'.c If the particle stops in the gas, the range is determined instead 
ofthe radius. 
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Table III 

Quantities Calculated for Each Track 

B = B( z , r) m 
From a table. 

* p = Bp cos a 

cos e = cos a cos 13 

px = p cos a cos f3 

p = p cos a sin j3 
y 

pz = p sin a 

rr/2 q e • a. ) = ---'-.....,.....,~--,-
o . _1(s1n a.0 \ 

Sln sin B ) 

tan <f> tan n esc 13 

Magnetic field strength at 
middle of track (in gauss) 

Momentum of particle (in 
gauss -ern 

The kinetic energy of the 
particle (in Mev) 

The scatter angle, i.e. the 
angle between the initial 
track direction and the neu
tron beam. 

Longitudinal momentum can 
ponent, i.e. the momentum 
component along the beam 
direction. 

/'Horizontal transverse mo
mentum component 

Vertical transverse mo
mentum component 

Geometric correction 
factor ~see section on 
Dip Angle Limitations) 

The azimuthal arigle, i. e. 
angle between the horizontal 
plane and a plane containing 
both the neutron beam and 
the initial track direction. 

* 3 In the case of a He p equals 2Bp cos a. 
** ' · In the case of a range measurement T is obtained from the 

range -energy relations in Appendix I, Fig. 24. 
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Calculations Pertaining to Each Event 

Although Tables II and III contain all data pertinent to a given track, 

calculations on the event as a whole yield important information as to 

the final identification of each particle and the energy of the neutron 

causing the event. The quantities used in these calculations are defined 

in Table IV. 

T (p) 
n 

~T. 
j J 

T 
n 

Q 

~P-·' . Yl 
J 

Table IV 

The sums, respectively, 0 fthe longitudinal 
and the horizontal and vertical transverse 
momentum components over all tracks d. 
the event. 

The kinetic energy of a neutron whose mo.. 
mentum is p. 

The sum of the kinetic energies over all 
trac~ of the event. 

The energy of the incident neutron 

The energy, momentum, and momentum 
components of the outgoing neutron in a 
p -type evenL 

The Q value of the reaction as given in 
Table I. 

3 
In either a d- or H -type event, these definitions, together with the 

e 
laws of conservation of energy and momentum, lead to the following 

equations: 

T 
n 

~p . = 0 
j YJ 

~p . = 0 
j ZJ 

~T. + Q 
. J 
J 

These equations provide a positive check on the identification of the 

particles and thus -on the final identification of the type of reaction. They 

also yield the energy of the incident neutron. 
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For a p-type event these equatioll.S become 

T 
n 

P = + LP · nij z . ZJ. 
J 

LT.+ Q + T' 
j .J . n 

Combining these with the kinematical relation between the energy and 

mome·ntum of a neutron, one arrives at the energy -of the incident neu

tron· as Vlkll as the energy and direction of the outgoing neutron. 

Unfortunate! y the inaccuracies of measurement make the identification 

of the particles uncertain in many cases. Indentification by momentum

energy balance and identifi~ation by relative ionization both 'depend up:m 

good measurements of p, the radius of curvature of the track. Two 

factors influence the accuracy of a p measurement. They_are turbu

len®e in the cloud chamber, and the length of the track. Multiple me as

ur'ements have led to the criterion that the sagitta of a uniform track 

can be read to 0. l mm. Poor tracks, such as those that are tapered 

by v_irtue_ of leaving the illuminated r~gion, cannot be measured this 

accurately. Final identification of each particle- -and therefore of the 

type event- -is made with these errors taken into account. If the errors 

are s.uch as to make a positive -identification impossible the event is 

listed as a questionable one of the most probable type, This breakdown 

is discus sed .further in a section on questionable -type events. 

Dip Angle Limiations 

Because of measuring difficulaties, meson events in which the pion 

had a dip angle greater than a. = 50° were excluded from the data. For 
0 

this reason a geometric correction factor f(8,o. ), as given in Table 
0 

III, had to be applied to each event. Two assumptions were made in its 

derivation and use. The first is that pion production is azimuthally 

symmetric about the beam direction, and the second is that for each 

event in which. the pion has an angle e, there are -~ :-f( e, ao)] identical 

events in which the pion is in the excluded region .. The former as sump-
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tion means that f( e, a. ) is simply the ratio of the total solid angle to the 
0 

available, or unexcluded, solid angle for a given e and a. . The latter 
0 

means that this factor is applied to all properties of the event as a whole, 

L e. f(B,o.
0

) is applied not only to the pion angular distribution but also 

to its energy spectrum as well as the proton angle and energy distribu

tions. 

No· other correction factor was needed, as it was not necessary to 

exclude events whose positive particles had steep dip angles. This fol

lows because the deuterons and H~3 's could not have steep dip angles, 

and those protons having steep dip angles had low energies, making ac

curate measurements on them unnecessary. 
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EXPERIMENTAL CHECKS AND DISCUSSION OR ERRORS 

As mentioned in the introduction, several symmetry checks were 

·made to ascertain whether events having particular char-acteristics 

might be missed. This chapter is devoted to these checks, the checks 

on the assumption of azimuthal symmetry, and a discussion of systematic 

errors. 

Azimuthal Symmetry Check 

As a test of azitnuthal symmetry, the pions were grouped in eight ang-

ular groups or octants of cj> as defined in Fig. 7 A Table V lists the 

number of events falling into each group by run number, the total numrer. 

in each octant, and the number that fell in the excluded region for all 

runs. 

Subtracting the total number of events from the corrected number, we 

get the number that should have fallen into the excluded regions. This 

number (63. 3} is to be compared with the actual number (53) found in the 

excluded region, and they seem to be in fair statistical agreement. Di

viding the 63. 3 equally among the four octants containing the exduded 
< * region, and adding this to the total number in each octant, we get the 

graph of Fig. 7B, where in the errors shown are the statistical standard 

deviations. If the total corrected number of events were divided equally 

among the eight octants, the horizontal line in Fig. 7B would be obtained. 

This figure indicates an asymmetry between pions going up and those go

ing down, .but good agreement between those going up and those going 

down, each considered alone. 

Table V also makes two other comparisons using the azimuthal angles. 

In the first, pions going to the right {Octants 3, 4, 5, and 6) are c.ompared 

with those going to the left (Octants 1, 2, 7, and 8), and,_in the second, 

pions going up (Octants 5, 6, 7, and 8} are compared with those going 

down {Octants 1, 2, 3, and 4}. The actual number of events is recorded 

rather than the corrected number, since the excluded regions are sym

metric in both cases. It is seen that the right-left symmetry is excel

lent, and that the olnlly possible asymmetry is up and down (as also indi-

16 was used although 63.3/4 = 15.8 
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Table V 

Azimuthal Dis1l; ributions 

Total Num1:Er of Pkns in cp 
Tdal 

CorreciB:i 
Octants;:a._;;:. 50° Excluded 

Nu7;I;ll::er N.nlter Total Frurrl 
W:rlh With Olrreded 

Tdal 0 
~ . 0 ~~ a>- 50 

<!> q, Run Nurribers All In All froJn Jn.Each 
p:tant Interval 0 1 2 5 6 Runs Runs 1-f(B,a.J Octant 

.... 

1 0°-45° 2 15 10 11 14 52 -- -- 52 ± 7. 2 
0 

2 45 -90° 0 7 9 5 17 38 15 16 54 * 8. 8 

3 90°-135°- 0 7 10 8 12 37 17 16 53 ± 8. 7 

4 135°-100° 1 15 10 14 17 57 -- -- 57 ± 7. 6 

5 100°-225° 1 14 11 4 10 40 -- -- 40'± 6. 3 

6 225°-270° 1 6 2 7 4 20 7 16 36 ± 8. 1 
0 

7 270 -315° 3 8 4 2 5 22 14 16 38 ± 8. 1 

8 315° -?if.J 0 
0 11 10 9 14 44 -- -- 44 ± 6. 6 

-···· 

Right 90°-270° 3 42 33 33 43 154 

{ 0°-90° 
and 

Left 270o _?if.Jo 5 41 33 27 50 156 

Up 180o _?if.Jo 5 39 27 22 33 126 

lli.vn 0°-100° 3 44 39 38 60 184 
i 
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cated above}. The up-down asymmetry is possibly not statistical, and 

as a check to be sure that particular types of events are not being rni.s~ 

ed, e distributions for pions going up are compared with those for pi.ms 

going down in a later section of this chapter. Similar distributions are 

also made there for the energy spectra. 

