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THE PRODUCTION OF MESONS BY PHOTONS AT 0°

Nelson Jarmie
I. ABSTRACT

Hydrogen gas has been bombarded in a high pressure, low tempera-
ture target by the 322 Mev bremsstrahlung of the Berkeley synchrotron
to produce 1r+_mesons at 0.-* 4 degrees to the beam. The mesons were
bent out of the photon beam by a magnetic field. The mesons passed
through a lead channel and lead absorbers and were detected in Ilford
C-2 emulsions. Data has been obtamed for a photon energy of 278 £ 4
Mev. (This is for a meson energy of 134 = 4 Mev. )

The absolute differential cross séction is:
% (k,0) (6 2 *2 6) x 10730 cmz/sger./proton/quanta

This point has been combined with other data2 at other angles to give
an angular distribution of the form a + b cos 0 + ¢ sin2 0 and this is com-

pared with the phenomenological isobar theory The cross section has

- been corrected for nuclear absorption in the gas and meson absorber,

scattering, decay in flight and has been transformed to the center of
mass system. It must be noted that this cross section was calculated
from 10 events. '

A study of the calibration of the beam has been ‘made, and a dis-
cussion of the theory of errors of a small number of events is included.
Mesons from deuterium were also detected and the ratio of the production
from deuterium to hydrogen is given but is not statistically significant.

The significance_ of the experimental results in the light of the
phenomenological theory as developed by Watson and Brueckner7 and

Feld6 is discussed.
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THE PRODUCTION OF MESONS BY PHOTONS AT 0°

Nelson Jarmle
I INTRODUCTION' =~ ° e

" The field of study of the nature of the meson and subject of nuclear

forces that i& intifhétely'ebhnected with it has p"foéféé"sed‘ so rapidly in

" the last few years that it is “almost 1mpossan1e to g1ve a decent summary

of thé field without writing a book Many facts have been unearthed, yet

the total state of knowledge about the meson is poor indeed. On the one

hand, the 'static' properties ‘of the meson particle-field are becoming

-+ fairly well known: the charge,” rest mass, spin, parity, and the lifetime

and decay products; but the "dynamics': the laws and theory concerning
meson production and interaction with matter and energy, is floundering
very badly. It almost seems as if a major revision of some of the con-

cepts of physics on the level of relativity and quantum mechanics will be

" needed to bring the theory of the meson to the clarity and simplicity that

scientists havé come to exlpect"‘ab()ut'the formulation of the laws of the
u_niversé. o

The ‘study of tlié"p'hbtopro'duc‘fion. of mesons is of very great impor-

‘tan'ceé towards this end, primérily because the gemzﬁa ray is "used up"
'in'the réaction, reducing the complexity of the reaction and making it

" more amenableto theoretical investigation. The reactions y + p —
.‘1r+ +nand y+.p— w° + p being only two-bady processes, play a leadihg

-role in’the investigations; and are, at present, being given much

attention.” Experiments are being done wherever there are high energy

 ‘gamma ray machines: Cornell, M.I.T. , University of Illinois, Cal Tech,

-and here at the Un1versxty of California’ (see references).

From the experimentalist's point of view, one of these two -body

processes is completely described by sta.tmg the differential cross sec-

tion gﬁ (k, @) at all angles and energies (k is the energy of the photon

and-0 the 'angle that the momentum of the meson makes ‘with the momen-

" tum of the photon). From this may be derived the angular dependence

and excitation function for the production of mesons. A theory must
successfully explain both of these, or at least be corhpatible with them,

in order to be worth serious consideration.
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It is the purpose of this paper to describe an experiment measur-
ing the differential cross séction of the reaction y + p-—)'rr++ n at zero
degrees at a gamma ray energy of about 277 Mev, and to' discuss how -
this value is of importance in advancing our knowledge of meson
reactions. Information on the reaction y + d_—-nr+ + n + n is also given.

The experiment was originally planned with emphasis on measuring
the ratio of the cross sections of the photoproduction of mesons from |
hydrogen and deuterium at zero degrees. This value, when used in
phenomenological calculationslé’ 17;’ 18, gives direct information on the
"spin+«flip" of the nucleon concerned in the reaction or, in o'ther words,
oﬂ the mode of coupling between the meson and nucleon. Previous workz'
‘measured such cross sections at various angles but did not give a
"spin-flip" value was statistically significant; However, we found that
the cross sections are quite low at zero degrees and'that a determina-
tion of a significant value for the ratio is very difficult. Therefore,
‘with the recent interest in the absolute value of the cross section of -
. y + p-—”)nf + n at zero degrees it was decided to turn our efforts to
measuring this quantity. _

A long time was spent in attempting to measure this quantity with
electronic detection equipment, using the pi-mu decay as the charac-
teristic event to detect the pi meson. It became clear that primarily
due to the flood of pair electrons and positrons in the forward direction,
this method would not be successful. | y ‘
| - Essentially the method finally used was to produce the meso:_ris in
a high pressure gas target, then to bend them away from the beam with
a magnetic field and to detect them in Ilford C-2 nuclear emulsions.
There is developed the experimental equation which determines the
differential cross section. Then the evaluation of each parameter in.
that equation is described after which the results are shown. . The re-
lationship of the results to other work in the field and their signifi-
cance with respect to the existing theoriés are discussed. _v-'Lo;qg- cal-
culations of interest and reference formulas are subjugated to appen-

dices so as not to interfere with the continuity of the paper.
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III. GENERAL DESCRIPTION OF THE EXPERIMENT

A diagram of the experimental arrangement is shown in Flgure 1.

