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| Bvidence for the Production of Neutral MGSOE?LPYﬂPhOthS

J. -Steinberger, W, K. H, Panofsky and“J. Steller

. Radiation Laboratory, Department of Physics
University of California, Berkeley, California.

April, 1950

‘f;"lﬁtrOduction.‘
Neutral mesons which.are coupled strongly to nuclei must be: éxpected to be:

unstable against decaywihto‘two:or,more.gamma rays.“iThe'modes;of:decey, and expected . -

lifetimes, have been discussed extensively(l). These gamma.rays are then supposed.

responsible for.the soft  showers which often-accompany»energetic cosmic-ray nuclear: v

events(2>;..fhe'evidence in favor of the existeuce.of‘the.neutral meson h&s-recently:fvn
“been‘greatly“streugthened byfthe'discovery at Berkeley(s) of -gamma reys»which“behave E
in ;11 uays:as {f they Qefe due to the,disintegration of~a'neutral-mesoh. They are

‘ produced by proton bombardment of various nucle1 and have 8 productlon cross section

which depends on proton energy much like that of charged mesons, Their energy is
' ? Ki ’

approx1mately 70 Mev ‘on the average, half that of the eharged n meson, and the energy

“spread is “in° agreement W1th the Doppler shlft due to the velocity of the parent mesons,
El
The 11fet1me of the mesons is less than 107 ls‘sec.. whlch 1s in agreemeht w1th the
. ; ) . ‘ i . R [ <y
theoretical expectatlons. | P
The ev1dence 1s therefore alreedy much‘ln favor of the ex1stence‘of a gamma
R : 3 . ok . . :
'unstable neutral meson. However, unt11 now, colncldences between the two gamme rays
have never been observed iwe"report here the detectlon of such 001n01dences, produced
by the bombdrdment‘of var1oushndele1)1n the x-rey beam of the Berkeley synchrotron°

=

Thls must be regarded as strong addltlonal ev1dence supportlng the ex1stence of the

neutral meson.
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II, Experimental Arrangement,-

Thé‘apparaggs¢i§wskepgpéq;iéégig.ggg?;?hgVSygtheprggﬂx%;;y BeamHO?,3SQ‘MeV
maximum enefgy is collimated in two oucoesoive collimatorsf Théosecono collimatoo serves
only to intercept somé of the'élootroﬁslorodocod attthe odge of the first collimator,
The beam then strikes a target, Whioh, for moot of the experiment?‘is a cylinder of
beryllium, 1-1/2 incheo long and’2 inches in diometer. The particles producedAin the
,targét éfe éetected in two teiescopes, each oonsisting of.ﬁhree'scintillotiogkfogoporoi%
A converter;fusually 1/4 inch ofﬂlead, is inserted.betﬁeen the two crystals.nearest
_the target: in-each telescope.- An évéot is recorded if simultaneous : (resolving:time  uxs:.
1077 sec;j'pﬁlses.are recorded in the -outer four crystals, but:none iogthe,twoﬂnearQ'i‘"
the target. That is, we require fhat'there be two particles, one in eachnteigécopew‘o'
neutral at first which-are‘converted ihto'Chérged particles oy théllead, and wﬁicﬁa =
penetrate one crystal and enter the‘néxt.?,With-a bogm intensity of about~iollgMev/hina*
tho coyﬂting rate for such,coinoideoces at favorabie oriéhtatioﬂs of:theitelescopeé'isum

about 10 counts/min,

fII. Nature_of;the,Coiﬁcidenoes.
Let us‘firot.describe fhe e%periménts which identiff the particles.ésAéaéﬁa

rays, indicate oﬂoir energy and showvthatvtheir ofigiﬁ'is £he.nuolear roﬁhér thoo fho.