It may also be noted that the <1> distribution for each run has the 

same general appearanc.e within statistics, so that no <j> asymmetry is 

apparent for any individual run. 

Those events liste(l in Table V which have a. ~'50° are dis.cussed in 

this section only. In all other sections the corrected numbers from 

f( e, (JI, ) are used. 
0 

Distribution of Origins 

In order to establish whether events produced in one region of the 

cloud chamber were more likely to be missed than those in another, the 

collimated region of the cloud chamber was divided into twelve boxes 

along the beam direction. These boxes, or regions, are illustriated in 

Fig. SA as they would appear to someone looking down upon the cloud 

chamber Regions B, C, F, and G are all the same size as one another 

but twice as large as the other regions. In order that the various re

gions may be directly compared, the normalized column of Table VI 
~ ~'~ 

hsts the actual number of events occuring in regions B, C, F, and G 

and.twice the actual number in the other regions. The errors shown 

are the statistical standard deviations. 

The X regions «Ax'' Dx' Ex' and Hx) are separated from the others 

1n Table VI because they are considered in this section alone. One of 

the purposes of this section is to show that events in the X regions 

are unreliable. This is not unexpected, because in D and H the 
X X 

tracks were short and pions in the forward direction might very easily 

have been missed. In regions A and E the backwards ones are the 
X X . 

most earily missed. Therefore pions in the vicinity of 90° may rossibly 

be favored over those going forward and backward if the X sections 

Since exclusion of dip angles greater than or equal to 50° affects all 
regions symmetrically, the actual number .of events rather than the 
corrected number is used. 
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7(C) az1muthal distribution plot. 
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are included. Another reason for excluding regions D and H is 
X X 

that the positive tracks are so short that it is impossible to identify 

events either by momentum balance or ionization, and they would all 

have to be lumped into the questionable category, discussed in a later 

section of this chapter. 

Table VI 

- ---~ -
Left Half of Chambe.'r, Right Half of Chamber .. -- Wlr:lll"_.,_'!:~~~_,.....,..,.~ 

Regim . Aclual ·Normalized Region .i .Adual ·Normalized 
'· . Ninrl:Jer- Number, 1\furnber. NumbeJ:'_ 

' ~~ 
.·;)£ ... ~~:$i1Lll!ll@. 

A 17 34 ± 8. 2 E 16 32 .± 8. 0 

B 49 49 ± 7. 0 F 52 52 ± 7. 2 

c 58 58± 7. 6 G 69 69 ± 8. 3 

D 27 54 ±10. 4 H 22 44 ± 9. 4 

Sum 151 195 ±15. 9 Sum 159 197 ±15. 6 
....c:===:;:::c:: =*'* .... 

A 16 32::!: 8. 0 E 5 10 ± 4. 5 
X X 

D 19 '38 ± 8. 7 H 9 18 ± 6. 0 
X X 

·= - = -· 
X Sum 35 70 ::!:11. 8 X Sum 14 28 ± 7. 5 

~-~~~. _,~--= 

Fig. 8B is. a plot of the data given .in Table VI. The upper horizontal 

line in the figure corresponds to dividing the 310 eve.nts of Regions A 

to H uniformly among these regions with proper normalization, and the 

lower line corresponds to dividing the 359 events of all regi.ons uniformly 

throughout and normalrzing. It is seen that if Regions X are excluded , 

the average lies within 5 of the 8 standard deviations, whereas a simi

lar analysis of all regions yields 5 out of the 12 within the standard 

deviations. Thi.s analysis shows therefore that the x regions are un.

reliable. 

Returning to Table VI. one· may notice that the right.left symmetry 

is excellent except in the X regions. Therefore the right and left 
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data are added and the regions are renumbered as shown in Fig. 9A. 

The .results of this step are shown in Table VII and Fig. 9B. Again the 

upper horizontal line of Fig. 9B corresponds to the average number of 

events in each region if the X regions are excluded and the lower line 

to the average if all regions are included. The fact that the average falls 

Table VII 

i ' ' 

2 3 4 5 1 6 
Region A +E B +F c + G: D +H A +E D+H 

• l X X X X 

Actual 
No. m. 33 101 127 I 79 21 28 
Region 

Narmaliz-
erl No. m fh ±11.5 101 ±10.0 127 ±11. 3 98 ±140 42. ±9.2 :£> ±10.6 
Region 

I 
I 

within only 1 out of 6 of the standard deviations if all the data are includ

ed, and within 2 out of 4 if Regions X are excluded, adds greatly to the 

above arguments for excluding the X regions, and this has been done 

throughout the remainder of the paper. 

As one further check, Table VIH compares the total number 'in the 

forward half of.the chamber (the beam-exit half) with the total number 

in the backward half. These are the actual numbers, since the regions 

are the same size. The indication from Table VIII is that events may . 
have been missed in the backward regions, but this~'Ouldha'Ye beenastat:iSti-

,~ 

cal fluctuation. Since the forward half of the chamber does have less 

background and is easier to scan, a la.ter section of this chapter com

pares the pion angle and energy distributions in the two halves to ascer

tain whether or not any difference is apparent. 
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Table VIII 

Actual Number of Events in Forward 
and Backward Halves of Chamber 

(Regions X Excluded) 

Forward 176 ± 13 

Backward 134 ± 12 

As a final check, Table IX breaks the regional distribution down by 

runs, listing the actual number of events in each region. No thorough 

analysis was made of each run because of the small numbers involved, 

but the trends on a run-to-run basis seem to be the Sam!.e as those of the 

totals. 

Table IX 

Region i 

Run No. A B c D E F G H 

0 1 1 0 1 0 1 2 2 
~ 

' 1 4 15 17 11 4 3 23 6 ! 

2 3 8 16 3 0 14 17 5 

5 5 8 5 4 9 19 6 4 

6 4 17 20 8 3 15 21 5 
I 

Totals 17 49 58 27 16 52 69 22 
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Checks on Angular and Energy Distributions 

Since the last two sect1ons have.indicated possible asymmetries be

tween events found in the forward and backward halves of the cloud 

chamber, and between events for which the pion goes up or down, t,his 

section compares pion energy and angular distributions within these 

breakdowns. 

Pion Up vs; Pion Down Distributions 

Table X compares the number of pions going up with those going 

down by angular intervals. Both the actual and corrected number (N and 

N ) of pions in each interval are listed, as are the statistical standard 
c 

deviations on the corrected number. The data are plotted in Fig. 10 

where, in order to distringuish the two sets of data, those points cor res

ponding to mesons going down are plotted one division to the left of c.enter 

and those corresponding to mesons going up are plotted one division to 

the right. Since the purpose is only to compare the two sets of data, 

solid-angle corrections are not included in this graph. 

Breaking the pion energy distributions down in an exactly similar 

manner, we get Table XI and Fig. 11. 

Since the two energy spectra are very similar and both angular dis

tributions have the same general shape, no up-down asymmetry is ap

parent. 

Distribution. For Forward vs. Backward Chamber Halves 

If we follow the above procedure but make the breakdown according 

to whether the origins lie in the forward or backward halves of the cham

ber, we get the results of Table XH and Fig. 12 for the pion angular dis

tributions and those of Table XIH and Fig. 13 for the energy spectra. A

gain we see no essential differences arid assume there are no important 

forward-backward asymmetries. 