Photons from the 322 Mev bremsstrahlung of the synchrotron pass

S through a beam momtor (an iomzatmn chamber), are colhmated by a

tapered 3/4 1nch hole in n1ne 1nches of 1ead pass through a frmgmg
collimator to ellmlnate thé spray from the edges of the prlmary colli-
mator “and pass through a 24 1nch target conta1n1ng the target gas
(hydrogen or deuterlum) at a h1gh pressure, about 2100 psi, and cooled
to liquid n1trogen temperature The mesons (and p051trons of the same
momentum) are bent by a 1arge pair magnet The entire set-up was
carefully aligned with a telescoplc optical system. X-ray pictures
were taken to check the ahgnment

The meson partlcles are roughly channeled and pass through a thick
lead absorber (see Flgure 2.), and are detected in horizontal Ilford C-2
emulsions. A large number of emu1s1ons were exposed a few at a
time be1ng removed at g1ven perlods to g1ve a spectrum of the exposures

and to conserve beam t1me The synchrotron runnmg time for the

"collection ‘of the data used was about four 16 hour days

One of the essent1a1 pomts of the exper1ment was the use of a very

thick absorber; wh1ch although restr1ct1ng observation to the very

high energy mesons, presented many shower lengths (well over the
shower max1mum) to the positron background and thus served to 1ower
the latter to a usable level The average energy meson observed was
about 134 Mev and used about 12 shower lengths of lead to stop, A

series of runs was also tr1ed w1th 100 Mev ‘mesons, but the pla.tes

“‘were too dark to be of use, even in the low exposures, due to the

p081tron contr1but1on to the smgle grain background in C-2's

Let us now proceed to relate the cross sectlons to physmal

parameters and descr1be in some deta11 the determmatlon of these

' expe rimental quant1t1e s.
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IV. EXPERIMENTAL PROCEDURE

A. The Cross Section . I
The dlfferentlal cross sect1on, in terms of exper1mental parameters,

may be defmed as follows The number of events for a g1ven phenomena

occurrmg in a g1ven solid angle, at a given angle, due to a certaln
energy (k) pro‘]ectlle is equal to the d1fferent1a1 cross sectlon d—ﬁ (k Q)
times the number of target part1c1es per cmz times the number of
photons of energy k t1mes the sohd angle Symbohcally and approximately:
AN:%% (k, 0) - An‘-n-.&t-d{, W
where n equals the particle density in the target and dt is the thickness
“of the target. In our case, dy is the number of photons of energy k in
j the bremsstrahlung causmg ‘the reaction. o
Let us def1ne a ser1es of quant1t1es Wthh are to be used in expandmg
 ‘equation (1):
':dSZ/dA is the rate of change of solid angle at the target due to a

change of vertical area at the emulsmn

" is the thlckness of the emulsion scanned. (Z'OQ mi‘crons)

h
g " is the width of the emuls1on scanned. v ,
B_ is a parameter of d1stance along the beam of me sons at the
:emuls1ons ’ )
AR is the distance of emulsmn scanned along R.
T ' is the Kinetic energy of the meson. . » .
dR/dT is the rate of change of the range of mesons due to a change

of meson energy at the target. o
f(k) " is the ordinate of the bremsstrahlung spectrum, in which
'_ kN(k) is plotted vs. k. See F1gure 5.

is an '"'equivalent quanta" (e q.) wh1ch is the energy in the

ID

photon beam divided by the maximum photon energy (322 Mev).
dQ/dNu ' is the calibration of the number of Q in the beam in terms of
an arbitrary amount of charge produced in the beam monitor

(ion chamber), this amount being called a '"nunan'' (Nu).



vNotethat AQ_H_A .Q h

and that the expansmn of dy in terms of bremsstrahlung parameters is:
dy dk ] dT '
- A
Emoar ® R

 Now 'dl? is a functlon of the shape of the bremsstrahlung spectrum

.and the beam mon1tor1ng and usmg the def1n1t1on of f(k), is equal to:

dy _1 f(k) : .49 . ANu
d 7K 'are 322(Me"') ™ L
where ""area" is the area under the curve (bremsstrahlung spectrum)
from which f(k) is read. .

- Putting all this into equation (1) gives:

"Es-z(k 0)_
ﬁ | AR.th 322

It is to be emphas1zed that N must be corrected for nuclear ‘absorp-
' t1on, decay in ﬂ1ght, scattermg and eff1c1ency of detection. The cross
'sect1on will be transformed to the center of mass system for its final

: :form All un1ts are con81stent if centlmeters and Mev are used
throughout ' ' o '
” B 'Determination Of N
- 1. Magnet, The magnet is a large pa1r spectrometer for general
‘use at the synchrotron, capable of producmg around 14 000 gauss in

a 3. 5 inch pole gap, although the exper1ment was run closer to 13 000
gauss as a more su1tab1e pomt The magnet current was electron1cally
regulated and measured with a Leeds and Northrup Potent1ometer The
B s1gn of the field - was determined 1ndependent1y by several observers

_ usmg the deflectmn of a wire powered by a battery The magnet was

7 close enough to the synchrotron that the gu1de f1eld of the accelerator

vhad to be compensated cons1derably by the crew 1n order for the



-9-

machine to operate at all. Smooth run-ning of the 'svn'ch'i'otlro?‘n;'indicated
the correct performance of the pair magnet during the entire run.

