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Wolfgang-K. H. Panofsky,' Jack Steinberger,** Jack Steller

o - Radiation Laboratory, Departierit of Physics,
N ‘ 8 Uhiversity of Californla, Berkeley, California

:Qctober_l, l?51

Abstract

G T-Further'neasurements have been madefon»tbedphotoproduction of ‘neutral mesons
~ 7“w;using the gamma-gamma c01ncidence techniqueo - New data-bave been obtained on the -
“_;;;ﬁpfﬁgamma—gamma correlation curves *in beryllium. The angUIarfdistribution of the
A"':} ;photo mesons in ‘Be: has been determined and found to be- strongly peaked forward The
dependence on- the atomic number A of production has been found to obey an A2/3 law
'iSome data obtained for production in hydrogen show that the 1r° and art production

”cross sections are comparable and that the r° excitation curve starts more slowly

frcm threshold than does the 1T photo excitation curve°

R} ]

*Now at Stanford Universityo
**Now at Golumbia University.
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~-”FURTHER RESULTS ON THE; PRODUCTION OF s NEUTRAL MES@NS%BY PHOTONS L ‘f .
Wolfgang K H Panofskys* Jack Stelnbergerg** JackDSteller o . : k

Radlatlon Laboratorys Department ofrPhy31cs,
Un1vers1ty ofaCalifornla, Berkeley, Gallfornia )

.5299t°b.‘.3.1’ f*‘.l-ls‘,f 1951

A, Introduction ) : a?~ﬁ}adﬁf
l

In a prev1ous paper;..we.have, discussed;jthe ievidence forupheto
MeSons,. - Since the -time of cur last reporm con51derable‘progxess~hasrbeensmade coneern— ':f
ing our 1nfermat10n on. thls,partlcle The chargerexchange reaction2 haSaglven ev1dence :
. as to, the mass. of the,;ﬂ'o meson° A Sachs and J.tSteinbergenéahavegshownrthat the .

”FC formed by 'Tf capturemln hydrogen glves gamma—camma 001ne1dences‘as has been
'establlshed for :photo,, produced TTr s° ALS0,: further;data on«the»productlon of.,¢T°

mesons from proton collisions are\avallableoé Cosmlc ray ev1dence5 1nrphot00raphlc

plates hag shown that- TT and ., 'T? mesons are. produeed bJ~prlmarleSwan}comparablew

numbers if one infers that gingle electron—p051tron paitrs correlated to hlgh energy

stars are ev1dence of r° mesons, Thus there is now evidence as to the ex1stence

of a T° meson and also as to its s_p].nand'1ntr1ns:.c'par1ty0

B, Instrumentation

This paper deals w1th further results on the photoproduotlon in the 325 Mev x—ray |
beam of the Berkeley synchrotrono " The C>°eometmcal dlSpOSltlon of 1nternal target
x-ray collimation9 1T productlon target and detectors is: essentlally the same as
‘ Previously reported, (Flgo l ) The x—ray beam 1s colllmated by lead colllmators 6" T

thick inserted in a thick lead wall shleldlng the detectlngvapparatus from the stray;

*Now at Stanford University.

3
Now at Columbia University.
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radiatiog!f;om.the synchrotron, The beam has a diameter of“approximately 1-1/2¢

et the point where it strikes the m° production target, ‘The detection apparatus

consists of two " ¥ -ray telescopes," each telesqope ¢onsisting of a set of three
crystal counters, The crystals areistilbene units of size 5/8" x 1-3/4" x 1-3/4",

mounted in light shields with one of their‘narrqw sides facing a 1P21 photomultiplier,

Each telescope consists of the following sequence :

(a) anti-coincidence crystal
(b)‘converter

(¢) coincidence crystal

(d) absorber (usually omitted)

(e) coincidence crystal

_An.event constitutes a "count" if, in each of thé two telescopes, the crystals (cje)

respond to & particle at minimum ionization or'méré‘andﬂ(a) does not,

- A block diagram of . the electronics is shown in Fig. 2. The coincidences and anti-

,céincidepceé”ére‘made in multivibrator circuits qf'abddi 10~7 sec resolving time

»developed bjft;‘Wbuterso Each.telescope_isbagaiﬁ put in coincidence with the other,

both with a similar circuit as well with a fast (108 sec) distributed amplifier
coinéidenpe‘circuit dev§10ped by4q,vuiégand and_described elsewhere,,-6 The accidental
doincidende ragé is defined by:thegresolupiqﬁ"ofﬁthié'éingle £ast coincidence unit;
the coihciden¢e‘counting~rate'qf each separate tglescopefcofrgspcﬁds to!rgal events.
- Fig. 3 shous ra-cur,ve_- fif quadruple éo’lix_ic'ni.:c‘ii-;}hcej coﬁﬁtiz;g rate aé-‘_a function of

photom.lltipliér 'gain;, .These and éiﬁiﬂa‘r' curves'-_"sp@yed';that §peration took place on
a reasonable plateau° " N : 4

In our previous paper1 we have dlscussed the arguments underlying the identifi-
cation of the quadruple coincidence counts with Igb"coincldences from the decay
of a % This argument is essentially asvfollows: '

