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I, INTRODUCTION

History and Background

The production of mesons by photons was established for the first time
when observed in the x-ray beam of the 322 Mev electron synchrotron at the
University of California Radiation Laboratory by McMillan and Peterson® in
January 1949, Photomesons occur also in high energy cosmic ray electron-
photon showers but are easily obscured by the large number of other simul-
taneousAevents. They were reported observed in such showers for the first
time later in 1949 by Fretter and ISe,2

It seems likely that the study of mesons produced in photon-nucleon
interactions will be of greater value to meson theory than the study of
those produced in nucleon-nucleon interactions, although the latter have
aveilsble in the laboratory for a longer period, The main virtue of the
photon-nucleon interaction, as has been pointed out by Brueckner,3 is that
the theoretical analysiz of results is simplified by the nature of the inter-
action,

The ideal targets to bombard with photons are either protons or neutrons,

Ordinary hydrogen is perfect for the former, and deuterium is the nearest

experimental approach to the latter, Experiments using hydrogen and deute-

rium targets are now in progress,

The first pure target material bombarded by the x-ray beam was carbon, j
Carbon was chosen because of its relatively low atomic number and its ready
availebility and ease of fabrication, The background of such an experiment
is due largely to electrons, positrons, end photons produced and scattered o
in the target material which tend to fog the nuclear emulsions used as de- %

tectors in this experiment, Since the pair production cross section varies:
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as the second power of the atomic number whilé meson production varies by
no more than the first power, one improves the signdl to baskground ratio by
going to as low an atomic number a& possible, .

Although it was realized that with a carbon target ome might not get a ‘.

|
true picture of a pure photon-nucleon interaction because of possible distor-
tion by the other nucleons in a carbon nucleus, it was felt thet one might

get a first approximation, Also if distortion by neighboring nucleons is im-
portant, it could be measured by comparison of the negative and positive meson '
spectra from carbon with those from hydrogen and deuterium, Furthermore, the |
energy spectrum and thé ratio of negative to po§'iﬁive mésons from carbon aré
each of interest per se, |
[oratory edperimentd using a line target of carbon had
given & rough energy spectrum of mesons emitted near 90° to the beam direction
in the laboratory system, It had indicated that the sngular distribution of
mesons was approximately spherically symmetric, at léast in the region near
90°, and also that x;xore negative m-mesons are produced than positive by a
ratio of 1,7 ¥ 0,2, The present experiment was designed to display more fully

the angular and energy spectrum of mesons produced in carbon by x-rays gene-

rated by 322 Mev electréns,
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II, EXPERIMENTAI, METHOD

A. Experimental Procedure

The x-rays are produced in the Berkeley synchrotron by letting the

322 (ﬁ 5) Mev electron beam strike a 0,020 inch plaﬁinﬁm target pladed on

thé inner side of the accelerating tube, (See Figuis 1,) The resultant
x-ray been emérges from the machine in a narrow cone whose full width at
half intensity is 0,0135 radian (0,77 degree), At 55 inchés from the plati-

num target the beam is collimated by a tapered hole in a lead block six

_inches thick, The collimating hole is 0,50 inch in diameter at the entrance

end end is part of a cone whose apex is at the platinum target, This pri-
mary collimator defines by geometry a cone of x-rays whose full width is
0,0091 radien (0,52 degree), Diréefiy'béhina the primary collimator is the
secondary collimator, a three inch thickness of lead in which there is a
cylindrical hole just slightly larger than the geomeﬁrically defined beam.
The purpose of this seccndary collimator is to shield the detection equip-
ment from the spray of electrons, positrons, and secondary photons produced
in the-walis’of’ﬁﬂ§ primery collimato¥,

The x-ray beam strikes the spherical carbon target 4,5 inches from the
exit of the secondary collimator, The diameter of the carbon sphere is
0.620 inch, just equal to the dismeter of the diverging x-ray beam at that
point, That the beam ¥ize was accurately determined by the geometry was
confirmed by photogrephic film measurements,

The carbon target is surrounded by a large cylinder of copper, in which
are imbedded stacks of nuclear émulééoﬁ plates, >(§ée Figures 2, () and .4.)
Mosons emitbed from the carbon are slowed down and stopped throughout &
large volumé of the copper, and the imbeddéd emulsions serve to sample the

meson density at various points, Both the energies and angles of the
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emitted mesons can be détermined by the positions of the meson endings--to
within wncertesinties due to scattering and to the finite size of the target.

The intensity of the x-ray beam is practically constant as it traverses
the carbon target, The part of the beam which traverses the thickest region
of the carbon is attenuated only 3.5 percent, Somé £1 fteen feot beyond the
carbon target the x-rey beam strikes a large ionization ¢hamber which serves
ag the monitor in this experiment,

B, Experimental Degign

The above description 1lists the main features of the experiment, Let
qu now discuss in more detail séme of the Gonsiderations which went into
the &ééig"h of the components, '

1, Usse of nuelear emulsions., At the start of the éxpériment the nuc-
lear emulsion techniqué was ‘the only one that had been successfully used for
the detection of photomesons, -$ince then Steinberger e'%”ai.i ‘have &e’v‘elopéd
a relisb1lé electronic technique for the detection of positive n-mesons, The
electronic téchniques invariably have higher counting ratés then those of
the emulsion method, but thé emulsion method is still the only one Whiéhrcéfn
‘reliably detect negative n-mesons as well ag positive, Furthemore, the
éﬁuiS'iqn method allows oné to collect at no extra cost other interesting
data, such as, for example, the energy and angular distributions of positive
p-mesons, The I\lfo"rd type C-2 emulsion was chosen becemse its sensitivity
was felt to be optimum for the recognition of meson endinés and yet great
enough to allow easy redognition of relatively faint p-tracks at the end
of ‘p‘.Ss'i;l:'iv'e n-tracks. In a C-2 emul#ion of notrmal background one can follow
mesdn tracks of energiés of up to about 12 Mév and proton tracks of energies

up to 75 Mev or more, Electrons passing through this emulsion will léave
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developable grains at only e relatively few points along its path--so few
that en électron track cannot normally be recognized, Thesé grains form a
singleegrain background in the emulsions and were the determining faétor in
the amount bf'éxﬁaéure which could be used in this experiment, The emulsions
used wers nominally 100 miGFons in thickness, ’