In order to insure that no unsuspected difficulty was. encountered
w1th the paths of the mesons in the magnet and channel geometry the
meson trajectories were simulated by the- magnetlc wire technique,
using exactly the magnet current and geometry Used in the experiment.

It was thus clear that the proper energy mesons had roughly the correct

' curvature and had free access to the emuls1on scanned from varlous

) ‘parts of the target The magnet1c shield for the target proved to be
quite efficient since the traJectones did not bend except for a very
little at the Junctlon of the ‘shield and pole plece The emulsions were
protected from the heat of the magnet by the blast of a powerful fan.
+:2. . Emulsions. .The Ilford C—Z, 200 micron, one by threé¢ “inch,
glass-backed emulsions used were from a‘batch that had been used by
others at the laboratory who had clearly seen pi-mu events with normal
grain densities. The emulsions had permanent numbers scratched into
them before the experiment to ‘avoid mix-ups, and great care was taken
to expose the properly numbered plates at the right t1me o
‘ A few test plates were developed by a standard techn1que used at
the laboratory. Upon scannmg these it was felt that the thickness of

emulsmn prevented a un1form development felt nece ssary in the face

/"A‘of a very h1gh 51ng1e graln background makmg track 1dent1f1cat10n

more d1ff1cu1t than usual The author mod1f1ed a ”sem1 cold" develop-
ment (see append1x B) in use locally and developed the plates in .groups
in order to avoid acc1dental loss of the entire amount. All of the
plates appeared to be in good shape after development Some d1ff1-
culty was encountered with peelmg durmg a few very dry winter days.
3. Scannmg ‘The emulsmns were scanned w1th an American
Opt1ca1 Spencer bmocular m1croscope vv1th 011 1mmers1on obJectwes
of 45 and 90 power together with. oculars of 6 or 10 power. Falrly
: h1gh speed scann1ng w1th low power was poss1ble because of the very
: low den51ty of tracks However, when the single grain background
became very h1gh a h1gher power was, used The mesons, expected
to be pOS1t1ve, were detected by the usual 1nd1cat1ons of track scatter-
' 1ng and the hlgh rate of change of gram dens1ty towards the end of the

track. Any such track with the sl1ghtest suspicion of bemg a meson
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was 1nspected under higher power, and rough gram counts were taken
at various pomts along the track to insure the determmatmn . The
:ma_}onty of these tracks Were qulckly re;ected as bemg protons It
Was assumed that the eff1c1ency for seemg mesons was 100 percent
W1th1n the accuracy of the experlment _The pi me son was. .easily de-
tected because of the mu meson emltted Wthh was clearly seen; but
1t was also des1red to determme the den51ty of the mesons endmg with
no decay part1c1es v1s1b1e Under the present geometry, 1t would be
assumed that these were mu meson endlngs and, assuming a constant
' dens1ty of p1 mesons in the v1C1n1ty of the emulsmn, one would expect
the same number of mu end1ngs as p1 endmgs This would serve as

a check on the data and would also increase the statistics. As it will
be seen, this criteria was well satisﬁed It is interesting to note
that all of the endings with no decay products had track leng ths of
less than 600 microns (the range of a mu from a pl-mu decay)

' " There were'a‘large number of krock-on protons in the plates,
presumably caused by neutrons pr'oduc‘ed mainly in the end windows
of the target. The background emulsions, exposed to an empty
target; showed almoét 4§ hlgh a background of single gra1ns and

' protons as'thé data plates, = - -

‘The area ‘scanned for the hydrogen point was 9.03 cm (=AR xf),

-~ in -wh1ch 4 pi-mu events were found and 6 rn_e.sons without endings

" were found. The mesons seemed to be scattered randomly over the
‘area scanned and gave no sign of any Systématic error. The .pi
mesons came from the proper‘ direction. "The background platés
were scanned to 0.75 of the area of the data plates. No rneson tracks
- were found. ' This-agrees with a rough calculation of the fraction of

" mésons: expected from the steel end windows using a var1at1on w1th

A of- AZ 3 » giving a value of less than 10 percent. '

U Decay In Flight. A 'Slmple relativistic calculation of the

number of mesons decaying in flight, using the mean life (in the

- meson rest frame) of 2.5 x"lO'_ssec. 31 gave a correction of only

about six percent. It is easily shown that most of the mu's given

- off are in a tight forward cone and, except for a slightly longer range,
als-o_land in the emulsion. The nuclear absorption correction dOes
not apply nearly as heavily to these mesons. With everything taken

into account, the decay in flight correction can be neglected.
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5. ‘Scatterin'g ‘The effect of sma.ll angle scattermg 1n the absorber
'is compensated approx1mate1y by the "poor geometry” ‘of the emulsmn,
in which as many mesons should scatter in as scatter out To insure
this, only the central portions of each nuclear plate were scanned
Scattermg by the side walls is extremely dlfflCult to calculate and may
"have added to the ‘number of mesons found in the plate, raismg the
cross section, However, 1t is beheved that, w1th1n the crude statis-
‘tics of the final result, this effect is not serious. a |

