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RIDENERATION OF o1 MESONS 

IN A THIRTY-INCH PROPANE BUBBLE CHAMBER 

Rohert H. Good 
(Thesis) 

Lawrence Radiation Laborato~r 
University of California 

Berkeley, California 

July 1961 

ABSTRACT 

A beam cf 02 mesons was produced by passing a beam of 1.1 Bev/c 

negative pions through a liquid hydrogen target and accepting the 

neutral reaction products in the forward direction after allowing 

the o1 component to decay. The resultant beam was filtered through 

four inches of lead and was then observed in a 30-inch propane bubble 1 

chamber. Regeneration of,the o
1 

component was observed both in lead 

and iron plates inside the bubble chamber and in the propane itself. 

About 200 regenerated ~ mesons were identified by their character

istic Q-value and decay rate. The observed angular distribution of 

the o1 mesons demonstrated three types of regeneration: incoherent, 

due to individual nucleons; diffraction, due to all of the nucleons 

in a nucleus acting coherently; and transmission, due to coherent 

action of all the matter in the plate as a whole. The Gell-Mann -

Pais particle mixture hypothesis is thus further substantiated. 
\! 
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INTRODUCTION 

In 1947 the study of neutral K-mesons began with an event observed 
1,2 

by Roche~ter and Butler. Upon finding an unusual "fork" of lightly-

ionizing, rigid tracks of opposite sign in th~ir magnet cloud charnber 9 

they demonstrated that it was highly improbable that the event was any-

thing other than the decay of a heavy neutral meson. Although the first 

tentative publication on the pion as such had appeared only a few ~onths 
3 

previously, and even the mass of the muon was quite uncertain, they 

managed to infer that the mass of the hypothetical neutral particle was 

equal to about 1000 electron masses. In succeeding years the two-pion 

decay mode of the 0° meson, with Q-value 217 Mev, was well established 
4 

by Thompson et alo, and in addition there was found a small admixture 

of "anomalous" neutral decays of deviant Q-value., 
6 

5 
In the space of a 

decade there arose a formidable array of charged and neutral K--mesons: 

I<;;,. ._. TT + + 'VT " 

K I<~ ~ }4 + + y + 1TD 

+ -K o .~ e - + 1i+ + Y 

.,.. -- . 
~ A- +'iT++ y 

All of these K mesons appeared to have the same mass~ 
7 8 

With substantiation of Lee and Yang's suggestion that parity need 

not be conserved in weak interactions, it became possible to simplify 

the picture greatly by considering the entire K-meson complex as just 

one isotopic-spin doublet, with antiparticles: 

Particle -· .. K+, Q
0 (K0

) 

Antiparticle ~(K+), 0°(K0
). 
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9,10 
Agreement of the results of this experiment and others with those· 

predicted on the basis of the assumption that K+ and K
0 

are an isotopic 

doublet constitutes evidence for this assumption and against opposed 
ll 

schemes such as that of Pais. -- -- -· ---~--
12 

The K+ and 0° mesons were assigned a strangeness of +l; the G
0 

appeared to differ from its antiparticle only in strangeness. In .1955 
13 

Gell-Mann and Pais pointed out 0 ~ that consequently the Q and G mesons 

·may be expected to be mixed by the intermediate two-pion state: 

-~eo 

_Strangenes~ is not conserved in this weak interaction. An initially 

pure 0° beam should contain appreciable amounts of 00 compon~nt after 

a time comparable to the lifetime for two-pion decay of the 0° meson 

because of the above-mentioned mixing.- This led Gell-Mann and Pais to 

predict two-component properties for the neutral K meson. As the decay 

+ - . c ~0 ~ product 1T + ·n J.s an eigenstate of P, whereas the ~ and ., are not 

(they have different strangeness), it is reasonable to postulate the 

existence of G
1 

and Q2 eigenstates of CP such that 

e, 
6>0+ eo 
-J2 

(l) 

-eo- eo 
. ( 2) 

;.~ 

from which it follows that 

e, +l e:2. 
()) 

(4) 

J 
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As. CP is presumably conserved in the weak interactions leading to 

decay, one may assign to 01 alone the neutral K meson decays that 

are even under CP: 

) 

1 fast, 10~10 second 

and to 02 alone those that are odd: 

slow, lo-7 seconds. 