The Questionable Events 

Two distinctly different categories of questionable events are dis

cussed in this section. Considered first are those events in which, al

though a pion definitely has be~n produced, the type of event is in ques-
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Table X 

Number' of Pions Going 

Down Up 

a N Nc N Nc 

0 - 9.4: 11 11.0..:1=-3.3 1 1.0± 1.0 

9.5 - 19.4 25 25.0..:1:.5.0 14 14.0± 3.7 

19.5 - -29.4 33 33.04=.-5.7 22 22.0±4.7 

29.5- 39.4 25 25.0.±-5.0 13 13.0-1::3.6 

39.5- 49 .. 4 ]9 19.0 +&A 18 18.0±.4.2 

-A9.5' -- 59.4 12 15.5.± 4~5_ 11 14.1 .:1:. 4.2 

59.5- 69.4 11 17.2.±5.2 8 12.3.±-4;3 

69.5-' '79.4 10 16,9.±_5.4 5 8. 6 .:t. ~3 .. 9 

79.5- 89.4 7 12.4_±_4.7 10 17 .. 8 .:j;. 5.6 

89.5- 99.4 7 12.5 _±_ 4:::7 6 10.7¥4.4 

- 99.5- 109.4. 4 6.9 _:f 3.5 5 8.7±"3 .. 9 

l 09.5 - 119.4 2 3 . .2 +_2.2 2 3.0.±... 2.2 

119·. 5 - 129.4 7 8.9 ±.3.4 5 6.7..:~:.-3.0 

129' 5 - 139.4 4 4.0.±.2.0 3 3.0..+_1.7 

139.5 - 149.4 5 5.0.±.2.2 2 2. 0.;!-. 1.4 
'· ' 

149.5 - 159.4 0 0 1 1.0±1.0 

159.5 - 169.4 1 LO ±.1.0 0 0 

169.5 - 180 1 1.0 -*- L.O 0 0 
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Table XI 

'· 

Number of Pions Going 

Down Up 

r 

T (Mev) N N N N 
1T c c 

.. ' 
c 

0 - 9.4 21· 27.0 ~ _5.9 21 30.9 ± 6.7 

9 .. 5 - 19.4 35 46.0 ± 7.8 18 24.7±5.8 

19.5 - 29.4 26 31.8 ± 6.2 20 24.6 ± 5.5 

29.5 -' 39.4 26 31.4 ± 6.2 18 23.0 ± 5.4 

39.5 - 49.4 12 13.0 ~ 3.8 16 19.1 ± 4.8 

49.5 - 59.4 22 25.6 :t 5. 5 10 10.3 ± 3.3 

59.5 - 69.4 16 16.5±4.1 12 12.0 ± 3.5 

69.5 - 79.4 7 7.0 ± 2.6 6 6.2 ± 2.5 

79.5 - 89.4 6 6.0 ± 2.4 3 3.0 ± 1. 7 

89.5 - 99.4 7 7.0 ± 2.6 0 0 

99.5 109.4 3 3.0 ± 1. 7 .. 1 1.0 ± 1.0 -
109.5 - 119-.4 2 2.0 :t 1.4 1 1.0 :t 1.0 

119.5- 129.4 1 1.3:tl.3 0 0 
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Figs. 10 and 11 Angular and energy distributions 
comparion pions going up (towards the top 
glass) with those going down. So that they 
don't overlap, the points corresponding 
to pions going up are plotted <IE division 

1P the right of center and those going down 
one division to the left of center. 
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Table XII 

Number of Pions Whose Origins Lie. in 
the Forward or Backward Halves of the 

Cloud Chamber 

. , ··- . .. 

Forward- Backward 

9 N N N N 
c c 

. ···--

0 - 9.4 3 3.0 ± 1. 7 9 9.0 :1: 3.0 

9.5 - 19.4 20 20.0 ± 4.5 19 19.0 ± 4.4 

19.5 - 29.4 26 26.0 ± 5. 1 29 29.0 :1: 5.4 

29.5 - 39.4 14 ' 14.0 :l: 3. 7 24 24.0 :1: 4.9 

39.5 - 49.4 14 14.0 :l: 3. 7 23 23.0 :1: 4.8 

49.5 - 59.4 11 ·13.6±4.1 12 16.0 ± 4,6 

59'.5 - 69.4 10 )5.4±4.9 9 14.1 :1: 4. 7 

69.5 - 79.4 4 6.8 ± 3.4 11 18.8 :1: 5. 7 

79.5 - 89.4 9 16.0±5.3 8 14.2 :1: 5.0 

89.5 - 99.4 6 10.7 ± 4.4 7 12.5±4.7 

99.5 - 109.4· 4 6.9 :1: 3.5 5 8.7:1: 3.9 

109.5 - 119.4 3 4.7 :1: 2.7 1 1.5 :1: 1.5 

119.5- 129.4 4 5.1 .::t: 2.5 8 10.5 :1: 3.7 

' 129.5 -.139.4 2 2.0 :1: 1.4 5 5.0 :1: 2.2 
' ' 1'39.5 149.4 4 4.0 :1: 2.0 3 3.0 :1: 1. 7 

'149.5 
•\ 

159 .4. 0 0 1 1.0 :1: 1.0 
I 

159.5 - 169.4 0 0 1 1.0 :1: 1.0 

169. 5 - 180 0 0 1 1.0 :1: 1.0 
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Table XIII 

Number of Pions Whose Origins Lie in 
the Forward or Backward Halves of the 

Cloud Chamber 

-- ... - ·-- .. ~· ~·--

Forward Backward 

T (Mev) N !~ N N 
1T c c 

0 - 9.4 17 21.8±5.3 25 36.1 ± 7.2 

9.5 - 19.4 34 46.2 ± 7. 9 19 24.5±5.6 

19.5 - 29.4 28 35.0 ± 6.6 18 21.4 ± 5.0 
i 
I 

29.5 - 39.4 28 33.5 ± 6.3 I 16 2'1.0 ± 5.3 
! 

39.5 - 49.4 16 17.8 ± 4.5 I 12 14.3 ± 4.1 

49.5 - 59.4 20 23.0 ± 5.1 12 12.8 ± 3.7 
' 

. 59.5 - 69.4 15 15.5 ± 4.0 13 13.0 ± 3.6 

69.5 - 79.4 5 5.2 ± 2.3 8 8.0 ± 2.8 

79.5 - 89.4 5 5.0 ± 2.2 4 4.0 ± 2.0 

89.5 - 99.4 4 4.0 ± 2.0 3 3.0 ± 1.7 

99.5 - 109.4 2 2.0 ± 1.4 2 2.1 ± 1.4 

109.5 - 119.4 1 1.0 ± 1.0 2 2.0 ± 1.4 

\19.5- 129.4 1 1.3±1.1 0 0 
,. 
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Figs. 12 and 13 Pion angular and energy dis
tributions comparing events whose origins 
lie in the forward half (or beam exit half) 
of the cloud chamber with those whose 
origins lie in the backward half. Here 
the points corresponding to the forward re
gions are plotted one division to the left 
of center whereas the backward region 
points are plotted one division to the right 
of center 
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tion. The second category consists of the two-prong stars, i.e., stars 
• 

that appear as if they should have a meson associated but do not. 

The Questionable -Type Event 

An event might be labeled a questionable type for any of several rea-

sons. The predominant reason was that one or more of the tracks was 

too short to measure curvature accurately. Short tracks were caused 

by. various things. One was lack of water vapor near the top glass, a 

difficulty that arose in a few pictures where the cycle time was .too short. 

Scattering also effectively shortened the region over which the curvature 

of a track could be measured. Tracks starting near the beam-exit sec

tion of the chamber can be seen for only a short distance. Turbulence 

also made the "questionable" label necessary in a few events, as did a 

dot in coincidence with the origin. The do.t raised the question of whetrer 

the star was really a meson produced in deuterium or in oxygen with the 

dot being the recoiling oxygen nucleus. Two events having dots at the 

origins were included in the final data. One of these, since momentum

energy balance and ionization were in good agreement, was labeled as a 

d-type event. The other was labeled a questionable p...:type, since it 

could be balanced as a p-type, but remained questionable because bal

ance does not exclude the residual oxygen nucleus from carrying off mo

mentum in this case as it does in the d event above. Also it is not un

reasonable to assume that these dots might have been coincidences, as 

there are many dots of the same general size throughout the pictures. 