(é) The pgrticles counted in each:telescoﬁe:are non-ionizing initially but are

‘converted into ionizing radiation at the converter,
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- (b) Da§a~qn;the conversion,as.a-functioniefdcqn?e;ter:thickness(and'con&érter-*
matérial are in agreement with the initial non-ionizing. radiation being
: ,x:rays‘but not neutrons..
(c) The range of the 1on121ng conversion products’ (for details,.see Section- C),
.»kshown to be electrons,'corresponds to a )”ray energy. of- the .correct magnltude
in;egreement with the  disintegration kinematics,ofna,1r° of mass =135 Mev
into two b"’-—rays° | 4 |
(d) The resultant spectra as a function of the correlation angle g, notably the
ex1stence of a minimum correlatlon angle ¢c (see Sectlon G), is in agree-
ment with the klnemat;cal relationship appropriate: to w° dlslntegratlon°
'In evaluating absolute cross sections,.the,efficiency;of the detector must be
evaluated and also the beam must be monitored»absolutely5”’Theudetection:syStem is o
such that a g -ray >wi,11‘be detected if it prodﬁces at least o’ne"e'lectren which (a)
‘has enough range to penetrate to'the second crystal after ionization and radiation
loss, and (b) has not scattered out;{rThe efficiency on this assumption is approxi-
mately ealculable as a functiog.of converter thickness and of Ziray energy. JFigs. '
7 and 8 show the calculated efficieney as a function of converter thickness in one
or both of the telescopes, respectively. These are compared with the'experimental
trensition curves taken at #= 8 =90°, The corresponding ¥ -ray energy under this
condition is'nearlylconstant‘ahd of order lOO'_-M'ev° Fig°-9<shows the»calculated1 
efficiency as a function of ¥ -ray energy, for a 1/40 lead-cenverterde'Note that the
efficiency droﬁs very rapidly for small ¥ -ray energies; this is due to the;deerease‘
in pair_cressrsections in conjunctionvwith the requirement as to minimum range of at
least one of -the electrons, 7 ,
The average of the;z@qeys,tg?be detected lies-above»half?the ﬂro,rest energy., *:
Tﬁe reason is that solid angle considerations favor those disintegrationé,in ﬁhich
the 3;-raysvare Doppler shifted toward higher energy. A value for the mean efficiency

of ,50 is thus not unreasonable,
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The x-ray beam of the sjhchrotron was monitoredvby an integrating ionization
chamber placed ahead of the collimator in the fringing f;gld of the‘synchrotron°
This.chamber was calibrated by the method of Blocker, Kenney and Panofsky7 and was
recalibrated occasionally during these measurements, The authors are indebted to

Messrs. Blocker and Kenney for carrying out these recalibrations, It is believed

‘that the absolute enérgy flux of photons through the target is known to better than

* 20 percent.

‘than that given by sin(fe/2) = ¥

C. Kinematics
g -Let # be the angle subtended between the telescopes at the target. Let © be
the angle befween‘the direction of the beam and the plane defined by the telescopes
and the target,
If we éssumebthat the coincident gamma rays are due to 1r® mesons disintegrating
into two photons, then several kinematical relations governing the process can be
derived., If 8, is the angle between the gamma ray pair and théwdirection of motion

of the 1r° measured in the frame of the ‘Rp, then:

sin(¢/2) =.r’1/(z"'2coszeo + sinzeo)l/2 (1)

‘Qhere‘rE:E/Ec =.1/(1 -@?)1/2 is the ratio of total relativistic energy to rest energy

of the #°.. For a given energy no gamma rays should be observed at any angle less
: 1 ,

Fig. 4 shows a plot of @, vs. ¥ . The probability P(@)d@ of observing a ¥-ray
pair corresponding to a W° velocity'ﬁ between a correlation angle ¢ and @ + df is
given by (using the fact that the Z”éray emission in the frame of ‘the T° is isotropic)s

1 ag . '
3/2 o (2)
(1-p32 prla-pr2 -2

where n = cés¢, This function is shown in Fig, 5 for several values of ¥, It should

' '?(ﬂ)dﬁ = sing

be noted that the probability is highest near the critical correlation angle #o and

hence we have a near one-to-one correspondence between observed correlation angle and
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1o veloclty° Thls one-to-one correspondence is of course not exact- for a d1str1-
butlon of velocltles the probablllty P(d) will be an. 1ntegral of (2) over a range
of veloc1ties from the lowest value permitted for a given @ to the hlghest value
energetlcally possible,

Tneﬁcountlng rate of a given counting geometry can be analyzed’by'treating_the
problen‘as if the coincidence resulted from the correlation probabillty:(Z) without
any furtner reference to the T° motion proper. e A

let [&fll and A Ll be the solid angle subtended by the limiting aperture of
each telescope at the prdéduction target, | - e

Tet N(¥)d¥d be the probability that a w° be emitted be_tween energy ¥ and

¥ + a¥ into a solid angle d £, o ‘

The probability of a coincidence count is then:

Ymax. . )
A ‘ AQ,
2 P(B)ag N(r)dx‘"Aﬂl ° 2 singdd

¥max .
; A0, A0, N(F)ay (3)
™ ¢ BY) (1 - p) ¥ 22
C

Here Ba'é [2/(1 ==P) is the lower limit of energy corresponding to a given p and ¥

c(g)