6. Nuclear Absorptlon Nuclear area was used in determinmg the

o number of mesons stopped in the absorber by nuclear collision That is:

2 ,2/3 13

=T
cabs ro

whe}% rov;'%c - 1.4 x 10
this gives a i/alue of N‘="No x .59 (No is the original number). The
absorption in the gas is included in the calculation. The absorption
cross section in hydrogen was taken from an article by Anderson et a134.
C. The Target

The target was designed by R. Stephen White and is adeq uately de-
scribed elsewherez. See also Flgures 3 and 4. The gas pressure was
. checked every few hours and did not vary significantly. The.purity of
- -the gases was better than 99 percent. The value of n, the number of
target protons per cm3, was determined as a function of the pressure
and temperature from the curves of Johnston et al™ 24 and was on the
order of 2.5 x 10 22 protons per cm3.
D. Solid Angle o L

The solid angle of a system partly in and partly out of a magnetic
field is ca_lculated in appendix A. The result was used to give the solid
angle .at various points along the target. This was used to help evaluate
the integral in equation (2) which was performed stepwise using six
sections of the 24 inch target as units. This satisfactoriljyallowed for
the variation of the solid angle and range along the target within the
accuracy desired. Using similar considerations it is found that,; with
thve width of emulsion scanned, mesons were accepted with target..

angles from -5 to +5 degrees.
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E. Relativistic Mechanigs o
The expressions for k as a function of the"me.son kinetic energy and
its derivative dk/dt were straightforwardly derivedlfrom the conserva-
tion of relativistic total mass and momentum The se formulas agreed
with those from many sources and need not be reproduced here. It
m1ght be of mterest to note that, at the meson energy looked at (134 =5
‘ Mev), the photon energy respon91b1e was 2717 + 5 Mev (see Flgure 5) and
' the value of dk/dt is 0. 99,
” . The range energy curves used Were those of Aron32.l_ From these
dT/dR was calculated as well as the energ1es of the mesons that stopped.
‘The transformatlon of sohd angle from the lab system to the center

' "of mass system is an mterestmg one and is done by using the fact that

dnlab - d (Cos 01 b)

dQ - d(CosO j

,using' the I_,beam..dire'ction as the z axis. The quantity on the right hand
‘ ,s“_i.de_of the ,eqtial sign is found by writing the angles in terms of the
momentum components and using the relativistic transformation of
.momentum, the.,‘n‘ differentiating, it is convenient to have the total
“.njno‘,mentum written in the center of mass system, since there it does
_not.vary with angle. The rather lengthy resulting expression reduces

a,tl zZero degree:s cto:

‘ 2

9N 2 [P -F]°

az_ ), Y B |

cm /.0 : - :
0

where y and B..refer to the velocity of the center of mass and [30 to the
velocity ‘of the particle. Straighfforward relativistic principles give
the velocity of the center of mass as:

k + Mpc’. :

which, for a 277 Mev photon, is .228. dThev By of a 134 Mev 7 is . 858,

- giving:
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dQl
ab __
T T Y

cm

F. Bremsstrahlung ‘ .

The shape of the brems strahlu.ng curve was taken from the work of
Terw1111ger and Jones (see Jones3 ) who have taken the usual Bethe-
.Heltler curve and corrected it for multiple scattermg in the . 020 inch
Pt target of the synchrotron and for collimator s1ze. An add1t1onal
correction was made to thlS for our part1cu1ar exper1ment for a slight
-d1str1but10n in the electron energ1es in the C1rcu1at1ng beam of the

'machme due to the Way in wh1ch the rf acceleratmg voltage cuts off.
“The resultlng curve is shown in F1gure 5. The ordinate is in arb1trary
units which are normalized in equatmn (2) by the division of the area
under the curve which inherently contains the arbitrary factor in it.

G. Calibration Of The Beam - o

~ One of the most serious problems that arose was that of the abso-
lute calibration of the beam intensity in terms of the beam monitor.

" The method of calibration used here at the present time is that'used by
‘Blocker, Kenney and Panofsky 29 4 in 1950, which has to do with ‘our
knowledge of pair and compton processes in measﬁrinéthe’ charge

" collected in an ion chamber when various Z converters aré' p‘:lac"'edA in
front of it.  The calibration is expressed Q (equivalent quanta) per
nunan (one discharge of an arbitrary condenser charged by the beam
monitor).

Recent measurements by Blocker and Kenney, members of the
synchrotron crew30, and the author have disagreeci wit‘h. the earlier
values by as much as 50 percent; and also the later values vary a
little among themselves. It appears that if the beam level and the
~ general room background level (indicated by separate chambers) are

held constant the (recent) calibrations do not vary much at all.