These questions may arise from either of these indications: lack of 

momentum-energy balance, or balance with an energy for the incident 

neutron above the maximum beam energy (340 Mev). By ''balance" (in 

the above and following statements} is meant transverse momentum bal-
3 ance as well as forward momentum-energy balance for the d and He 

type events, and the same balance within the neutron-energy limits set 

by threshold and maximum beam erergy fr a p:.type event. '.Ba.laoce d:erefore 
3 

is not as restrictive in a p- as in ad- or He -type event. If balance was 

* not achieved in the original measurements an attempt was made to 

All events were measured twice, and those having important disa
greements between the measured values were measured a third time 
before the calculations were performed. Weighted averages of these 
measurements were used in the calculations and ar~ referred to as 
the original measurements. 
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bring about a balance within the limits of measurement errors. When • 
this was possible the event was placed in the completed stack as the type 

event it balanced out to be, or- -if it could be balanced as more than one 

type within the measured errors and more precise measurements could 
. . 

not be hoped for --it was labeled a questionable event of the type to which 

it mo_st probably belonged. 

In case balance could not be achieved within the measured values, or 

if balance indicated that the type was different from that obtained by ion

ization, an independent remeasurement was made on the event. After 

this remeasurement the calculations were corppared directly with the 

tracks to determine if possibly a small-angle scatter made the track 

appear more or less curved than it actually w~s. Also noted at this time 

was any possible turbulence. If agreement could then be obtained be

tween ionization and balance, or if the assumption of about 20 -meter 

* turbulence would make the event qualify as one type but not as another, 

the classification was considered completed. 

Those events still remaining were listed as questionable ones of the 

most probable type, and the chief purpose of this section is to justify 

lumping these events with the unquestionable ones. Before leaving the 

discussion of how the events wer.e classified, however, it should be re

marked that no sharp boundary existed between questionable and unques

tionable, and possibly a few of each could actually be interchanged. 

In Table XIV the 310 events used in the final results of this paper are 

broken down as to type of event, and as to whether they were questionable 

or not. It is seen that one out of ten events of each type was questionable. 

As He
3

's cannot be confused with the other types of event, they are la

beled questionable only because their balance was not as good as might 

be expected. This follows since a He 
3 

event consists of one very black, 

straight positive track and one light negative track- -a distinctively differ

ent appearance from the other types of event. 

By 20 meter turbulence one means that a track would have an average 
radius of curvature of 20 meters if .there were no magnetic field. 
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Table XIV 

.. 

Total 
Ratio; Question-

Question- able 
-able _to and 

Type Unques- Question- Unque·s-- Unques-
Event tionable able tionable tionable 

d 185 23 0.12 208 

p 74 6 0.08 80 

He 
3 

19 3 0.16 22 

Totals 278 32 0.12 310 

One might conclude therefore, on the basis that the ratios of question

abies to unquestionables for the three types of event are the same, that 

the events are grouped approximately correctly. 

In order to determine if any systematic errors would be introduced 

by adding the questionables to the unquestionables, Table XV compares 

the energy and angular distributions of the d type with the questionable 

d type. As used previously, N is the actual number in the interval, 

and N the corrected number. For comparison purposes the correct~d 
c 

number in the questionable column is normalized by the ratio of the to-

tal number of unquestionables to questionables of the d type. It is seen 

that only 2 out of 18 points in the angular distribution of Table XV do not 

overlap, whereas 7 out of 12 do not overlap in the energy spectra. This 

seems probably as good an agreement as can be expected from the small 

numbers involved. The questionable numbers are so small in the other 

two cases that tables similar to Table XV would be meaningless for fr.em. 

The only conclusion we can draw from the meager statistics is that add

ing the questionables to the unquestionables does not introduce any ap

parent systematic error. It might also be noted that it seemed more 

reasonable to add in the questionables than to discard them for the fol

lowing two reasons : (a) it is highly probable that most of the question-
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Table XV 

Comparison of Distributions for Questionable and Unquestionable Events in the Reaction, 

n + d -- 'IT-.,:p + d 

i 
.. 

~ ~ ~ Q.EStiaroe 

~ 

e N N N 8.0 N 
c c 

T (Mev) N N N 8.0 N 'IT . c c 
10 - .9.4 9 9.0 ± 3.0 ?. 16 ± 11 0 - 9.4 2A 34.0 ± 6.9 3 37 ± 21 

9.5 - 19.4 ?.4 24.0 ± 4.9 2 16 ± 11 
19.5 - 29.4 34 34.0 ± 5.8 2 16 ± 11 
29.5 - 39.4 27 2.2.0 ± 4. 7 2 16 ± 11 

9.5_- 19 .. 4 30 38.9±7.1 7 87 ± 33 
i 1_9. 5 - 29.4 30 37.4 ± 6.8 2 20 ± 14 

29.5 - 39.4 22 28.4 ± 6.1 4 35 ± 18 
39.5 - 49.4 23 23.0 ± 4.8 2 16 ± 11 39. 5. - 49.4 16 18.9 ± 4.7 4 33 ± 16 
49.5 - 59.4 10 13.2 ± 4.2 1 9 ± 9 49.5 59.4 23 24.6 ± 5.1 3 35 ± 20 
59.5 - 69.4 8 12.5±4.3 3 37 ± 21 
69.5 - 79.4 9 15.3 ± 5.1 1 14 ± 14. ' 

59.5 - 69.4 16 16.0 ± 4.0 - -
69.5 - 79.4 8 8.0 ± 2.8 - -

79.5 - 89.4 11 19.6 ± 5.9 3 43 ± 25 
89.5 - 99.4 9 16.0 ± 5.3 1 14 ± 14 

79.5 - 89.4 6 6.0 ± 2.4 - -' 89-.5 ·- 99.4 6 6.0 ± 2.4 : - -
99.5-109.4 6 10.4 ± 4.2 2 28 ± 2.0 99.5 -109.4 2 2.0 ± 1.4 - -

109.5 -119.4 1 1.6 ± 1.6 1 12 ± 12 ' 109.5 -119.4 2 2.0 ± 1.4 ' - -
119.5 -129.4 8 10.5±3.9 1 11 ± 11 
129.5 -139.4 4 4.0 ± 2.0 - -

' 
i 
i 

139.5 -149.4 5 5.0 ± 2.2 - -
149.5 -159.4 1 1.0 ± 1.0 - -
159.5 -169.4 l 1.0 ± 1.0 - -
169.5 -180 - - - -

' ~ 

I 
I 
I 
I 

~ 

/' 

) 

-

' 

\ 
\ 

I 

H>--I 
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ables were correctly classified as to type, (b) throwing out question

abies would have made the boundary between questionable and unquestion

able events very important, and one would have to be extremely careful 

to not introduce systematic errors by excluding events of all the same 

type. 

The Questionable Two-Prong Stars 

As mentioned in a previous discussion on scanning, there are several 

possible explanations of two-prong .stars. All those which probably could 

not have been meson stars (for any one of various reasons) have been e

liminated from this discussion. Also eliminated are those stars with 

origins in the X regions and those for which the pion, if it existed, would 

have to have a dip angle ~50° in order to balance momentum. After a 

thorough analysis, only 11 stars could not be positively eliminated as 

possible meson events, Some of thes.e are almost certainly events where 

the pion is unseen for one reason or another, and still others probably 

could not be events. Fortunately, however, these 11 stars amount to 

only 3. 8% of the total number of p- and d-type events found, and there

fore introduce a negligible error. 

Scanning Errors 

The film scanning was accomplished by two observers one of whom 

(referred to as No. 2) scanned only part of the film, whereas the other 

(No. I) scanned all the film and rescanned that part not scanned by No. 

