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Radiation Leboratory, Department of Physics
University of Celifornis
Berkeley, California

October 16, 1950

Abstract

Photéns from the Berkeley 322 Mev electron synchrotron have been used
to produce mesons from a carbon target, These mesons have been observed
with nuclear emulsions at angles of 45°, 90°, and 135° to the photon besm,
The ratio of the number of m to w* mesons produced is 1,29 # 0,22, 1,30 %
0,12, and 1,34 t 0,20, respectively, at each of the above angies. The
?hergy-spectra and the differential cross sections of w mesons at each of
these engles have been obtained, The total cross section for the production
8 om?

of 7 mesons is 4,0 £ 1,6 x 1072 per nucleus per "equivalent quentum,”

The number of "equivalent quanta,™ Q, is defined as the total energy in the
beem divided by the maximum photon energy, The cross section for production
of u meson pairs at the target is estimated to be less than 2 percent of the

cross section for m meson productiozn,
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October 16, 1950

I, INTRODUCTION

The production of mesons by photons was definitely established for the
first time when they were observed in the x-ray beam of the 322 Mev electron
synchrotron at the University of California Radiation Laboratory by McMillen

and Peterson1

in Jenuary, 1949, Carbon was the first pure target material to
be bombarded by the x-ray beam for the production of mesons,z Carbon was
chosen because of its relatively low atomic number and its ready availability
and ease of fabrication, The background is due largely to électronsa posi-
trons, and photons that are produced and scattered in the target material :and
which tend tc fog the nuclear emulsions used as detectors in this experiment,
Since the electron pair production cross section varies as the second power
of the atomic number while meson production varies by about the two-thirds
po‘Wer,8 the background is reduced by going to as low an atomic number as pos=
sible,

For pure photon-nucleon interactions the ideal targets to bombard with
photons are either protqns or neutrons, Ordinary hydrogen is perfect for the

former, and deuterium is the nearest experimentel approach to the latter,

1 E, M, McMillan and J, M, Peterson, Science 109, 438 (1949)

2 B, M, McMillan, J, M, Peterson, and R, S, White, Science 110, 579 (1950)

® R, T, Mozely, Phys, Rev, (to be published)
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Experiments using hydrogen have been done by Cook? and by Steinberger and
Bishop,5 An experiment with deuterium is now in progress,

Aithough it was realized that with a carbon target one 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 that one might get
a first approximation, Also if distortion by the neighboring nucleons were
important, it could be measured by coﬁparison of the negative and positive
meson spectra from carbon with those from hydrogen and deuterium, Furthermore,
the energy spectra and the ratio of negative to positive mesons from carbon
are each of interest per se,

An exploratory eicperiment2 using a line target of cérbon had given a
rough energy spectrum of mesons emltted near 90° to the beem direction in the
laboratory system, It had indicated that the angular distribution of mesons
we.s approximately sPherically symmetric, at least in the region near 90°, and
also that more ©~ mesons are produced than n* mesons 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 cérbon by x-rays generated by 322 Mev

electrons,

IT, EXPERIMENTAL METHQD.
The x=-rays were produced in the Berkeley synchrotron by letting fhe
322 ¥ 5 Mev electron besm strike a 0,020 inch platinum target placed on the
inner side of the accelerating tﬁbeo The resultant bremsstrahlung beam

emerged from the machine in a narrow cone whose full width at half in-

tensity was 0,0135 radian (0,77 degree), At 55 inches from the platinum

4 L, J, Cook, private communication

5 J. Steinberger and A, S. Bishop, Phys, Rev, 78, 494 (1950)
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target the beam was collimafed by a tapered hole in a lead block six inches
thick as illustrated in Fig, 1, The collimating hole was 0,50 inch in dia-
meter at the eqtrance ené end Was.part of a cone whose apex was at the plati-
nun target, This priméry collimator defined by geometry & cone of x-rays whose
full width was 0,0091 radian (0,52 degree), Directly b;hind the primary colli=-
mator was the secondary collimator, a three inch thicknesg of lead in which there
was & cylindrical hole just slightly larger thﬁn the geometrically defined beam,
The purpose of the secondary collimator was to shield the detection equipment |
.from the spray of electrons, positrons, and sedondary photons produced in the
walls of the ?rimary collimator, Cross section views of the collimator, tar-
get, and detector assembly are shown in Fig, 2 and a photograph of the experi-
mental arrangement in Fig, 3,