¥e

is the energetic upper limit of the production process,

Eq. (3) constitutes an integral'equation 5etween the counting rate and the 4°
production probability as a function of energy. vIts inversion will be.discussed later,
Note that for a glven value of the detector plane angle 6 (see Fig, l), the integral
(3) averages over a small range of 1‘ production angles, only in the case © = 1T/2
is the production angle flxed However, for the range of angles used this fact will
be ignored and the detector plane angle will be identified with the T° production |
angle. . ) x

The curve of efflclency Vs Xifay energy (Flgo 9) glves rise to a dlscrlmlnatory

veffect on the energy spectrum of the e s, as calculated from the angular correlatlon
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curves by means of Eq, (3)., The reason is that near ¢z¢cfboth Y ~rays will have
high energy and thus be detected efficiently, while near [ %1800 one of the two
X -rays _twill have low energy if the M° energy is large., Hence the one-to-one
correspondence bet:u}een the correlation angle @ and the ° energy is actually even

better than that implied by the integrand of Eq. (3).

D, Ra_nge‘. of Conversion Electrons from ¥ -Rays
. Fig'._" 6 shows the geometrical arrangement used in measuring the range of the

conv_ersion electrons, Space did not permit using beryllium absorbers entirely; for

, greaterj ranges than 22 g/cm2 Be, a mixture of Be and Cu agbsorbers was used, The

radiation straggling is thus not as small as it could be, The data were taken at
e =70°, ¢ ‘=."- 90° with 1/16" Pb converter in the arm of the telescope containing the
abSoroer. Fig', 7 shows a plot of the counting vs the g/cm2 of absorber in one of the
arms of the telescope in Fig:. 6. For a correlation angle of g = 90° the mean °
velocity is (5=.73, hence t.he'»- energy per ¥ -ray is 1/2 Eo/ V 1- (3 2 = .73 E,.
The observed nean electron energy of the -more energetic. of the pair electrons is
80 £ 12 Mev; the corresponding ¥ -ray energy is essentially.A/B Of this amount, or,

+

using the more ex_act pair energy division probabilities, 110 T 17 Mev, Hence,

E,= 150 £ é3 Mev, in excellent agreement with the measurements obtained from the

(o)

§ <ray .;speetrlim. from ‘the‘charg\e exchange sbsorption of the T meson.,;2

E, PhotoDroductlon 1n Bervlllu.m.

A serles of‘runs was made studylng the v1elds of photo mesons from berylllum°
These measurements constltute 1mprovements over the work prev1ously reported 1 The
target was a Be cyllnder w1th 1ts axis perpendlcular to the plane deflned by the
telescopes, —1/2" long and 4-1/2" diameter; the beam diameter at the target was
B/Zﬁ:” The telescopes were p051t10ned such that the farthest crystal was at a distance
of A from the center llne of the Be cylinder, The converters used were lead sheets
of 1/2;" thickness and 1-1/2" x 3" in size., The limiting aiaerture ivs thus the last

crystal which is approximately 1-3/4" x 1-3/4" in size,
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Fig, 11 shows the observed correlation curves. 1These were: taken at three
values of the angle 6, Table I shows a typical tabulation of the counting rates

cbserved ‘in the various channels,

. Counts per 8.3 x 108 éffectivegquanta'
Y | 45° 90° ] 13s°
180° .59 L - X
150° 1.66 .81 .,97 _
120° . 2:48 2.58 N R B L
105° 5,28 REN Sl 1.83 _
909 - 8,65 ' 5 46 .87 7
g2-1/2° 10.5 -~
. 5352 10.4 4 l o1
7"1 2 909 —— ——
60° 504 295 12 -
45° 1.26 21 -

Table T-
.Tabulation of Coincidence Counting Rates Corresponding to
w° Photoproduction in Beryllium '

The qualitative picture as to-the ﬂp~disintegration kinematics underl&ing
theSe>spectra is well confirmed,; Note that’therminimum angle ‘decreases in the forward
direction due to the increased upper limit of meson energy.

The observed correlation curves enable us to evaluate the energy'distribution
of the N° mesons approximately. Eq. (3) constitutes en integral equation for’the
energy distribution, The 8 = 90° curve would yield the energy dlstrlbutlon of w°
mesons emitted at 90°, The curves at other values of 8 correspond to Tr traJectorresv
in the plane deflned by the counters and the target Not all of these correspond
exactly to emission at an angle 8; however, the dev1at10n is small enough to be
neglected hereo B | |

The 1ntegral equetlon can be 1nverted by formal methods° It.turns out however

that the accuracy of the observatlons is not sufflclent to make effect1Ve use of such

procedures° The most practlcal means of 1nver51on is to assume that the true energy
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s e p—.

distribution.is "synthesized" out of a finite number (say N) of energy distributions
constant over a given energy>interval; If we assume such distributions to have

arbitrary amplitudes Ay, then the AN'can be determined by fitting the observed correla-

“tion curve-at N points and solving N linear equations, The correlation curve 8=T/2

has been fitted by this means, The assumed distribution is shown.in Fig. 12, Fig. 13
showevaHCOmparison-of the correlation curve calculated on the basis of the energy

dletrlbutlon of Fig, 12 and the exper imental data, It is clear that although the