2. The scanning by No. 2 and the rescanning by No. l is all referred 

to as res canning even though in many instances No. 2' s observations 

preceded No. 1° s in time. Table XVI lists by run Nos. the known num

ber of events in the section on film scanned by each observer, the num

ber of these events which that observer missed, and the scanning effi

ciency calculated thereby. It als.o illustrates the totals of e.ach of these 

quantities for all runs. 
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Table XVI 

Scanning Effic::iencies 

- T l ' 
~ 

Observer 
Number Run No. 0 1 2 5 6 Tdal 

;_ - - ~->.--.... 
- ~-~ __ ,_ "·-- -· 

Number Scanned 8 83 66 60 93 316 
1 Number Missed 0 5 8 4 11 28 

Efficiel_'lc y o/o 100 94 88 93 88 91 

* 
Number Scanned 8 83 47 2 72 I 212 

2 Number Missed 3 14 6 0 10 33 
Efficiency % 62 83 87 100 86 84 

* 
l Number Scanned 0 0 19 58 19· ··. 96 

~-: 
1 1 Number Missed 0 0 1 3 4 r 8; I, Efficiency o/o. 9,5 95 79· I 9.2· 

. 
-· -· [i 

' ~: - ·-· -

As the run-by-run efficiency of,.each observer: does not dif£en appreci

ably from their total efficiency·, and as the efficiencies of. both observers 

are ta~:pt>'ll'0;xi•ma•tiel!y e·(;};U•ivalent, these results have been combined! to yield 

Ta'blle X-VB). If t:h;$: :p,rGbabiHty· of missing an event i1s, scanning is purely 

sta·Hst1i:cal, the probability that it will be missed in 'two independent scan

ni'ngs i's the product of the two individual probabilities. Therefore the 

scanning and rescanning inefficiencies are also listed in Table XVll, as 

are the total inefficiency. 
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Table XVII 

Combined Scanning and Rescanning Efficiencies 

Efficiency Inefficiency 

Scanning 91 o/o 9% 
) 

Rescannirg 87o/o 13o/o 
-- - -

Combined 98. 8o/o 1.2o/o 
Results 

This result indicates that probably only one meson in a hundred was 

missed. This is of course a negligible number, but it is still necessary 

to ascertain whether the events missed were missed for statistical rea

sons(as was assumed for the above calculati~n) or whether the harder 

ones to find were missed most frequently. As a check on this the angular 

and energy distributions of those pions missed (N ) by one of the observ-
m 

ers are compared with those not missed (N - Nm) at all in Table XVIII, 

where, for comparison, the total number missed is normaliz.ed to the 

total number not missed. Since the standard deviations for all but 4 of 

the 13 evergy distribution . points and 1 out of 18 angular distribution 

points overlap, it is concluded that mesons of particular angles or en

ergies were not missed. 

The only other possibility to be considered is whether events of a 

particular type were missed more frequently than another type. As a 

test of this the upper half of Table XIX: lists the total number (N) of e~nts 

of each type found, with questionables and unquestionables separated; 

the total number (N ) of each type missed by one observer or other; and 
m 

their difference, the number not missed at all. The ratio of the total 

number of questionables to unquestionables is essentially the same in 

both cases ( 14o/o for those missed and 11 o/o for those not missed); and 

they have therefore been combined in the bottom half of that table. Also, 

for comparison purposes, a column has been added that normalizes the 

total number missed to the total number not missed, and the statistical 

probable errors are given on both of these. 



Table XVIII 

'.~· ' 

<!.:omparison of Pion Distributions .for Missed vs. Unmissed Events 
-

Angular Distribution fnergy Spectrum 
-- --- - - - -

e N N N-N 3.63 N 
m m m 

T -(Mev) N N N-N 3.63 N 
1T m m m 

-

0 - 9.4 12 4 8 ± 2.8 14.5 ± 7.2 0 -'- 9.4 42 2 40 ± 6. 3 7.3 ± 5.2 
9.5 - 19.4 39 9 30 ± 5.5 32.7 ± 10.9 9.5 - 19.4 53 9 44 ± 6. 7 32.7 ± 10.9 

19.5 - 29.4 55 14 41 ± 6.4 50.8 ± 13.6 19.5 - 29.4 46 4 42 ± 6.5 14.5 ± 7.2 
29.5 - 39.4 38 9 29 ± 5.4 32.7 ± 10.9 - 29.5 - 39.4 44 10 34 ± 5.&" 36.3 ± 11.5 
39.5 - 49.4 37 10 27 ± 5.2 36.3 ± 11.5 39.5 - 49.4 28 5 23 ± 4.8 18.2 ± 8.1 
49.5 - 59.4 23 5 18 ± 4.2 18.2 ± 8.1 49.5 - 59.4 32 11 21 ± 4.6 40.0 ± 12.1 

. 59.5 - 69.4 19 4 15 ± 3.9 14.5 ± 7.2 59. 5. - 69.4 28 11 17 ± 4.1 40.0 ± 12~ 1 
69.5 - 79.4 15 1 ) 14 ± 3.]_ 3.6 ± 3.6-
79.5 - 89.4 17 2 15 ± 3.9 7.3 ± 5.2 

69.5 -- 79.4 13 4 9 ± 3.0- 14.5 ± 7.2 
79.5 - 89.4- 9 4 5 ± 2. 2 .'. 14. 5 ± 7,2 

89.5 - 99.4 13 2 11 ± 3. 3 7.3 ± 5.2 89.5 - '99.4 ·7 . 3 4 ± 2.0 10.9 ± 6:3 
99.5 - 109.4 9 1 8 ± 2.8 3.6 ± 3.6 99.5 - L09..4 4 2 2±1.'4 7.3 ± 5.2 

109.5- 119.4 4 1 3 ± l. 7 3.6 ± 3.6 109.5 - 1 f9A 3 l 2 ± 1.4 3.6 ± 3.6 
119._5- 129.4 12 2 10 ± 3.2 7:3±5:2 
129.5 - 139.4 7 2 5 ± 2.2 7.3 ± 5.2 

119~5 - 'i29.4 1 1 0 3.6 ± 3.6 

139.5- 149.4 7 1 6 ± 2.5 3.6 ± 3.6 
149.5 - 159.4- 1 0 1 ± 1 0 
159.5 - 169.4 1 0 1 ± 1 0 
169.5 - 180 1 0 1 ± 1 0 

r. 

I 

*'" Ul 
I 

\ 

' 
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Table XIX 

Comparison of Event Types for 
Those Missed and· Those Not Missed 

I TYfE 
N * N-N 3. 63 N 

i EM:rl N m m m 

d 185 37 148 
Unquestionables p 74 ll 63 

. 3 
He 19 ll 8 

Total 278 59 219 

d 23 3 20 
Questionables p 6 2 4 

He
3 

3 3 0 

Tdal 32 8 24 

-

Questionables &.. d 208 40 168 ± 13 145 ± 2 3 
Unquestionables p 80 13 67 ± 8 47 ± 13 

Combined He
3 

22 14 8 ± 3 51 ± 14 

The total numbers missed in this table do not equal 
the total numbers missed in Tables XVI and XX, be
cause two events (one of these a He 3) were missed 
in both scanning and res canning, and were found in 
independent checks that were not systematic and 
cound not be given efficiencies. The 2 missed out 
of 310 is not in disagreement with the l o/o calculated 
above, however. 

' 

F:rom Table XIX it is apparent that the He 3 events are more like

ly to be missed in scanning, than the others, and that the l in 100 miss

ed as calculated above can only be applied to the deuteron- and proton

type events. 

In order to obtain a total scanning efficiency for the He
3
's, Table 

XX combines the pertinent information of Tables XVI and XVII for the 

He 
3 

events alone. The results indicate that approximately ll o/o of the 

He 3 -type events could have been missed, implying that the ratio of He
3
's 

to the total number as given in the results could have a systematic error 
. '· . 

of ll %, but this error is complete! y dwarfed by the statistical error on 

the 22 events and is therefore of no great importance. 

/ 
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Table XX 

Combined Scanning and Rescanning 

. Eff,iciencies for He 3 Events 
---·--=-~--------

~~ Nm Efficiency 

---

Inefficiency 
_ ............... , .. _____ ,., ....... .......,.,.. 