Coulomb field. Ianabié I We‘liso fhe.reiatiferdeteotion effioiency for vario;o . 

converter materlals and thicknesses. Withoutconfertérs.the countiné }ate is éimost

zZero, theo.lncroaseo as the convorter thlckness in each a}ﬁxls 1ncreased to 1/4 1nch

of lead, and only sllghtly from 1/4 1nch to 1/? 1nch This is as eXpected from shoWer‘

theory for about 100 Mev photons. l/@ 1nch of copper has approx1mately the sdame oonforolon

efflclency as 1/16 inch of lead agaln in agreement w1th shower theory, oloce the numoer

of shower units are the same for¥these thlcknesses.
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The éoincidences are attenuated by'a’fadﬁéf of four when 1/4 inch of lead .
is inserted between the target ‘and the “anti-coinéidénce crystals. This again is as
expected for photons; Furthermore, it can be seen from Table I that-both telescopes.:
require converters, so that both particles must be photons,’ |

To‘measure‘the'énergy of the conversion electrons, aluminum absorbers were -
inserted between the last two crystals of one of the telescopes.‘:UnfértUnatgly at
these energiss the radiation losses are ‘important, and therefore the straggling large.
‘Wé have plotted. in Fig, 2 the coincidénée-cdunting rate as a functien of the average
energy.requifed to traverse the telescope, Becausé the photons ofiginatefin'moving Code
~:mesons,“the average gamma }ay energy is expeéﬁed to be approximatgly»lOO Mev, and the

'».average electron energy 50 Mev, quite in agreement with thevobséfvéd‘atténﬁétidh.'

TABLE I

Relative Detection Efficiency as a Function of Absorber Material and Thickness

‘ {Qqnvertef in Converter in . Relative Counting Rate
Telescope 1 ’ Telescope 2 ' ' F =g = 90°
. "none © " none T S 01 X L0058
1/32 in, Pb 1/32 in, Pb .17 % ,013
1/16 in. Pb © . 1/16 in, Pb v 302
1/6 in. Pb . 1/8'in. Pb ' : . 87 % .08
" "1/4 in. Po © .. 1/2 in, Pb k. o 1,00 ¥ 00600
/4 in. Cu = 1/4 in. Cu .39 1,03
none ' . 1/4 in. Pb . o J15-27,06 SRR I
1/16 in. Pb o 1/4 in, Pb ‘ - - .82 F .07
/2 4n, Pb- ° - L/#4dn.Pb 00 T T 0 1,07 F ol
1/ain. P U LatimPp 0 - 0 028105
" 1/a in,”Pb_gbsorbgrshﬁiahed in front of both telescopes.

&

The hﬁéféé}uofiéihibf‘tHé‘photonszis demonstrated by the fact that the cross
section for these coincidences is oniyhéfi.ﬁiﬁés'ﬁs Big:for a lead nucleus as for

beryliiums which is less thén"kﬁégféﬁid;af'fhe nucléar areas. On the other hand,
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ordinary shower cross sections increase by a factor-of 400,
... + Finally, .we have .looked for coincidences with the beam energy reduced to s

about 175 Mev with angles a and B of the telescope both 90°, - The cross section per
Q (the number of Q in a_bremsstfahlupg beam is equal.ﬁo the tbtgl énergyldiVided By a
the maximum energy of the spectrgm) is at least 50 times smaller here than at 330 Mév;
This steep.excitatibn function is also observed for charged meson production. | |

! ... - .We believe therefofe that it is‘demonstrated,that the observed ooincidepces‘
are caused by gamma rays of about 100 Méﬁ average energy;.of non-Coulombig”Qrigin; and
with @ threshold similar to that for charged mesons. |

R

IV. Angular Correlation and Distribution of the Gamna Rays. B

To study further the prdpertieé of these cqinéidenceé, Wé'héveiﬁéééﬁ?éd fhéiﬁl
rate as a function of the angle a ‘between the beam direction and the plane of the .

telescopes and of the correlation angle P (See Fig. 1), Consider first the variation

with B at a fixed a, say 90°, 180° coincidences are rare. The counting rate increases
with decreaéiﬁg ﬁ to a maximum at 90°, and tHen‘drops'shgrply. This behavi6r must

actuélly be expected of gamma rays which are the decay products of neutfal mesons,

because of the motion of the decaying mesons, ‘Almeson at rest decaying into two gemma

rays, emits them ih opposite direction. But when'this is seen from a system .in which .

