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FURTHER RESULTS ON THE PRODUGTION OF NEUTRAL MESONS BY PHOTONS
Wolfgang K H. Panofsky, * Jack Steinberger,** Jack Steller

Radiation ILaboratory, Department of Physiecs,
Uhiversity of Galifornia, Berkeley, California

Abstract
. Further meosuréments have ooeo made on the'photoproduotion of neutral mesons

using the gamms-gamma coincidence téchnique,..NoQ data have been obtained on the

' gamma-gamma correlation curves in ber'yllium° The angular distribution of the

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 Ag/B 1aw

'Jspme data obt&Iﬁéd»for productionrin hydrogen showrthat the Trp_and ol production

cross sections are comparable and that the o excitgtion curve starts more slowly

from threshold than does the 7' photo excitation curve.
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FURTHER RESULTS ON THE PRODUCTION OF NEUTRAL MESONS BY "PHOTONS
WOlfgang K.. H, Panofsky,* Jack Ste1nberger,*% Jack Steller

Radlatlon Laboratory, Department of Phys1cs,
University of Galifornia, Berkeley, California

October 1, 1951

A, Introduction

In a previoue paperl we_have‘discusaedvtge:e?tdeéee"feyﬁphotqpfoduction of neutral
mesona° Since the tiﬁe of our last report considerable progrese has.beeﬁ.made-concern—
ing qur_infqrmation‘on this particleo The_charge'exchange neaction%\has given -evidence
as tOithe‘mass_of the T° meson;,-‘A° Sachs and J. Steinberger3 have ‘shown that'the
Tro'formed by T~ cagture.in hydrogen_givea gamma-gamma coincidences asahasibeen
.'established for photo produced rTere, _Alse,'further data on theﬂprodﬁctipnuof-{ﬁ'ol

, L

mesons from proton ceilisions are_available,r_ Cosmic rayve_vidence5 invph6tographic
. . + . :

plates has shown that T~ and w mesons are produced by primaries-in comparable

nuﬁbers if one infers that’singie electren—positron pairs correlated to high energy

stars are evidence of f° mesons, Thus there is now evidence as to the existence

o o . . e . .
of a T~ meson and also as to its spin and intrinsic parity.

B. Instrumentation

This paper deals with further results on the“photoproduction'in the 325 Mev x-ray |
beam of the Berkeley synchrotron., The geometrical aisposition of_internal target,
.x—ray collimation, 1T° prodﬁction target and detectors fS~essentially the saﬁetas
prev1ously reported, (Fig, 1.) The x-ray beam is colllmated by lead. colllmators 6"
'thlck inserted ina thlck lead wall shielding the detecting apparatus from the stray

*Now at Stanford Un:.versaty°

*
Now at Columbia U’nlvers1ty°

o
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radiation from the synchrotron, The beam has a diameter of approximately 1-1/2
at the point'wherelit strikes the r° production'targeto ;Fhe detection apparatus
consists of two'" ¥-ray telescopes," each teleecepe:coneietingvof a set of three
crystal countérs,” The crystals‘erejstilbene units of_eieev5/8F‘x714}/4" x 1-3/4",

mounted in light;shieldsvwith'one of their_nerron sides facing a }PZl'phetomultiplier,

_Bach telescope consists of the following sequence:

(a) anti-coincidence crystal
- (b)) converter
(¢) coincidence erystal
m(d) ebsorber (usually omitted)

(e) coincidence crystal

“An event cotistitutes a "count" if, in each ef-thé"twe"telescopes, the crystals (c,e)

respond to & pafticle at minimum ionization or mére and (a) does not.

_A block diagram of the electronics is_sheyn‘ingﬁig, 2, nihe_coincidences and anti-

_ceincidenceﬁvefeemade.in multivibrator»circuitstef‘ebdﬁt 10~7 sec resolving time

developed by’ L; Wouters. Each telescopelis.ageinvpﬁt in coincidence with the other,
both with a similar circnit“as‘well_nith atfestWQIOfB‘sec)‘distributed amplifier
cdincidence{c;rcuit developedveyﬂg, H1egand and described elsewhere.,6 The accidental
coincidence rate is defined by'the_resolutien of this single fast coincidence unit;
the coincidence‘ceunting rate of each separate telescepe\corresponds to.real events,

‘Fig, 3 shOWSia'cnrveaoquuadruple ceineiaence counting rate as a function of

‘photomultiplier‘gaino, These and siniler_cnrves ehewedéthat operation took place on