Scanning 1 8 . 64% 36% 

Res canning j 22 I 7 68 32% 
- ....... ---

Combined ·---~,-----~~------- -89% 11% -
Results 

I 

* 

-·-

The dne event missed in common, see foot-note 
to Table XIX, out of 22 possible is not in disagree
ment with this, but it was found in a non-systematic 
check aq.d cannot be given an efficiency. 

_Errors in Measurement of Pion Energy 

The sources of error in pion-energy measurements are the same as 

those leading to lack of momentum balance in the section entitled The 

Questionable-Type Event. They are shorttracks and turbulence. The 

lengths of the pion tracks were such, on the average, as to give an un

c.ertainty in the pion momentum of about ±So/o. The assumption of 1 meter 

turbulence, which was the worst value in this cloud as determined by De 
10 

Pangher--- for steep tracks, would yield only a± 2% error in the momen-

tum of a pion of mean energy. The momentum-balance results of this 

experiment indicate that tracks near the horizontal in general ane not 

subject to more than 20 meters turbulence; therefore momentum errors 

greater than ±2% due to turbulence are exceptions and total pion momen

tum errors are of the order of ±5%. This means that the pion-energy 

errors are only of the order of 10% on the averag_e. 

Errors in Measurement of Neutron Energy 

In order to estimate the errors involved in neutron-energy measure

ments, Table-XXI lists the number of d and He
3 

events in each ener

gy interval that have estimated errors of ±3%, ±6%, and ±10% .. Because 

these were obtained from the degree of balance or unbalan~, similar 

estimates could not be made on the p events. The errors in the neutron 

-•' 



... 

-48-

energies for the p-type events are certainly of the same order as for 

the d events, however. The total numbers with ±3o/o, ±6o/o and ± 10o/o in 

the d-type event can be fitted to a gaussian of 8. 3o/o standard deviation . 

Total Cross Section 

As a final check to ascertain if the number of events found was con

sistent with the number of neutrons going through the chamber and the 

total cross section for pion production, this cross section was calcu

lated for the data of Run 2 by the two methods given by Ford. 
12 

The 

first of these methods used an ionization chamber, which was calibrat

ed by comparison with the neutron-proton scattering results of 

DePangher. 
10 

The second method involved counting the total number 

of oxygen stars and deriving the cross section from the inelastic cross 

section for neutrons on oxygen and the relative numbers of oxygen and 

deuterium nuclei in the cloud chamber. The first method led to a cross 

section of about 0. 3 millibarn, and the second to 0. 1 millibarn. It 

should be noted that these numbers are subject to large systematic er-' 

rors and are included only to show that they are of the right order of 

magnitude as predicted by charge independence. 



~ T (MeV) 
n 

' 
12.0 

230 

240 

ij . 250 , 
II 260 
-~ 

270 

280 

j 290 

300 I 

- 310 

320 
l 

330 

340 

-~ .:-.... ·~-. .. 

Tdals. 

7 
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Table XXI 

Neutron-:-Energy Errors 

Number With Energy 
Error Approx. Equal To 

±3% ,I ±6% ±10% 

-

- - -
I - - -

- - - -~ 
1 - -

l 

' - - ~ 
2 

I 4 6 2 

9 6 -
~ I 8 

1 
10 2 l' ! 

7 ' 25 13 
1 

24 13 - I i 

22 

Ll 
5 

9 2 

4 -~ 9 
l 

. "·'·'-·~····~-- ,_,, . ._ .. -~,~ --~ ... ,~-.. ~-:. · .. -· 

106 73 29 
! 