In a:ldition, both 01 and 02 mesons may presumal:>ly undergo leptonic 

decays, and decays to the final state n· + "'T- ·tt 0 at rates. comparable to 

those for 311'0 decaya14 ~ Existence of such a long-lived neutral Q 

meson was established by Lande et al. 1 5 

As previously, one assigns to 0° those interactions which involve 

positive strangeness: 

go + p ---* ~ + n 

1't - + p -+ N + go 

and to ~ those interactions which involve negative strangeness: 

GO" + n -w. K- + p 

'fl1 + p ~A0 + rr+. 

Accordi.ng to this theoretical picture, go and '00 mesons may each decay 

with equal probability by the ~ or g2 modes, and ~ and 02 mesons may 

interact with equal probability in the go and ~modes~ The former pre

diction has been confirmed by Eisler et al~~ who observe, using a pro

pane bubble chamber, that indeed one-half of the go 1 s produced in the 
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reaction 

are long-lived. The prediction of eo.ual 02 interaction in eip:enstates 

of strangeness plus one and minus one is sunported by several investi-
10,17,18 

gations. 
19 

Lee and Yang have pointed out that, in those cases in which p + p 

--> Q
0 

+ 0°, the 0° 0° system may be expected to be in an odd CP state, 

and consequently~ if CP is assumed to be conserved, the probability of 

simultaneously observing both neutral ons to decay as 01
1 s, or to inter

act as G01 s, is· zero .. No experimental study of this phenomenon has as 

yet been reported~ 

--
Regeneration of 01 mesons is another consequence of tile -theoryand 

it may be observed experimentally as follows: A 0° beam devoid of 0° 

component may be produced by bombarding protons with negative pions at 

an energy above the threshold for the reactions producing 0° mesons but 

below that for reactions producing 0° mesons. As may be seen from the 
20 

accompanying table of fundatnental particles, Table I, a 1.1 Bev/c 11 

meson beam impinging on a hydrogen target cannot,by any known reaction, 

produce 0° mesons when mass and strangeness are conserved; yet it can 

produce gO mesons by the following reactions: 

Tr- + f 1\ p -t ao o.8o .-.,b 
~ 

---?Jo :E 0 + e"' o. 3t WI/:, 

1T- -r n ...-?!" r: -+- e-o . 3 ? -mb '•' 

The 1\ 0 and ·2. 
0 

hyperons decay quicklY) so that the presence of particles 1.,) 

of negative strangeness more than a few centimeters from the source of 
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TABLE I 

\,. 

Particle Mass (Mev) Mean Life (sec) 
I .,., 

2.55 X 10-8 + n- 13q.59 

1)'0 135.00 2.2 X lo-16 

+ K- 493.9 1.22 X 10-8 

K o 
1 497.8 1.00 X 10-lO 

K o 
2 497.8 6.1 X 10-8 

p 938.21 00 

n 939. 51 1.01 X 103 

A 1115.4 2.50 X 10-10 

2..+ 1189.4 .81 X 10-10 

~ 1196.0 1.6 1 10 
-10 

20 1192 .1 X 10-lO 
-~ -10 - 1318 1.3 X 10 

-" X 10-10 - 1311 1.5 ·-
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the beam must be explained on the basis of the particle mixture hypoth-

esis. 
. 0 

When the 0 beam_ has traveled several Ql lifetimes, the o1 compo-

nent of the beam (see Eq. 3) has for the most oart decayed away~ while 

tl;le long-lived 02 component remains almost undiminished. By~ Et"!· 2 the 

resultant 0? beam contains 0° meROns; they may be detected in the ores-

ence of matter by observing interactions involving ne~ative strangenesR, 

such as production of 1\ 0 
hyperons according to the reacti.oro 

Detection of the 0° component in this way has furnished another means 

of verifying the particle mixture hypotheAis, both in nrooane and h:v-
l-7- 10.,18- --

drogen bubble chambers and in emulsion. If now the 02 be~m is 
2l 

passed through an ahsorber, as suggested by Pais and Piccioni, the 

CJ5 component is absorbed preferentially beca.use it can produce hyperoros, 

0 by virtue of its negative strangeness, whereas the 0 component cannot. 

The relative enhancement in mar,nitude, and shift in relative phase, of 

0 0 
0 with respect to 0 in Eq. 2 results in an increase in 0

1
, i.e., in 

"regeneration" of the ~ component of the beam. Detection of this com

ponent by observing it~ characteristic decay, first accomplished in the 

present experiment, constitutes another method of verifying the particle 

mixture hypothesis. 