;gbservedhcorrelatlon'curves are not very sensitive to details in the energy distri-

bﬁtidn,,they are sufficiently sensitive to give the relative amounts of low energy
and high energy contributions in the distribution., The reason is that each high energy
component will contribute intensity between the correSpoﬁding lower limiting correla-

tlon angle and 180 o Hence if the high energy components already account for the

- entlre 1ntenS1ty at § = 1800, then very little low energy'components can be present,

ThlS, as shown in Flga 12, is actually the case hereo Figc 1/ shows in contrast the
expected correlaflon curve if the 1T° energy distribution had been 1dent1cal w1th the

r* photo meson distributionas reported by Stelnberger and BlShOpog Clearly the

“actual f° dlstrlbutlon rises more slowly from 1ts limit than does the‘ﬂ' distri-

bution, - We shall discuss thisrpoint later,

A remark might be made here eoncerning the meaning'of a cross section for these

‘processes, .If we define the number Q .of Veffective quanta"9 or "McMillans" by:

9=/ o (4)
where U is the total energy of the .X-ray beam and ko 1téiﬁpper,eaervetic limit, then
we can deflne a cross section per effectlve quantum (Mlellan) directly in terms of
the data- as tabulated above, This is a‘cone;stent_prpeedupe,,but one would prefer
in the theoretical ihterpretation'efimestvofitaeseudata to have a true cross section
per ‘photon -at a -definite photon energy. 'Such-a cross section can be deriﬁed from
this data approximately if we assume:

(a) That the one-to-one correspondence between correlation angle @ and the
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‘meson velocity is exact, i.e., if the:curves of Fig, 5 were § -functions.’ -
located at:a:mean correlétion angle, |
(b)- That the production -kinematics of the Tro“in_varipus matérials'is the' same
asfqn‘a-free nucleon, i,e;, that there is a unique relationship beﬁween 1?9’
and primary photon energy. -
We shall shortly obtain the absolute cross sections'in thege;twdrinterpretatipns; i
Thegestimate of thetabs61ute cross section~pér.effecﬁiﬁe quantum can bé}made~ﬁy
use of tﬂe curves of Fig;;leo Let y = detection efficiency~of,each teiescope;ﬂletZSIL'

solid angle subtended by each telescope at the target. ‘The number’P(ﬁ;S):Qflpairs‘al

[

P(fé;e).-e-n(;a;e). ;ﬁ;%w)mm,? w2 ey

. ! PR

where N(¢,9) is the number of gamma palrs emltted per unlt solld angle in G and per .

counted is then:

unit plane angle in ¢ We take Y? = ,50 Z&Il 0. 063° If the total number of quanta
in the beam passing through the target of N atoms/cm correspondlng to the beam 1s Q,

the cross section is thus:

g;; = 3—— J P(¢,e) sin ¢d¢

o= ﬁgo JI P(¢9e) 2’“’311165111 ¢d¢d9 :1 o (6) W

Numerical integration of ‘the data of Table I gives: - . S

e gg X 1029 cm /effectlve quantum / steradian

45° L hedd S " VB
90° 3.13 , S

135° 1,06 S T

6 =3.7 x 1008 cul/effective quantum,. - ... cr oot C

These are the cross sections per effective quantum; to obtain the cross-section .

per quantum at a given energy, some further analysis is necessary: The numbervpf~v
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quanta in a prlmary x—ray energy 1nterval dK is very closely given by:

o dq = Q(aK/x) | - ()
wherégQ has Beeivdefinéd above, The differential cross section/quantum/unit solid
anglelbf‘1T° emiésioh is thuss |

T sind d¢ P(g.8) 1-
<l NQ(dK/Kfﬁ ql

= 3160/NQ P(¢;e) sin @ K 3%- . (8)

This ¢an be evaluated if d@/dK = ag_, Qj['ls unique, d@#/d¥ can be replaced by the

d¥y dX
derivative of the mean value of @, averaged over the distributions P(@) of the type

plotted' in Fig. 5. d ¥/dK can be calculated from the kinematics of photo collisions
with-éingie‘nucledns~for a given value of ‘incident photon energy.

i 'If meastrements are made at that given @ for eabh'vélue_of 8 corresponding to the
mean value of the correlation curve for a fixed pfimary;photon energy at the particular
8, theﬁ'this~0neisetf6f”measﬁréments is-sufficient to generate én éngular'distribution
%%%ﬁe)jat.that;yalue of ‘photon enérgy underlying.the choice of the @'s,

Table II»showé the set of measurements madé at values of @ to»correspond to a

primary photon eﬁefgy of 260 Mev,

o | g Counts per . ar | g do— 29 o .
il fgas w0 s | ak sin. ¢ T/ x 107 cm~/steradian
‘Effective Ruanta

349 70° 6 | | s

| ) 1092 : . 4066 - 2 92"7‘7
45°71 75° | 10.5 £ .5 858 .900 7.64 ¥ .36
5591 809 | 8,0 x o4 - " |.801 | 1,060 . “6.69 * ;33
67591828° |7 7.9 £ 4 ] .728 | 1.150 . 7.36 % .37
90° 9001 5.5 £ .26 .+ | L0602 .1 1,414 - 5,62 & .26
112° | 9789 | - 3.2 £ .24 ] 2506 | 1,660 3,00 £ .22
135° 105° 1.8 £ .13 . | W44 | 2,000 1.35 = .10
. 1500 1150 ' 1036: i 908.:;