~~;'f._ 

d - 3 n + .,... 11' + He 

Number With Energy I 
Error Approx. Equal To (· 

±3% ::~:6% l:T0%~~''1 

1 
:, 

1 

1 

2 

1 2 

1 1 

2 2 

3 1 

1 

l 1 

~~~:::f=:::;;:l:;;;::~·~-&-- , W ZJ t'-:3· . 7~1-·~ 
J ~ . -~ 
,:,._____ --=-oil.---·~=.J 

.. 
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RESULTS AND CONCLUSIONS 

Ideally the results of this experiment should be presented in the form 

of pion angular and energy distributions in the center -of-mass system 

* for the two colliding neutrons. Because this center -of -mass system is 

. not known it was deemed best to present the laboratory-a ystem distri

butions as derived from known deuteron wave functions and various as

sumed center- ci-mass-system distributions. At the present time a cal

culation of this type is being carried out under the impulse approximation, 

. th f 11 . . 15 
us1ng .. e o ow1ng assumphons: 

(a) Only the neutron-neutron interaction gives the pion and 

the deuteron, i.e. the final deuteron is formed from the 

initial colliding neutrons. 

(b) The ex'Citation function given by Schultz 
16 

for proton

proton 1T + production is valid for neutron-neutron .'IT

production. 

(c) The only function of the initial proton is to provide a mo-

mentum distriblttio~ for the neut:d:m:'in the deu.teron. 

(d) The deuteron momentum wave function is gaussian. 

( . b h 10 e) The neutron spectrum is that g1ven y DePang er 

(f) The center -of -mas.s-s ystem angular distribution either 

is symmetric of equals G/3 + cos 2~ . Both cases are 

being carried out for comparison purposes. 

One fault with this theory is immediately obvious.· This concerns 

the protons in the deuteron-type reactions. They should be directed 

* At 400 Mev the reaction p + p __. 1T + 4 d is favor~d over the reaction 
n + p .- 1T- + 2p by a factor of 7. 6. 1 Therefore the proton in the d 
could produce only about 10o/o of the events and this would not be de
tectable within the statistics of this experiment. 
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* essentially forward with energies corresponding to the momenta they 
' 

would have in the deuteron, and it is n·oted that their angular distribution 

does agree substantially with this, but the high-energy protons cann.ot be 

accounted for by the model given. Because these proton distributions do 

provide a test for any theory on ~he deuteron-type reaction, they have 

been included in the results, Table XXIV. 

The pion laboratory-system differential cross sections for the three 

reactions. are presented in Table XXII and plotted in Figs. 14, 15, and 

16. Similarly Table XXIII and Figs. 17, 18, and 19 give the pion labo

ratory-system energy spectra. The distributions for the protons in deu

teron -type events are tabulated in Table XXIV. The relative frequencies 

of the three types of events are represented in Table XXV. In all cases 

N equals the actual number of events observed and N the corrected 
c 

number of a~ 50° being discarded. The scales are all arbitrary, as no 

absolute cross sections were measured and the errors shown are the 

statistical standard deviations. The energies of the neutrons producing 

the events are shown in Table XXVI and Fig. 20. For comparison pur

poses the total corrected numbers of p-type and He-type events have been 

normalized to the total corrected number of d-type events. The errors 

are large ~about ±8%} but the general trends are still indicative. In partic-
3 ular it might be noted that low-energy neutrons favor the He -type e-

vents as might be expected. 
+ Because any theory comparing the results of this paper with the Tl' 

0 1 5-7 . 
and 1f . data ' requ1res an accurate energy spectrum, that given by 

10 
DePangher is included in Fig. 21. 

No conclusions can be drawn from these results until the theoretical 

calculations are completed. At such a time a joint paper will be presented. 

If the neutron in the deuteron were directed exaCtly toward the. incident 
neutron the cross section would be higher because of the steep excita-~ 
tion function, but the solid angle would be slightly iarger for a neu
tron directed toward but at an angle to the i.ncident neutron. There
fore the protons would be expected to be directed forward at small 
angles (0° to 30°) to the beam. '" 
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Table XXII 

Pion Angular Distributions 

-

Type of Peuteron Proton 
Event 1f+d-1T +p+d n+d-1r - + 2p + n 

-.- ..... 
! 

I ... 
i 9 i 

n..,.. N N N jn N N N jn 
i c c c c 

-

i 
0 - 9.4 1.37 11 11.0 8. 0 ± 2 .. 4 1 1.0 0.7±0.7 

9.5 - 19.4 4.37 26 26.0 6.0 ± 1.2 12'~ 12._0 2.8 ± 0.8 
19.5 - 29.4 7.22 36 36.0 5.0 ±0.8 13 13.0 1.8 ± 0.5 
29.5 - 39.4 9.88 24 24.0 2.4 ± 0.5 9 9.0 0.9 ± 0.3 

; 39.5 - 49.4 12.22 25 25.0 ' 2.0 ± 0.4 8 8.0 0.7 ± 0.2 

' 
49.5 - 59.4 ' 14.19 11 14.'4 1.0 ± 0.3 9 11.6 0.8 ± 0.3 
59.5 - 69.4 ' 15.73 11 17.1 1.1 ± 0.,3 6 9.3 0.6±0.3 
69.5 - 79.4 ' 16.80 10 17.0 1.0 ± 0.3 5 8.5 0.5 ± 0.2 
79.5 - 89.4 17.35 14 24.9 1.4:;t:,P.4 3 5~3 0.3 ± 0.2 
89.5 - 99.4 17.37 10 17.8 l.O±Q.3 3 5.4 0.3 ± 0.2 

99.5 - 109.4 . 16.88 8 13.9 0.8 ± o.J· 1 1.7 0.1±0.1 
109.5- 119.4 : 15.86 2 3.2 0.2 ± 0.1 2 3.0 0.2 ± 0.1 
119.5- 129.4 ' 14.37 9 11.8 0.8± 0.3 2 2.4 0.2 ± 0.1 
129.5 - 13_9.4 ' 12.43 4 4.0 0.,3 ± 0.2 3 3.0 0.2 ± 0.1 
139.5 - 149.4 ; 10.12 5 5.0 0.5 ± 0.2 2 2.0 0.2 ± 0.1 

149.5 - 159.4 7.51 1 1.0 0.1±0.1 - - -
159.5- 169.4 4.66 1 1.0 0,2 ± 0.2 - - -
169.5 - 180 1.67 ... - 1 1.0 0.6 ± 0.6 

' 
~~ 

2.1TQ::: 100 X the total solid angle in the f) interval. 

-

-

N 

-
1 
6 
5 
4 

3 
2 
-
-
-
-
-
1 
-
-

-
-
-

j • 

H 3 ~ 
e_ 3 

ll + d- 1T +He 
---- --- ····- . --~--- --- _____________ h_____ ·-- -

N N jn 
c c ,, 

- -
1.0 0.2 ± 0.2 
6.0 0.8 ± 0.3 
5.0 0.5±0.2 
4.0 0.3 ± 0.2 

3.5 0.2 ± 0.1 
3.0 0.2. ± 0.1 
- -
- -
- -
- -
- -
1.4 0.1±0.1 
- -
- -
- -
- -
- -

I 
I 

I 
\.Jl 
(',.) 

I 
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PION ANGULAR DISTRIBUTIONS 
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Figs. 

PION ANGLE IN LABORATORY SYSTEM 

14, 15 and 16 Pion laboratory-system 
angular distributions for the three reactions 
n + d ~ TT- + p + d, n + d .- TT- + 2p + n, 
n + d -+ TT- + He 3. 
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Type of 
Event: 

T (Mev) 
1T ' 

0 - 9.4 
9'.5 - 19.4 

19.5 '":' 29.4 

29.5 - 39.4 

39.5 - 49.4 

49.5 - 59.4 

59:5 - 69.4 

69.5 - -79..4 

'79.5 - 89.4 

89'.5 - 99.4 

99.5 - 109.4 

109.5 - 119.4 

119.5- 129.4 --

' 
; 

Table XXIII 

Pion Energy Spectra 

-

Deuteron Proton 
n+d-1T - +p+d n + d - 1r- + 2p + n 

,_ -

N N N N c c 

- - -~ -. - ---- -- -· - -- -

27 38.5 ± 7.4 15 19.5 ± 5.0 

37 49.8 ± 8.2 15 19.9±5.1 

32 39.9 ± 7.1 14 - 16.4 ± 4.4 

26 32.9 ± 6.5 16 19.1 ± 4.8 
~ 

'20 23.0±5.1 7 8.1±3.1 

26 28.9±5.7 3 3~-4 ± 2.0 

16 16.0 ± 4.0 6 6.0±2.5-

8 8.0 ± 2.8 2 l 2.0 ± 1.4 

6 6.0 ± 2.5 1 1.0 ± 1.0 

6 6.0 ±' 2.5 1 1.0 ± 1.0 

2 2.0 ± 1.4 - -
2. 2.0 ± 1.4 - -
- - - -

i • 

-3 
He_ 3 

1n + d- 1T +He 

N N 
c 

- -
1 1 ± '1 

- -
2 2..4 '± 1. 7 

1 1 ± 1 

3 3.5 ± 2.0 

6 6.5±2.7 

3 3.2 ± 1.8 

2 2. ± 1.4 

- -
2 2.1±1.5 

1 1 ± 1-

1 1.3 ± 1.3 . 

-·-' 

I 

I 
\Jo 
.+:>. 
I 
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PION ENERGY SPECTRA 

n+d--71+p+d n+d-+7r-+ He3 

1.0 

0.5 

o~~~~------....1-~-L~~ 

3 n + d-+71+ 2p+ n 

0o .20 40 60 

Figs. 17, 18, and 19 Pion laboratory-system 
energy spectra for the three reactions 
n + d - TT- + p + d, n + d - TT- + 2p + n, 
n + d - TT- + He 3. 

• 



,. Jl 

Table XXIV 