- a reasonable plateau°

1

In our previous paper ve have dlscussed the arguments underlying the identlfi—

cation of the quadruple coincidence counts with W'B'coinc1dences from the decay

of a 7% This argument is essentially as follcws-'”“

(a) The particles counted 1n each telescope are non-ion151ng 1nitially but are

: converted into ionizing radiation at ‘the convertero
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() Date-anthe~conversion_as'a functionAq?_cenYe;terﬂthtckness and converter -
vmaterial are in‘egreement<With the initial non-ionizing radiation'beingi
exiraYS'but not néutrons°

(e) The range of the ionizihg conversion produgts;(fgrsQetails,.seeiSectionYC),

shown‘to'be'eiectrons, eorresponds to"a;“2F¢sy”energy of the correet‘magnitude
in ‘agreement with the’ disintegration kinematicsbof a WO of mass \/7135'Mev |
inte two b"-rays ° v |

(d) The resultant spectra as ‘a function of the correlatlon angle ﬁ, notably the

existence of a minimum correlation angle ¢c (see Sectlon C), is in agree-
ment w1th the klnematical relationshlp approprlate to 1r d1s1ntegratlon,‘

In evaluatlng absolute cross sections, the efficiency of the detector must be.
evaluated and also the beaﬁ must be monitored absolutely, The detection SYétem is -
such that a ¥ -ray will be detected if it produees at least one electron ﬁhich (q)
has enough'fangefto penetrate to the.second crystal after ienizatidn,and raéiation -
loss,. and (b) has not scattered out7i The .efficiency on this assumptien is'approii; -

tely calculable as a functlon of converter thickness and of ¥-ray- energy,. Flgs°
)7/amd}%/show the calculated efflclency as a function of converter thlckness in .one.
Or,both of the telescopes, respectivelyd‘ These are compared with the experimental :
tran51tlon‘curves taken at ﬁ-— @ =90°, The corresponding ¥ -ray energy under this
condition 1s nearly constant -and of order 100 Mev, Flg:LQ/shows the calculated
eff1c1ency as a function of Xlray energy, for a l/4"‘lead converter,; . Note that the
efficiency drops very rapidly for small 'f¥ray energies; this is due to the decrease
in pair cross sections in eonjunction with the requirement as to minimum range of at
least one of the electrons, |

The average of the . Xirays to be detected lies above half the ° rest energy., .

. Tﬁe reason. is that solid angle considerations favor those disintegrations in which |
Vthetl'-rays are Doppler shifted toward higher -energy. Atvalue for the.mean efficieney

qf +50 is thus not unreasonable,
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vThe.x-ray beam of the synchrotron was monitored_p& ghiintegratihg ionization
chamber plégeé ghgad of the collimator in @he f%ipg?ng f?g}@ of the»synchrbtronol
This chamber Qas calibrated by the method of Bloqke;, Kgnney and'Panofsky7 and was
recalibrated occasionally during these measurements, The authors are indebted to

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

‘that the absolute enéfgy‘flux of photons ﬁhrdugh the targét is known to better than

* 20 percent,

C., Kinematics

-Let ¢ be the angle suptendéd between‘thevteleSCOpes at the target; Let 8 be
the angle beﬁwgen'the direction of the beém and the plane defined by the telescopes
and the'targef; -

If we assume thaﬁ the coincidént gamma, rays are'dug to 1 mesons‘disihtegrating
into tw0'phofons; then several kinematidai rélafidné govefning the process can be
derived, if 8o is the angle between the garmma ray pair and théyairection of.motion
of the Tr® measured in the frame of the T, thens

sin(@/2) =¥"L/(¥Rcos?e, + sinzeo)l/ - (1)

where'f&iE/Eo =1/(1 -;p?)l/z is the ratio of ﬁotal relativistic energy to rest energy

of the_1r°,  For a given energy no gamma rays should be observed at any angle less

than that given by sin(#@./2) = y1, _
Fig, 4 shows a plot of f, vs. ¥ . The probability P(#)df of observing a Y-ray
paif.GoiréSponding tO‘a,_ﬂD velocity'p between a correlation angle ¢ and @ + df is

given by (using,the fact that the ¥ -ray emission in the frame of the T° is isotropic):

- el (@)
(1-m3¥2 grla-pg2 -2 ’

where)u = c§s¢; This function is shown in Fig, 5 for several values of ¥*, It should

P(#)g = sing

be_noted that the probability is-highest near the critical correlation angle @, and

hence we have a near one-to-one correspondence between observed correlation angle and
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T° velocny° This one-to-one correspondence is of .course not exact; for a distri-
butlon'qfvveloc1t1es the probability P(¢) will be an. 1ntegra1 of (2) over a range .
of veloc1t;es from the loweet value permitted for a given § to the hlghest value
energeticelly possible,
| The counting rate of a'given counting geometry can be analyzed_by treating the:
problem as if the coincidence resulted from the correla@ion probability (2) without
'any further reference to the ™° motion proper,

Let ZXSll and Ay be the solid angle subtended by the limiting aperture of
each telescope at the productlon target, _ S

let N(¥)d¥dn be the probability that a w© be emitted between energy ¥  and
¥ + 4¥ into a solid angle d f1, | A

The probability of a coincidence count is then: .