.16 | o435 | 4,000 676

Table II, Angular Dlstrlbutwon of Tro Photoproductlon in Bery‘lllum° Entries are
Calculated ‘According to Eq. (8) with N= 6,1 x 10°3/sin 6 atoms/cm? to take Account
of the Obliquity of the Target d¥€ /dK is Computed from the Production Kinematics
on; Free Nucleons,  Photon energy = 260 Mev,
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Slnce the oorrespondlng data for the angular dlstrlbutlons of 1r 's, photo- i

produced in H, are not avallable at this wrltlng, the questlon might be ralsed to
what extent the data of Table II, plotted 1n F:Lg° 15, are representative of thel
angular dlstrlbutlons of 1T°'s produced on a freebproton.y Three effects would “
make the two distributions dlffer-

-l, The Be cross sectlon 1ncludes productlon both from protons and neutrons,

2, ' The internal motion of-the nucleons 1n'Be-1n»comblnatlon with the steep
.excitation of(the a~° photoproductlon proces34would;favor ~Ors produced;n;
from nucleons moving toward the x-ray source. .

: 30._The exclu51on pr1n01ple would modify the dlstrlbutlon somewhat, since .
the”energy aveilable.to the proton recoil isua functiongof;the.ﬂv_.emission
engle, . This effect is. no‘t very signifioant;sinoe'» the nucleon r,etai‘.nsﬂ» its

_identity in n© emission, : .~-«s T o
- In‘agreementvwlth.the analogous situation in the,case;of'ﬂﬂfproductiong we .
'therefore‘believe that the photoproduction of T-° mesons would lead to-.a still more -
forwerd,distribution than that given in Fig. 15,

The integrated cross section for 260 Mev photonS»5°55.x>10’27 cm.2o Note that
this is almost twice as large as the.value,quotedfper,effective quantum, - -This is
quite reasonable'since the excitation of the process rises quite slowly nearithreshold.

The absolute values quoted here should be accurateTto a.fector of two, ‘Three
31gn1f1cant flgures are given to permlt 1nternal comperwsono Probable errors refer
to statistics only,- Clearly the dlstrlbutlon is dlrected well forward in contrast

"to the corresponding curves for charged>meson production, = -

F, Z Dependenoe of -Production°

The % dependence of TF productlon was studled by measurlng the yleld of gamma—

¢

gamma 001ncldences at 9 450 end ¢ _.750 ‘ The results are tabulated below,» The

v'targets were elther solid cyllnders (C and Be) or the materlal 1nserted in bakellte
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cylinders (Li, Al, Cu and Pb), Similar to.the experimental-difficulties in the work
on the Z dependence of chargedqphotom.esons,9 it turned out to be difficult to accumulate

s o satisfactory statistics for heavyJelementso

4ﬁhterlal' - g/crh2 - icouhts/hchitor/nuclecn Number of counts
B P R UL S B 7 T observed
w2 190 & l0m o 365
Be 880 Y L8 t.07 458
c. 8.09 5 %.009 o 307
R 126 +.012° B 129
o .90 077 .00 %4
?iﬁuyefmfﬁf e :‘4.355‘ ST osslozo L 20
: 'H'(eee section G) .208 % .,029

%. | Table III 31-3‘001nc1dence Counts as a Function of Z of Target Material

i, yyyyyy - The-- yield per- nucleon is a decreasing functlon of Z, In fact, if the yield per

!
{nucleonuis plotted~against A”l/B-

i

of the neutral Tmeson yleld per, nucleon and a yield of the Tf}yield per proton

1/3

(accordlng to ‘Mozley ),plotted agalnst ‘A ,; Both sets of data are compatible with

-a- straight line is obtained. " Fig. 16 shows a plot

L
:
[

a straight line dependence. Since it appears thus that the yleld is prOportlonal to

the nuclear surface and s1nce($he mean free path for photons in nuclear matter is

large ve can conclude that the’ mes0n mean free path w1th1n the nucleus is not in

V' e - -
exXb6ss of 4 small multlple of ﬁéﬁc. ThlS is in agreement w1th the recent ekperlments
on nuclear 1nteractlon¢of mesons.lo"f e ‘1 o

~ bl C
5 R ’5“ s P

G, Yield from ﬂxdrogeﬁ.=h ;M;dj.j, R .J>,E p et
The data on the 1r y1eld from hydrOgen are as yet incomplete and the data

A

presented here must be considered preliminary, The hydrogen cross section has

been measured by two methods: (a) subtraction method CHp (polyethylene) vs. C,.
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(b) production;ingliquid-Héazﬁaf”‘ﬁu SR TR RN SRS \ﬁt,ﬁ**
(a) Subtractlon Method, R T TR W$L¥€3fu“fvf ASKIIN
The two targets employed in the. subtractlon method wers': constructed as followss
“-Low CHy target - cyllnder. helght =2, OOO“‘-dLameter =1, 627""weight = 62 9783
”.‘total surface den81ty - 4,70 g/cm2 carbon surface denS1ty 4.03 g/cm .
‘é,VJC target ; cylinder constructed of 1/16" graphlte layers perforated by
1/8" holes in random fashlon° _helght - 1.947"; dlameter -1, 630"-
welght - 54.16 g3 surface den51ty - 3,94 g/cm -
The carbon target thus represents the carbon content of the CHy- target to a
fair degree of approx:Lmatlon° o :ijﬁ : T o 'é
Data were observed w1th the teles00pes set at 9-——90 ¢l=.909. The results

e e e v

Care tabulated below,-“” '“‘ﬂ@“ oo T ?@“H.