2, Absorber medium, §ince the méson density drops off as the inverse

square of the distance from the carbon target, a relatively dense material
such as coppér or lead was desirsble as the absorbing material, The stopping
power of & unit thickness of copper is a few percent gréater than that of
fead, Thé bigger adventaze of copper, howevér, is that thée multiple Coulamb
scattering pér unit stopping power is only about half that of lead, The’
‘rms snglé of multiple scatter from the cafbchjfargét'%o the point where a

last part of the meson's trajectory, which uSually is in glass, the rms angle
"of Scatter for a typicél meson is 24° for s lead sbsorber and 18° for coppér,
ent angle when it enters the emulsion but rather by its position relative
to the carbon target,

Since the scattering in the copper absorber is fairly large, it was
decided to use completely poor geomsetry in the meson detection system.
Thus the copper absorber was made in the form of a large cylinder surround-
ing the carbon target, as shown in Figures 2, 3, and 4, From the symmetry
of the system it is seen that for every meson scattered out of a geometrical
ray from the carbon source, theré will be another scattered in, so that there
is no net loss of meson density due to scattering, This statement contains )

jmplicitly the assumption that the angular distribution is a slowly varying
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function of_angular'position° Throughqut.the experiment we treat the dis-
tribg#ionmin ¢'(£he ezimuthel angle about the x-ray beem axis) as constant
because the x-ray beam is unpolarized, The scattering in the absorber will
of course help to obscure any possible fine structure whose characteristic
width in @ (the polar angle measured with respect to the forward direction
of the x-ray beam axis) is less than about £ 7°, the totel engular uncertsin-
ty of this experiment,

As indicated in Figures 2 and 3 there are 14 slots in the outer edge
of the copper cylinder cut radial to the x-ray beam axis, In these slots
are copper boxes containing stacks of nuclear plates, Each box had inside
dimensions of about 7/% in, x ilin, x 9 in, Since the dimension of each
plate is about 1/16 in, x 1 in, x 3 in,, each box had space for 3 stacks of
plates placed end to end, each stack containing about 14 plates, The plates
were oriented sq'that the planes of the emulsions were approximately radiel,
There were 3 reasons for using this fairly large stack of plates at each
position: (&) in order to determine the energy of the meson with any accu-
racy it is necessary to prevent the detection of mesons which enter the stack
through the side rather than through the front, which faces toward the carbon
target, By'making the stack fourteen plates thick and using only the centrsl
six plates as detectors, one makes the detection of side-entering mesons un-
likelys (b) the removal of a portion of the detectors at several times dur-
ing a run allows oné 8 variety of exposures under well controlled conditions
and is economical with respect to synchrotron opereting time; and (e) the
possession of duplicate plates for each exposure is worthwhile protection
against loss by breakageo

The difference in copper absorber thickness between consecutive plate

positionswas 1/3 inch, Since the stopping power of an inch of the glass
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used was just slightly greater than 1/% inch of copper, this allowed the
whole meson energyﬁépectrum to be observed, excepting, of coﬁrse, those ener-
gies belcwfa minimum energy detemined by self-absorption in the carbon tar-
get, The keyhole slot at the bottom of the copper cylinder extended into the
2 inch dismeter cylindrical hole through which the x-ray beem passed, The
copper box in this slot was open (except for tﬁo layers of Scotch photographic
tape) on the side toward the carbon target and detected the lowest energy
group of mesons, It is shown in Figures 2 and 4,

3, Shape and size of carbon target, The spherical shape of the target

was chosen as an apprdximation to & point source of mesons so as to afford
sufficient sngular resolution in the detection of the mesons, If a line
source had been used one would have had to use the angle at which the detected
mesons entered the emulsion, As was noted in the previous section, the scét-
tering in the absorbing meterials mekes this angle unreliable, Also, of course,
the spherical shape allows the source to have the same asppearance and charac-
teristics in all directions of observation,

| The size of the carbon target was determined by the minimum detectable
meson energy which was compatible with a reasonable exposure time, The mini-
mum energy detected was taken as the energy of & meson which is just able to
traverse 0,75 of the radius of the carbon sphere, the mean thickness traversed
by all mesons leaving the target, Since the minimum energy detected varies
as roughly the square rcot of the target radius whereas the meson density, or
exposure time for a given meson density, varies as the cube of the radius, it
is apparent that it becomes increasingly difficult as one goes to very low
minimun enérgieso With the target size used, the minimum energy was 12,5 Mev
end the exposure time was 16 hours, To have reduced +he target until the mini-

mum energy was about 6 Mev would have required an exposure about 64 times as
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long_to get the_éame meson density, These figures are, moreover, unduly
optimistic because we have assumed that the background is proportional to

the target size, Actually with the target used a substantial part of the
‘background was due to electron-positron pairs and secondary photons formed
in the collimator walls and in the air around the target; this is shown by
comperison of the background on the plates exposed to mesons to that of iden-
tical plates from a blank (no target) run, To go to smaller targets will in-
volve precautions to remove this extra background,

The angulér resolution of this experiment is determined partly by the
emount of scattering in the absorbing materials, as we have said, but it is
also affected by the angular width of the meson source as seen from the de=-
tector end by the width of the detector as seen from the source, In most
cases the width of the scanned areas of the emulsion was about equel to the
width of the meson source, so that these two source of angular width have
approximately equal effects, The rms vgiue of this angular width from both
sources varieévfrom about £ 5,6 to ¥ 1,9 degrees over the energy range at
8 = 90° and from about ¥ 3,9 to ¥ 1,6 degrees at 45° and at 135°, Combining
these angular widths with that expected from scattering effects we find that
the total root mean square angular uncertsinties are about £ 7 degrees at
@ = 90° and sbatt * 6 degrees at 45° and at 135°, The scattering calculations
were made'uSing the method developed by Foldy.,5