Anz
2 P(f)ag N(¥ )Y ALy 3 singag

o)
¥
. ° Kﬁax '
< _ AL AQ, | N(F)ay ' 3y

) T X_. @X;/(l —)1)X’Q-Q
o .

Here ¥, =./2/(1 -=P. is the lower limit of . energy correSpondlng to a glvenwp and x;ax
is the energetlc upper 11m1t of the productlon process, | ' '

Eq° (3) constitutes an integral equation between the countlng rate and the r°

production probability as a function of energy. Its inversion will be dlscussed later.

Note that for a given value of the detector plane angle 8 (see Fig,.i), the integral
(3) aVerages over a smali range of 1rp production angleé; only-in the‘ease 8=1r/2

is the production engle fixed, ‘HoweVer, for the range of angles used this_facﬁ_ﬁill
-be'ignored and the detector plane angle will be identified with the T° production |

angle, () f
The curve of effieiency vs Xiray,energy (Figoj?S gives rise to a discriminatory

effect on the energy spectrum of the Tr°’s, as calculated from the angular correlation

&
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curves by-means of Eq. (3). The reason is that. near ¢::¢V.1 both ¥=rays will have
high energy and thus be detected efficiently, while near ¢-o1800 one of the two -
b”-rays w1ll have low energy 1f the T° energy is large° "Hence. the one—to—one
correspondence between the correlatlon angle ¢ and the ﬁT energy is actually even

better than that 1mp11ed by the 1ntevrand of Eq, (3)

D, HRahgetof Conversion Electrons from-B'ARays

[}

. Fig, 6 shows.the'geometrical arrangement used in measuring'the range of the

- cOnversiOh electronsop'space did not permit using beryllium absorbers entirely; for

greater range”%than 22 g/cm Be, & mlxture of Be and Cu absorbers was used The

Sy

,radlation mtraggling 1s thus not as. small as 1t could be., The data were taken at

e "70 E ¢_==90 w1th 1/16" Pb converter in the arm of the telescope contalnlng the

'-_,absorber° Flgb 7 shows a plot of the counting vs the g/cmz of absorber .in one of the

arms of the telescope in: Flgb 66 For a correlatlon angle of ¢ _.90 the mean °

7

ve1001ty is f} _,73, hence the energy per 8"—ray is 1/2 E / ¢ ]. 63 = ,73 B,
The observed mean electron energy of the more energetic of the palr electrons is

the cprrespondlng ‘U‘ﬁray energy is essentially 4/3 of thls amount, or,

: u51ng thenmor_ exact palr energy division probabllltles, 110 ﬁ 17 M'ev° Hence,

150‘+ 23 Mev, ln excellent agreement with the measurements obtalned from the

5'-rayzspectrum from.the'charge exchange absorption of the ™ mesonoz.

E, Photonroductloniln Bervlllumo

| A serlss of Tuns was made studylng the ylelds of photo mesons from berylllumo.
These measurements oonstltute 1mprovements over the work prev1ously reported 1 The
target was a Be cyllnder with 1ts axis perpendlcular to the plane defined by the
telesc0pes, -l/2"'long and 4—1/2" diameter; the beam dlameter at the target was
3/4't The telescopes were p051t10ned such that the farthest crystal was at a dlstance
ofv7" from the center line of the Be cyllnder,_ The converters used were lead sheets |
of’l/L" thlckness and 1-1/2" x 3"’1n size, The 11m1t1ng aperture is thus the last |

crystal which is approximately 1-3/4" x 1=3/4" in size,



G- | UCRL-1495

Fig. 11 shows the observed correlation curves, ;These'were_ﬁakenvat three
values of the angle 8, Table I shows a typical tabulation of the counting rates

observed in the various channels.,

, Counts per 8.3 x 108 effecfive quanta
~_ 6 [ 1 D - '
4 45° 90° o] 135°
© 180° .59 59 .59
150° 1.66 .81 97
1209 2.48 2,58 1,71
105° 5,28 ENA ] 1.83
90°" - 8,65 ' 5 46 1.87 -
82-1/2° 10,5 ‘ -
¢ : ;52 18;3 4. ‘ 1.14 -
7"1 2 ° -_— —-—
60° 504 95 .12
45° 1.26 .21 | -

o Table I
Tabulation of Coincidence Countlng Rates Correspondlng to
0 Photoproductlon in Berylllum

Thg qualitafive picfure as to ﬁhe 19 disintegration kinematics underlying
these spectra is well confirmed.,  Note that the'minimum angle decreases in the forward
direction due to the increased upper llmlt of meson energy.