Interaction of G2 mesons with individual nucleons yields a diffuse 

angular distribution of ~ mesons which is characteristic of K-nucleon 

scattering and hence is not a crudal consequence of the particle mixtl,.lre f 

hypothesis. On the other hand, this theory predicts that o1 mesons may 
22 

also be regenerated by means of diffraction ·and refraction about nuclei 
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as a whole, with all of the matter of the nucleus contributing coherently 

to the regeneration. An identity change (as Q2 to Q1 ) during diffraction 

can only result from the fact that the initial beam consists of a mixture 

or superposition of several components which interact differently with 

nuclei and which are consequently diffracted differently by'nuclei. Thus 

. 0 
this phenomenon contrasts with, for example, ohoto-productj_on of tff 

mesons, or~- charge exchange, in which the resultant ~ 0 beam displays 
(')" 

no such coherence in the forward direction. As the Q interacts more 

strongly than the Q0 wtth nuclear matter, it is diffracted more strongly; 

the r;;P :Is, so to speak, separated from the 0°, so that its o
1 

component 

may be observed. These di.ffra.ction-regenerated Q
1

1 s show the sharply 

peaked angular distribution which is characteristic of diffraction about 

nuclei. The observation of such a peaked angular d~stribution in the 

present experiment constitutes the first experimental demonstration that 

particles may change their identity by means of a diffraction interaction~ 

This is a striking confirmation of the particle mixture hypothesis~ 
13,23 

It has been suggested that the masses of the 01 and 02 mesons 

differ by an amount m = ~ J /c2t 1 , where t
1 

is the lifetime of the shorter

lived (Q1 ) meson and 6 is a dimensionless quantity of the order of unity. 

This leads to an oscillatory term in the wave equation of a Q
0 

or 0° beam· 

due to interference between the o
1 

and Q2 components: 

Number of 0° in 0° incident beam= 1 + exp (-t/t1 ) -

-2exp (-t/2t1 ) cos (t/t1b) 

for t 2 >> t 1 

and t 2 >> t, 
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where t1 and t 2 are the lifetimes of the G1 and G2 mesons, respec-

tively. This corresponds to an alternate disappearance and reappear

ance of the QO and 00 components of the beam. The oscillation is 

damped down, b~ the decay of the ~ component, to an equilibrium state 

which in the ·S)bsence of matter consists of equal amounts of Q0 and 

~ components with a phase relationship corresnonding to the 02 meson~ 

Oscillations in the G0 flux may be monitored by means of reactions 

involving negative ~rangeness24, 2 5, such as reaction (3)~ 
25 

Boldt et al. 

have observed this effect, using 1.5 Bev/c pions in the MIT multiplate 

cloud chamber; the 12 events they analyzed, along with other dl.ta, 

suggested a ~ost probable value of ,\ of one. · Similarly, Birge et 

aL 26 have investigated the productio~-·of hyper;ns f~llowi~g char{l;e-

· exchange of ~ mesons in a 30-inch propane bubble chamber; they have 

found a preliminary value of c.\ = l. 5 ± • 5 after analyzing about 1/4 

of their data (65 events out of a bout 250) .. 

In the present experimental arrangement, however,the number of G1 1 s 

produced is less than 1% of the number of G2 1 s transmitted, so that 

oscillations in the 0° flux are small, and variations in the freouency 

of hyperon production in thE propane as a function of distance from 

the absorber are not detectable8 

Trieman and Sachs27 have suggested that observation of oscillations 

in the ratio of G2 decays 
e+rr- J./ • 
~ with d1stance from the origin of the e ll j) . 

0° 1 s would yield information on the G1-G2 mass difference, and Biawas 

has pointed out28 that even the sign of the mass difference may be 

obtained in this way. Similarly,Trieman and Weinberg29,30 have sug

gested that a study of the change in momentum distr:i bution of n+rr;r0 

I ,.. 
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decays with time could yield information both on the mass difference 

and on the di = ~ rule. Such variations are again small in the pres-

ent experiment, and, in addition, the number of identifiable 02 decays 

is too small for analysis of this kinde 

Another method of detection of the o1-o2 mass difference has been 
30,31 

worked out in detail by M. Good. When 0° mesons are removed pref-

erentially by nuclear interactions, giving diffraction-regenerated Q1
1 s, 

as noted above, there remains an excess of undisturbed 0° 1 s continuing 

in·the forward direction. The o1 component of these transmitted 0° 1 s 

may then be observed with a very sharply peaked forward angular distri-

bution whose width is due only to the size of the source of the original 

G2 beam and to the errors of measurement of the o1 decay products. All 

of the matter in the plate acts coherently so that the effect is that 

of diffraction by the plate as a whole. Each nucleus produces a for-

ward 01 wave which is coherent with those produced by the other nuclei. 