The emergy resolution can be affected by several factors: thickness of
the target, scattering in the absorber, widths of the target and of the
scenned areas, snd straggling due to energy loss fluctuations, At 90 degrees
the only important factor is target thickness, and the rms energy uncertai nty
is & maximum of ¥ 4,0 Mev at the lowest energy observed and when calculated

. for the middle points of the various plates varies from % 2.8 Mev down to
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% 1,2 Mev at the highest energy observed, At 45 degrees and 135 degrees
the edge of the copper ebsorber is at an angle of 45 degrees to the meson
trajectory, end as a result uncertainties due to scattering in the absorber
and to widths of the target and the scmned areas also become important,
The resultant total rms energy uncerteinty at 45 degrees and 135 degrees
again calculated for the middle points of the plates is a maximum of % 7,0
Mev at a meson energy of 150 Mev and decreases to % 3,0 Mev at 33 Mev, the
nominal energy at the middle of the plates of the first box,
C. Exposures

Three sets of plates were removed from the apparatus (and replaced with
dummy plates) during the exposure run, These removals occurred at exposures
of 3,400, 6,800, and 13,600 r, as would be measured at the position of the
carbon target with en ionization chember behind 1/8 inch of lead, Actually
these numbers are extrapolated from the readings of the large ionization
chamber situated inithe beem some fifteen feet behind the carbon target, The
sensitive chamber is an 8 inch cube, To find the actual number of equivalent
r at the target, one multiplies the r reading of the chamber by the ratio of
the chamber cross section to the beam cross section at the target (a factor
of 212), This factor is necessary because the ionization chember was cali-
brated with all of its volume exposed to radiation wherees the collimated
beam fills only a fraction of the volume even after diverging from the target
position,

The middle exposure, 6,800 r, was about optimum, Most of the plates
scanned were from this batch, The exposure was limited by the darkening of
the leading edges of the plates in the box with no absorber, even though
this box was about twice as far from the targgt as the box in the next higher

energy interval, In the batch of the highest‘exposure the plates of the
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first box were practically unscannable, Even the plates of the next three
boxes were scamnable only with difficulty élthough these plates were somewhat
shielded by the copper absorber from the electron shower, Incidentally, if
lead had been used in place of the copper absorber, these plates would prob-
ably have had less background, except that the difficulty of the plates with
no absorber would sfill have been present,

D, Exemination of the Emulsions

The emulsions were scemned with stendard microscopes for meson track
endings, In most cases & total magnification of about 250 times (400 micron
field of view) was used to locate the mesons, and a magnification of about:
900 times (150 micron field of view) to exemine each track in detail, In
some cases of high background, it was necessary to use higher magnifications
for searching, Altogether aboqt_?l square centimeters of emulsion were
scanned,

Meson track endings have in general two characteristics by which they
cen be recognized, One is a large smount of small angle scattering over the
last one or two hundred microns of the track length, The other is a rela-
tively fast change of grain density over the last 100 microns of the track
length, These characteristiés have meening only relative to the characteris-
tics of other tracks in the emulsion with which mesons might be confused,
The only type of track with which a meson might be confused is that of &
proton, Since the mass of the w-meson (276 electron mass units) is 1/6,65
"times that of the proton, the multiple scattering of the meson is the larger,
It turns out that for eny given residual renge (non-relativistic) the mms
scattering per unit path of the meson is about 2,2 times more thgn that of
the proton, Also since at a given velocity the meson and the proton lose

energy by ionization at the same rate, the n-meson will go through the hump
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of the Bragg ionization curve in 1/6,65 the distance that the proton takes,
hence the characteristic rapid change of grain density at the end of a meson
track,

Two other me son characteristics make the identification of some meson
endings very easy, Most negative n-mesons produce stars at the ends of their
tracks, and practically all positive w-mesons decay into py-mesons at their
track endings, Therefore any track which is observed to have stopped at a
point where one or more different tracks are seen to start is almost certainly
a meson ending, No other charged particle is known to produce a star-like
phenomenon at the end of its range; barring, of course, such things as hammer
tracks, which are easily recognized,

The interpretation of the various types of meson track endings found
would have been very difficult if it had not been for the work of Gardner,
Bradner, and co~workers with megnetically sorted mesons produced by the
184-iﬁch Berkeley synchrocyclotron,

When a negative n-meson comes to rest in matter, it is virtuelly always
captured byvthe positive nucleus of one of the surrounding atoms, Several
thousand negative m-meson endings have been observed in emuisionfﬁithout a
definite negative m-y decay's having been seen,6 This puts an experimental
upper limit of about 10"'11 second for the mean 1life for the capture of nega-
tive w-mesons in C~-2 emulsions, i,e,, & factor of about 10° shorter than the
mean life for e decay,7 The present theoretical picturg of the capture
process is consistent with the experimental evidence,8 In being captured
by & nucleus of atomic number greater then one, the negative w-meson reacts
with a proton and with at least one other nucleon, The proton is trans=
formed into a neutron, andbit and the "other nucleon " share the kinetic

i
energy supplied by the rest mass of the meson, The "other nucleon is a



sort of dgtalyst; it does not‘change form in thé reaction but is necessary
to conserve momentum, It may be either a neutron or proton or even a group
of nucleons, These reaction products may either () escape the nucleus, or
(b) excite the nucleus by collision with other nucleons whereupon the nucleus
will disintegrate according to the statistical model, Thus one might see under
the microscope at the end of a negative m-meson track either (a) no ionizing
track, or (b) one or more ionizing tracks, Meson endings of type (&) are
called -mesons; type (v) endinés are'cglled star endings and are abbrevi-
ated as o-mesons (g for star), In addition, either type may elso have a blob
of grains at the end of the meson probably indicating recoii of the residual
nucleus, It should be added that this picture does not hold for the case of
hydrogen as the capturing nucleus, From recent experiments by Panofsﬁy, Aemodt;
-and York9 the capture of a‘negative n-meson by an ordinary hydrogen atom is
thought to result in the emiésicn of gamma-rays, possibly through an inter-
mediate process involving a neutral meson, However, no matter what the oaptu;e
processes are in detail, the important féct for this experiment is the empiri-
cal result that in C-2 emulsions 73 (% 2) percent of negative mw-mesons have
o-endings and the remaining 27 percent have f>=endings,10

