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THE PRODUCTION OF CHARGED PI MESONS BY NEUTRONS
ON OXYGEN '

' Fi‘anklin C. Ford

 ABSTRACT
-Chérged _mesovns were produced in oxygen gas in a cloud
chamber bombarded by high-energy neutrons from a LiD target placed
in the 340 Mev proton beam of the 184-inch cyclotron. The postulated
reactions producing the negative pions are:
n+h—sn+p+m
ord + @
n+p—»p+p +a
and the reaction for the positive pions:is:

n'+pe—>n+n+1r+

 The particles of the disintegration were identified by curvature and rel-

ative ionization and by characteristic track endings. As many as seven
tracks were associated with a single star. Measurements of the energy
and momentum of the disintegration frag.rhents gave a minimum energy
for the neutrons producing mesons. A weighting factor was computed
for each meson which corrected for tracks too slanted to be measured.
The angular distribution of the pions was obtained for the laboratory
frame and for a special center of mas,s-frame. The fast particles as-
sociated with each meson:event were identified and tabulated for energy
and angle. An absolute cross section of 4.4 millibarns for meson pro-
duction by the neutron beam was established by normalizing with respect
to ordinary star production for neutron energies above 280 Mev, and

by normalizing with respect to the n-p cross section using a beam mon-

itor to relate the data of two cloud chamber experiments.
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THE PRODUCTION OF CHARGED PI MESONS BY NEUTRONS
-~ ON OXYGEN
Franklin C Ford

INTRODUC TION

Exper1ments 1nvolv1ng the product1on of pi. mesons may be

expected to 1nd1cate wh1ch features of present meson theor1es are qual-

11tat1ve1y correct and to furn1sh quantltatlve checks with wh1ch any future

o meson theory must agree P1 mesons are 1mportant because they are

1nt1mate1y assocxated with the fundamental problem of nuclear physics--

" the problem of nuclear forces - The cloud chamber is particularly adapted

to the study of meson productlon 1nvolv1ng neutrons on nuclei as it pres-
ents the ultimate in "thin" targets resulting in the best possible view

of the assoc1ated part1cles in the react1on The energetics of the col-

111s1ons st111 remaln somewhat of a mystery, but the general participation
‘ :of the nucleus can be observed to a hlgher degree than by other experi-

,A :mental means It is always hoped that the experimental results will

) Acontam str1k1ng features from Wthh the meson-nucleon 1nteract10n may

“be deduced directly.

The charged part1cles eJected from nuc1e1 bombarded by

3.
2’ ina number of experiments

"and the results 1nd1cate that the coll1s1on process for h1gh energies is

‘predommantly the 1nteract1on of the bombardmg particle with an indi-

Vldual nucleon rather than w1th the nucleus as a whole. The theory as
outlmed by Goldberger4 predlcts the productmn of fast particles in the
forward direction and low energy particles em1tted more or less isotrop-
ically, and when suff1c1ently high energies are reached the product1on

of pions becomes possible.

Gardner and Lattes were the first to observe the production
of mesons in the laboratory using high energy alpha-particles to bombard
targets. When neutrons are used as the bombarding particle, the prob-
lem of generating a beam with a reasonably narrow high-energy peak:
arises. A suitable neutron beam was obtained by bombarding a LiD

target5 with 340 Mev protons. With any other target the background
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in a cloud chamber due to the low energy events is too great for a rea-
sonable. meson production rate. Mesons produced by neutrons bombard-
ing-argon gas in a cloud chamber were first observed by Haftseugh,
Hayward, and Powell.6 However at that time the coppef target used
in the cyclotron produced so many lower energy neutrons that the high
background of other events in the chamber made a detailed study-of the
pion production impractical. One "t‘echnique used to avoid background
" in another experiment, using neutrons on caf‘bc}n,? employed a time
of flight measurement for the piops§ but only a limited part of the pion
spectrum can be studied with such methods at present. The usual tech-
nique in charged meson studies makes use of nuclear emulsions embedded
in absorbers and magnetic separatmn to sort out the mesons formed at
desued angles. ’ ' '

 The splitting up of a nucleus is referred to as a star when
two or more cha.fged particles 'a.fe visible in a cloud chamber or nuclear
emulsion. Neutron-induced stars are particularly suited for study with
'a cloud chamber. A star experiment using 90 Mev neutrons was carried

9

out by Tracy and Powell, ’ and the techniques developed by them for

analyzing the fragm’eﬁts of the stars were extended by Peter Ta.nnenwa,ld]‘0
for study of neutron-induced events in helium. This same basi¢ technique
of track identification has been applied in the present study. The low
cross section for the production of pions in hydrogen, helium, and mon-
atomic carbon (such as methane) made it necessary to use a high- pressure
cloud chamber for studies involving meson productlon by neutrons on
these nuclei. Oxygen gas gives sufficient production to permit its use

at atmospheric pressure. An experiment usmg deuter1um in a ten at-.

mosphere cloud cha.mber11 is now in progress.

x
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EXPERIMENTAL PROCEDURE

jApparatué . e L. S Core s il

The neutrons produced by bombardmg a one- 1nch thick LiD
target with 340 Mev protons were collimated outside the concrete shield-
ing of the 184- inch Berkeley cyclotron by :means . of a rectangular copper

collimator three feet long passmg a beam three 1nches wide and one

'1nch h1gh (see Figs. 1 2, and 3) The neutrons entered the 22-inch
" Wilson cloud chamber13 through a three mill copper foil w1ndow 5x1

" 1nch and passed out through a s1m1lar w1ndow to reduce back-scatter-

1ng from the ex1t ‘wall of the chamber " The bottom of the chamber con-

"'s1sted of a half inch th1ck homahte dlsk which moved vert1cally and was

5 controlled by a pantograph Wthh kept it hor1zontal durmg the expansmns

*’ Gelatin contammg a black dye covered the d1sk to a depth of

1/16 1nch to prov1de a black background for photographmg the tracks

General Electric FT422 flash tubes were used on either side of the cham-
ber and gave uniform illumination over 2 1/2 in. of the 3 1/2 in. high
chamber.14 Each lamp was flashed by discharging 256 microfarad con-

densers charged to 1700 volts through it.