The observed correlatlon curves enable us to evaluate the energy dlstrlbutlon
of the T° mesons approximately. Eq. (3)‘const1tutes an integral equation for.thev
energy distribution, The 8 = 90° curve would yield the energy distribution of w°
mesons emitted at 90°, Thé curvés at other values qf é correspoﬁd to o° tfajecfories
in the plane defined by the counters ahd the target, Not all of these cérrespond
exactly to emission at an angle ©; however, the deviafion is.small enough to be |
neglected he;'éo - | |

The integral equation can be inverted by férmal methods, It turns out howevefv
rtHAt.the accuracy of the observations isvnotfsﬁfficiéﬁt to»make.effectiVQAuse.éf such

procedures, The most practical means of ihversion is to assume that the true energy



-10- .~ UCRL~1495

distributioniis "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 soiving N linear equations{ ”Tne correlation“curve 8=m/2
has been fitted_by this means, The assumed distribution’is‘showniin Fig, 12, Fig. 13
shows a comparison'of the correlation curve calculated on tne basis of the energy
distributionvoﬁgﬁig. 12 and the:experimental data, It is clear that althongh the
observed correlation curveshare'not-very 1sensitive to~details in»the energy distri-
bution, theytare sufficiently sensitive to give the relative amounts of low energy -
and higH‘energy contributions in the distribution, The reason isvthat'each high energy
component will contribute intensity betweenithe'corresponding lower limitingvcorrela-
tion angle and 1800. Hence if the high energy components already account for the
entire intensity at ¢ 180 s then very little low energy components can be present,
This, as shown in Fig, 12, 1s actually the case hereo Fig. 14 shows in contrast the
expected correlation curve 1f the TTO energy distribution had been identical with the
r* photo meson dlstributlonas reported by Steinberger and Bishop.8 Clearly the
actual 1° distribution rises more slowly from its limit than does the’ﬂ"distri-
bution, We shall discuss this point later, |

A remark might.oe made here concerning the meaning‘of a cross section for these
processes.' If we define the number Q of "effective quantaﬁg or "McMillans" by:

| Q=T - S (4)

where U is the total energy of the x-ray beam and k, itsvupper energetic limit, then.
we can define a cross section per effective quantum (McMillan) directly in terms of
the data as taouiated above, ‘This is a consistentynrocedure, bnt_one would prefer
in the theoretical interpretation of‘most of these data to have a true cross section
per photon’at a definite photon energy. Such a cross section can be derimed from
this data’approiimately if we assumes |

(a) That'the‘one-to—one correspondence between correlation angle @ and the
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meson velocity is exact, i.ﬁé.,» if the curves of ‘Fig, 5 were § -functions
located at a mean corfelation angle,
(b) That the production kingmatics of the ’n-c‘in v_grﬁipusr materials is the same
as on a free nucleon, i,e., that there is a unique relatidnship between ‘n'o
~and primary photon eriergsrov
We shéll shortly obtain the absolute cross sections in thgsgm_two iritex_‘pretations.'
The. estiinate of ‘_bhe absolute cross section per effec‘tive_ qﬁantum can be mdde by
use of thle_c'urves of Fig, 10, Iety = detection efficiency of each telescopé;- letAQ
solid angle. subtended by each telescope at the target. Thé number P(g,8) of pairs

- counted is then: : S : ' '

| y | AQ 2 -
P(ﬂ:e) = N(g,9) 21]_.""5{'56'- (Aﬂ)"? X R, (5)
where N(ﬁ',e) is the numberl of gamma palrs emitted per unit solid angle in 8 and per
unit plane angle in g, We take Yl = .50, A.ﬂ. 0. 063. If the total nu.mber of quanta
in the beam pass1ng through the target of N atoms/cm correspondlng to the beam is Q,

the cross section is thuss

2= . 20 [ pg,0) stnpyp

= %:%OH P(yﬂe) 2rsin @ sin ;Ad;ddé R ‘ .(6)

Numerical integration of the data of Table I gives:

8 g:{ x 1029 em?/effective quantu:m / steradian
45° AL
90° 3,13

135° 1,06

6'=3.7x lO"Q8 cmz/effec‘:ti‘ve quantum,
These are the cross sections per effective quantum; to obtain thé cross section

per quantum at a given energy, some further analysis is necessary: The number of
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quanta in a primary x-ray energy interval dK is very closély given by
aQ = Q(dK/K) A (7)
where Q has been défined above, The differential cross section/quantum/unit solid

angle of M° emission is thus:

vsizd W\ Pde) 11
IRICICLYS N

ag o
= 3160/NQ P(#,0) sin # K 3F - - (8)
ag L dL . .
This can be evaluated if df/dK = IF ° §x is unique, df/d¥" can be replaced by the

derivative of the mean value of @, averaged over the distributions P(f) of the type
plotted in Figo'so d ¥/dK can be calculated from the kinematics of photo c¢ollisions
with-single nucleons for a given value of incident photon energy.