the meson has a total energy E, then ﬁhe inclﬁded angle B varies between m and -

2 sin'l (ﬁ)'with a probability which favors the small angles tremendously. The median "
: .2 e : ' i

angle is 2 Sin—l'[. )1/§i]}w E is the total meson energy in units Sf its fést

(3E2+1
energy. .
" For 70 Mev mesons the minimum angle of B is 84° and the median angle”92°,'

Since the distribution is, so heavily peaked, not much. error is introduced if one assunes)

“as is done in the following, that to en angle ﬁ_corresponds a unique energy, that of the
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distribution in energy of the neutral mesons, although the angular resolution of our
telescopes isoinsuffioient to give more then & glimpse of the energy distribution.

(4)

Ve havelincluded'ianig.-S ourves;in which the observed :energy‘distributions of the

.. n+ meson mede'by’the.sane,x-rays on hydrogen are transformed into distfibutions in:

B and arbitrarily normalized.,‘Allrcorrections due to sceﬁtering and’angnlar resolution

are omitted. The generel shépe'of the curves is certain1y~well-reprqduced.by the

experiment, It is therefore clear that if the gamma reyszanefthe.deoay-p;oduot of

intermediate particles,vthese,partioles mnstimone Withnvelocities ofuthe-o:der‘of

'g-::.S, Excited nucleons of this velocity cannot be produced by -x-rays of 330 Mev,;

’.the partloles must therefore have an intermediate mass., Furthermore,;lt is possible

to see that the decay must be intO'only 2 -photons, since #he;expected angular,distri—»

butions for a decay inpo.more than ﬁWo'photons would not show a valley for small angles B.
The distribution‘in the angle " a of the beam with ‘the plane‘of tne telescope

" shown in Fig. 4, is interesting chiefly because of the differenoe'between:this distribution

" and the angular distribution of n* photo mésonsgs) from either oarbon or hydrogen targets.

This*is;not'particularly surprising,. since various theories also give quite different

results for:oharged.and neutral mesons., |

V: 'ﬁydroéen Cross Section end Total Cross Secétion,

] C : : .
At one settlng of the telescoplc angles, a = p 90°, we have compared the .

cross sections of hydrogen and carbon. Thls %as done by comparlng the count from a
polyethylene (CHQ) block and a perforated cargon block of the same 51zeJ@nd carbon _
content as the CHz. The result iss @7, / 12 - ,03. This agaln dlfi’ers from

, .
the results for p031t1ve mesons, where Gﬁﬁ+ .....55° The dlffer;nce is probably
~in part due to the fact tnet both neutrons and protons can.contrlbute to neutral meson '

production, but only protons to n* production. In part, it may also be possible to ascribe

this to the same phenomenon which, according to,Chew(S) is responsible for the large
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hydrogen - carbon ratio for the positive mesons. In the’case of n+’produotioh, the .

reaction. is 1nh1b1ted by the lact that, When ithe proton is changed 1nto a neutrons

T
I . ;_x.;x,wu»'-.»;e:...w : [ K

there is ao oversupply of neutrons in the 1mmed1ate nelghborhood and the nuﬁber of
- states available:to it is small because of the Pauli principle,' This is not - | /
signifibantiinethe neutralroaee because the'nucleon‘s‘oharge'does not change,

-The: curves in ?ig. 3 can bhe infegrete& to yield a total cross section for : - A
bery11ium4'*6%é = 7,5 x l0%28 omz'per ", While for.oerbop and hydrogen, 3ssumiﬁngiu$a\
the samé*angular'distributions,EGT& = ]‘.O'x"lol'*z8 and 6& = 1,3 x lO”za cm2$oer?"Q“$'mvn?t
The absolute X-ray 1nten81ty is known(8) to-about 10 percent, but the efflclency of .
the detectlng :system only to within ‘a factor of: two, 50 that there is a correspondlné‘t,e
error in the above cross sectioéns., The hydrogen cross«sectlon is aoprox1matelv the .
(1),

same as that for n productlon( ) those for carbon and beryllium are somewhat hlgher