The characteristics of the track endings of negative p-mesons are not as
well known, White, Jones and Gardner!! have found same 28 events thought to
be endings of negative p-mesons; Gf these 26.are /D-ending;, and 2 aret.
o=types, These 2 g-endings could very well have been due to negative n-
meson contemination, There is good theoretical reason for expecting negative
p-mesons to have o -endings, From spin considerations (p-mesons are thought
to have half-integral spin), the negative p-meson when captﬁred is thought to
react with a proton to form a neutron and a neutrino, The conservation of

energy and homentum/show that in such a reaction the neutron will get only
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5,3 Mev kinetic energy, in which case the formation of a star is very umlikely,
In matter of low atomic number (2 <10) the capture time is so long that a
negative -meson can also spontaneously decay, presumably into sn electron
and two neutrinos, in which case the track ending would again be a ,o-type,
‘Positive m-mesons almost always disappear via the m-y decay route, When
one comes to rest in matter near an atom it is repulsed by the Coulomb barrier
and so does not get a chance to.interact with a nucleon; The interaction with
electrons is very weak, Experimeptaily it 1§ observed that at least 99 per-
cent of the positive n=mesons gndergo LE decay,12 Thus the positive n~-meson
track is known virtually always to end at the beginning of the lightly ioni-
zing track of a positive p-meson with about 4,1 Mev, Since the range of a
4,1 Mev p-meson is about 600 microns and since the enulsion thickness is about
100 microns, the geometrical probability that the pémeson will stay entirely
within the emulsion is only about 8 percent, Scattering of the meson reduces
this probability somewhat,
The track ending of a positive p-meson is always a ,O-type because it

too can only spontaneously decay, The decay products are & positron and two

13,14

\

neutrinos, none of which can Ee detected in C=2 type emulsion,
The types of track endings of the four kinds of mesons can be summarized
in the following table:
TABLE I

Types of Meson Track Endings

Kind of Meson Types of endings
. Negative n Y (n =1,2,3,...
= muber of prongs)
Negative W 0
Positive w M=

Positive p
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It is seen that a o=-ending cen be interpreted as any of the three types
of mesons and so is of little value by itséif, There is another possibility
of confusion in that & m-p-ending of vhich only about 100 microns of the -
track is seen resembles very much a 0; ~ending whose oﬁe prong is a lightly
ionizing track, However in a study of 65 ci—éndings in emulsions exposed to
magnetloally sorted negative m-mesons (klndly supplied by F, L Adelman and
S, B, Jones), it was found that most of the oy-endings with fast prongs had
also recognizable "clubs,™ i,e,, blobs of grains et the meson endings due
presumably to recoil of the residual nuclei, It is known that n--endings
do not exhibit such "clubs," Of the 65 one prong stars, 14 had fast prongs
end were possibly confusable with meu-endings, However, of the 149 only 2
did not exhibit recognizable "clubs,® This means then, if we use the data

of Adelman and Joneslo

on star prong distributions, that only about 1 percent
of ell o-endings are confusable with w-p-endings, provided one examines these
tracks for “élubs."
From the discussion above we can interpret the various meson track

endings in the following way:

(2) The number of c-endings is equal to 1/,73 of the total number

of negative m-meson endings,

(b) The number of ﬁ;p—endings is equal to tﬁe number of positive

n-meson endings,

(¢) The ,-endings are made up of (&) 0,27 of the negative m-meson

endings end of (b) the positive p-endings.from the positive m-y

decay procésses, Since the range of the p-meson is only 600 microns,

there should be as many positive_g-endings as positive mw=endings in

eny sample volume, on the average, However, not as many of the p-

endings will be recognized partly because, being emitted isotropically
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from the end of the m-mesons, many of them will be traveling at
unfavoréble angles for observation whereas most of the w-mesons are
parallel to the plane of emulsion, Also since the p-track on the
end of & positive m-track acts like a label, the p-ending is harder
to recognize, eépeéially if short, as it has'no such label, No py-
mesons, neither négative nor positivé, are expected from the carbon
terget, A previous experiment put an upéer limit on the cross sec-
tion for the production of pairs of p-mesons as 0,02 £ ,02 of the
cross section‘fbr the production of positive and negative nemesons , L2
This experiment allows & similer estimate to be made, as will be
shown later, Only a negligible number of negative and positive
p-mesons are expected from-n-p decay processes in flight,
Meson_endings which occur very near either surface of the emulsion are
in denger of misinterpretation by an observer because, for exampié, one or
more lightly ionizing particles might leave the emulsion before having pro-
duced enough developable grains to form recognizable tracks, To avoid these
misinterpretations only meson endings 3 microns or greater from either sur-
face after development were used in the calculations, The 3 micron criterion
was established by plotting the frequency of each type af méSon versus the
distance to the nearest surface, It is seen from Figure 5 that the frequency
is constant, ﬁithin statiStics, at distences of 3 microns or more, Since
the 100 micron emulsion is only 40 microns in thickness after development,
the above criterion removes 12,5 percent of the available emulsion volume,
The reliable observation of mesons in emulsions requires considerable
experience, It was found that at least a month is necessary to train a new

observer, Five observers worked on this experiment, three of which did the

majority of the scanning, The absolute éfficiency for the recognition of



=] 8e

mesons of four of these observers was determined by the duplicate scanning
of certain areas of emulsion, All had efficiencies of greater than 90 per-
cent for the recognition of o= and ly-ondings and from 80 to 95 percent

for the recognition of ,-endings, The fifth observer scenned only & small
region and her efficiency was not checked absdlutely;vhbwevers this observer
was considered experienced and relisble, and her results agree with those ob-
tained from adjacent areas of emulsion scamned by two of the other observers,
As another means of comparing the observers and of minimizing their differ-
ences, each ares of emulsion to be scenned was divided into three parallel
sections, labeled A, B, and C in Figure 6, which were generally scanned by
three different observers, The results of the three sections were plotted
separately and found to be conSistent within the limits of rendom sempling,
After demonstrating in this way that no significant errors would be caused
by individual observer differences, the data were collected irrespective of
observer,