If measurements are made at that given @ for each vélue_of 8 corresponding to the
mean value of the correlation curve for avfixed primary%photdn‘enefgy at the particular
6, then this one set of measureménts is sufflclent to venerate an angular distribution

(9) at that value of photon energy underlying the choice of the ¢”s°
- Table II.shows the set of measurements'made at values of ﬁ to correspond to a

primary photon energy of 260 Mev,

8 g ‘ 'g?gnislggr . - %%;, ~sin @ %%:; -gii X 1029 m?/éteradian
Effective Quanta
S340 1 70° | 10.2 £ .6 -] .91T 755 1 4o66 x ,27
45° | 75° | 10,5 £ .5 858 900 7.64 % .36
5501 80° 8,0 £ .4 .801 | 1,060 6,69 = .33
674 1825° | 7.9 = .4 W728 | 1,150 C7.36 £ .37
90° | 90°. | 5.5 = .26 2602 | 1,414 5,62 k£ .26
1129 | 97° 3.2 £ 024 »506 | 1,660 3,00 + .22
135° | 105° 1.8 £ .13 obididy 2,000 1,35 x ,10
150° | 115° 1,36 .16 o415 | 4,000 676 * ,08

Table II Angular Dlstrlbutlon of 1r° Photoproductlon in Berylllumo Entries are
Calculated According to Eq. (8) with N= 6,1 x 1023/sin © atoms/cm® to take Account
of the Obliquity of the Target., d&/dK is Computed from the Production Klnematlcs
on Free Nucleons, -Photon energy = 260 Mev,

k]
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Since the corresponding data for the‘angular distributions va1r°'s, photo—
produced in H; are ﬁot available at this wrifing,'the queétion might bé raised to. :
'.what exfént the data of Table II,.plotted in‘Fig° 15? are representative of the
angular distributions of 1T°fs produced on a free proton, Three effects would
make'the two distributions differ:

1? The Be cross section includes production bqthifrom prqtbns and neﬁﬁrons.

2, The internal motién of the nucleons in Be in combination with the steep

excitation of the ﬂf° phbtpproduction process would favor ACt's produced
from nucleons moving toward the x-ray source,

3. The exclusion principle would modify ihe distribution somewhat, since

‘ fherenergy available to the proton_recoii.is a funetion of the 1f°‘emission
angle, This effect is not very significant since the nucleon retains its
identity in m©° emission,

in agreement with the analogous situation in the case o'i"ﬁ’*-‘jproduction8 we
therefore believe that the photoproduction‘of.TFO mesons would lead to a still more
forward distribution than that given in Fig. 15.

The integrated cross section for 260 Mev photons.5,55 X‘10627 cm?, Note that
this is almosf twice as large as the value quoted per effective quantum, This is
quite»reasonable since the excitation of the précess rises quite slowly neaf'threshold.

The absolute values quéted here should be accurate to a‘factor of‘twc.':Three
significant figures are given to permit internal COmpérison,, Probable errors ;efer
to statistics only, Clearly the distribution is directed well forward in contra;t

to the corresponding curves for charged meson production,

r, Z Debendence of Prodqctiono

The 7 dependence of T° production was studied by measuring the yield of gamma-~
gamma coincidences at @ = 45° and § = 175°. The results are tabulated below, The. ° “

. targets were either solid cylinders (C and Be) or the material inserted in bakelite L
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‘ cylinders (Li, Al, Cu and Pb); Similar to the experimental difficulties in the work

on the Z dependence of charged__;photomesons,9 it turned out to be difficult to accumulate

satisfactory statistics for heavy elements,

_Matérial o g/cnf | counts/monitor/micleon - ‘Number of counts
o S . . ' ' observed

w o am 190 £ .012 B 365

Be 7 g.80 | J148 +,007 R

c 8,09 " L5 £.009 307
L 126 +.012 o 129

Gu | +90 077 % ,010 - o
P .39 051 +.000 | 20

H (see sectiqn G) .208 + .029 |

Table III; Ki;x‘cqincidence Coﬁnts as a Function of Z of Target Material

P | The yield per nuclecn is a decreasing function of Z. In fact, if the yield per