Distributions for the Protons in n + d -" 1T- + p + d 

Angular Dis tr_ibution_ Energy Spectrum 

e n N 

.0 - 9.4 l. 37 17 
9.5 - 19.4 4.37 32 

19.5 - 29.4 7.22 27 
29.5 - 39.4 9.88 33 
39.5 - 49.4 12.2:?. 30 
49.5 - 59.4 14.19 18 
59.5 - 69.4 15.73 14 
69.5 - 79.4 16.80 6 
79. s - 89.4 17.35 7 
89.5 - 99.4 17.37 4 
99.5 - 109.4 16.88 3 

109.5- 119.4 15.86 2 
119.5- 129.4 14.37 1 
129.5- 139.4 12.43 0 
139.5- 149.4 i0.12 0 
149.5- 159.4 7. 51 0 
159.5 - 169.4 4.66 0 
;169. 5 - 180 1.67 0 

I 

"' 
Indeterminate 

.... 
14 

--- -- - --- --~ --
~ -

N 
c 

18.5 
34.5 
36.6 
42.1 
35.5 
22.9 
18.1 

6.8 
7.6 
4.8 
3.0 
2.8 
l.O 

0 
0 
0 
0 
0 

I 

16.0 

N ;n 
c 

13.5±3.3 
7.9 ± 1.4 
5.1±1.0 
4.3 ± 0.8 
2.9 ± 0.5 
1.6±0.4 
l.l ± 0.3 
0.5 ± 0.2 
0.4 ± 0.2 
0.3 ± 0.2 
0.2±0.11 
0.2 ± 0.1 . 

:o .1 ± 0.1 
0 
0 
0 
0 
0 

'" 

T (Me;v) 
1T . 

. 0- 0.4 
0.5- 1.4 
1. 5- 2.4 
2.5- 3.4 
3.5.- 4.4 
4.5- 9.4 
9.5- 19.4 

19.5- 29.4 
29.5- 39.4 
39.5- 49.4 
49.5- 59.4 
59.5- 69.4 
69.5- 79.4 
79.5- 89.4 
89.5- 99.4 
99.5-\.109.4 

jl09.5- 119.4 
119.5- 129.4 
129.5- 139.4 
139.5- 149.4 
149.~5- 159_.4 

.... The track is too short for its direction to be determined. 

N 

18 
15 
16 
10 
13 
27 
18 
19 
10 
12 

8 
5 
6 
5 
7 
6 
6 
1 
2 
2 
2 

N 
c 

21.2 
17.8 
19.8 
ll.O 
15.2 
34.0 
23:2 
23.8 
11.7 
1.4.5 
l 0.1 
5.4 
8.1 
5.4 
8.4 
8.2 
6.9 
1.0 
2.2 
2.7 
2.3 

Q 

i 
l,)'l· 

O"" 
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Table XXV 

Relative Frequencies of the Three Reactions 

Reaction 'Number of Events Ratio of Each to the 
of Each TY?e Total Number of Events 

n +d.~ 1f -+p+d 2.08 67o/o 

n+d-11' - + Z.p + n 80 2.6% 

. n + d ~ w· He 3 2.2. 7o/o 

Total, AU Reactions 310 
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Table XXVI 

Neutron Energy Spectra 

• 
n+d:_1T -+p+d n + d - 1T- + 2p + n n + d- 1T- +He 3 ! 

I 

T (Mev) N N N 2.63 N N 10.5 N 
n c c c I 

2.20 - - - - 1 10 ± 10 

230 - - - - - -

240 1 10 ± 10 ' - - - -

250 1 l.O .. ± l.O 
I 

1 10 ± 10 [ - -I I 

i 
260 2 2.8 ± 2.0 : 2 7 ± 5 2 21 ± 15 

I 
I 

270 12 12.7±3.7 - - 3 32 ± 18 
I 

280 15 17.7 ± 4.6 2 6 ± 4 2 21 :I: 15 

290 20 24.3 ± 5.4 4 13 ± 6 4 49 ± 24 

300 45 55.1 ± 8.2 ll 30 ± 9 4 52± 26 
! 

I 

310 37 47.2 ± 7.8 15 45 ± 12 - -

320 40 47.5 ± 7.5 22 76 ± 16 1 10 ± 10 

330 18 23.0 ± 5.4 11 31 :± 11 2 22 ± 16 

340 18 21.8±5.1 13 39 ± 11 1 13 ± 13 

• 
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NEUTRON ENERGY SPECTRA 

0~~--r-+t_,~r-~~--;-~~~~~~~~~+~~~ 
240 260. 280 300 320 340 260 280 300 320 340 220 240 260 280 300 320 340 

NEUTRON ENERGY IN MEV 

Fi.g. 2.0 Energy distributions of the neutrons that 
produce the events. The arrow at 300 Mev 
indicates the peak of the beam as obtained 
by De Pangher. 
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PERCENTAGE OF 
NEUTRONS IN 
20-MEV INTERVAL 

Fig. 21 Neutron energy spectrum as obt~ined by 
De Pangher 
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APPENDICES 

I. . Range -Energy and Momentum ... Energy Relations 

In carrying out the calculations of this experiment the function scales 

shown in Figs. 22, 23, and 24 were found very useful. The magnetic 

rigidity of a particle was used directly as its momentum, and Figs. 22 

and 23 enable one to get the energies of pions and protons respectively 

from these momentum units. As mentioned in the text, if both scales of 

Fig. 23 are multiplied by 2, deuteron energies are then given in terms 

of their magnetic rigidities. Figure 24 is the proton range -energy re

lation as derived from the curve of Aron et al. 
17 

Figures 23 and 24 
10 

were prepared by DePangher . 
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Bf= ~4 
[ T (T + 282U ~ FOR PIONS 

MUlTIPLY NUMBER ON TOP SCALE BY 105 TO GET Bf! IN GAUSS-CM. 
BOTTOM SCALE THEN GIVES THE CORRESPONDING PION ENERGY (T) IN 
MEV (ASSUMING PION REST ENERGY = 141 MEV.) . 

o l . 2 f 1 l f T 
1'"""'"1111•11•1"'''"" l•llllo!UI!dol'"'"ll"ulld"" I"" ( ~ ·I I I I I 

0 0~ I 

T 1.0 u 1.2 1.3 ,,4 
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2 3 4 5 6 
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ilfjlll Ill 'I ill "I I jfll II 'I 

110 120 130 140 150 160 170 ISC 
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Fig. 22. Function scale glVmg Bp vs kinetic 
energy for protons. 
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I 

Bp = 1~4 ~Ept-1876)]2 FOR PROTONS 

MULTIPLY NUMBER ON TOP SIDE OF SCALE BY 105 TO GET 
Bp IN GAUSS -CM. BOTTOM NUMBER GIVES T IN MEV. 

1.4 15 1.6 11 1a 1.s 2.0 21 2.2 ~3 24 ~-5 2.6 2.1 28 ?9 
I I I I I I! I I I II I I I I! I I I I!! I I lq I I I I I I d I I I !I 'I' I I I I ( II I I I I I I 1! I I I I I I I I (I' I q 

1 r _ 1 1 1 1 1 1 1 1 1 1 1 1 r 1 1 1 1 1 1 1 1 1 
I 2 3 4 

2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 ~8 3.9 4.0 4(1 
I I I I I I I I' I' I I I I I I I I !I I I I I ,, I I 'I I I I I II I I' I I I I Ill I' I Ill I' I! I I I I I I II I I' II I' I I I j f I j I I I 1 I I jl I I j I I I I I j I I I j I I I I II I j 
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Fig. 2.3 Function scale giving Bp vs kinetic 
energy for pions. 
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PROTON RANGES IN H2 AT 104 PSIG. (CM.) 
0 I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 · 22 23 24 25 
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Fig. 1.4 Function scale g1v1ng proton ranges 1n 
the 10 -atmosphere cloud chamber vs. proton 
energies. 

MU-8696 



3"'· 

l. 

2. 

3. 

4. 

5. 

6. 

BIBLOIOGRAPHY 

Roger H. Hildebrand, Phys. Rev. _§_2, 1090 (1953). 

Wilson J. Frank, Kenneth C. Bandtell, Richard Madey, and Burton 
J. Moyer, Phys. Rev. 94, 1716 (1954). 

Robert A Schluter, Phys. Rev . ..9..2., 639 (1954). 

'A. H. Rosenfeld, Phys. Rev. 96, 139 (19 54) 

W. F. Cartwright, C. Richman, M. N. Whitehead, and H. A. Wilcox, 
Phys. Rev . ..2...L 677 ( 1953) 

Frank Stevens Crawford, Jr. , "Reaction p + p ._. 1T + + d'', University 
of California Radiation Laboratory Report No. UCRL- 2187, April, 
1953. 

7. M. Lynn Stevenson, "The Angular Distribution of the Reaction 
p + p _,. d lT- at 338 Mev", University of California Radiation Labo
ratory Report No. UCRL-2188, April, 1953. 

8. A.M. L. Messiah, Phys. Rev. _86. 430 (1952). 

9. M. Ruderman, Phys. Rev.~ 383 (1952). 

10. John DePangher, Jr , Phys. Rev. 95,_ 578 (1954). Also 11 A High
Pressure Cloud Chamber Investigation of Protons Scattered by 
300-Mev Neutrons", University of California Radiation Laboratory 
Report No. UCRL-2153, March, 1953. 

ll. Peter E. Tannenwald, "Disintegration of Helium by 90 -Mev Neu
trons", University of California Radiation Laboratory Report No! 

UCRL-1767, April, 1952. 

12. Franklin C. Ford, "The Production of Charged Pi Mesons by Neu
trons on Oxygen',' University of California Radiation Laboratory 
Report No. UCRL-2148, March, 1953. 

13. Chung Ying Chih, ''A Cloud-Chamber Study of the Scattering Cross 
Section of Protons by 90-Mev Neutrons at Extreme Angles", 
University of California Radiation Laboratory Report No. UCRL-
2575, May, 1954. 

14. S.C. WrightandR.A. Schluter, Phys. ~ev. 95, 639(1954). 

15. Burns MacDonald, private communication. 

16. Alvin George Schulz, Jr. , "The Excitation Function for 1T +- Mesons 
Produced in Proton-Proton Cnllisions at 0° to the Beam'~·, Univer
sity of California Radiation Laboratory_ Report No .. UCRL-d 756, 
May 22, 1952. 



17. W.A. Aron, B. G. Hoffman, ·and F.C .. Williams, "Range-Energy 
Curvesii, University of California Radiation Laboratory Report 
No. UCRL -121, 1949. 