The diameter of the carbon sphere was 0,620 inch, just equal to the dia-
meter of the diverging x-ray beam at that point, That the beam size was ac~
curately determined by geometry was confirmed by photographic film measurezﬁents°
The carbon target was surrounded by & large cylinder of copper, in which were
imbedded stacks of nuclear emulsion plates, Mesons emitted from the carbon
were slowed down and stopped throughout a large volume of the copper, and the
imbedded emulsions served to éample the meson density at various points, Both
the energies and angies of the emitted mesons were determined by the positions
of the meson-endings relative to the target - to within uncertainties due to
scattering and to the finite size of the target,

The intensity of the x-ray beam was practically'constant as it traversed
the carbon target, The part of the beam which traversed the diameter of the
carbon was attenuated by only 3,5 percent, Some fifteen feet beyond the carbon

target the x-ray beam struck a large ionization chamber which served as the
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monitor in this experim.ént° The considerations which went into the design of
the component parts of the exﬁerimént are discussed in more detail in the
following sectionsé |
A, Detectors

Up to now, the emulsion method of detection is the only reliable method
for detection of both ™ and w* mesons, although successful electronic tech-

niques have been developed for the detection of n* mesonst,sé’7

Furthermore,
the emulsion method allows one to collect at no extre cost other interesting
data, such éss for example, the energy and angular dis%ributions of u* mesons,
The Ilford type C-2 emulsion was chosen because its sensitivity was felt to be
optimum for the identification of meson tracks and yet great enough to allow
easy recognition of relatively faint p* tracks at the end of the m* tracks,
Electrons passing through this emulsion leave developable grains at only a
felativély few points along its path--=so few that an eleﬁtron track cannot
normally be recognized, These grains form & single-grain background in the
emulsions and were the deﬁenmining factor in the amount of exposure which could
be used in this experiment, The emulsions used were nominally.loo microns in
thickness,
B. Absorbers

Since the meson dens;ty drops off as the inverse square of the distence
from a point target, a relatively dense material such as copper or lead was
desirable as the absorbing material° The r.m,s, angle of mﬁitiple Coulomb

scattering from its initial direction to the point where a meson is first

detected in the emulsion can be up to 47° for a lead absorber and up to 26°

6
L, W, Alvarez, A, Longacre, V, G, Ogren, and R, E, Thomas, Phys, Rev, 77,
752 (1950) ' .

7 , S o
J, Steinberger and A, S, Bishop, Phys, Rev, 78, 493 (1950)
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for copper, Since most of the scattering takes place in the last part of the
meson's trajectory, which usually is in glass, the r.m,s, angle of scatter for
& typical meson is 24° for a lead sbsorber and 18° for copper, Because of its
greater stopping power per unit thickness and because of its smaller scattering,
coppér was selected for the absorber material, .

Since the scattering in the copper absorber is fairly large, it was de-

cided to use comp}etely poor geometry in the meson detection system, The large

copper cylinder surrounding the carbon target as shown in Figs, 2 and 3 satis-

fies this condition,

Throughout the experiment the distribution in f, the azimuthal angle about

the x-ray beam axis, is treated as constent because the X=réy beam is unpolar=

ized, -
As indicated in Figs, 2 and 3 there were 14 slots in the outer edge of

the copper cylinder cut radial to the x-ray beeam axis, In these slots were

. placed copper boxes containing stacks of nuclear plates, Each box had space

for 3 stacks of plates placed end to end, each -stack containing about 14 plates,
The plates were oriented so that the planes of the emulsions were approximately
radiel, Only the central 6 plates were selected for scanning, This geometry

and selection of plates allowed one to'calculate what fraction of each meson's

range wes in copper and what fraction in glass and emulsion, In addition,

the removal of a portion of the detectors at several times during e run, al-
lowed ‘a variety of exposures under well controlled conditions and was econom-
ical with respect to synchrotron operating time, The difference in copper abe
$orber thickness between consecutiﬁe'piate positions was 1/3 inch, Since the
stopping power of an inch of the glass used was just slightly greater than 1/3

inch of copper in this energy range, the whole meson energy speetrumbcould be
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observed above a minimum energy determined by self-absorption in the carbon
target,
¢, Target

'Thevspherical shape of the target was chosén as an approximation to a
point'source of mesons so as to afford sufficient=angular resolution in the
detection of the mesons, Also, this shape allows the source to have the same
appearance and characteristics 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, With the
0,&20 inch diameter cerbon target used, the minimum energy was 12,5 Mev,