Operation

The cloud chamber was operated in a pulsed magnetic field
of.22,000 gauss which was energized by a 150 h.p. mine-sweeper gen-
erator. The field requires about 2.5 sec, to attain its maximum value,
where it remains steady for about 0.15 sec. before being turned off.

The cycle of operation, repeated once a minute, is as follows: the cur-
rent is turned on. in advance so that its maximum coincides with the ex-
pansion of the chamber. The cyclotron beam is pulsed through the cham-
ber at the instant the diaphragm hits bottom, and the lights are flashed
about 0.04 sec. after the beam signal, The current which passes through
the magnet is recorded with each picture through a third lens which views
the magnet current meter. The chamber is kept at constant tempera-
ture by means of a ternp=erature;controlled circulating water system,,

A clearing field of about 60 volts is turned off prior to expansion of the

chamber and turned on again after the lights have flashed.
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The ¢hamber was filled w1th oxygen gas to a total pressure
of 86 cm Hg in the expanded position. Of this pressure 1.8 cm was due

to the partial water vapor pressure from the gelatin. ‘The chamber was -

" ‘then compressed to a total’ pressure of 111 0 cm representmg an expansmn

ratio of around 29 percent

| Photo graphy

' A spec1a11y constructed camera was mounted on a light-tight
'crown 27 in. above the top glass of the chamber.. The pictures were
vtaken through a pa1r of Le1ca lenses at f6.30n Eastman Linagraph Ortho
film in 100 foot strips 1 80 m w1de Life-size reprogectlons, which’
duphcated the geometry of the camera opt1ca.1 system and employed the
camera lenses, were used for: measurmg the tracks.» Western Union

"arc lamps type 300K prov1ded br1111ant prOJected 1mages The repro-

- jection. apparatus is descr1bed in deta11 in reference 15 and the sketch

of the pro_]ector, F1g 4, is taken from there
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- METHOD OF ANALYSIS OF EVENTS.
Because of the large solid angle of observation, the cloud

chamber offers possibilities of obtaining more information concerning

stars from a pure substance than does any single experimental device.

> .
It enables one to study individual events in detail and, with the aid of

a stereoscopic camera and projector, it permits reprojection of each
track in its original size, shape and position.  With the addition of a

magnetic field one can gain information about the momentum and energy

~of each charged particle.

Following an outline by J. Tracy, 9 the data available for

analyzing an event in this investigation maLy be divided into three cate-

gories. These are:

" General 'Experimentl‘a.l Data. This includes knowledge of

* the direction and approximate energy distribution of the neutron beam,

the direction and strength of the cloud chamber magnetic field, and the
composition and stopping power of the gas mixture in the cloud chamber.

Individual Star Data. This includes informatiorn obtained

from measurements on the individual events, such as initial radius of
curvature, density, initial direction, range, rate of change of curvature
and rate of change of density.

Auxiliary Information. This includes application of the laws

.of conservation of momentum, energy, mass and charge, as well as

knowledge of range-energy relations, specific ionization vs. energy

relations and characteristic track endings.

Identification Procedure

On the average, about 20 oxygen stars appear in each pic-

‘ture and one meson star is obtained for each 95 oxygen stars. The data

"collection rate is therefore about 1 meson star for each 5 pictures.

The negative charge associated with the negative pi meson makes it the
only particle associated with a star which has a counter-clockwise cur-
vature in thé magnetic field. Electron pairs are created in the gas yield-
ing the only other track with characteristic curvatur'e for a negative
particle, but they have no associated star. These tracks lie in a plane
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parallel to the chamber bottom and are directed toward the target from
which the neutrons come, enabling one to dlfferentlate between mesons
and electrons in all cases. = I

" The positive pi niesoh‘s and réméiﬁi‘ng‘péft‘iélé'.s; of the stars
are identified by standard cloud chamber techniqués; i.e., by a compar- "
ison of Hp vs. ionization for p, d; t, He3, and He4, and by character -
istic endings. The heavier short’ ranged partlcles could not be identi-
vfled completely, but in the majority of cases some mass and charge
estimate was obtained and when used with range-energy relations for
heavier pa.rticles16 gave approximate values for their énergy and mo -
mentum. The complete identiﬁcaﬁon procedure is outlined in reference
10 and essentially the samé procedure was used in the present study.

Stopping Power. The range-energy relations expected from

the calculated stopping power of the gas in the chamber were verified

~ experimentally. The energies of protons of range greater than 20 cm.

. ending in the chamber _wefe determined from Hp measurements and their
- .ranges measured with a flexible ruler. The calculated and measured

- ranges agreed within ten percent which is within the experimental error
expected. In addition, -theoretical track endings were drawn from range-
energy relations for the calculated stopping power and compared to the

experimental track endings obtained.

Errors in Measurement

Analysis of an event involves, besides identification of the
particles, measurements of radius of curvature, ‘dip angle, beam angle,
- height of track in chamber at point of curvature m‘eaisure'me’nf length

of track used in curvature measurement, distance of track from\center
of chamber, range (when the track stops in ‘the illuminated- reg_m§ and

magnetic field strength.

Radius of Curvature. ‘The curvature of a track is measured.

by reprojecting it life-size on a translucent screen adjusted to the proper
angles to contain the plane of the track (called.the slant plane) (see Fig.

4) and then matching it with one of a series of arcs ruled on a lucite
template. The error made in curvature measurement amounts to 0.1

mm error in the sagitta _independent.of- the particular curvature and track

)

length. The effect of turbulence on.the curvature can be calculated from
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inspection of tracks made with no magnetic field. On the average such
errors are negligible in comparison with measurement errors.