The o1 and 02 waves have frequencies which differ by an amount cor

responding to their mass difference; consequently, the phase of the 

transmission-regenerated o1 wave as it leaves the plate depends on 

where it originated in the plate, and cancellation between the o1 wave 

amplitudes from various depths in the plate will occur to a degree de-

termined by the mass difference. If the mass difference is zero, then 

there is no such cancellation and a strong forward o1 component should 

be observed. Comparison of the transmission-regenerated comuonent, 

which is thus sensitive to the o1-G2 mass difference, with the diffrac-
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tion-regenerated comoonent, which is relatively insensitive to it, has 
32 

yielded a mass difference of S = .77. 

In the 02 to 01 transformation, the total ener~y is expected to 

remain practically constant while the mass changes. This is because 

the nucleus, being heavy, absorbs very little energy with respe~t·to 

the momentum transfer. If Ne write for the nucleus 

then we have 

dE "" E dP (-( dP 
E 

as the rest mass of the nucleus is very large and does not change. 

Thus in the wave equations we may set 

w 2 = wl ( totcQ energy conservatfon).

Other choices are conceivable, such as: 

k2 = kl (momentum conservation) 

~ 
2 

.... ~ 
1 

(velocity conservation), 

The last is attractive because of its invariance to coordinate trans-

formation. However, the physical, observable consequences are the same 

for these three possible assumptions, and the first is chosen for the 

reason given above$ 

The choice 

M2 = Ml 

would also be attractive, not only because of its invariance with re-

spect to coordinate transformation, but also because the concept of a 

change in rest mass (not to mention CP characteristics) of a particle 
3} 

during a diffraction interaction has been foreign to physical theory. 

, 
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However, the change of mass during diffraction is not forbidden by any 

theoretical consideration~ On the other hand, its observation is 

limited to cases involving very small mass changes, for the following 

reason. If the Q meson keeps the same total energy during its trans-

formation, then we can write 

dP = - t1 dM 
p 

=- dM -= 
~ ... 

lo-5 ev/c 

This is the momentum that must be transferred to the nuclei by the Q 

meson. For regeneration in the forward direction, there is no other 

momentum transfer. Clearly no individual nucleon in a nucleus can 

absorb so little momentum because the nuclear levels are relatively 

widely spaced. And, in fact, the nuclei in the crystal lattice are 

also incapable of doinp, so. In order to have level spacings corre

sponding to 10-5 ev/c, particles must be quantized in a region on the 

order of 

x = __[f_ "' 1 em lQ-5 IV It 

Thus we see that a region of the plate on the order of 1 em can absorb 

the momentum change; so we expect experimentally to see coherence ef-

fects due to coherent action of all the atoms in a 1 em region of the 

plate. If, on the other hand, the mass difference were zero, the whole 

plate could contribute coherently. And if the mass difference were on 

the order of several Mev, then no more than one nucleus could parti-

cipate in the forward coherent regeneration of Q1
1s. 

This argument sets an upper limit on the size of the object all 

of whose parts can contribute coherently to regeneration. It does not 
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set a lower limit because all nuclei, or nucleons in the nuclei, may 

regenerate Q1
1 s incoherently from each other by scatterin~ through a 

wide angle, for which the momentum transfer is large compared to that 

which is due to the mass difference. 

• 
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EXPERIMENTAL PROCEDURE 

Fig. 1 shows the experimental arrangement. The circulating beam 

of protons, having an energy of 5.3 Bev, impinged upon a copper target 

inside the Bevatron. The negative particles emerging from the target 

in the forward direction, consisting mainly of pions, left the Bevatron 

and entered a chain of bending and focusing magnets designed to select 

those particles having a momentum of 1.1 Bev/c ~ 5% and to pass them 

through a liquid hydrogen target. This beam is shown schematically in 

Fig. 2, with the central momentum trajectory straightened out for clar-

it~ so that only particles which deviate from the central momentum 

(1.1 Bev/c) show any deflection in the bending magnets. 