The angular resolution of this experiment was determined not only by
the séattering'in the absorbing materials, but also by the angul#r width of
the meson source as seen from the dqtector and by“the width of the detector
ag seen from the source, In most cases the width of the sceanned areas of
emulsion was about_equal to the width of the meson source, so that these two
sources of angular width have approximately equal effects, The r.m.s, value
of this engular width from both sources varied from about % 5,6 to £ 1,9
degrees over the energy range at @ = 90° and about % 3,9 to ¥ 1,6 degrees at
45° and at 135°, Because of multiple Coulomb scattering the angle between
the direction of the meson as it leavés the target and the line drawn from
the end point of the meson to the target can be up to 5°, Combining these
angular uncertainties one finds that the total root mesn square angular un-
certainties are sbout % 7 degrees at & = 90° and about * 6 degrees at 45° and
135°, The scattering calculations were made using the method developed by

Foldy,8

8 1. L, Foldy, Phys, Rev, 75, 311 (1949)
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The energy resolution can be affected by several factors: thickness of

the térget, scattering in the absorber, widths of the target and of the scenned
areas, and straggling due to energy loss fluctuations, At 90° the only impor=-
tent factor is target thickmess, and the r.m,s, energy uncerteinty is a meximum
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 % 1,2 Mev at the high-
est energy observed, At 45° and 135° the edge of the copper absorber is at en
angle of 45° to the meson trajectory, and as a result uncertainties due to scat-
tering in the absorber and to widths of the target and scanned areas also be-
come important, The resultant total r.m,s, energy uncertasinty at 45° and 135°,
again caleulated for the middle points of the plates, is & maximum of i 7.0 Mevw
at a-meson energy of 150 Mev and decreases to & 3.0 Mev at 33 Mev, the nominal

K

energy at the middle of the plates of the first box,
D, Exposures

Three sets of plates were removed from the appafatus_and replaced with
blank plates during the exposure run, These removals occurred at exposures
of 2,4, 4,8 and Qoéﬂx idi;'”equivalant quenta,” The number of'bqujvalent‘
quants,™ Q, is defined as the total energy in the beam divided by the maximum
photon énergy° The middle exposure 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 asbout twice as far from the target as the box in the next higher energy
interval,

E. Exemination of the Emulsions

The emulsions were scenned for meson endings with standard microscopes of

from 250 to 900 power magnification, Altogether about 84 square centimeters
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of emuigion were scanned,

~ Meson track endings in Ilford C=2 emulsions have in general two character-
i'.s‘t'ics by which they can be recogn-ized.° One is & large amount of small angle
scattering over the last one or two hundred microns of the track length, The
other is & relatively fast change of grain density over the last 100 microns of
the track length, In addition, some types of mesons have characteristic track .
endings wﬁich make identification easier, It is knomn frqm data on magneticaily
sorted 7~ mesons that about 73 % 2 pereenf of the #~ mesons which stop in Ilford
C-2 emulsions have one or more observaeble tracks leaving the meson endingog
These mesons are labelled o mesons (star mesons), Any meson track with no ob-
éervable traék leaving its end_ing is called a p ‘meson, As several thouéand
7~ meson endings in emulsions have been observed without conclusive evidence of
8 = ending,lo one can draw the conclusion that & 7~ meson is almost always
captured before having time to decay, Therefore, any =gy decay observed in

4

the emulsion must certainly have been initiated by a w* meson, From work with

magnetically sorted 7" mesons it_ has been observed that more than 99 percent
of the n* mesons decay into p* mesons, 11

The characteristics of the track endings of p~ mesons are not as well
known, From observations with cosmic ray mesons, Changlz hes found no certain
sfars_;t the end of over 50 p~ mesons, Other obsezf*vez"s‘,13 using artificially

prdduced mesons have found some 28 events in emulsions thdught to be the end-

ings of p~ mesons, Of these, 26 are ,9=endings, and 2 are o-types, These

9 F, L, Adelmen and S, B, Jones, Science 111, 226 (1950)

10 University of California Radiation Laboratory Film chup , private communication
11 p, M, Smith, private commnication
12 w, Y, Cheng, Rev, Wod, Phys, 21, 166 (1949)

13 5 B, Jones snd R, S. White (to be published)
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2 o=endings could have been due tO'ﬁ“_meSOn contamination,

The track ending of a p* meson is always a ,o-type because it can only
.spontaneously decay,14~ I1ford C-2 emulsions are not‘sensitive'enough to detect
electron ﬁracks,