Dip Angle and Beam Angle. .The- accuracy of reprojection

and measurement w1th the apparatus used 1n this experiment has been
investigated by W. Powell and collaborators 15 . They concluded that

dip angles a, Flg 4 could be determmed to £ 1 1/2 for 0° < Q. C 50
and beam angles ﬁ, Fig. 4, to 1° The systematic error due to align-
ment of reference crosses on top glass with the direction of the neutron
beam is 1nc1uded in th1s error. All neutrons are assumed to enter the

chamber in a parallel beam and the ratio of the number of stars in the

,colhmated region to the number outs1de the region makes this a valid

as sumptlon

- No restrlctlon of d1p a.ngle was placed on measurement of
meson events in thls study, but for angle and energy dlstrlbutlons the
dip angle was 11m1ted to £ 60 ' and proper corrections were made for
th1s limitation. The assomated fragments of the stars were identified

as completely as p0531b1e, and cases in which excessively large dip

_ angles prevented 1dent1f1cat1on of one or more fragments of the star

‘were tabulated ‘only as to the information readily obtainable. The en-

ergy 1nvolved makes most stars appear swept forward and on the aver-

age only the low energy part1cles are scattered at w1de angles. In spe-

“cial cases th1s is not true, and particles of rather hlgh energy are seen

to go off at large angles with respect to the beam direction--some even
essent1ally backward '

Magnet1c Fleld The ammeter readmg of the magnet cur-

7 rent is photographed s1mu1taneously with each picture and the field strength

is then obtamed from a magnetization curve. The magnet field varies

by 6 percent over the reglon where tracks were meas'ured and an accurate.
map of the field is used to determlne the f1eld strength at the center

of the measured part of the track It is necessary to know the magnetic
field at the center of a track only since the field varies quite slowly over

the useful region of the chamber.

Calculations

The analysis of an event is completed by making appropriate

.calculations for such: quantities as Hp, energy and angle for the particles
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of the star, and the minirmum energyy,of the incide'ntvﬁre'ﬁtxl"o'n. The details
for calculating the minimum energy are given in reference 10 and are
.only briefly outlined here. From thgf mea..suret-i‘ dip angle a and beam
" angle B the scatter angle © and azimuthal angle ¢ are comiputed (see Ap-
pendix I). The momentum of each particle of the star is then resolved
intb three components, Momentum componehts pé,rallel'to'the beam
‘are added to obtain a forward momentum for an incident neutron, This ’
is not a minimum value for the momentum of the incident neutron because
of the possibility of there being neutral particles gbing backward frd;n
the star. The energies‘of the visible particles of the star, the binqihg
. energy of the indicated reaction, and the meson rest mass are added
together to obt‘ain a minimum energ-y for the incident neutron. If the
minimum energy and the forward! momentum agree and there is no un-
balanced transverse momentum, the star is considered balanced. For
cases in which this neutron energy and mofnentum do not agree and the
energy balance leads to a largei' value for the incident neutron energy
than indicated by the momentum balance, a series of approXimations
is used which ithli;es adding one or more neutron p:réngs to the star
of an “‘én-e‘rgy suffic‘iént to raise the momentum by the required amount.
» As a result of the large energy involved in the res‘t'mé.ss
of the pi meson, no stars-were found for which the momentum balance
lead to a vla.rg‘er neutron energy than indicated by thie energies of fhe
visible prongs. In about 1/3 of the cases examiried'tﬁe ‘two methods of
calculating the minimum incident neutron energy agreed within the limits
of ex_jierimental error. For 'these_ cases 'very little energy was associ-
ated with neutrons leaving the star. 184 stars were treated in this man-
ner, while the remaining stars were measured with the same téchniques
but no balance was attempted for energy and momentum. The average
minimum energy of the incident neutrons pfoducing mesons was 310 Mev.
The absolute minimum threshold for negative' pi meson pro-
duction by neutrons on oxygen calculated by the method of energy and
momentum balance (based on the assumption that the entire nucieus acts
like a target particle) using the most favorable reaction is 156 MveV'.l? ‘

This is much lower than the minimum energy calculated for neutrons

x

producing mesons in this experiment, indicating the nucleon-nucleon

character of the intéraction.
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If one assumes that the n + n->n+p+m excitation function
... is of the same shape_‘as the P. + PP +nt 1r+ exc1tat1on function, then

_.'1t is poss1b1e to compare the average value of the mc1dent neutron en-

., -ergy obtamed by the energy.,. and momentum balance of the stars with

{the average value, of the energy. of the 1nc1dent neutron 1nd1cated by the

]

. product of the neutron spectrum I and the p + P p + n + 1r+ exc1tat1on
;-functmn (see F1g 12) The detalls of the average colhsmn producmg

.a meson are g1ven on page 18 and the 1nformat1on concernmg the neutron

. in the nucleus has been used to calculate the relat1ve pion y1eld The

. relative pion y1e1d as a functlon of the mmdent neutron energy, curve b,
F1g 12, 1nd1cates that the average energy for neutrons producm.g plons
i is about 320 Mev..‘ Agreement between th1s calculated value and ‘the ex-
per1mental value of 310 Mev is. m accord w1th the pred1ct1ons of the hy-
n pothes1s of charge 1ndependence of nuclear forces if a deuteron is pro-
duced in the n n process. In the sections, Energy and Angular D1str1f
butions and Cross Sections, more evidence is given which indicates the

charge independence character of nuclear forces.
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‘_C_ORRECT»'IONS |

The relat1vely low 1on1zat1on of the mesons ‘makes. poss1b1e

» accurate a11gnment of the tracks up to t 60 degrees d1p angle for a.ll
scatter angles A geometncal correctmn factor due to the. restriction:

of £ 60 degrees in dip angle was apphed to all p1on tracks and the tracks
at all angles were measured as a check on the vahchty of this correction
80 as not to overlook significant contr1but1ons at larger angles The
maximum correctmn factor under these 11m1tatlons is 1.5 and would
apply only to a small group of tracks. In the range 60 < 9 < 120 degrees
the observed number of tracks for all d1p angles was 138 while the number
of tracks expected from apphcatmn of the correctlon factor to the tracks
1n the region + 60 degrees dip angle wa.s 152. The correctlon factors
~are shown in Fig. 5 and are determmed by the equatrons g1ven in Appen-
dix V.

*



'RESULTS AND DISCUSSION -

Negatlve Meson Events . ‘ R [ o
k The reactions for negative pion product1on by neutrons on

s

_ nuclei are

or d+ 7w _ (@)
nt+p—sptptm )

The hypothe31s of charge 1ndependence of nuclear forcesls'w'ould make
the n-n interaction the same as the p-p 1nteract10n 'a reaction which has

been studied in some detall 19,20,21,22,23

On this basm, reactlons

(1) and (2) would contribute the maJor1ty of the 344 negative pions observed
in this study, whllieh reaction (3) would contribute the same number of
pions as the reaction (np— wfn:n) or about 21 of the 344 observed pions.
The pos‘sibility of deuteron formation in reaction (2) is of special interest
and will be -treat_:éd'in the éettiqh on deuteron formation (s.ee page 15).