Investigation into past records show that measurements of the
intensity of the central part of the beam were made with a Victoreen
thimble chamber. These measurements were made relative to the
beam monitor. Interestingly enough, values of the measurement,

'made when the old beam calxbratmn was made, differ from' recent

values by the same fraction as the difference in the beam dilibrations.
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This and other considerations have led us to believe that some internal
parameters of the nunan meter (the beam momtor) must have changed
over the years »

The variation in the later calibrations seems to be a direct function
of the ratio of the room backgrou.nd to the beam level This appears to
be reasonable, since the monltor chamber is qulte close to the machine.
Extra background flooding into the chamber would give the nunan a
faster rate for a given beam level and lower the value of the calibra-
tion If one. plots the various calibrations versus the ratio of the
background to the.beam 1eve1 there does’ appear a rough correlation
of this sort. This var1at1on of the background to beam ratio is
mostly due to the way in which the rf voltage of the synchrotron cuts
off, which in turn determmes the fraction of electrons that strike the
‘target to become beam »~andrthat strike the walls of the ""doughnut' to
become background Work is.in progress -at the synchrotron to.im-
prove the monitoring. . R

To avoid any uncertamty, the author .and his co-workers ran a
.:series of.calibrations using: exactly. the same conditions of the experi-
ment: beam level,-'backgr.ound i-evel,'é collimator size, etc. .Fluctu-

‘ -.zations in these values: showed our calibration (to be used in our cross
section) to be good to better than five percent; v
-Fortunately,:the.other-\ experiments done here (which we will-
want to compare with) were run y'e;ry-clos'e-to the early calibration
and Wivll be assumed not to-be in:-serious doubt, These ‘experiments

have also agreed roughly with work done in other parts of the COuntryS.
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V. RESULTS

Insertion of these ‘é}ipie‘rirriézrle‘alq values into éqﬁé.tidri (2) g1ves a

value of:

%g (,0) = <62 +€ g) x107%° cm? ster. ! proton”! quanta ™!
for the cross section of the reaction 'y + psm +nata photon énergy
of 277:+4 Mev:and-at'0 +4 degrees. This value is shewn in Figure 7.
* .The limits ,of error on this point:are predominately determined by
the low number- of events found. - The meaning of the valu'e's’bf‘--fhé'

- limits are as follows:: Assuming a true'value for the'cross sectién,

“1if ‘that value were: equal to'the lower limit, thetre would have been

' ‘a 16 percent chance ‘of -actuélly' measuring a value ‘€qual to or gredter
‘than the actual value; and:if -that-true value ‘wereéqual to the upper

- limit, there would have been a 16 pe'rcé{lt chance: of me}asiu'rfin"g’ a

value equal'to or lower-than the aétual value. ‘This deéscription be-

comes identical with the -:ifamiliarr’"?fs?tanda“r‘d deviation'‘as the nimber
~of events becomes large. * There isno :small ‘amount of confusion con-

©1 - cerning ‘fhe"- statistics of 'small numbers; -and this point is discussed

further in Appendix C.: « - | IR

"Also on: Figure 7 are shown the data of Steinberger and ‘Bishopl
and. - White, Jakobson, - a;nd?-‘Schul"z»Z, ‘The data of Steinberger-and
* Bishop are for 255 Mev photons and are -in statistical agreemeént *
‘with White's: We shall use White's 275 Me+ Points for comparison
with our data.

8.97 cmz‘of deuterium emulsion was scanned, and the following
was found: 1 pi-mu decay;, 3 mesons without endings, and one
undeniable pi-minus star. The ratio of the production of mesons
from deuterium to that of hydrogen is about 0.4 and is not very
significant, AThe appearance of the pi-minus was quite disturbing
and resulted in a very large amount of double checking possible
mistakes in the sign of the magnetic field and in the related geometry.
There has been found no reason whatsoever to doubt the correct set-

up of the experiment and one is forced to assume that the pi-minus
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was probably produced in the target and took a fortuitous scatter in the
air. Such a scatter is geometrically possible and the meson is coming
in about the right direction if this were the case. Production of the 7~
by cosmic rays at this a].."titude"(s'ea level) would ‘have been very
improbable. .

The 275 Mev points on Figure 7 h‘avé ‘been least-squares fitted to
a curve of the form a '+ b cGs 0 +c sin’ 0 for theoretical reasons that
will'be explained later.” The result is: :
(1. 46 + 0.16)[(0. 72 £0.15) - (0.45 & 0.10) Cos0 + 5in°0]x 10 %%cm. % ster. ™+
This curve is shown on Figures 7 and 8. The errors of the coefficients
é,r‘e those for inteﬂrriél" consistency’) that is, the ,errc;'rs"due_to-tHe"iinherent
‘error in each of the 'expefiﬁiental points. "The external consistency errors,
the errors which measure the fit of the least squares curve to the ex-
perimental points, were -about the same order of magnitude, indicating
. that the forma + b cos0 + ¢ sin‘ZO is tompatiblé with the experimental
data.. ' ‘ ' '

* The total cross section resulting from this curve is:

o (275 Mev) = (2.5 #.5)'x 10°28 ¢m?
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- DISCUSSION.: . - GE

" This section proceeds in the following manner; First there are
discussed. the results:of this -experiment in the:light of -the recent.

phenomenological isobar theory, and some values of interest that do

- ‘not depend on the specifics of a meson theory are calculated. The

... effects of using _—s_om/eva.-vsp'eé‘m of meson theory to predict results and

the agreement therewith are discussed,  Then; brief mention is made
of similar work at other institutions. And finally, possible ways of
1mprov1ng our, present knowledge: of the :subject are developed

The state of affairs of the theory of meson processes has been

.very poor in recent years. . Attempts to use weak, strong; .or in--
.termediate .coupling.theorie s35 have not;been vvery ,;success:fulsand..,
. contain serious weaknesses:. Such theories have difficulty in present-
... ing even.the qualitative d»e.‘scriﬂp'ti.on,of--exper,imentalz results.. Because
::;0frall this trouble, .many. people have. been turning their efforts to
extract as much mforma.tmn from’ the exper1ments that is as free-

. from specific dependence of any particular meson theory as possible.