The types of track endings of the four kinds of mesons can be summarized
- in the following tables
TABLE I

Typeé of Meson Track Endings

Kind of Meson Types of Endings
‘Negative m o 0, p (B =1,2,3,..,
_ ‘ ' ‘= number of prongs)
Negative -
gatvive y 0
Positive m _ e
Positive p /0

~ There is the possibility that a - ending, with. the p*'traék of less
than 100 microns in length, might be confused with a ciménding whose one |
prong is & lightly ionizing track, However, in a study of 65 diiendiﬂgs in
emulsions exposed to magnetically sorted n™ mesons it was found ‘that most.of

" i,e,, blobs

the cinendings with fast prongs had also recognizable "clubs,"
of grains at the meson égdings due presumably to recoil of the residual nuclei,
It is knowﬁ that m=y endings do not exhibit such "clubs,”™ TFrom these data

one can deduce that only about 1 percent of all o-endings are COnfus;ble with
- endings, provided one examines these tracks for "clubs,”

From the discussion above one can interpret the various meson<track

‘endings in the following way:

14 g, B. Leighton, C. D, Anderson, and A, Seriff, Phys, Rev, 75, 1136 (1949)
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(2) The number of n™ mesons is .equal to 1/0073 of the total number of o meson
endings,

(b) The number of nw* mesons is equalrto the number of n=y endings,

(cS The o-endings are made up of 0,27 of the 7™ meson endings, and also of
p*-endings from the n4 decay processes, Since the range of the p* meson is
6nly about 600 microns, there should be, on the average, as many'@*nendings as
n*-endings in any sample volume, However, not as many of the p,*mendings will
be recognized partly because, beiné emitted isotropically from the end of n*
mesons, many of them will be traveling at unfavorable angles for observation
whereas most of the n* mesons are parallel to the plane of the emulsion, Also
since the p*-track on the end of a n*-track ects like a label, the p*-ending
is harder to recognize _especiaily if short, as it has no such label, The num=
ber of y mesons, if any, either negative or positive, emitted from the carbon
target is very small, A previous experiment put an upper limit on the cross
section for the production of pairs of y mesons as 0,02 % 0,02 of the cross
section for the production of ﬁ* mesons and w= mesdnsois This experimenf
allows & similar estimate to be made, as will be showmn 1atér, Only a negligible
number of p mesons are expected from -, decay processes in flight,

Meson endings which occur very near either surface of the emulsion sare
in danger of misinterpretation by an observer because lightly ionizing tracks
might leave the emulsion without being recognized, To avoid these misinter-
pretations only meson‘endings 3 microns or greater from either surface after
development were used in the calculations, This 3. micron criterion was estab-
lished by plotting the frequency of each typé of meson versus the distance to

the nearest surface as is shown in Fig, 4, Since the 100 micron emulsion is

15 B, M, McMillan, J, M, Peterson, and R, S, White, unpublished data
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only about 40 microns in thickness after development, the above criteérion
- removes about 15 percent of the available emulsion volume,

The reliable observation of mesons in emulsions requires considerable
experience, The absolute efficiency for the gécognition of mesons by the five
observers who‘worked on this experiment was determined by duplicate scanning
of certain areas of the emulsion, All had efficiencies of greater than 90 per~
cent for the recognition of o and n-y endings and greéter thaﬁ 80 percent for
‘the recognition §f o -endings, As enother means of comparing the observers
and minimizing their differeﬁces, each area of emulsion to be scamned was di-
vided into three parallel sections which were generally scanned by three dif-
ferent observers, The fesults of the three sections were plotted separately
end found to be consistent within the limits of random sampling, After demon-
strating in this way that no signifiéant errors would be caused by individual

observer differendes, the data were collected irrespective of observer,

ITT, ANALYSIS OF DATA

A, Minus-plus Ratio

The ratio of the number of 7~ mesons to the number of n* mesons produced
in a certain meson enefgy range is, simplys

e 1,37 &

Lind s,
where o and 7=y represent the number of c‘and'ﬂap endipgs, respectively,
found in a volgmemof emulsion corresponding to the energy in question,
| There is énother analytiéél method for determining the minus-plus ratio
which is & less reliable method but is of interest to indicate experimental
consistency, The method is developed as follows, The number of #™ mesons is

again teken as 1,37 o, Since only m mesons are emitted from the target, the
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difference between the total number of mesons, T, including ,o=types, and
the number of #~ mesons, is due to w* and p* mesons, Teking ' = p*, it
follows that. -

= 1.37 o 2

(‘—— 2= 1 = T
+ - 0,73 = =
T alternate _E(T 1.37 o) 3 s 1

B, Energy Spectrum

a®x_(E,8)

For a point source emitting —2—2-* 1 mesons per unit beam exposure
’ dEd L _
per Wev per steradian at poler angle, ©, and with kinetic energy, E, it can

be easily shown that

[dzno(m',e) .
EacL | (R .