The. events were classified accord_ing‘ to the number of prongs
displayed on the qs__sociate’d star, not counting the meson track. In ad-
dition the events were then classified according to the identity of the fastest
- associated particle with energy greater than 10 Mev. . The results of this

classification are given in Table I

TABLE I
Negative AMeSOn_ Events

(Energy of Fast Particles Greater Than 10 Mev)

: Fast ‘ Fast o
.. Prongs ' - - Stars - Deuterons = Protons Unclassified
2 s 39 e 4
3 101 41 a9 o1
4 777 Zo o3& 23
5 35 s 12
5 4 . S

EER 1 . C 1 . . ’ . : -..-

344 114 1760 - 54
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The-i-vnterpfetatiohiof' the second row is as follows: 101 three
prong stars were obtained of which 41 showed fast deuterons, 49 fast
protons, ~and 11 were unclassified. Particles of. energy greater than 10
‘Mev are cla531f1ed as "fast'", The unclassified stars in the table arise
from events which have no visible particle with energy 'g're'a'.te’r"than 10
Mev, or they arise from events whose fastest particle is neither a deu-

~teron or a proton. J
- If the same classification is made with.the restriction that
the energy of the fastest partlcle be greater than 50 Mev, the following

tabulatlon re sults
TABLE II

" Negative Meson Events

(Energy of Fast Particle Greater Than SOIIMeV) '

: : S Fast' Fast 7
- Prongs. ~ Stars. Deuterons Protons Unclassified

2 - 108 15 31 T T e

3 101 16 29 56

4 77 = 9 1 T sy

5 35 5 3 2T

6 22 1 2 19

7 1 1 -- -
344 47 5 76 221

Deuteron Formation. A coincidence between the positive

pion and deuteron was obtained byl C'rav&ford, Crowe, and St‘e_ver}son2
which confirmed the formation of deuterons in the free p-p interactions.
The data of C.Richman for 340 :Mev protons on protons is in agreement
with the pion angular distrib’ut'ion required by deuteron formation. 19

For the n-n. interaction, deuterohs bombarded \_vith neutrons .exhibit twice s
as many events which have a meson, deuteron, and proton as the end
products of the reaction producing mesons as events which have no deu- «

teron among the final products.l.z
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A comparlson of Tables I and II shows no, marked change
in the ratlo of deuterons to protons The energy spectrum of the deu-
terons from Table I has no distinct max1mum but rather is spread uni-
formly over the range zero to 120 Mev with an upper limit at 160 Mev.
An ana1y51s of the oxygen stars not conta1n1ng mesons y1elded a deuteron-
proton ratio of about 1.3 for partlcles with energ1es greater than 50 Mev
whlle the same ratio from Table II is about 3 5. In spite of the dlfference
of these ratlos, it is st111 1mposs1b1e to be sure that these deuterons
are formed dlrectly w1th the mesons The stars conta1n1ng mesons would
be expected to exh1b1t more p1ck -up deuterons than corre5pond1ng stars
" without mesons because 1n the former ‘stars the 1nC1dent neutron has

been degraded energetlcally by meson productlon to a favorable energy

' range for the p1ck -up process. The presence of a la.rge number of en-

V erget1c deuterons, however would seem to 1nd1cate correspondence

' between the formatmn of deuterons and meson productlon. The fast
deuterons obtained from neutrons on oxygen fall into an angular range
of + 30 degrees in 9, which is in agreement with the expected angular

'distribution of the deute.rons from the pion production process, but the

* pick-up deuterons WOuld have a similarly sharp'angular“range for high-

energy cases, preventmg the separatlon of the two types of deuteron

associated with the star.

Po s1t1ve Meson Events _

' The reactlon for p051t1ve plon productlon by neutrons on
nuc1e1 isn + p——)n +n + 1r+: The two neutrons in the final state of this
react1on are not detectable in a cloud chamber 80 that the stars asso-
c1ated w1th po s1t1ve p1on product1on appear less complex than the stars

associated with negatlve pion productlon Only 21 cases of positive pions

“were found, as compared with 344 negatlve pions, thus y1eld1ng a nega-

tive to positive ratio of 16, 4 + 3.7 over all angles and all energies.

A determmatlon of»th1s ratio in carbon, 24 using neutrons from a Be
target and the emulsion detection technique., yielded a value of 14 to 1.
In determmmg the negatlve to po sitive rat1o for neutrons on oxygen,

it should be noted that the error in the ratlo is statlstlcal and no attempt
has been made to present the exper1mental error that mlght arise from

the fact that the pOS1t1ve pion was more d1ff1cult to detect than the negative
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' meson (the p051t1ve p1on ‘was 1dent1f1ed by 1ts relatlve ionization for a
g1ven curvature while’ the negatlve p1on was 1dent1f1ed pr1mar11y by its
unique counterclockw1se curvature) . S

’ The positive pions were produced over a w1de range of en-~
‘erg1es and angles, but the small number of events prevented any study
of the angular and energy distributions as was done for the negatlve e-
vents. An exam1nat1on of the associated stars revealed two cases of
the fast deuteron in 21 évents as compared with the 47 cases in 344 e-
vents for the negatlve plons. If the p1ck up process were the predom-
“inant process for producmg deuterons in the observed cases, the posi-
' tive p1on ‘events with two neutrons in the f1na1 state should contrlbute
at least 6 such deuterons instead of the two observed The ev1dence
is again in favor of some deuteron formatlon in the product1on of nega-
t1ve pions in complex nuc1e1 when the fmal state contams a neutron and

a proton.