"nucleon is plotted again’ét‘A-'l/3 a straight iine is obtained. Fig. 16 shows a plot

. of the neutral meson yield per nucleon and a yield of the Tf}yield per proton

'(aCbeding'ﬁo sziéy9) plottedvaééihsfﬂAh%/Bo 'Bbth sets of daﬁa are compatible with
a.étraight line dependence, Since it appearé thus that the yield is proportional to
the nuclear sufface and since the mean free ﬁath for photons in nuclear.matter is
large, we can conclude that the meson meén féee path within the nucleus is not in
exbéésJof a.sméli mﬁltipie Ef ﬁéﬁc. This is in>égreement with the recent experiments

on nuclear interaction of mesons,lo ) }

G, Yield from Hydrogen,.
~ The data on the m° yield from hydrogen are as. yet incomplete-and the data

presented here must be considered preliminary. The hydrogen cross section Has

been measured by two methods: (a) subtraction method CHz (polyethylene) vs. G,



(b) production in liquid H,.

(a) Subtraction Method,
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The two targets employed in the subtraction method were constructed as follows:

1, CH, target - cylinder: height -.2.000“; diameter - 1,627"; weight - 62,97g;

total surface density - 4.70 g/cm?; carbon surface density - 4.03 g/cm?.

2, O‘tafget —lcylinder constructed of 1/16" graphite layers perforated by

1/8" holes in random fashiong height - 1,947"; diameter - 1.630";

~welght - 54.16 g; surface dénsity - 3,94 g/cm?.

The carbon target thus represents the carbon content of the CH, target to a

fair degree of approximation,

Data were observed with the telescopes set at 8 =90°, ¢f= 90°. The results

. are tabulated below,

CHy G | Difference
| Total count 1157 911
_Accidentals 4l 59
Net count, corrected to ‘ "
equal carbon content 1098 885 213 & 45
Table IV
: VA
We obtain thuss Ggoo(hydrogen)
- — ——— = ,120t ,025
c@oo(carbon). !

Assuming that the'correiétion functions for H and Be are similar we optain

an estimate for the total cross}sectipn:

0 =,60 x 107

2

8 gm?/effective quantum at 320 Mev,

Due to the difficulty in obtaining adequate statistics with a subtraction

method, no data on the angular distribution and correlation function were

- "taken,

&

‘o
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(b) Liquid H, Target.

The target used was constructed by Leslie Cook of tﬁis Laboratoryll and

the authors are greatly indebted to him for permission to use the instrument.

The target essentially constitutes a line source of two inches diameter.
' This line'source was surrounded'oﬁza lead cylinder in tnick ;‘A slit cut

1nto the cyllnder deflned the effective length of the line source,v Since

the geOmetry of the hydrogen target made a.large distance from the target

.to the counters necessary, larger counters were requlred to maintain a

sufficient solid engle; ‘These counters were made of cylindrical pyrex

containers 4" in diameter and 1® inlheight filled with a eolution of

-'terphenyl in Xylene.‘[lPZS photomulﬁipliers were used to "look" at the

solution through a 1 mmdﬁhick pyrex window sealed onto,the edge of the

?essel, This system leads to a fairly non-uniform light'signal as & function
of position of a fast electron track; hence very high photomuitiplier gains
Were required to.operate on a plateau;‘ Tnis leads of course to an unfaﬁorabie
'ratio of singlé%rto‘doubles count and hence of accidental,coincidences to
reel events; With this exception, the arrangement and the electronics were

as descrlbed above and as prev1ously reported,

Data ‘were taken w1th and w1thout liquid hydrOgen in the hydrogen target,

~ The background due to the empty target averaged 30 * 5 percent, Statistics
~were insufficient to juetify'point—by—point correction of the observed data,

A correction factor of ,70 £ ,05 was thus applied to the hydrogen data,

Table V shows the data observed, These data are plotted in Fig, 17. We
can again use these data to estimate an absolute cross section. Using

[&fL=,1;v7 = ,50; effective source length = 5.0 cm, we obtain, since:

T . | | |
(e)- 7 (AD-) fP(¢,e)sin¢d¢=4,3x10f’371=(¢,e)sin¢d¢
o L

emR/steradian/effective quantum | (9)
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Hence:

gg; (900) 3.5 x 10720 cm?/steradian/effective quantum

%%% (45°) = 8.2 x 10730 cn?/steradian/effective quantum

The total cross section can then be estimated to be .55 x 1028 cm?/effectivé quantum,

in good agreement with the result derived from the subtraction method,

g C) count/1,39 x 107 effective quanta’
48° o900 | A1 ® 04
6732 - 900 ) .76 * ,07
90° 90° .89 =+ ,09
112° 90° 25 * 04
135° 90° - .17 '+ ,03
1579 90° 06 4 .03
67° 45° 3.96 + .30
90° - 450 - 1,14 * .10
135° 459 | .38t ,07
157° - 45° 235 ¥ ,07