Ve Ve
where:
n = the number of mesons ending per unit volume of the emulsion
Q = the number of "equivalent quanta®
R = distance from detector to source
dE/dR = the rate of energy loss in the emulsion evaluated at the energy E,.

Since tese quantities may vary over a large detection volume element, the indi-
cated average must be taken over the detector,

One possible effect that might distort‘the eﬁiSSion spectrum as measured
in this way is w-p decay in flight; however, the time of flight16’17’18’19 in

the air between the carbon target and the absorbing medium plus the slow down

time in the absorber is so short that only about 3 ﬁercent‘of the 7 mesons

16;J. R, Richardson, Phys, Rev, 74, 1720 (1948)

17 E, Martinelli and W, Panofsky, Phys, Rev, 77, 465 (1950)

18 Kroushear, Thomas, end Henri, Phys, Rev, 78, 486 (1950;
}9 0, Chamberlain, R, Mozely, J, Steinberger, and C, Wiegand, Phys, Rev, de
394 (1950)
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decay before coming to rest,
Anothef distorting effect is the nuclear scattering and absorption of
the mesons while traversing the absorber; Indications are that the nuclear
absorption cross section for mesons of energies gréater then 150 Mev may be

20 in which case the absorption could be as much

as great as & nuclear area,
as 30 percent, Information on law energy mesons of about 30 Mev indicates
that the nuclear absorption cross section may be somewhat less than & nuclear
area but that the nuclear scattering cross section may be of the order of a

21 , . . g .
nuclear aree, 1 The nuclear scatters of large angles would cause mesons of

energy, E, to be detected at a position in the emulsions which corresponds to
a smaller energy,

The measured emission spectrum could be distorted also if the approxi=-
mation of a point source were not valid, However, calculations show that the
_point source epproximation was justified fbr the target used,

In order to find out whether any of the mesons observed might have come
from sources other than the carbon target & blenk run was made, i.e., a run
identicel to the main run except that the carbon target was omitted, No
mesons &t all were found in arees which in the main run would have yielded.

about 130 mesons,

C, Cross Section

If one assumes the existence of some functional relationship between
E,'G, and k, where k is the energy of the photon creating the meson of energy
E at angle 9, one can relate the emission spectrum to the differential cross

section

20 y, Cemerini, P, H, Fowler, W, 0, Lock, and H, Muirhead, Phil Mag, 41,

413 (1950)

2l ¥, Bradner end B, Rankin, Phys, Rev, (to be published)
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do(k,8)  a2N,(E,e) <aE> 1
aa dEd S dk Vny (k)

wheres

=
]

the integrated number of photons of énergy k per‘Mev per unit
beem exposure per square'centimeter of beam area averaged over
: the volume, V, of the carbon target

-§915182.= cross section for the production of mesons per steradian at

dsL ‘
angle © by a photon of energy, k, in em® per nuclsus

. By = the numerical density of target atoms in em™3,
However, the correct model by which to calculate<§?§> is not kmown, so
that the sbove cross section was not computed, A cross Eection'that'can be
computed without reference to any particuler collision model is the mean cross

section per steradian averaged over the x-ray energy spectrum. Integrating the

meson spectrum we get:

do(8)  ave(e) 1

alL asv Qn,V

dlNo(8)
- d s .
The integrated number of photons, Q, per unit beam exposure per square cm of

where is the total number of mesons per steradian emitted at angle 6, .

area. as used here is not clear cut, As 2 first approximetion, for a2 brems-
F] I F]

strahlung beam one mey write  N(k) = A/k sc that

. A
QR =Aln k2/k1
where ky and k, are the minimum and maximum effective photon energies, respec-
tively,

Another method which avoids the approximetion in the L/k spectrum and a
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knowledge of the threshold is to define the number'of'"equivalent'quanta" as

. Tthe total energy in the beam divided by the maximum photon' energy, Then
X o
Q= 1/k 0y J k N(k) dk
o, to T