The behavior of the pions under the influence of the Bevatron's 

magnetic field was computed by means of an IBM 650 computer programmed 
34 

for that purpose; the positions and directions of the trajectories 

thus obtained were calculated for the point at which the pions enter 

the first quadrupole magnet, and from these were computed the horizontal 

and vertical positions and sizes of a virtual image of the target which 

was then introduced as shown in Fig. 2 to replace the relatively-compli-

cated Bevatron fringing field and target. Using an electrical analog 
35 

computer, trajectories of the pions were calculated from the virtual 

target to a more or less arbitrary point safely beyond the propane 
I 

bubble chamber. In designing the beam particular care was exercised 

to minimize the amount of scraping of the pion beam against the sides 

of magnets,which would have resulted in contamination of t~e beam with 

unwanted charged and neutral particles~ 
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30- in. Propane bubble 
chamber 4 , Pb 

Proton beam 

MU-22973 

Fig. 1. Experimental arrangement. L 1, L2 , and L3 are 
8-inch quadrupole focusing ma,gnefs; ~1' H 2, H 3, H4, 
C 1' and c

2 
are bending magnets. 

' 
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Fig. 2A. Schematic diagram of beam. Vertical plane, Ty is 
the virtual target in the vertical plane. 
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Fig. 2B. Schematic diagram of beam. Horizontal plane. TH 
is the virtual target in the horizontal plane. 

• 
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Field values obtained_from the analog computation were refined by 

means of wire-orbit procedures, and received a final adjustment, using 

scintillation counters, when a pion beam became available from the 

Bevatronc 

The first quadrupole, 11 , focused the Bevatron target on th~ second 

quadrupole, 12 • The first C magnet, c1 , was adjusted to a small field 

value in order to maximize the pion beam, The first analyzing magnet, 

H1 , assisted by the field of the,Bevatron, produced a dispersion be-

tween H1 and the second quadrupole, making possi.ble momentum determina-

tion at this point. .The second quadrupole focused the first quadrupole 

through ~he third onto the hydrogen tarf,et. The second analyzing magnet 9 

H2, eliminated the dispersion so that the beam striking the hydrogen 

target was nearly achromatic. The third quadrupole, 13, focused the 

second quadrupole at a point somewhat beyond the propane chamber in 

order to minimize spreading and possible scattering of the beam after 

it left the hydrogen target. · 

Upon entering the 5-foot liquid hydrogen target the 1.1 Bev/c 

pions created G0 mesons by means of the reactions 

-rr- + p _, 1\0 + rP, 

1'1" ... + p --? ~0 + GO, 

(f= .80 mb 

6"" = .34 mb 

In addition, neutrons and photons were produced by the reactions: 

1T- + p ~ 1'l'o + n, ~ tvl5 mb for 1T 0 

I fi0 + p + 11'-, etc. J .-vJ.5 mb for n 

.,.a --..; 2 t 
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The beam and secondary charged particles emanating from the hydrogen 

target were swept away by the magnets H
3 

and c2& The neutral reaction 

products in the forward direction encountered a 4-inch lead winddw 

which reduced the photon component'by a large factor while reducing 

the neutron and G2 components by about half. The bending magnet H
4 

swept away the conversion electrons. 

The resulting neutral beam passed into the 30-inch propane bubble 
36 

chamberc The chamber was operated at a repetition rate of twelve per 

minute in a magnetic field of 13.4 kilogauss. 206,000 Bevatron pulses 

were photographed stereoscopically between April 30 and May 21, 1959e 

A--metal plate was placed in __ the propane ~hamber for the regeneration 

of G1 mesons. For the first 123,000 pictures this-plate consisted of 

two parts, one lead and one stainless steel, each 1~-inches thick, as 

shown in Figo 3. For the rest of the pictures, up to 206,000, this 

plate was replaced with a stainless-steel plate 6-inches thick which 

was intended to enhance the transmission-regeneration effect. Fig. 4 

shows view 1 of picture number 205,516; a G1 meson decay is visible 

near the center of the chamberc 
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Incident 82 beam 

! ! 1 1 J 1 l 

Propane 

Pb Fe 

A 
I \ 

I \ 
I \ 

Regenerated 
81 meson 

I \ 

I \ .,.+ t.,.- \ 
I \ 
I \ 
I \ 
I I 
I I 
I 
r Propane 

'911 

MU-22974 

Fig. 3. Diagram of bubble chamber showing 1-1/2-inch plates and 
e1 decay. 
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ZN-2949 