In many cases events were found in the émulsions that could not be
classified aﬁ once with complete certainty, Each of these events was in-
spected by at least tﬁo experienced observers, This.procedure generally
resulted in complete agreement in interpretation, However, sometimesthere
was disagreement, in which case a vote was taken to decide its classifi=-

cation, Votes were necessary for only about 1 percent of the events found,



IIT, ANALYSTS OF DATA

A, Minus=plus Ratio

The ratio of the number of negative m-mesons to that of positive -

mesons produced in a certain meson energy range is, simplys

T 1,37 &« .
. = (I1I-1)

] Lot

where o and m-y represents the number of o- and m-p-endings, respectively;
found in a volume of enulsion corresponding to the energy in question,

There is another analybicai method for determining the minus-plu; ratio
which is & less reliable method but is of interest to indicate experimental
consis’tenqy, The method is developeci as follows, The number of negative
n-mesons is again teken as 1,37 o, S'J‘__.nce only m-mesons are emitted from the
target, the difference betwsen the total number of mesons (T), including

P =types, and the number of negative m-mesons is due to positive n- and p-

mesons, Taking n* = p,* we get

———— -

(n") | 1.37 o 2 (111-2)

+ -1 T
" alternate Z(T - 1.37 o) 0,75—6—- 1

B, Energy Spectrum

4%No(E,8)
Consider & point source of mesons emitting @i T-mesons per
unit beam exposure per Mev per steradien at the polar angle 9 and with a
kinetic energy E, Let a volume element of dimensions 519 82.9 and '66

be imbedded in an absorbing medium at a distance R fram the source end, for '
" convenience, be oriented so that a 51 52 fece of the volume is normal to

the direction of R,
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The number of w-mesons (& N) stopping in this volume element will be

. 2 - : B ‘
AN = ¢ YN (E,8) 8,8 5 a8 (III-3)
dEdN RZ O @

-

where r 1is the number of units of beam exposure and %is the rate of
energy loss in the emulsion at energy E, If we write n, the meson density,
for AN/616285;, it becomes apparent that the numerical density of mesons,
%rhich is the basic microscope measurement, is independent of the exact size

and orientetion of the small volume element,

_ AN 4y (B,6) 1 dag
n:m=r_.o__'___

- : (111-4)"
dBdny R 4R

S

To find the average density over a larger volume element we must use the
mean velue of the function —lt—z % averaged over the volume element rather
then its value at the center of the range interval, This function varies
"roughly as the inverse 2,5 power of R, end it can chenge as much as by a

factor of 3,5 over the region of one plé.te. Thus the average value of the

emission function at each point is found from |

d NO(E,G) 1 a .
s = = T (I11-5)
L an J,, T <__ __> |
R2 dR/ gy
One might ask what effects can distort the emission spectrum measured
in this way, One possible effect is mw-y decay in flight, but the time of

flight in the eir between the carbon target and the absorbing medium plus

the slow down time in the absorber is so fast that only about 3 percent of



the m-mesons decay before coming t6 rest, This time intervel as measured

'K)second over the energy spec-

in the meson's system varies from 2.to 3 x10
trum at 90°.V Although this loés.of mesons is negligibly small, it is inter-
esting that the loss is roughl& constent with energy so that the relative
shepe of the emitted spectrum is affected less than the absolute magnitude,

It would be very difficult to identify a mey decay in flight in an emulsion,
and none is expected to be observed.

Another distorting effect is the nuclear absorption of the mesons while
traversing the absorber,  The cfoss section for this process at low meson
energies is not known and it cannot be corrected for accurately at this time,
However, we might put an upper limit on the effect of this process by assuming
that the cross section is equal to the nuclear area as measured by 90 Mev neu-
trons,;e. Then the mean free path in copper is 10,7 em, and the abscorption
between 17 Mev and 55 Mev (which is near the maximum of the 90° spectrum) is
about 15 percent, and ths absorption between 17 Mev and 100 Mev is about 30
percent, For n-mesons having energies of "some hnndfed Mev" Piccionil? gives
an experimentel lower limit for the mean free path for nuclear absorption as
1200 grems per square centimeter (135 centimeters of copper), Using this,
the only measured value, we find that the nuclear absorptioﬁ between 17 Mev
and 100 Mev is only 3 percent, negligible in this éxperiment,' If in sddition
to nuclear absorption there were nuclear scettering in which mesons cen be
scattered through large angles, and if the experiment were done with poor
geometry in the detection system, as in this experiment, the scettered mesons
would be detected at distances from the source which are much less than their
actual ranges, This effect could conceivably cause an emitted spectrum which,
for example, is constant in energy out to & meximum erergy to be measured as

one with a hump at some intermediate energy, This false hump might be avoided
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by the acceptance of only those mesons within a certain angular range, This
process is not likely, however, as nuclear scatfering of greater then 90°
would have been measured by Piccioni as nuclear "absorption™ in his experi-
ments on high energy mesons,

The measured emission spectrum could be distorted also if the approxi-
mation of a péint source were not valid, In the formule for the emission
function one should celculate the mean of the function

1 48
R2 &R
over the volume of a finite target, However, since a tedious numerical
integration was indicated, just the mean of the most rapidly varying part,
the sub=function f%g , was calculated as a first approximation, It turns
out that the ratio
(/8% noan

(ﬂl/Roz) =14+1/5 (a/Ro)z e e (111-8) -

where R, is the distance from thé aéﬁector to the center of the target and
a is thelradius of the spherical target, For the worst case in the experi-
ment this ratio differs from unity by only 1 percent, Thus the point source
{approxihation was justified for the target used, |

To find out whether any of the mesons observed might have come from
sources other than the carbon terget a blank run was madé, that is, a run
identical to the main run except that thé carbon target was omitted, No
mesons at all were found in areas which in the main run would have yielded
ebout 130 mesons,

'C, Cross Section Computations

If one assumes the existence of some functional relationship between

E, 6 and k, where k is the energy of the photon creating the meson of energy
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E at angle ©, we can relate the emission Spectrum to a differential cross

sections:
a2y (g,o) :
o\ #2¥ ‘ do(k,8) 3. /3%y . :
P /N(k,r)___.___ (9k/dE), n, av(r) (ITI-7)

where N(k,r) the_integrated number of photons of energy k per Mev per unit

beam exposure per square centimeter of beem area at radius r

from the beam axis at the target,

25&51?2 = cross section for the production of meson per steradian at
an

angle 8 by a photon of energy k in cmz'per nucleus,

ﬁt numerical density of the target atoms in cm™>,

and dV(r)

element of target volume at radius r from the beam axis in cm°.