If the actual bremsstrahlung spectrum has the shape N(k) A/k thls definition
:deflnes the totel number of ' equlvalent quanta as the constant A

tFrom the 1on1zatlon chamber which - was callbrated by Blocker Kenney, and
Panofskyzz by a method prev1ously reported by them 23 the total energy of the
vbeam was obtalned From this energy measurement and the maximum photon
'energy of 322 Mev the number of ! equlvalent quanta was found |

The total cross sectlon o%, may now be obtalned by 1ntegrat1ng the dif-

ferentlal spectrum over all engular space°

do(e
7 =,2ﬁ/§ -q( ) sin €de

t aQ
Q

mﬂe)
dsvo
necessary below 4&° and above 135°, Fortunately, however, the sin 6 factor

———" was measured at 3 angles, 459, 90°, and 1359, so that extrapolation was

minimizes the effect of errors in these regions,

IV, RESULTS

A, Minusgplﬁs Ratio

The ratios of the number of w™ mesons to the number of #* mesons in each
energy interval for the three values of the angle @ are shown in Fig. 5.

The theoretical ratio for photon-nucleon collisions as determined by Brueckmer

22 W, Blocker, R, Kenney, and W, K, H Panofsky, prlvate communication

23 W, Blocker R Kenney, and W' K H Panofsky, Phys. Rev, 79, 419 (1950)
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end Goldberger24’25 for the case in which the nucleoﬁ interacts only in the
‘proton state is plotted in the same figure, The Coﬁlcmb effect of distributed
charge has élso been included,

Since, at each of the threé angles‘bbsefved,vthe experimental data are
statistically consistent with a constant value of the minus-plus ratio as a
function of energy, the data were combined t§ determine the overali minus~plus
ratio at each angle.‘ These values are given in Table II, along with the mean
theoretical velues found by weighting thé theoretical value at each energy
in?ervgl witﬁ the nuﬁber of mesons found in that interval, The mean energy
determined similarly is also listed, The alternate, less reliable, method
of computing the minus-plus ratio; discussed in Section III-A, which uses the
total number of ﬁesons,'was applied also to the data for the purpose of com-
paring the methods, It should be added ﬁhat 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

ratio to be independent of energy,

TABLE II

Overall Minus-plus Ratio Versus Angle of Emission

Weighted : Experimental
~ | Experimental | Theoreticel Mean Ratio (Alter=-
Angle Ratio . Ratio Energy nate Method)
45° | 1,29 % 0,22 1,25 70 Mev 1,60
90° 1,30 £ 0,12 1,62 56 Mev 1,60
135° | 1,34 ¥ 0,20 2,12 54 Mev 1.32

cea ‘ ~ -
K, A, Brueckner and M, L, Goldberger, Phys. Rev, Zﬁ, 1725 (1949)

25 K, A. Brueckner, Phys, Rev, '_7'_9_, 641 (1950)

i
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' The experimental ratio appears to be independent of angle, as well as
energy, whereas the theoretical ratio is not, This reéult might be explaifned
by scattering of the mesonsybefore'they escape the cafbon.ﬁucleiuiﬁ which they
are formed, This effect would make all characteristics of the emission spectrum
isotropic, However, ﬁhi§ explanation does not hold as the experimental energy
spectra do depend on angle of emission, Another‘pbssible explanation, as indi=-
cated in Brueckner's analysis,25 is that the aésﬁmpfion of negligible photon
interaction with the nucleon in the neutron state is not valid, but that the
neutron does intfract with electromagnetic field of the photon through its
magnetic moment end does play an appreciable part in the process,

& previous experiment gave an oférall ratio of 1,7 ¥ 0,2 at an angle of
90°,2 That experiment differed frpm,the present one,.ghiefly;.in two respects;
(1) & line target wes used and (2) the sngular resolution was only about % 45°,
The discrepancy between.the old and new results is slightly greater than that
éllowed by the statisticel errors; however, the new result is believed to be

"the more relisble, because of the greéter experience of the observers,

B, Energy Spectra and Cross Sections

~ The épectra of T mesons emitted from the carbon target were computed from

the data using the totel number of 7 mesons, both positive and negative, at
~ each énergy interval, That is, it was assumed that the minus-plus ratio was
independent of ehergy, as indicated in the last section, If one actually
plots the negative and positive spectra Séﬁarately3 no‘stafistically signi-
ficant distinction appears in their relative éhapes,