This approach, l,_ter'mejd the.''phenomenological' one; has been sur-
prisingly fruitful. '

One tentative é‘onclﬁ;éi'on seems to be arising:.that there exists

6,7,8

a proton isobar "’ '’ as an intermediate state in meson réactions.

Coupled with this is the suspicion that isotopic spin is conserved in
reactions, a fact that would add new restrictions to the number of

pollible reactions in the same way as 'spin or parity conservations

- do. 'Feldé,v in a rather illuminating article on this subject, mentions

that it has been shown that if a process goes through an intermediate
state then the angular distribution can be determined by considerations .
of the conservation laws and the application of the fundamentals of
quantum mechanics without specific referince to a particular theory.
Consider the reaction y + nucleon — 7° + nucleon and assume that
it passes through an intermediate state. It is shown in Feld's paper
that the angular distribution is a function of only J (the total angular
momentum of the intermediate state) and QY (the momentum that the
photon carries to the reaction). Various combinations of these

parameters give distributions, using the conservation laws, of the
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forma+b sinZO + c sin40- seseeren . For ins.tanee, if the phetonwas
“absorbed in an electric quadrupole reactlon into an intermediate state
of J=3/2, then the distribution is of the form 1 + cosZO It is interest-
'ing to note that the theory can also roughly pred1ct the dependence of '
the cross section on the meson momentum near threshold. In our -
'ex’amble it turns out to be p3:. It appears from recent 4expe’riment519’ 2;' 23.‘
that, by applying the above information, the reaction yv+ p—)_ﬁo +p goes '
by absorption of a photon in a magnetic dipole into a state of J = 3/2.

The pbsitive meson Casedoe's not seem to fall into one ef these
simple catagories This can be explained by noting that more than one
' of these mechamsms may be Operatmg In this case 1nterference terms
" appear. In an example that is useful to us, consider magnetm ‘dipole
absorption to the J = 3/2 state and electric dipole absorption to the
J=1/2 state. The resulting angular distribution is: ’

2 o x . 0 24,‘ .2 (3)

w(0) = Jay /o] + 2 Real(al_/z a3/, ) Gose +1/2 la3/2| (2 + 3 sin20)

"where a3/2 and a1/2 are the amphtudes (aJ) (fractional part of the total |
matrix element) of the two processes, respectwely In order to com-

' leetely determme the problem now, we can invoke the conservation of

: '1sotoplc spm (It should be remembered that conservation of charge

is contamed in the system as the conServatlon ‘of the z-component of

the 1sotop1c spm) The 1sotop1c spin is ‘handled almost identically to
angular momentum (hence its name) and introduces amphtudes ay T
where T is the isotopic spin state. Feld states that one finds from

general considerations that the mixing of the two 'states gives:

aJ(ﬂé) =\f3._‘ ay 3/2+l_-; aJ,,l/Z | | .. (4)
agm’) = \[; J 3/2 r J, 1/2 o R (5)

It seems reasonable that if the 7° and 1r+ are to be considered to be
the same variety of animal, and with the w° d1str1but1on 1ndlcat1ng a

31mp1e a+ b stO (exp1a1nab1e by J = 3/2 ) then:

21/2 (7°) =
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using this and eq. (4) gives:

..1/2;3/'2 : \‘T 1..,/2’”1/2. e AL

It has also been concluded from meson scattermg exper1—' o

._ments14."3‘_4 that: i ' ‘

B3/2,3/2°> B3 212 T @
h . _JS‘ubstitutiug.(S),_ (6),‘_ and (7)1nto (3)for .tlre'.po‘sitiye meson oa's__'e_ gives:

3- a3/2’ 3/2[ ] - V?C'OSO Real(al/2, 1/233/2’ 3/2) +

¢

+

w(e) l'wf.z[? Ial/z, 1/2

P N

N ) . 2 .
Z|*3/2,3/2 I'Z Sin"0 (8)

-~ We see that th1s is in a_ form to compare d1rect1y w1th our‘experlmen-
;tal results D01ng th1s should glve us a solut1on for 53/2 3/2 in terms of
) 1/2 1/2. or, ina roundabout way w111 g1ve the relatlve fractlons of magne -
; t1c d1pole and electrlc d1pole in pos1t1ve meson productlon

A 51mple calculatlon glves
2‘1_3/2,,3/2 IR R s C o : . (9)
1/2,1/2 :

The phase angle came out to be imaginary, although a real solution

was within statistics.
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'This value would have differéd by a factor 'of i from the value that we would

have obtained using Wa"t’s‘o'n and Br'ueckner’:'s"?"notat‘i’o'n ' The cause of this

d1sagreement has not been’ determ1ned and may be Just a d1fference in

notation. This makes no d1fference in the absolute magmtudes and

"u31ng eq. (5) we ‘get: ' o ‘ 2 ‘ S : .