CHy | ... | Difference.

. | fotal count 1157 | o1l .

:Accidentals v ““‘: — ';1,7'44 159

V“Net'count5<corrected to - A T T
equal carbon content - - - © 1098 - 885 213745

Table IV |
S T I ER e R
We obtain thuss Oo(hydrogen) P

R Oo(carbon) 120 t.025°

DNiTeoa ey it

wAssumlng that the correlatlon functlons for H and Be are s1mllar we obtaln .

an estimate for the total cross section: -
o8

B A SO T R I L S

= ,60 x 10 /effectlve quantum at 320 Mev,
Due to the dlfflculty in obtalnlng adequate statlstlcs w1th a subtraction

: method, ‘no data én the' angular dlstrlbutlon and correlatlon functlon were

. k3 i . 4+ e e a - P - B A el - a PN
P o STy R N St LN L T S P
“taken,- -
ST SR ST e . : q(;gm D O TIC I T S R .. RS Ty
LA ' P RS Rl S R TR ) eoor . AR : - -~
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AL

(b) Liquid H, Target,
The target used was constructed by Leslie Cook of this Laboratoryll and

the authors are areatly 1ndebted to hLm for perm1ss1on to use the instrument.

The target essentlally constitutes a line source of two 1nches diameter,
v'Thls-llnevsourcevwaS‘surrounded by a lead cyllnder 1" thick, A slit cut
into4the=cvlinde¥'defined’the*effective length of the line source, Since

the geOmetry of the hydroven target made a large distanos from the target

to the counters necessary, larger counters wvere:required to maintain a

;sufficient solid angle, These couaters were made of oylindrical pyrex
. R t ’ .

‘containers LM in diameter and 1% iniheight filled with a solution of

terphenyl in xylene° 1P28 photomultlpllers were: used to "look" at the

e n e

solutlon through a 1 mm- thlck pyrex w1ndow sealed onto the edge of the

vesselo This system 1eads to a fai:hy non—unlform light 51gna1 as a function

i

of pogition of a fast electron track; hence very high photomultiplier gains

were~required‘to-oherate'on a plateau, This leads of'course to an unfavorable
: ratlo of 51ngles to doubles count and henee of acc;dentaL 001ncldenoes to

real eventso Wltn thls exceptlon9 the arranoement and the electronics were

as descrlbed above and as p“ev1ously reoortcd

Data were taken w1th aud w1thout llquld hydrogen 1n the hydxogen targetql
STV SRVRVES I S i e
The backgreurd due to the empty target averaged 30 s 5 percent . Statistics

“p L i . ‘

were 1nsuff1c1ent to gustlfy p01nt4by~p01nt correctlon of the observed data,

v
A correctlon factor of °'7O 05 was thus apolled to the hyd“ogen dauao

» o i
N

Table V shows the data observed These data are plottea 1n Flgo 17, We

" I PR .« -

¢an agaln use these data- to cstlmate an absolute cross seoulonn} Using

[&fL' 1; 7 "050 effectlve source: length = 5, O om, we obtain; sinces

BER T PR

T 4 , a
Ge(e) = Q —— (AN) / P(#,0)sinfdf = 4.3 x 10“’37P(¢39‘)sin¢d¢
)'l Q

cm?/steradian/effective quantum ‘ ‘(9)
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Hence: .
%%% (90°) = 345 x 10730 cm?/steradian/efféective quantum

%%% (459)-='8;2 % 10730 em2/éteradién/eff80ﬁifé_qﬁanfﬁm

- The total cross sectlon can then be estimated to be °55 X lO"28 cm2/effect1Ve quantum,

in good agreement w1th the result- derlved from the subtractlon method,

g j ' :h .8 | connt/l;39 x 107 effectivehouanta\
I A AR
W | e | mEe
112° - ST L .25 * 04
135° 90 | . - ..17 .03
1570 "9 | 06 .03
. 67° | .. 450 3,96 .+ .30
1 90% 1 | 450 o 1.14 + .10
1350 | 45 | .38t .07
157° 45° .35 ¥ 07

Table V,. Correlatlon Curves for ¥-¥ - 001n01dences from
" Liquid H'ydrogen°

The data of FtLg° 16 are very 31m11ar to the berylllum datse of Flg° lO A step
dlstrlbutlon flttlng the hydrogen data is shown in Fig., 17, we can therefore
conclude definitely that the excitation functlon for TFO produced by photons has a
hlgher order contact as compared to the production of charged photo mesons°

These data are in agreement as to excltation funotlon with the data reported by
Silverman and Stearns,,12 Sllverman and Stearns obtaln the ex01tat10nvrnhctlon in a
somewhat more dlrect manner by measurlng the 001n01dence yleld between the re001l

st .

proton and one of the two gamma rays° They confirm the form of the excltatlon curve