' Energy and Angular Distributions

The distributions. for angle and energy have been presented
in two frames of reference. The laboratory angular distribution is given
in Fig., 7 and the laboratory energy distribution 1s given in Fig. 8. The
general features of the laboratory angular dlstrlbutmn are the same as
those obtained for protons on carbon. Measurements by w. Dudziak??
for 340 Mev protons on carbon at zero degrees and ninety degrees to the
beam, and by S. Leonard25 at 180 degrees to the beam indicate the same
‘for*ward peak in the product1on cross section as in the case of neutrons
on oxygen. Agreement of the angular dlstr1but1ons of plons produced
by protons on carbon and neutrons on oxygen is evidence for the charge
' independence of nuclear forces The neutron beam has a contmuous
energy spread from p1on threshold at 280 Mev to a max1mum energy
of 340 Mev. The result-of this spectrum is to furnish a contmuous ‘range
of meson energies at any viewing angle. For this reason no comparlson
of the laboratory energy distribution of plons from neutrons on oxygen
with the pions from protons on carbon has been made, The average dif -

ferentlal cross section over the range zero to 30 degrees has been ob-

tained as a function of the pion energy and is presented in Flg._ 11.
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. There are 1nd1cat10ns from the data.of L. Neher that the
productlon of negatlve p10ns by the n-n interaction.is . similar to the pro-
ducution of positive pions by the p-p interaction.. In, order to. treat the
data obtained here in a way suitable to make a comparison with’ the P-P
-data, the problem arises of choosing an appropriate average center of

- mass for the reaction of neutrqn_é with oxygen. It is assumed that the
reaction occurs between a neutron in the nucleus and an inéident'neutron.
Several further assumptions are made, the’ f1rst being that the nucleons
" have a gaussian momentum distribution w1th an average energy of 20
,Me_v. The second assumption 1s that the incident neutron. (producmg
_pions) has an energy E of 320 Mev The j:h1rd\assumpt_1on is that the
cross section for the product;o_n«_pvquces‘s of negative pions is similar

. in’its energy }dép‘enden_—ce td the cross section for the production of posi-
~tive pions by p__r\o_t.QpS on ,pro_vtonsv.zé,_(Fig. 12, curve.c). A:marked char-

.acteristic of this positive pion cross section is its extremely rapid rise

» » with energy.

i

1’71 \ 'beam direction

Sketch 1 " ST

Sketch 1 shows a schematic representation of the ‘collision
of an'incident neutron of energy E, and a neutron in the nucleus moving
at an angle 0 to the beam direction with an ene'rgy”EZ"an'd"a' momentum
PZ For a given value ‘ofP:Z', ‘the energy in the center of mass is a max-
imum when the angle 6 is 180 degrees while the solid angle for collision
is a maximum when the angle 6 vi,s 90 degrees. Because a rapid rise
of cross section with energy has 'béeﬁ assumed, the number of negative

pions produced becomes a maximum in the region where 6 has a value
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around 145 degrees. Although the average energy of the neutrons in
‘the nucléus is 20 Mev, the strdng.- energy dependence assumeéd for the
production process makes the most favorable nucleon energy E2 about
30 Mev. * ' ' o
Under these as sumptions’ the value B of the average ‘center

of mass becomes 0.28 as determmed by the relation (see Append1x vy

CP +CP cos. @

px-
E1+E

The corresponding value of y'= 71=ﬁ_ ~ is 1.04. The angle and en-

‘ergy of each meson in this average center of mass was obtained by the
usual relativistic transformations (see Appendix Iv).

, 'Fig. 9 shows the angular distribution obtained for the cal-
culated average center of mass. The uncertainties are the standard
deviations based on thée number of events observed in 20 degree scatter
angle intervals. The solid line in Fig, 9 is a least _sciuar.es fit of the
data to a curve of the type A(B + cos2 @) where B has the value 1.2 with
a statistical error of # 0.15. Richman and Whitehead find that for free
pP-p collisions the value of B is about 0.2, 31 The shape of the curve
is sensitive to the value of B assumed for the center of mass, but the
symmetry of the angular distribution justifies the present choice of the .
‘average center ‘of.mass. Fig. 10 gives -the' energy distribution of the

mesons in the average center of mass over all scatter angles.

The Residual Nucleus

In the case of stars where only a meson, proton and residual

nucleus or meson, deuteron and residual nucleus were observed, a spe-
cial study of the residual nucleus was made. The average recoil rahge
of the residual nucleus was 0.55 %+ 0.10 cm representmg an energy of
1.5+ 0.3 Mev.®

- opposite to the momentum of the recoil nucleus, would be 24 + 5 Mev.

The energy of a neutron, with momentum equal and

The angle of the residﬁal_,,nucleus recoil is tabulated in 20 degree intervals *

and the results are given in the following table.

*Calculations were perfo rmed. by L. Neher..
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_ TABLE III .

:‘An_gulla{r Distribut;ion o‘_.f the Recoil Nuclleus -

" Angle of Recoil  0-20 20-40  40-60 . 60-80  80-100
Number of Recoils 55 47 18 5 2

‘It is clear from Table.lIl that the data é'on'cér‘ning' the recoil nucleus
supports strongly the assumptlons made ‘in obtammg the average center

of mass.

Cro ss. Se_ctlons

Two methods were used to obtam the absolute cross section
for the productmn of negat1ve pions by neutrons on oxygen. The first
method used the oxygen stars appearing as background in the chamber
and th‘e second method depended on the calibration of an ionization cham-
ber in the neutron beam behind the cloud chamber. ’

Method I, The cross section for pion productlon is obtained

':from the relatlon

Ny |
. where “ » “ O'M = Cross sectlon for meson productmn S
o . = cross, section for star productlon at 310 Mev (1ne1ast1c

oxygen cross sectlon)
Nm = number of mesons observed
N_ = number of stars produced as background by neutrons
s
above 280 Mev.. - ,

‘ The inelastic neutron cross. section of oxygen was taken to -
be 0.7 of the total cross section based on the ‘measurements of W. Balls-
who determined the ratio of the inelastic to total cross section of carbon,
~alurminum, copper and iead to be about 0.7 of the total cross section over
* the range of neutron‘*ene-rgies from 100‘Mev‘to 340 .Mev. ' The cross section
data for neutrons from 14 Mev to 280 Mev (extrapolated to- 340 Mev)
was used to obtain curve b Fig. 13- which shows the ‘energy dependence
of the total neutron cross section of oxygen. The inelastic cross section
is obtained by multiplying curve b by_.Ol. 7. 'The product of the inelastic

neutron cross section of oxygen and the neutron energy spectrum from
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the LiD targets’11 is giv’er'f by curve c, Fig. 13. The area under curve
¢ was divided ‘at 280 Mev into two parts, and the ratio of the shaded area
A under the curve for energies above 280 Mev to the total area under
the curve was, determmed to be F (the value of F is about 0.73). In this
calculatlon the number of neutrons below 100 Mev in the LiD- spectrum
is sufficiently small to be neglected The product of F and the total
number of stars observed is equal to N, the number of stars produced
by neutrons with energles greater than 280 M)ev The plon cross section
calculated from equatmn (4) is found to be 4. 0 + 1 5 rn1111barns