The emission spectra for 45°, 90°, and 135° are shown in Figs, 6, 7, and
8, réSpectivelyo' Smooth curves were drawn through the experiﬁental points

and extrapolated to zero energy for the purpose of obtaining the total number
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of mesons emitted at each direction, The dashed curves show the emission
spectra corrected for nuclear absorption in the absorbers, A cross section
of one nuclear area, as calculated from 90 Mev neutron cross section experi-

26 was assumed, In Fig, 9 the three smooth curves are drawn together

ments,
for the purpose of intefcomparing the three spectra,
Integrals of the spectra lead to values of the average cross section per

. steradian listed in Table III,

TABLE III

Average Cross Sections per Steradian.

em? per steradian
do/dsL  per nucleus per
Emission Angle "equivalent quantum™
45° 2,52 £ 0,22 x 1072°
900 3,87 £ 18 x 10727
v . . L =29
135° 2,82 £ 0,19 x 10

The errors listed are purely statistical errors, There is also a systematic
error of about % 35 percent due to sn uncertainty in the absolute calibration
of ﬁhe number of quanta in the beeam, bﬁt it does not affect the relative
. validity of the cross sections given, The present calibration of the beam is
good to about 10 percen‘t;z2 however, at the time the carbon exposures were .
made, the monitoring technique was not as reliable as at present,

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 outé'in a study of n* mesons produced by

photons on hydrogen, The bindiﬁg apperently plays a role in the shape of the

26 L, J. Cook, E, M, McMillan, J, M, Peterson, and D, C, Sewell, Phys, Rev, 75,

7 (1949)
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 energy spectrum of carbon as results at 90° indicate that the hydrogen
spectrum is considerably flatter than that of 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 Cook4 from liquid hydrogen shows that the cross section per
 proton in the carbon‘nucleus for the production of n* mesons from carbon is
oniy about 1/3 that from hydrogen, This result checks a previous result of
Steinberger and Bishop,?

The cross sec%ion figures per steradien listed in Table II are also
plotfed in Fig, 10, The smooth curve in the figure wes drawn in to obtein
the total average cross section integrated over all angles, The resultant

28 m? per nucleus per "equivalent quhntum;“ If the

figure is 4.0 x 107
effect of nuclear absorption of the absorbers were included, again assuming
an ebsorption cross section of one nuclear area, the total cross section for
production of mésons would be increased by 30 percent, The total uncertainty
in the cross sec¢tion is due largely to the uncertainty in thé absolute cali-
bration of the beam in terms of the monitor used and is éstimated to be about
t 40 percent,

C., Internal Consistencies

‘The angglar'distributions'of the mesons found at the emission angle of
90° are plotted in Fig, 11, The sngle of each meson is measured at the point
where it enters'the‘emulsion,l The projedted»traék lengths in emulsgion ranged
from 25 to 4000 microns, but the bulk of them lay in the 100 to 200 micron
intervai, as shown in Fig, 12, 'Chodsing mesons which end near the middle of
the.various'plates with residual ranges of.'200 microns:-as typical, one finds that

the celculated rm.s; ernglecf scatter veries 'from. 1 o 212 over. the energy range covered
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end is in the neighborhood of 18° where most of the mesons were found, Both
the o-meson and the m-j meson plots of Fig, 11 give half widths of 17,5 degrees ‘
at half amplitude in good agreement with the calculated amount of multiple .
Scatt:ering., v |
The distribution of the angles at which the 'p;"‘ mesons leave the end of the
n* mesons, measured with respect to the beam d:i.1':'ec'l.7:vt‘f.on‘9 is clearly 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* mesmns in Fig, 12, The smooth curve is the cal-
culated curve for isotropic emission from points uﬁifor’miy distributed through-
out the scanned volumse,

The plot of the angular distribution of the , mesons is clearly com—l
pqsites being composed of a peak at 90° due to 7~ mesons which do not make
stars and a flat background due to pu* mesons whose beginnings are not ob-
sgrv.ed,_, One cen find the fraction of w~ meSOné which do not form stars by
comparing the number of mesons under the hump of the , meson plot, after
subtracting off the flat background, with the number of ¢ mesons on the plot
above, This fraction turms out to be 0,31 % 0,07, the error being purely
statistical, This value compares well with the velue 0,27 £ 0,02 found by