Table V, GCorrelation Curves for ¥-Y¥ Coincidences from
Liquid Hydrogen,

The data of Fig° 16 are very .similar to the berylllum data of Flg. 10 A step
distribution fitting the hydrogen data 1s shown in Fig. 17, we can therefore
conclude definitely that the excitation funetion for ° produced.by photéns has a
higher order contact as compared to the pfodﬁdtion of charged photo mesons,

These aata are in agfeement as to excitation fuhction with the data reported by
Silverman and Steafns,l2 Silverman and Stearns obtaih thevexcitafion_fundtion in a
somewhat more direct manner bj measuring the coinéidenee yield between the recoil
proton and one of the twd gamma rays. ‘They confirm the form of the excitation curve

and their absolute cross section agrees with ours,

G, Discussion,

In their more elementary and "non—con+roversial" interpreiation these datg
pr1n01pally add to the phenomenology of neutral mesons, The experiments show

again that a particle of rest energy of the order of 135 Mev ‘disintegrates into
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two and only two photons, The_particles»are of strong nuclear interaction as evidenced
-by‘their internal'nuclear absorption, The lifetime of the particles is sufflclently
long that they are deflnltely "real,™ i,e,, the decay takes place outside the nuclear
fleld : These propertles define the particle and show it to be almost certalnly
.1dentlcal w1th the ﬂ‘o 1nferred from the experlments in hlgh energy. nucleon collision
-1n the laboratory and in cosmic rays and 1dentlcal to. the product of charge exchange
‘scatterlno ofvcharged Trmesonso - .o
| The two X'decay flxes the spin of the T° meson as zero or an integer greater
than or equal to 6. _
In addltlon to yleldlng 1nformat10n on the property'of the partlcle 1tself
, these experlments glve data .on the photOproductlon process’ of T° mesonso The
more»obv1ous features-of the process ares |
'l,v_Tﬁe cross sectioﬁ‘oh nucleons is of the' same order;'iﬁ‘fact roughly one-third
'l:of the'production.process fof<positive‘charged mesons,
2, The excitation functlon of the M © production exhibits a hlgher order
.eecontact near threshold as compared to charged photomeson productlon° This
fact and the absolute cross sectlon is in agreement with the work of Silverman
and S_tearnsol2 | |
3;' Thelanguler dietrieuticn.fer’W‘° photo mesons at a given;photon energy ie
strongly peaked forward, in centfast to the T data.
4o Tﬁe Z_dependenee of preduetiengfother than for exclusion principle effects,
~of Tro'and 1f+are in agreeﬁento o
‘Because of tﬁe similarities between charged and neutral mesons in many respects
.and.alsolbeeauSe of the experimental evidence concerning charge independence of
. nuclear fé;éés, it appears worthwhile.to review thevrelatioﬁ of'these.experimentai
results,with the prediction'of charge symmetrical meson theoryo We shall discuss here
1oply peeulté Eased on considering the mesen to have spin zero and odd intrinisic

parity (pseudosealar); we are thus excluding the possibilities of spin greater than 1,
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13,14

on the reaction T sz}>+ p makes the value zero for the"ﬂﬁ'spin a certainty.

An even parity spin zero (scalar) meson is ruled out by the results on absorption of .

t* mesons in deuteriui’ and’also by -thS ‘f

1ot pf&ﬁﬁé%ion_qfhﬁ’ mesons.

8

In Table VI we list the prihcipal calculaﬁionson photo meson produdtion based on

charge symmetric, pseud0scalar theory.: These calculafions were not offered as

predictions but rather as possible explanations of these and other data as they

2

became known, Peptﬁrbation calculation to order g which had given results in good

agreement with the ﬂ*'photOproduction cross section failed to give satisfactory

results here

15,16

; such a calculation fails to predict a sufficiently large cross

section nor does it give the fofward angular'distribution observed, - Carrying'¢alcula—

tions to higher order17 raises the cross section but also does not give the correct

angular distribution, Furthermore it is difficult to take an exﬁansion sefibusly

whose second term exceeds the first and where an estimate of the discarded terms is