Method II. An independent check on this cross sect1on was
obtained by using an ionization chamber behind the cloudv'chamb’er to
monitor the beam. The neutrén pulse aeSOciated with a picture passed
through the ionization chamber which collected the charged particles
produced by the neutrons travérsing the ionization chamber. The col-
~ lected pulse of char'g'e was recorded by a r'ecording electrometer. The
relative number of néutrons associated with each picture could be obtained
from the recorder trace. To normalize the results of the trace, a sim-
ilar record was taken during a cloud chamber n-¥p _sca‘tt_er:ing”experiment
‘which used the same target and alignment s-‘ystem11 with the ionization
chamber in the same relative position. B_.y‘coun.ti-ng the high energy
n-p events in the p"ictures and app?lying the known cross section for n-p
scattering (35 millibarns), the total nu_mber of incident neutrons for
a series of pictures could be‘calculated 156 n-p scatter events, initiated
by neutrons above’ 280 Mev, were counted in 43 plctures. For the same
pictures the total trace length was measured from the recorder data,
making possible a determination of the average number of neutrons per
unit trace length. This result was applié.du to the:oxygen experiment to
convert the trace length into an absolute numbe'r:‘of neutrons, and the pion
cross section was then determined by a s‘traight'f-_forwa;r.d ~.calculation.
.The.value of the cross section obtained.by—-this-'Ifiiroc.ess if4.8 £1.5 mil-
libarns which is in agreement with the previous :result-ohtaine‘d by using
the inelastic oxygen cross section, . .. R

Errors in the Total Cross Section. The error assigned to

the cross_section value is made up of the. standard deviation based on

the number of events and an experimental error based on the extrapolation i
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. emitted in P states only, * (3) only pseudoscalar mesons
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for neutron Ccross sections the uncertalnty 1n the neutron spectrums

and the eff1c1ency of the countmg device,

Comparison with Theory

.~ The phenomenological theory of meson production'developed

by Watson and f_':rtzlecknexﬂzi7 predicts the angular distribution of pions

produced in free nucleon-nucleon collisions. They introduce certain

. .simplifications by considering (1) final nucleons in'S states only, (2) mesons

28,29, 30 and

(4) that. conservatmn laws apply to isotopic spin in addition to parity and
angular momentum. The hypothesis of charge independence, ‘contained
in the conservatlon of 1sotop1c spin, can be tested by comparing the re-

sults of the neutron bombardment of oxygen from which a study is made

of the n-n interaction. The predicted angular distribution for the free
.nucleon case (in which deutéron formation is assumed; or at least 3S

-final nucleons with high probability of deuteron formation).is of the type

A(B + cos_2 0) in the center of mass. For 340 Mev protons on protons

~.the value of B:is about 0.2, while the theory predicts a value nearer

1/8. For complex nuclei the momentum distribution of the-nucleons

and the energy spectrum of. the beam can be expected to make-the. dis-

- tribution more nearly isotropic (the effect would be to ‘smear out the

- cos% 0 distribution so that it would appear more isotropic in theé center
-of mass). For 340 Mev protons on.'car-bonzz' the value of B is -about 0.5,

-.and for neutrons on carbon’j the value is approximately the same.

.. The total.cross section for the- reaction (nn——)*rr np) pre-

dlcted by the phenomenological theory of Watson and Brueckner is equal

to the (pp—> 'n'+= np) cross-section.for the same incident energy. ' In view

of the values obtained for.protons on.carbon by Richman and Wilcox at

*71, For P, state: emission the reaction (pp— 7°: pp) is forbidden.: The

small cross section observed for this reaction with respect to the reaction

“(pp—> 1t d) is compatible with a dominant P wave term (K Watson and

K. A. Brueckner, P. R. 83, 1 (1951)).
2. The constant angular di distribution of the reaction (pp—-ﬂr d) with
increasing energy of the pion'indicates that only one term is important,

as the two terms should have different energy dependences (R. Durbin,

H. Loar, J. Steinberger, P. R. 84, 581 (1951)).

3, If the pions are restricted to > S and P states, the predommantly
cos2 8 angular distribution must come: from the P wave (M. Whltehead
and C. Richman, P. R. 85, 855 (1951)) .
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90 degrees to the.bea.m8 and by W. Dudziak at zero degreeé tQ. the beam, 22
the cross section for protons on Vca..rbon should be dboﬁt 8.0 miv'fl’ibarns
at 340 Mev. Since this value is for 340 Mev protons on carbon it can
be expected to be higher than the cross section obtained for neutrons
on oxygen because the production process is highly ehergy dependent. 26
A comparison of the cross section for 340 Mev protons on carbon and
~ the cross section for neutrons on oxygen may be obtained by the appli-
- cation of a correction factor for the energy dependence (the average
energy of the neutrons is. about 310 Mev instead of 340 Mev'as for the
proton beam). This reduces the cross section for protons on carbon
by a factor of 2.3, so that the values to be compared are 4.4 millibarns
for oxygen and 3.4 millibarns for carbon. It thus appears that the ef-
ficiency of the production process per nucleon has not changed much |
from carbon to oxygeh and that the estimate of pion production based
on the hypothesis of charge independence is.in good agreement w1th ex-
periment. ‘
The phenomenological theory predicts the cross section for

‘the reaction (pn——7m pp) to be equal to that for the reaction (np—> at nn).
If the experimental value of the cross section for the production of posi-
tive pi‘oﬁs by protons on carbon is divided by the observed ratio of posi-
tive to negative pions, one obtains the expected value of the cross sec-
tion for the reaction (pn—> 7~ pp) and hence an estimate of the expected
cross section for .the reaction (np———nr+ nn), ' From the results of the
carbon datazz’ 24 one would thus expect the positive pion production cross
section by neutrons on oxygen to be about 0. 76 millibarns (if the neutron
beam were monoergic at 340 Mev). . When this value is corrected for
enérgy dependence of the production process, a value of 0. 33 millibarns
is obtained while the observed value for neutrons on oxygen is 0.27 + 0.1
millibarne The positive‘ pion cross section for neutrons on oxygen is
therefore in agreement with the predlctmns of charge 1ndependence of
nuclear forces.