- One might assume that the oharge of the: nucleon would play an 1mnortant role H

in the oroduction:ofﬁmesonS'in‘the electromagnetic;field of the photon, lhis is contra=
‘Cdicted by the observed angular distrlbutioo:of‘nf-mesons‘produced by photons in~H2°.‘
fhesengular‘distribution inoicates that the prinoipal‘process,responsioie for oharge&lili
mesoo production is the interaction of the'bhoton ﬁith%the:spin.of the nucleonal.lfg~.
the neutral meson has the same transformation properties as the charged it then anpears
plausible that the oroductlon cross sectlons in hydrogen should be comoerableﬁ as seems
to be the case; HOWevern actual calcularlons on the basis of pseﬁdo»»calar tl'leory9

toth in the cleselcal and in the‘perturoatlonuoheory epprox1matlon, whlch glve e reason=
able anéolar dlstrlbutlon for the n* productlon, give smaller values for neutral meson
productlon° Vhether or not this is a new dlfflculty in a theory whlch already has

several, is not clear. From a less restrlcted p01nt of v1ew it is not a surprlslng

result,
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In the bombardment of various nuclel by 330 Mev x-rays, photons W1th the

” dfollowing propertles are emltted"“

1) At least two.are emitted in coincidence..

'
e

2) Tﬁev each‘have an average'energy.of‘about 100 Mev;
2) The z dependence of the productlon indicates’ that they have thelr orlgln

in a nuclear 1nteract10n, and not in the Coulomb field.

&4" A oA

AS T4) ~1he threshold for thelr productlon is at least 150 Mev. &
e . ‘\ *-17, '

5) The angular correlatlon of the photons shows’that they are emltted in

1.‘

-~

u
. oL
Lt

»
pairs as the only decay products of partlcles mov1ng w1th ve1001t1es of

.~ the order of g-'= 8, and therefore of“lntennedlate mass. -, &
’ £ et
. L ~fi e

,’
./ 6) _The total 'CYoss sectlon for productlon from hydrogen is: about the | same s

o
“r:’f >

as “that fon oroductlon of n* mesonss othe@ 11ght’nuclelﬁcross sectlons

¥ E ‘r/ ;-‘,
are somewhat higher than those forjfhe p051t1ve Mesons, -

¢ o

It is clear from these propertles that’the gamma rays are the decay products

X3
¥ S

.of neutral mesons. Since sp1n 1/2, and spin 1 mesons are forbidden to decay into two
photons(l) the spin must be zero, excludlng the poss1b111ty of very high 1ntr1ns1c'
angular-momenta. It seems reasonable, and it is ;n good agreement-w1ﬁh all observatlone,
to.aSSume that both oharged and deatral-mesons are of the.same-ﬁype, 'It.#heo foilowsv-
frpm'the angular disfriouéion of the x;ray produced u* meeons, amd the high cross

' sections for maklng neutral mesons by x-rays, that the n meson is a pseudo-scalar.

Thls remark applles, of course, only to the character-of the meson, and not to any\

particular fleld theory for theglnteractlon of mesons with nucleons.

Aokhowledgements.
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Atomic Energy Commission,
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Figure Captions

‘:'Fig._l,

Fig. 2.

Fig, 3.

Fig. 4.

’vare'arbitrarily normalized for each aﬁgle Qe -

Experimental arrangeménf.
Absofption pf.convefsion electrons in aluminum. The energy includes the
average radlatlon 1oss.

!

Varlatlon of 001ncldence rate with the 1ncluded angle B between the two

'anns of ‘the telescope. The curves are those expected on the assumptlon

‘ that the gamma rays are the decay products of a neutral meson, emltted with

1. 2
‘the same energy dlstrlbutlon as are n* mesons from- hydrogen., The curves
. , , . .

Variation with.the angle a between the nlane of the telescope and the - «

' - o
E 2L ('

beam. -anh»point fépfesentsAanrintegral over the,angle B

'l - . . - .
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