lacking,
Megon-Nucleon "~ Nucleon- Type'of Authors .
Interaction Electromagnetic -Approximation -
_Coupling _ Used, _
pseudoscalar no Paulivterm Perturbation theory Brueckﬁerl5
or pseudovector : : to order gg : Arakil6
pseudoscalar no'Pauli‘term Perturbatigp theory Brueckner and
N to order g Watsonlf
pseudoscalar ‘Pauli term Perturbation theory Kaplon,18 Aidzu
and pseudovector to order g2 -Fujimoto,Fukuaoi9
pseudovector no Pauli term Strong coupling ’Fujimoto and
. Miyazawa
pseudovector Pauli term Classical Breuckner and
Ca392
pseudovector no Pauli term Spin + charge Drbifzz

classical

‘Table VI
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Kaplon18 and Aidzu, Fujimoto and Fukud019 include the static anomalous magnetic
" moment of the proton explicitly in a second order calculatlon° This gives fair
agreement with the absolute cross sectlon, although the angular dlstrlbutlon is still
in dlsagreement with the experimental resultso This procedure,’as has been pointed
out by the authors themselves, is at best en arbltrary one, if the overall systematics
of meson theory were correct “the effect of the anomalous moment whlch is in itself
a consequence of the interaction of the nucleon with the meson fleld,‘would auto-v-
matically be taken care of in the calculation if it could be carried consistently
to 4th order. It is only the difficulties of a consistent meson theoretical calcula-~
tion of the moments which motivates this phenomenological'approacho

Perhaps more interesting is the discovery2o’21 that the isobaric-state of the
nucleons which is characterlstlc of strong coupling theory gives rise to resonances
‘1n the photoproductlon of mesonso This has been shown in the class1cal21 and strong
coupllng?O appro;c'imatlon° Assuming an isobaric state of excitation 250-300 Mev,
rough agreement with all the Ar° production data presented here results, The
phenomenologlcal magnetlc moments, however, are also used here° At the same time
the predlcted resonance in the T spectrum is probably contrary to the experimental
de.ta.,8 There exists therefore at present no theoretlcal study of T° photoproduction

which- 1s free from loglcal 1ncon51stenc1es and Whlch flts all the experlmental data

as they are known at present
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Figure Captions
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Fig,
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Fig,
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. 9,

10,

11,

Geometry of detection apparatus for observing §-¥ coincidences from
ro disintegrations, The "correlation angle"'ﬂ and "telescope plane
angle" 6 (approximately the ’Woaproduction angie).are indicated,
Block diagram of elecﬁronics ﬁsed 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,

Plot of the minimum correlation angle ﬂc against.l— :rratio’of meson
kinetic energy/heson rest energy. .

Plot of P(#)/sin @ (see Eq. (2)) against the correlation angle @ for three
values of the meson energy, This function is the relative defection

probability for a given correlated ¥ —-ray pair.

- Disposition of scintillation cyrstals, lead converter and absorbers in the

experimentvattempting to determine the range of conversion electrons from

_the ’W’o Y -rays.,

Absorption curve of conversion electrons as observed in the geometry of
Fig. 6, \

Calculated and observed detection efficiency of the Y -ray pairs as.a
function of converter thickness in one telescope arm,

Calculated and observea detection efficiency of the Y -ray pairs as a
function of converter thickness in both teleséope arms, |
Calculated detection efficiency of‘a.telescope as a function of Z”;ray
energy. ( |

Relative coincidence counting rates as a function of correlation angle ]

for three values of the telescope plane‘angle 8, Beryllium target,
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15,
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An energy distribution of_ Tﬁonmgsqns whichvwoulq'giva.rise to the S -ray
correlation curves of Fig,ml; §9379;=T90?‘in berjlliUm, The fit is;made
with six "square step" distfi?utiqns of suipgbly“adjustgd qmplitude,_

The smooth curve is the ca}culgyeqhu}’% g qprre}ation curve under the

assumption of the-energy:distribution of Fig, 12, The experimental data

‘are given for comparison,

Correlation curve which would have been- expected if energy distribution

of T mesons were identical to the T meson spectrum photoproduced from

hydrogen at 90° as observed by Steinberger and Bishop.8

Cross section per 260 Mev photor for W° production in beryllium as a

function of production angle,

. . : . . . +
Cross section of A4T° production per nucleon and cross section of n- ro-—
per nuc-Leon : . p

~ duction per proton according to Mozley9 plotted againstuAl/3 where A is

the atomic number, Note that the yield varies linearly with nuclear area,
Preliminary cdrrelation-curve for fVQ photoproduction in hydrogen. Shown
are a) the experiméntal data, b) the curve (dotted 1line) of Fig, 14,
expected if WP and.1T+-photoproduction were identical and ¢) (solid curve)
the correlation curve expectéd if the spectrum wefe the 4-step spectrum

of Fig, 18. 4

Step-energy spectrum compatible with the §-¥ correlation data from

A-°. photoproduction at 6 = 90°,
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