4 The agreement of the angular distribution and the production
cross sect1ons obta.med in this study with the angular distribution and
cross sections predicted by-the,phenomenologmal theory make it appear

quite certain that the ideas put foreward by Watson and Brueckner are

f
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" by the data for neutrons on oxygen
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+.-in no way-contradicted by the:data..;.The relatively-large value of the

constant term B in the expression for the pion angular digtribution in

the average center of mass for neutrons on oxygen (B equal tol,2 as

‘ compared w1th 0. 5 for protons on carbon) can be Justlfled w1thout a con-

tradlctlon of theory ) The energy spectrum of the neutron beam contnb-

’f’i

o For th1s reason 1t is concluded that the theory has not been contradlcted

R R VRIS 0 ST I

In add1t10n ‘the observatlon of a larger number of deuterons
in the beam direction in connection with stars showing negative pion
production is in agreement with the prediction that the final nucleons
in triplet S states have a high probability of forming a deuteron. The
ratio of the <r(0°)/<r(180) (for laboratory angles) furnishes another check
on the predictions of the theory of charge independence. On the basis
of the produ_ction'of pions with deuteron formation, the ratio of the cross
sections at zero and 18 degrees should be 1.54 (this is the value for the
340 Mev protons on protons) while the experimental value for neutrons

on oxygen is 1.6 * 0. 2.

Azimuthal Symmetry Check

Since there is no reason to be11eve otherwise, all processes
in this experiment are expected to occur with azimuthal symmetry.
Because this has been one of the assumptions employed in this experi-
ment and in order to be certain that no systematic errors have been made
in the angular measurements, a measurement of this symmetry has
been made. A

The following table shows the number of mesons observed

in the four azimuthal angle groups.
TABLE IV

Azimuthal Symmetry Check

Angular Groups 0-60 120-180 . 180 -240 300-360
Mesons 66 78 69 68
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These numbers lie ‘well within the errors expected from statistical fluc-

tuations.

N

'Low Energy Mesons ’
It 1s possxble by the methods outlmed in the sect1on on Iden-
B tification Procedure to’ 1dent1fy a meson w1th an energy as low as 1/4
Mev since it would still have a rad1us of curvature of one centlmeter
and would be followed by capture or. decay, both of wh1ch are observable
Cin a cloud chamber. Few p1ons of th1s energy were observed but one

, 'case was obtained where the pion was created and subsequently decayed

to a muon and the muon decayed to an electron
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.. ... CONCLUSIONS

. Among the: special types of inelastic.events, when oxygen
~is bombarded by high energy neuﬁ;on_‘s. ‘are the ones. producing:pions.
These events represent one out of 40 high energy inelastic events and
‘they are easily identified by the distinctive curvature and ionization as-
- sgciated with the event, The negative pions account for.all but six per-
_cent of the visible meson events. »’l_‘.hfefs-harp forward peak \,off.the an-
‘gular. distribution of the negative pions in the labopaato;ry: ,frame‘ is in
_agreement with the work of other investigators using protons on car-
ponZ2: 25,31 o | |

The conclusion to be drawn from the agreement is the charge-independence

and also with the work of L. Neher using neutrons on carbon.

of nuclear forces. As far as the energy dependence of the.process is
concerned, no marked dependence is evident since the possible presence
of a secondary neutron prohibits an attempt to correlate pion threshold
with an incident neutron en'erg_y-° The energy spectrum contains more
low energy pions than found for the case of 340 Mev protons on carbon,
which could be _e_xpected from the lower energy of the neutrons. The
special-transformation used for the center of mass distributions is not
completely justified but the evidence is quite good that it is not unrea-
sonable. T'heuvalue of B (0.28) for the transformétion is approximately

the value taken by other experimente-rs7’ 2'_1

and the symmetry of the

results of its application agrees with the results of ekperimenters

who have made measurements of positive pions from the p-p interaction.
The experiment which remains to be done obviously is the

production of negative pions by neutrons on deuterium. This study has

been undertaken by W. Powell and M. Knapp12 and should lead to a clearer

picture of the n-n interaction since the calculations become simplified

for such an elementary target nucleus. The center of mass transfor-

mation can be applied to events to yield angular distributions which will

be practically unaffected by scattering, absorption, or similar processes.

.
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"APPENDIX I
Definitions

The angle between the initial direction of the
track and its prOJectlon on the horizontal plane

_contalnmg the neutron beam

The angle- between the. prOJect1on of the initial

track direction on the horizontal plane and the
direction of the neutron beam.

The angle between the 1n1t1a1 track dlrectlon and

the neutron beam.

.The-angle between the pro_]ectmn of the 1n1t1a.1
‘track direction on a plane perpendicular to the

neutron beam and the horizontal plane.

The radius of curvature of the track measured
in the slant plane. o

' p=pg coOsa, and is the radius of curvature wh1ch

a partlcle of slant radius pg would have if it were
moving with the same momentum in a plane per-
pend1cular to the magnetm field. '

The plane contammg the 1n1t1a1 track d1rect1on
and the horizontal line perpendlcular to the in-
itial track direction. It is approx1mate1y the
plane of the track except that in general the path
of a charged particle in a magnetic field describes
a helix. The slant plane is at dip angle o to the
horizontal plane.

Hp; = Hp sin @

Hp_ = Hp cos ©

z
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. APPENDIX II
-Sample Pictures

. The following p1ctures serve as examples of the type of events
' analyzed The letters are abbrev1at10ns for the particle identities.

In F1g 14 the meson event is located centrally in the picture and appears
to be a two prong star Note the negatlve curvature of the pion track and
the densn:y of 1on1zat10n of the forward track associated with the star

in comparlson to the background tracks of similar curvature passmg

through the chamber. ThlS track was 1dent1f1ed as a deuteron track

caused by a part1c1e of energy 103 Mev scattered at an angle of 11 degrees.

: ‘vThe pion was created with an energy of 13 Mev and at an angle of 57 de-
grees to the beam. The five'crosses represent the direction of the beam
..and are used for stereo-lining up of the pictures. Fig, 14 includes back-
ground tracks and additional oxjrg'en stars not producing.mesons.