The integral is to be taken over the target volume,

 There are various collision models one might essume in order to compute
(a]f';/aE)-e, For example the assumption that only two particles (a meson and
e residual nucleus) result from the photon-nucleus collision plus the appli-
cation of conservation laws allows us to compute such & function, This case
also gives us, incidentaliy, the maximum possible meson energy at each angle
for any given photon energy, Another example is the model in which just
three particles result from the collision, & meson, a nucleon, and a residual
nucleus; however, the momentun of one of these three particles must be speci-
fied before that of the others can be determined, Plausible supplementary
assumptions then are that the residusl nucleus is at rest (a) in the labora-
tory system or (b) in the zero-momentum system of the photon-mucleus colli-
sion, Curves of E vs k for these three cases are plotted in Figure 7,

The function N(k,r) is known, so that we cen write

o 5 e
do(k,8) _ d°No(E,®) <6E) 1 (111-8)

an dBdy  \dx A V oy W(x)



where N(k) is the mean value of N(k,r) averaged over the volume éf the tar-
get (V), It tu;ns out that W(k) for the spherical target usea equals 1,04
times the mean value of N(k,r) averaged over the beam cross section at the
target, The shape of the beam over the target is shown in Figure 8, It wes
assumed that the composition of the beam in energy wes independent of r over
the region used,

A cross section that can be computed without reference to any particular
collision model is the average cross section per gteradian over the x-ray
energy spectrum, Integrating equation (III-7) over the meson spectrum at
constent angle 6, we gets

d No(e) Emex d°No(E,8) ax do(k e) = Ok
dn =/° dEdy dE=nt‘{/:m i N(k_)(gﬁ)e(m

d N;,('e‘) d5(e) [Fmex _

—_— - N(x) dk

an MV aa /), in ( ?

d ¥ (e) d3(e) -
— q (I11-9)

=n; V
da % 4n

ds(0)
da
photon spectrum, and q represents the indiceted integral, Thus we get

where is the mean differential cross section avereged over the

ds(e) dw(e) 1
do d0 qQngV

(11I-10)

The number q is not clear cut, As a first approximation (k) varies as
(k) = A/ ' (I11-11)

where A is & Gonstant so that

' . kmax
q' = A/kmax %k; = A ln . (III-12)
knin 7
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However, it is equally proper to use the convention of defining the number
of quanta in a bremsstrahlung spectrum as equal to the total enmergy in the

beam divided by the maximum eneggy.

tota ' Fmax | g '
q = otal energy -1 ax k M(k) dk (III-13)
Knax knex /o

This definition is unique, and it avoids the divergence in the number of
quente near zero energy, Furthermore, it avoids the approximation involved
in equation (III-11) and it avoids also the determination of the threshold

energy k If, e,g,, the actual spectrum had the shape given by equation

min °
(III-11), this definition would make the number of quanta equal to the con-
stant A, The number q is the number of photons per square centimeter ave-
raged over the volume of the target, The total number of quanta in the "one-
half inch™ beam of the Berkeley syﬁchrotron has been determined experimentally
by Blocker, Kenney, and Panofskyl8 to be 1,5 x 1010 (£ 35 percent) quanta per
r, where the r is the unit of exposure as measured by the large ionization
chamber used to monitor the beam,

Having now obtained the average cross section per steradian over the

x=-ray spectrum, one can get thé average total cross section (Et), by inte-

grating it over all angular space:

o d5(0) daQ
t an '

- n d5(e)
3, = ZT/P sin 6 d © (III-14)
o |

i -

d5(0) . 0 o o |
—3g_ Ves measured at 3 angles, 45°, 90, and 135°, so one must extrapolate

below 45° and above 135°, Fortunately, however, the sin © factor minimizes

errors in these regions,
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IV, RESULTS

A, Minus-plus Ratio

The ratio of the number of negative w-mesons to the number of positive
n-mesons in each energy interval for the three vglues of the angle @ are
shown in Figure 9, The errors plotted with the experimental points are stand-
ard statistical errors, The theoretical ratio for photon-nucleon collisions
as determined by Brﬁeckner and Goldbergerlg‘zo for. the éase in which the inter-
action between a neutron and & photon is negligible is a function of both
energy and angle, and these values are shown on the same figure, including
the Coulomb effect of a distributed charge, The expression for the theoret-

ical ratio, without the Coulomb effect, is

-2

E ) v ,
+ ‘ - =T - —
n/nt = 1 2 (1 cos @)

where ET represents the total meson energy, including rest energy, v the
meson velocity, ¢ the velocity of light, and Mc? the rest energy of & nucleon,

At 0 = 45° tbere is a possible variation of the experimental ratio with
energy, but the points ere also statisticelly consistent with & constant ratio
independent of energy, There is no disagreement with the theory here as the
theory calls for a ratio which is practically constant over the energy range
examined,

At @ = 90° and 135° there is again no statistically significant vari-
ation of the experimentel ratio with energy, except for the fact that the
lowest energy points consistently have a value near 2, Although the Coulomb
effect at the energies designated should be very low, those high values of
the ratio possibly do represent the Coulamb effect, The designated energies
assume that the mesons come ffom the middle of the carbon target, whereas

it is possible that an appreciable number of the mesons come from the surface
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region of the target with energies at which the Coulomb effect is important,
At @ = 90° the experimental points do not agree very well with the theory,
but with the statistics involved one cennot state that the difference is sig-
nificant, However, at © = 135° the discrepancy between theory and experiment
is moredistinct and appears to be significant, '