; \?r:—g?:itécdglgﬁe‘- =0 ...
1c dipol A2

e I:al/'zz (‘rr )I V

It should -be emphasized.that »,this,;res,ult is 'valid‘i_f,_the se are the. o,nly‘

two processes operating. This result might be use,f‘ul~ in ‘mak-ing rough
observations and predictions; in‘.other 1r+ experiments.

. Brueckner:and Watson7, who have also covered the work.in Feld's

paper, ‘have vgivejn Afoirmvula_sr for the amplitudes, assuming-a resonance
whose width and energy come fromAme__s\on .scattering experiments, which
- are derived from some considerations of weak coupling perturbation |
theory (the resul—ting;,distribut;ion is still independent of the meson
coupling constant).: Putting values of our energy photon.and meson into
these._;formula,_s; gives! roughly_the following distribution (arbitrary |

absolute magnitude):
o dogsiae s Cososin®e e

Th1s 1s shown on F1gure 8 It can be seen that th1s curve is not

in too good agreement w1th the exper1menta1 results
( Re cent1y37, more than one valid solut1on (Yang) ha.s been found to
. the same set of meson- nucleon scattermg data that was used to make
the var1ous assumptlons in the above calculatmns Th1s new solutlon

'would change our results and affect the theoretxcal curve der1ved from

Watson and Brueckner s work it 1s poss1b1e that w1th further analys1s
" that the photome son productlon angular distribution may choose the
correct solution, and work is now in progress on this subject.
Preliminary results seem to indicate that Yang's solution would pre-
dict a distribution peaked in the forward direction and would be def-

initely contrary to the experimental results.
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If we restrlct the me son-nucleOn reactlon to S and P states, - then

' from parity and spin conservatmn it is eas11y seen that the electric

) _quadrupole interaction of the gamma ray is also p0551ble along with

. the electric, and magnet1c dipoles. Mixing th1s in should have the
effect of addmg more stO to the d1str1but1on, wh1ch m1ght brmg the
theoretical curve down at zero and 180 degrees. Prehmmary calcu-
lations here at the Laborat{"or‘:}‘r?'-6 have 1nd1cated that the addition of
the quadrupole may help-a l1ttle but it still. does not. resolve the
disagreement. The effect of this électric quadrupole on the neutral
meson d1str1but10n would be merely to shift the ratio of a to b in the

-.relation'a +'b ‘sin 0 -‘The resulting équation is still in good agree-
19,22,23 '

* “ment .77 %7 'with experimental results. :. - T TS

Unofficial Areorts;‘ fromi M.I. T. (Osborne et al) indicate that-

.. the angular distribution of y + p .....)51r+ + n has been measured at angles

©: ‘above about 22:degrees for a photon energy of 270 Mev. - Thé shape -
is qualitatively the same but-it is: flatter and does not seem to:fall
* @t 180! degrees Unofficial reports from Cornell give a distribution
of (13 +2) < (5 % 2.cos®.+ (5 + 3} sin0- for-a photon energy of 234:
. ~Mev. ‘This 'is not easily compared ‘with our data, but there ‘is .
evidence from the work. of White et alz«.'that this data is‘in rough’ -
'agreement with our higher. energy work. A P
This discussion' should show very clearly the need for a much
better determination of the differential cross sectlon as a function of
angle for a family of photon energies, To get these values to a better
order of magmtude will probably take a def1n1te advance in technology
of electronlc countmg methods for mesons. Even then' at ‘small
angles, the problem will be d1£f1cult When this is, accomphshed
f'then the deuterlum hydrogen rat1o for the spm fhp problem should
- ‘be eas11y determmed Also of 1mportance are the low meson energy

’measurements, on wh1ch a number of laboratones are workmg " The

o fd1ff1cult1es encountered however, “should not be a serxous deterrent

‘ ‘_vif":to the executmn of the expenments when the1r great value is reahzed.
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. VIII.. 'APPENDICES

A. APPENDIX A : .

Calculation Of The' Solid Angle Factor.-

" In this appendix we shall refer to Flgure 6. ‘ _

- Al angles except ¢ will be assumed small and the resultmg a.pprox1-
mations will be made freely ' R

v de = 00. where 0 is the vert1ca.1 angle (w1th relat1onsh1p to
. the-horizontal channel) and is not affectéd by the magnetzc f1eld We
- need to find 00 in’ terms of du‘and du’ where du is the w1dth of the »

emulsmn and du’ is the thickness.

,- 11: follows tha.t : e
- we see that
‘du =2 Cos a

now . ZZ'-‘='= (AO)Z + (0p)2= QZ | I;AZ' +p2] e
also - a=mw-¢-P
and Tan B = é_
P
2 2 i

thus du=0 JA™ + p" Sin (¢ + B)
or du=0 [p Sing + A Cosy] - (13)
from
(12) and (13) '»

-dudu

1 ‘
W= 99 ETEH) [ ST T A Cone]

if we call
dudu' = dA

then we have
an 1 | | (14)

dE° = AT [pome & Cosd

which is the expression desired. '
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'B. APPENDIX B T

Development Procedure |

Smce no measurements were made _of track d1rect1on, etc, d1stort1on
of the emulsmn Was not a maJor problemv and elaborate precautmns to
prevent thermal or pH shock to the emulsmn were not taken. The '
essence of this method is to saturate the emulsion when it is cold and
1nact1ve, and then brmgmg the solutmn to temperature qulckly, in-
suring even development throughout

The following procedure was used

40 min. room temp.