Fig. 15 shows. the track of a negative pion created in a five

prong star. The'letters 1nd1cate the identity of the partlcles causing

the tracks. The remammg track was not identified but it is probably

a deuteron or triton track from the range-energy relations.. <No_t vis -

v ibie in the picture is another pro'ng that lies along the aibha track and -
undoubtably carries the remainder of the charge of the oxygen nucleus.

| The pion maklng the track shown here had an energy 'of 74 Mev and was
:scattered at an-angle’ of 25 degrees The other partlcles are low energy
and could not poss1b1y lead to a momentum balance for the star. For
this reason a secondary neutron is hypothesized which has an ‘energ.y

of at least 40 Mev if it is in the forward direction. Fig. 15 also includes

background tracks and additional oxygen stars.
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: APPENDIX III
~ ‘Energy and Momentum Relations

" The following equations apply to the general case involving

~any number of neutrons:

E =Z:E.,+E(B,E.).+E ,
Ln n
and P ’#’ZP cosG +ZP ,ccsVQ .
n B n
where E P = energy and md‘m:.e'n-turn? of incident neutron .

E E = sum of energ1es of eJected charged particles.

E (B E.);, = sum of b1nd1ng energies of the particles for the
) reactmn measured ‘

,E;n,, Pn' = energy and momentum associated with a partlcle
" _ of one or more neutron masses, as 1nd1cated
- by the reaction, representing the m1n1mum en-
ergy necessary to balance the reaction and lead-
1ng ‘to the rhinimum energy poss1b1e for the in-
: c1dent neutron. . : _

The final value of the energy and momentum should be made to agree
by using proper values for the secondary neutrons that are lumped into.

the one partlcle of one or more neutron masses. This case is equlvalent

to the pd case of reference 10, and the notatmn is taken from there.
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" APPENDIX IV
. Transformation Equations

The following equations apply to the particular transformation
used to obtain the center of mass distribution for the mesons shown in
Fig. 8. |

- . o ‘cpsin® -
tan @' = CP /Cp = CP !/Cp VR (5 COS? ﬁE)

where v 6 = angle meson tra.ck makes with 1n01dent neutron d1rect1on
' " .(scatter angle)... :

8" = scatter angle 1;1 the center of mass.

i

total energy of meson in lab. frame.

momentum of meson in lab. frame.

v/c for c.m..

. This eqﬁatiéﬂ niakes it'pOSsib'le to chang’e.the_lavbc'_)raitory angular distri-

8"
E
=
p
Y

;butmn into a-center of mass d1str1but10n The transformation of the
energy distribution to the center of mass is performed with the aid of

" the following equation.

E' = y ( ﬁcp cos 6 + E)
Where . E = energy of the meson in lab frame, o
| E' = energy of the meson in c.m. frame.
f}" = v/c for c.m.
6 = scatter angle of meson in lab. frame.
p = momel_n_tu.m of meson in lab. frame.
Y =

Y1 - g2
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 APPENDIX V

Derivation of Correction Factor

The dip angle a is limited by exper‘irhent to.any convenient

value and the correctlon factor is then detéermined by calc:ulatmg the

effect on ¢. The relatlon connecting the dip angle, scatter angle and

|
.azimuthal angle is

'sin a = sin @ sin ¢

so _.dcb_cc';s,ad‘a, - cosada ,
T " 8in B cos & ~ sin O ?'—-7=1 —sint §
let gz Sina , dx = SO8 ada
N ' T 8in 0. h B T Tsme
| dx R
then d¢=.______'
mw P4 &= sina
S sin »
and ' SP(¢) d¢- SZ;? ="2'1_ ' “dx x 2
51 il - x%
: : o _..sina
- ' Sin 0

- putting in the limits for the i‘ntegral

s:ma.
Sin 0.

“The correctlon factor 1s then

L
"1:7-=/¢‘

e

Nl=|
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Schematic drawing of 22-inch cloud char;'iﬁ'él‘:;a:’s'_‘s";embly show -

ing arrangement, of - magnet, camera and.lights.

Photograph of cloud chamber, magnet and timing circuits.
The neutron beam emerges through the hole in the wall and

-enters the far side of the magnet platform.

Sketch of the stereoscopic projéctor used in the life-sized
reproduction of tracks. The meanings of the various symbols

'in the sketch are given in Appendix.I.

Correction factor as a function of the scatter angle. This
geometric correction factor corrects for tracks too slanted
to be measured. (See Appendix V).

Incident neutron energy distribution from 340 Mev protons
on LiD target. (Reproduced from reference 5).

Angular distribution of negative pi mesons from neutrons on
oxygen. The points were obtained from division of the weighted
number of tracks by the average number of steradians in each
20 degree interval. (Laboratory frame). Standard deviations
are indicated. ' :

Energy distribution of negative pi mesons from neutrons on

oxygen. The points were obtained by plotting the number of

events in each 10 Mev interval. (Laboratory frame). Stand-
ard deviations are indicated.

Angular distribution of negative pi mesons from neutrons on
oxygen. The average transformation was applied to the data
and the points were obtained from division of the weighted
number of tracks by the average number of steradians in each
20 degree interval. (Average center of mass frame), Stand-
ard deviations are indicated.

Energy distribution of negative pi mesons from neutrons on
oxygen. The average transformation was applied to the data
and the points were obtained by plotting the number of events
in each 10 Mev interval. (Average center of mass frame).
Standard deviations are indicated. '

Differential cross section de for negative pi mesons from
neutrons on oxygen. Area%r the curve'is equal to the
average dg-/dQ for the range 0% 8 £ 30 degrees. (Laboratory
frame). Standard deviations are indicated.

Meson yield curve for LiD target obtained from multiplication
of LiD neutron spectrum by the p-p excitation function.

Number of oxygen stars as a function of the incident neutron
energy. Curve c is obtained as the product 0.7 x a x b.



Fig,

Fig.

14

15

-36-

Ox&gen star obtained by neutron bombardment showing a deu-
teron track and a negative pion track. (See Appendix II). '

Oxygen star obtained by neutron bombardment showing tracks
due to a proton, deuteron, negative pion and an alpha. The
remaining prong was unidentified. (See Appendix IIf,
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