Since in sach case the experimental data are statisticelly consistent
with a constant value of the minus-plus ratio, the deta were lumped together
to'determine the overall minus~plus ratio at each angle, These values are-
given in Table II, and plotted in Figure 10 together with the mean theoretical
values found by weighting theoretical value at each energy intervel with the
number of mesons found in that interval, The mean energy determined similarly
is listed also, The alternate, less reliable, method of computing the minus-
plus ratio, discussed in Section III-A, which uses the total number of mesons,
was applied to the data elso for the purpose of qomparing the methods, It
should be added that if one plots and integrates the negative and positive
energy spectra separately and thus obtains the minus-plus ratios, the results
agree well with those obtained by considering the fatio to be independent of
energy,

TABLE II

Overall Minus-plus Rafio-versus Angle of Emission

Weighted Experimental
' Experimental | Theoretical Meen Ratio (Alter-
Angle Ratio Ratio Energy nate Method
g
450 1,29 £ .22 1.25 70 Mev 1,60
90° 1,30 £ .12 1,62 56 Mev 1,60
135° | 1,34 £ ,20 2,12 54 Mev 1,32
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These overall ratio results again point out the discrepancy between
theory and experiment, The experimental ratio appears to be independent of
dngle, as well as energy, whereas the theoretical ratio is not, This dis-
crepancy might be explained by scattering of the mesons before they escape
the carbon nuclei in which they are formed, This effect would make all char-
acteristics of the emission spectrum isotropic, However, this explanation
does not hold as the experimental energy spectra do depend on the angle of
emission, A better explanation is, as indicated in Brueckner's analysis,zo
that the experimental results show the agsumption (negligible neutron-photon
interaction) of this fom of the theory to be wrong and that theiinteraction
of the neutron with the electromagnetic field through its magnetic moment
does play an important part in the process,

One disturbing aspect of these results is that they disagree with that
of a previous experiment which gave an overall ratio of 1.7 £ 0,2 at an angle
of 90°°3 The previous experiment differed from the present one mainly in
that a line target was used and in that the angular resolution was about £45°,
The discrepancy between the old anq new results is greater then that allowed
by the statistical errors, However, the new result is believed to be the
more reliable,

B, Energy Spectra and Cross Sections

The spectra of n-mesons emitted from the carbon target were computed
from the date using the total number of w-mesons, both negative and positive,
at each energy interval, That is, it was"assumed that the minus-plus ratio
was independent of energy, as indicated in the last section, If one actuélly
plots the negative and positive spectra separately, no statistically signi-
ficant distinction appears in their relative shapes,

The emission spectra for 45°, 90°, and 135° are shown in Figures 11,
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12, and 13, respectively, Smooth curves are drawn through the experimental
points and extrapolated to zero emergy for the purpose of obtaining the total
number of mesons emitted at each direction, In Figure 14 the three smooth
curves are drawn together for the purpose of intércomparing the three spectra,
Comparison of the spectra with Figure 7, which relates photon energy,
meson energy, and angle of emission for three collision models, shows that
the fundamentel process in the formation of mesons is probably a photon-nucleon
collision, as was expected, rather than a photon-nucleus collision, This is
indicated both by the magnitude of the maximum energies of the spectra and
by the smount of angular dependence, This angular dependence can of course
be explained on purely kinematical grounds, The end points are not precise,
but rather the spectra seem to have high energy tails which are attributable
to the internal motion inside the carbon nucleus,
Another result is that fewer mesons are emitted in the forward direction
than at 90° end probably fewer even than at, 135°. Integrals of the spectra lead

to values of the average cross section per steradien listed in Table III,

TABLE III

Average Cross SeCtions.per Steradian

d5/dn cm? per steradian

Emission Angle per nucleus per photon
45° | (2,42 % ,21) x 10729
900 (3.75 £ ,17) x 10727
1359 (2,75 ¥ .20) x 10~29

The errors listed are purely statistical errors, There is also a systematic
error of about % 35 percent due to an uncertainty in the absolute calibration

of the number of quanta in the beam, but it does not effect the relative

validity of the cross sections given,



The lack of a strong forward peak which would be predicted by classical
electromagnetic theory if the interaction were that of an electric dipole
effect has already been pointed out by Steinberger and Bishop21 in a pre-

* fThese workers

vliminary study on positive photomesons produced in hydrogen,
investigated the angular dependence of only one photon energy iﬁ this work,

It can be determined whether the binding of the nucleons in the carbon nucleus
plays an important role in the angular dependence of the emitted spectrum when
more eomplete‘data are available for the hydrogen case, The binding apparently
plays a role in the shape of the energy spectrum, as results at 90° indicate
that the hydrogen spectrum is considerably flatter than the carbon,

The effect of the binding of the nucleons is evidenced most strongly in
the magnitude of the cross section, Comparison of these results at 90° with
those of Caokrffom liquid hydrogen shows that the cross section per nucleus
for the production of positive mesons from carbon is only about twice that
from.hydrogen, although there are six times &s meny protons in the carbon nuc-
leus, This result checks a previous result of Steinberger and Bishop,16

The differential cross section per steradian as a function of the photon
energy was not computed because it was felt that the dete ls of the bhoton-
nucleon collision were not known well enough to make such a calculation
meaningful,

Qpe cross section figures per steradian listed in Table II are also
plotted in Figure 15, The smooth curve in the figure was drewn in to obtain
the total average cross section integrated over all angles according to

equation III-15, The resultant figure is 3.9 xlo"'28 com? per nucleus per

* The work with hydrogen has been done by L, J, Cook with nuclear emulsions
and by J, Steinberger and A, S, Bishop with cownter techniques, I em
indebted to them for the use of some of their results before publication,



photon, The total uncerteinty in this figure is due Iargely to the uncer-
tainty in the absolute calibration of the beam in terms of the monitor used
end is estimated to be about I 40 percent,