. and thelr ‘absolute cross sectlon agrees w1th ours°

G, Discueeiogi
‘In their more elementary*and‘"non—controversial" interpretation these data
prinoipaily add to the phenomenoldgy.of,neutral»meeone, The experiments show

again that a particle of rest energy of the order of 135 Mev disintegrates into
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two aﬁd“only two photons;,~The_particles are of strong nuclear interaction as»evidenced
by their;internal nuclear absorption., .The lifetime of the particles is sufficieﬁtly
ﬂongﬂihatytheyqare,definitely-"real,"‘i.eaf the decay takes place outside tﬁe nuclear
field, 'Ihese‘propertieS'define the particle and show it to be almost certainly
;xidenticaiiwithrthe 10 inferred from the. experiments in high energy nucleon collision
in the-iaboratory and»in cosmic rays and identical ﬁo the product of charge exchange
scatterlna of charged n'mesons°
The two Z—decay fixes the spin of the T° meson as . zero or an integer greater
than or equal to 2 ;-; CoLo
;:IQTaddltlon-to;jieiding'information on the property of. the particle itself,

‘gnthese'experiaents;give data on the photOproductioa process of T\‘obmesons° The
hprepobVious features of the process ares |

‘v_5l.xyTHe.cross,section-on nucleons: is' of the‘same order; in fact roughly one=third

”~;Qf:the“pnoduction process for positive'charged mesons,
2.; The excitation function of the 1 © production exhibits a higher order
. contact near threshold as compared to charged photomeson productlon. This

| "fact and the absolute cross sectlon is in agreement w1th the work of Sllverman
and Stearns.l,2 ' N
‘3, The\angular dlstrlbutlon for T ©. photo mesons at a glven photon energy is

;-strongly peaked forward 1n contrast to the TV data._.,
-4; The Z dependence of productlon, other than for exclu51on pr1n01ple effects,

sy . }

,of Tr and TT are in agreement o o %-, ;1~~-é'ﬁ

.l,‘
£

.w
v

BecauSe of:the 51milar1t1es,between charged aﬁdwneutral?mesohs in many- respects

A IOV s ¢
i and also because of the experlmental ev1dence concernlng charge 1ndependence of

w},”.__,r Do

! nuclear forces, 1t appears worthwhlle to review the relatlon of these experlmental
; results with the predlctlon of charge symmetrlcal meson theory° We shall discuss here
1on}¥wresa%§smpasedion cons;derrpg the meson to have spin zero and odd intrinisic

parity (pseudoscalar); we are thus excluding :the possibilities of spin greater than 1,




The mode -of T° decay precludes spln 1 and’. recent ‘experimentsl - ‘evidence™

on’ the: reactlon A’IT v+ D 2 pi+ p makes ‘the’ value zero ‘ijIf:v.the"YT "-spin &’ ‘certaintys 7
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13 14

?

" An even parity.spin.zero.csbalar)mmeSOn is@ruled‘eut byithesresulté'6n'abeofpt10n”o£

8

M mesons - in deuterlum?xand also by~the photoproduction of Tr Meséns, > . vt o

.charge symmetric, pseudoscalarrtheOry;x

predictions

became ~known,

Perturbatlon calculatlon to: order g

2

In'Iable:VI we llet'the:pr1n01pal“calculationson‘photo,mesdn productlonfbaeedHEn
,These‘031Cu1afions.weréfnot'offeredfaszd‘&i;
but. rather as p0351b1e explanatlons of these and other data as: they

Wthh’h&d given results in good

agreemeht with the'ﬂ photoproduction cross section falled to give. satisfactory

results here

,sectiOnunor:does‘it”givevtherforwarddangularﬁdiStributionahBServed;?
tions to higher orderl’7

angular distribution,

15,16

; -such’ a. calculation Tails to predict:a.sifficiently large:cross

raises the cross section but also does not give -the. correct-:

Furthermore it is: difficult’ to:take' ah ‘expansion seriously

whose second term exceeds the:first and.where an' estimate «of:.the discarded terms is

lacking.. -

Meson-Nucleon ‘ NUOleoh— Type of" Authors .
- Interaction:. | iFlectromagnetic: . :}.. Approximation. L
Coupling Used,

pseudoscalar

pseudoscalar

i
pseudoscalar
and pseudovector

no Pauli term
or pseudovector = .. R

no_Pauli'term~‘ .

R Lam
LD - ST

'Pauli term'

Pefturbatlgn theory
- t6order g~. .

- to order g

'Perturbatlon theory

to.order.g: " -

S

i Perturbati"n;theory%”m-

[

. ‘ _
pseudovector: : @ -|..no.Pauli. term. . * ..} ..:Strong:coupling: @ - 4. Fujimoto and
R Miyazawa20
SRR T Tl e PSS TR NS O RS
pseudovector Pauli term Classical : Breuckner and
s R R e R B R T ool B JCasezl 0
pseudovector - no Pauli term: ... }]...8pin ¥ charge: . - -‘Diéii22,
- classical
I RO S -* a3 e

. Bfueekhe;
Arakil6

Brueckner,and
Watsonl'7

Kaplon,18 Aldzu

15

Fugimoto,Fukudoig'

- rTable, VI -

A I

'Carrying~calculaf ‘
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19

Kaplon18 and Aidzu, Fﬁjimoto and Fukudo™ ~ include the static anomalous magnetic
moment-of the proton explicitly in'a second order calculation, This gives fair
agreement'with‘thé absolute cross Section, aithough the angular distribution is still

in disagreement with the experimental resulté° This procedure; as has been pointed

out by the authors themselves, is at best an afbitrary one; if the overall systematics

of meson theory were correct, the effect of the anomalous moment, which is in itself

a consequence §f thé interaction of the nucleon with the meson field, would auto-
matically be taken caré of in the Calcﬁlation if it could be carried consistently
to 4th order. It is only the difficulties of a consistent meson fheofetical calcula-
tion of the moments which motivates this phenomenological approach,