9 with magnetically sorted negative mesons, The engular

Adelman and Jones
width of this hump is again about 17,5 degrees,

If p mesons were formed in the target they would sppear as o mesons
in the plates and would contribute to the hump in the 0 meson angulér dis-
tribution, If the value 0,2'7 is used as the real fraction of the w™ mesons
which do not form visible stars, one.can again use the number of [~ mesons

in the hump to determine an upper limit on the cross section for the pro=-

duction of y mesons, By subtracting from this group of o mesons 0,27 times
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the total number of w~ mesons, as determined by the number of o mesons in

the same angular range, one obtains a residual number of o mesons possibly
attributable to p mesons from the target, Assuming that the { mesons are
produced in pairs, one arrives at an upper limit to the ratio of the cross
section for p meson production to that for w meson production, This value is
0,02 % 0,02; the error is statistical,

| The angular plots for emission angles of 45° and 135° correspond very well
with those obtained at 90° but are léss conclusive as fewer mesons were counted
there,

It is a pleasure to acknowledge the éontinued guidance and support of
Professor E, M, McMillen, We wish to thank Mrs, Edith Goodwin end Mrs, Hazel ,
Gaffey for help in the microscope work, Drs, H, Bradner, E, Gardner, and co-
workers for the use of the'facilities.of the Radiation Laboratory Film Progrem
and for many helpful discussions, Mr, W, Salsig for mechanical.design, and
Mr, W, D, Gibbins and the other members of the synchrotron crew for cooperation
in making the exposures,

This work was performed under the auspices of the Atomic Energy Commissipn°

Information Division
s¢b/10=17=50 .
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Figure Captions

Fig, 1: Schematic drawing showing the essential éxperiméntal com@bnents.
Fig. 2: A, Drawing of & longitudinal view of the collimator-target-

detector assembly,

B, Drawing of a cross sectional view of the target-detector
assembly, |

Fig. 3: Photograph of the experimental arrangement, The x-ray beam emerges
from the synchrotron at A, B is the primary'ieag collimator, C is
the copper absorber, Copper boxes containing the nuclear plates fit
into the longitudinel slots, The x-ray beam emerges from this.
assembly at D,

Fig° 4: Depth distributiops of the three fypesvof mesons found, Data from
all angles are included,

Fig. 5: Plots of the experimental minus~plus ratio against meson energy for
fhree angles of emission, The theoreticel curve is for the case in
which the neutron-photon interactionbis negligible; the Coulomb
effect of a distributed charge is included,

Figo 63 Experimental energy spectrum of w” end n* mesons emitted at 45° to .
the beem direction in units of 10~8 mesons pér Mev per steradian per
Yequivalent quantum,” The smooth curve through the data has been
drewn for purposes of integration, The dotted line below 30 Mev has
been extrapolated, The dashed curve shows the emission spectrum cor-
rected for nuclear absorption in the absorber, The cross section
for absorption was assumed to be one nuclear areé.

Fig, 7: Experimental energy spectrum of n~ and wt mesons emitted at 90° to

the beam direction in units of 10=8 mesons per Mev per steradian per



Fig, 8:

Fig, 9:

Fig. 10:

Fig, 11

Fig, 12:
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"equivalent quantum,” The smooth curve through the data has been

‘dravm for purposes of integration, The dotted line below 30 Mev has

been extrapolated, The dashed curve shows the emission spectrum cor-
rected for nuclesr abgsorption in the absorber, The cross section for
sbsorption was assumed to be one nuclear ares, The indicated error
for the point with zero ordinate was taken as that due to one meson,
Experimental energy spectrum of n~ and n* mesons emitted at 135° to

the beam direction_in units of 108 mesons per Mev per steradisn per

"equivalent quentum.” The smooth curve through the data hes been

drawn for purposes of integration, The dotted line below 30 Mev has
been extrapolated, The dashed curve shows the emission spectrum cor=
rected for nuclear absorption in the absorber, The cross sestion for

absorption wes assumed to be one nuclear aresa,

An intercomparison of the three energy spectra, These are the curves
which were not corrected for nuclear absorption,
Average m meson cross section per carbon nucleus per "equivalent

quantum® in units of 16729 o

per steradian, The smooth curve was
drawn for the purpose of integration, The dashed curve shows the
cross section corrected for guclear absorption in the absorber, The
cross section for sbsorption was assumed to be one nuclear aresa,
Angular distributions of the mesons found at 90°, The abscissa is
the angle from the beam direction,

Distributions in projected track length in emulsion for four types

éf mesons, Data from all angles included, The track length measure=

ments are estimated to be accurate to within 10 percent.
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