C. - Angular Distributions of the Mesons

The angular distributions of the mesons found at the emission angle of
90% are plotted in Figure 16, The angle of each meson is measured at the
point where it enters the emulsion, The projected track lengbths in emulsion
renged from 25 to 4000 microns, but the bulk of them lay in the 100 to 200
micron interval, as shown in Figure 17, The amount of multiple Coulomb scat-
tering expected depends upon the initial energy of the meson, upon the energy
at the point where the angle is observed, and upoh'hOW'much its trajectory
lies in glass and how much in copper, Choosing mesons which end near the
middle of the plates with residual ranges of 200 microns as typicel, one
finds that the rms engle of scatter varies from 14° to 21° over the energy
renge covered as is in the neighborhood of 18° where most of the mesons were
found,

Both the s-meson and the w=y-meson plots of Figure 16 give half widths
of 17,5 degrees at half amplitude in good agreement with the above discussion,

The distribution of the angles at which the p-mesons leave the end of
the positive m-mesons (measured with respect to the beam direction) is_ciearly
isotropic within the statistics involved, That the p-mesons are isotropic
also with respect to the angle to the normal to the emulsion plene is shown
by the track length distribution of the p-mesons in Figure 17; The smooth
curve is the theoretical curve for isotropic emission from points uniformly
distributed throughout the scenned volume,

‘The plot of the engular distribution of the ,-mesons is clearly com-

posite, being composed of a peak at 90° due to negative m-mesons which do
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not meke stars and a flat background due to positive p-mesons whose beginnings
are not observed, It can be seen that the height of the flat background is
only about half the height of the p-meson plot, A more detailed examination
of these plots allows one to estimate thaet the positive y-meson is on the
average only 0,6 times as easy to recognize as the positive m-meson in 100
ﬁicron C-2 emulsions, One can also find the fraction of the negative n-mesons
which do not form stars bycampering the number of mesons under the hump of the
o =meson plot (after subtracting off the flat background) with the number of
c-mesons on the plot above, taking into account the number of o-mesons in

the 180° to 360° interval, This fractiog turns out to be 0,31 £ ,07, the
error being purely statistical, This vélue compares well with the value

10 witn magnetically sorted negative

0,27 * ,02 found by Adelman and Jones
mesons, The angular width of this hump is again about 17,5 degrees,

If p-mesons were formed in the target they would appear as ,c-mesons
in the plates and would contribute to the hump in the ,o-meson engular dis=-
tribution, If we use 0,27 as the real fraction of negative n-mesons which do
;ot form visible stars, we can again use the number of o -mesons in the hump
to ‘determine an upper limit on the cross section for the production of p-mesons,
By subtracting from this group of ,-mesons 0,27 times the total number of
negative n-mesons, as determined by the number of g-mesons in the seme angular
range, we obtain a residual number of ,O-mesons possibly attributable to p-
mesons from the target, If we assume that the pamesons are produced in pairs,
we thus find that the ratio of the cross section for p-meson production to
that for negative plus positive m-meson production is 0,02 £ 0,02; the error
is statistical,

The angular plots for emission engles of 45° and 135° correspond very

well with those obtained at 90°; but they are less conclusive as fewer mesons

were counted there, For completeness, these plots are shown in Figures 18 and 19,
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VII, ILLUSTRATIONS

Figure Captions

Schematic drawing showing the essential experimentel components,

A, Scale drawing of a longitudinal view of the collimator-

target-detector assemﬁly;

B, Scale drawing of & cross sectional view of the target-detector
assembly,

Photograph of the experimental arrangement, The x-ray beam emerges
from the synchrotron at A, B is the primary lead collim.’ator° C

is the copper ebsorber, Copper boxes containing the nuclear plates
fit into the longitudinal slots, The x-ray beam emerges from this
assembly at D,

Close-up photograph of target-detector assembly looking along the

beam toward the synchrotron, The carbon target is seen at A4, B

is the box of plates in the key-hole (zero absorber) slot, MNost
of the copper absorber canﬂot be seen because of the duraluminum
end platel,

Depth distributions of the three types of mesons found, Daté
from all angles are included,

Drawing illustrating method of selecting areas of emulsion to

be scanned,

Relations between photon energy, meson energy, and angle of
emission in the laborstory system for three collision models
derived from conservation laws, Supplementary assumption for

11

models 2 and 3 was that the residual nucleus SB was at rest
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1z system and

(2) in the zero momentum system of the photon- C
(3) in the laboratory system,

Figure 8: Plot of the beam intensity at the target position ageinst radius
from the beam axis, |

Figure 9: Plots of the experimental minus-plus ratio against meson energy for
three angles of emission, The theoretical curve is for the case in
which the neutron-photon interaction is negligible; the Coulomb
effect of & distributed charge is included,

Figure 10: Plot of the mesn minus-plus ratio averaged over energy versus
angle of emission, using the daﬁa‘of Figure 9,

Figure'lls Experimental énergy spectrum of positive and negative w-mesons
emitted at 45° to the beam direction in units of mesons per Mev
per steradian per r, where an r represents a upit reading of
the large ionization chamber,

Figure 12: ZExperimental energy spectrum of positive and negative w-mesons
emitted at 90° to the beam direction, The indicated error for
the point with zero ordinate was taken as that due to one meson,

Figure 13: Expérimental energy spectrum of positive and negative n-mesons
emitted at 135° to the beam direction,

Figure 14: An intercomparison of the three energy spectra,

Figure 15: Plot of the average cross section per steradian versus angle of
emissioﬁ, The smooth curve was drawn for the purpose of inte-
'gration.

Figure 16, Angular distributions of the mesons found at 90°, The abscissa

is the angle from the beam direction,



Figure 17:

Figure 18:

Figure 19:

Distributions in projected track length in emulsion for four
types of mesons, Data from all.angles are inoludea° The
track length measurements are estimated to be accurate.to
within 10 percent;~

Angular distributions of the mesons found at 45°,

Anguler distributions of the mesons found at 135°,
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