Pérhaps more interesting is the discoveryzo’21 that the isobaric state of the

nucleons which is characteristic- of strong coupling theory gives rise to resonances

"iiﬁ'the photbproductibh of mesohs. This has been shown in the classicalZl and strong

coupling2o approximation. Assuming an isobaric state of excitation 250-300 Mev,
rough agreement with all the ~r® production data"presented'here results,' The
phenomenological magnetic moments,  however, are.also used here, At the same time

the predicted resonance in the TT+épectrum is probably contrary to the experimental
daté.S There exists fherefore at present no théoretical Study of T° photoproduction

which is free'frqm.logical inconsistencies and which fits allwthe_experiméntalbdata

as they are known at present,,‘;_
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Ey;uréiCaptions

Figs

Fig..-

Fig,.

Fig;

Fig.

‘Fig,

Fig.

1.

2.7

3.

Geometry of detection apparatus- for observing §-¥ coincidences from

WO gisintegrations, The "correlation angle" @ and "telescope plane

.angle" 6 (approximatelyﬂthe %° production angle) are indicated,
.Block-diagrém of electronics used in detecting Y - ¥ coincidences.,

 Observed coincidence counting rate observed as a “function of photo-

. multiplier voltage; Within the rather poor statistics a plateau is

indicated on:this:and similar:runs.

10,

11,

Plot of. the minimum correlation angle ﬁc against J- :»ratiO'of meson

kinetic' energy/meson rest energy.

Plot of P(@)/sin @ (see Eq. (2)) against the correlation angle @ for three

. “values of the .meson energyfﬁ This function is thé relative detection

ypfobegility for a-giveqécorrelafedfBﬁéréy:pair."'

o ﬁispdsition:of-sc;ntilldtioo-cyrsfais, leéd‘con§erﬁer and absorbers in the
.rexperiment attempting to deférmiﬁe the renge of “conversion elactrons from
the W° ¥-rays, : ‘

" Absorption curve of conversion eléctrons as observed in the geometry of

Fig. 6.

'Calculated and observed detection efflclency of the Xﬁqey'palrs as a
xwﬁfunctlon.of,converter,thlckness in -one telescope»arm.
Celculéted and observed detectionQefficiency of-thé ¥ -ray pairs as a

:functlon of converter thlckness in both telescope arms.

Calculated detectlon eff1C1ency of a telescope as a function of ¥ -ray
energy.
ﬁelatiﬁe coiﬁcidence counting rates as a function of correlation angle #

for three values of the telescope plane angle 8, Beryllium target.‘



23~  UCRL-1495

Pig, 12q' An energy distribution of_ Tfoamesqns which_wou;d.give»risegﬁozthe{ZTﬁrayg
~ = correlation curves of‘Fig,*llefor~e'¥‘9®9 in berjlliumo The fit is. made
..,_leth six "square step" dlstrlbutlons of- sultably adgusted amplltude°
Fig, 13, The smopth curve: ig the;eg}cule@edw»?ﬁf»j"cerrelatiogscurvefunder'the
_tasepmpfionaof'tgekegergyjdisﬁribntion of;Fig;?l2;§zThe~e£perimeﬁta;.ﬁataf‘
.are-given,fqr.eqmperieonxggf; xﬂ~~u, \f,.: elr*;gnni'. RO | &

Fig, 14, Correlation,curve: WththOUld have been expected 1f~energy dlstrlbutloﬁ
of TFO mesons were 1dent1ca1 to the ﬂ' ‘meson: specurum photoproduced from
hydroegen at 909 assopgergedaby,Stelgbergerfannglshopds ‘;;.im%; R RA

Pig. 15, Cross section per 260 Mev photoni%fory1T?;producﬁionVin'beryllium as a
funeﬁiqn,Qf~productigngenéleg»: Sl .‘QT‘ﬁ R S R

Fig, 16, Cross sectionuofzﬂT(?'prodgetionlpe?jguc;egn‘and;eross Sectieﬁﬂof ﬂ-+pro-

' duction per p%oton-acgoﬁgijégto§szley?gplot£gd;against AL /3 ‘where A is

_the .atomic number,:;ngeftgépgtheyyield%varies’lineafly¥w1th;nuclear*areak
Fig,(l.7° &Preliminarx_correlatioqgeugie fgrz{ng photOpgodﬁction in hydrogen, Shown
are a) the experimental dafa; 'b) tﬁe curve (dotted 1in&) of Fig, 14,

_.expected if T2 and° “5 . photoproduction were identical and.c). (solld curve)

the correlation curve expected if the spectrum were the L-step ‘spectrum

' of: Flg° A8, - . «:;;‘<}é§,,~, PR STV R U S R ARV o
Fig, 18; Step-energy spectrum, compatlble with-the: 5--57 correlation\data from
,4r°.photoproductlog at»e;?#909°gb;;¢w DA -ﬂ; RS gefefq.;,ﬁ ?“.frfﬁ.
, ; N e . 3 ’
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