1. Soak in distilled water. :
2. Put into icebox (to cool slowly). 40 min. to 5° C.
3. 'Immerse in 6 to i"'.D;I9 "’(-pre'cooled'). o - 60 rr;in.?’ 59 C.
4, Immerse in 6 to'l D-19-(preheated).”  * 20 min. 25° C.
5.  Stop'in Acetic Acid 1% (precooled). - -~ 40 min. 5° C.
6. Let stop bath sit at room-temp:” - ‘< 20 mm, room temp.
7. ‘Immerse in cool acid fixer." '~ = .- ‘10 to 12 hours room
. - temp.
Fixer should be changed one or two times during this period.
Wash in running water SRR 7. to 8 hours room
temp.
10. Soak in 4% Glycerine soln. about 5 hours room
: . . temp.

1. Dry slowly, perhaps in a covered box.

: Noites\: Room- temp. is about 68°.E.._ The hot development time may
vary according‘ to the batch or conditions of the e‘.muv_lsion or exposure.
Surface silver should be removed. All solutions .Were made fresh with
distilled water. Temperatures were held to within a degree. Although
it is not necessary, all operations were done in complete darkness to
prevent accident. Care should be taken to prevent exposure of the
emulsion to extremes of humidity, as it will peel off the glass even

with the plasticizer in it.

C. APPENDIX C - . .. -5 o .
Statistics - SRV g

Let us supposé that there exists ar inherent "true™ value (T) of
some sort such that if we measured (M) this value an”indefinitely large
number of times, our average would be as close as we please to this

true value.
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The value T is often called the expected value or a pr1or1 va.lue

If we start with this a priori value and a.pply probablhty theory, we
answer the quest1on leen T, what 1s the probablhty of M‘? In the
© special case of countmg stat1st1cs th1s becomes If the a. pr10r1 proba—
‘b111ty of an event is Ps then what 1s the probab111ty P(x) of seemg X
events in n trla.ls'? Note that np 1s the expected number and is equal
'THe laws of hfobahi_lity lead to hi’xi'err';'i.a.vllikfpfr’neia:_:‘_
n! X ex o
PO = sy P 00 T
A '.I‘his__f’.orx-"nula is exact but unwieldy and in those cases when n is
very l_ar.geA (s,ay, when n is the 'pzjedu(':t'of the number: of photons in the
beam tirrt_e_s the surfaee density o f target protons) and p.and np are
_.small (p 1s _th,ev cross section and np the éxpected number of events),
| ‘ th‘en:_t‘he binomial formula reduce'ﬂs_ to Poisson's formula; which holds
for~ a small number of events:

P 2Rl e - Te

x! - X!

PT (x) is the probability that we will see x events (mesohs) if the
expected number is np (T): o .

When np is no greater than ‘about 30, Stirling's épprdxii'net_ion be -
‘comes a useful approximation-for the factorial and the familiar’

«gaussian error curve.

: 2
T A ,-ré‘- . o
anﬂfpl

T(X)
w}he_re. . cf =x-np = x-T
This gaussian formula still talks about the probability of what

happens to a measurement if we already know the true value.. :As it

stands, it does not answer the question vital to experimenters: :given
the measgrement, what eari we say .a_bQut;_the true value? : Something

.more is needed.
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Let us make a measurement, x. If this were the true value (let
us assume it), we could draw a gaussian distribution curve abg6ut it.
If'v)e knew where the actual true value was we could draw a gaussian

about if, also. -

' From this we see that because of the symmetry of the gaussian,
the probability (Po) of the measured value océuring a given ameount
away from the true value is numerically the same as a fictitious
""probability" that the true value will lie a given distance from our
measured value«-this interpretation leads to the usual use of limits
of error on measured points. This is actually incorrect as the true

value is'a fixed a priori value and has no "distribution®.

When the number of events is small, the distribution curve is

skew (Poisson) and the‘above mechanism does not hold. Several:

f.a-milia;r’:i"eférénces27’ 28 ‘say-that the Poisson formula also gives the

distribution of true values around the measured value {"'obviously"): '
jery L€

' Px(‘T) 3

but th'é'jé.'ut;idr"feels'vthat this is unjustified, A much more sensible
view is to remain strictly vwi:th the definition of P.i.(x) and"this is f:he
cause of the rather elaborate way of stating the meaning of the limits-
in this experiment. f(See RESU‘L;TS),}' The numerical values of these
limits defined in this fashion have been calculated by Regener .

The author is indebted to Mr. John .Whﬁﬂeseyzs for some illuminating

discussions on this problem.
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X. FIGURES

1 ---- Schematic diagram of the experxment

2 ---- Detail of the emulsmn absorber arrangement

3 ----Diagram of the h1gh pres sure gas target

R A Schemat1c of the h1gh pressure pumpmg system

g s, plot ‘of kN(k) vs k where N(k)
is d(number of photons)/dk :

__6 ———- Geometrical f1gure used in Append1x A to calc ate the

solid angle

T eem- Graph of the expenmental results of th1s and some

53%5 ¢

related exper1ments N _
g ... Graph of the companson of the exper1mental results

' w1th theory
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