Fig. 4. Photograph of event number 205,516 , showing 6-inch 
plate and () 

1 
decay. 
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SCANNING OF FIL.'-1 

The 206,000 pictures were scanned by means of over-head stereo 

projectors which projected the two full-size stereo views of the chamber 

independently on a white surface. The film was scanned for all V0 -

type events which were measurable and were pointed more or less toward 

the metal plate in the bubble chamber. Events showing any perceptible 

blob at the. origin, which could be due to a recoi.l. nucleus, were re-

jected., Scanning efficiency for QI mesons was found to be about, Z5%,': 

by means of careful rescans and comparisons of events f.,und. (Ef

ficiency for detection of lambda-type events, on the other hand, was-

somewhat greater, about 85%, presumably because the positive track of; . 

a lambda is generally heavily-ionizing at these energies md thus_is 

easier to detect than the minimu:n-ionizing pion tracks of a G:t·) About 
/ 

70% of the film was rescanned, so the overall effLciency for detecting 

01 mesons is taken to be about 89%. 

As a background check, 48% of the film was scanned also for p~eudo

V0 events having a third prong which was an identifiable proton between 

2 mm and 8 em long. 
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MEASUREMENT AND CALCULATION 

The events were measured either on stage microscopes, with digitizers 

which automatically punched IBM cards, or on a "Frankenstein" automatic 

measuring and card-punching machine. Either machine measured the posi

tion of the origin of an event and of several points along each track, 

after which these data vJere ;:;ent to the IBM 704 for computation of the 

characteristics of the event. 

The data obtained from the measuring devices were processed by IBM 

704 computers. The first program, called Fog 4, calculated the character

istics of each track independently, and the second, called Olovdy, cal

culated quanti ties involving the relative posi-tion and monenta of. the __ 

two tracks involved in each event. Two complete calculations were made 

for each event, one on the assumption that it was a lambda decay (i.e., 

that the positive prong was a proton and the negative prong was a pion) 

and the other on the assumption that it was a theta (both prongs were 

pions). All relevant quantities for each event appeared on a single 

sheet of output. 
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EDITING 

About 15,000 events were found by the scanners, of which all but. 

1200 were discarded after careful examination by th·e exoerimenters. An 

event was discarded if its positive prong could be identified as a 

proton (either by ionization 0r by the fact of its stoppin,g in the 

llquid ·of the chamber), if it was of such poor quality that it could not 

be accurately measured (about 50% error in m0mentum), if it had a blob 

at the vertex in both stereoscopic views, if it arreared to be merely 

a proton or meson scatter, or electron-positron nair (zero onening an~le), 

or if it pointed backwards (away from the plate). Events with identi

fiable electrons or muons were not included in the data of this caner. 

Whenever there wa~ any question as to whether an event satisfied the 

above criteria, the event was re.iected._ 

Pictures varied greatly :i.n bubble densHy and consequently in ease 

of proton identification; in some portions of the exreriment, tracks 

were so heavy that electrons cou!.d not be distinguished from stopning 

protons on the basis of bubble density, while in other portions bubble 

density was so low that electrons were barely detectable. Even in 

the best portions of film it was usually difficult to distinguish protons 

from positive oions at momenta much above 600 Mev/c; consequently 'all 

events having a positive prong whose momentum exceeded 600 Mev/c were 

d1.scarded~ This removed a bout 20% of the GJ. decays nresent and altered 

the momentum distribution of the remaining OJ. 1 s. 1'his. effect has been 

included in the calculations of the expected ~ momentum distribution, 

and it cannot affect any of the conclusions drawn in this paper. About 

100 times as many background events as G:J decays were removed by this 

criterion; almost all of these events would of course have been removed 
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by other criteria, particularly the requirement thatthe positive prong 

• definitely not be a protone 

Twenty-two events having an error in Q-value which was at least half 

of the Q-value were discardede 

The accepted events having a Q-value between 170 and 280 Mev were 

carefully re-examined for oossible origins in the propane within ten 

centimeters of the event. Twenty such origins were identified. The 

corresponding events were then removed from the data used in studying 

regeneration in the metal plates and were examined in a separate section 

of this paper dealing with regeneration in propanee 
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RESULTS AND DISCUSSION 

A. Regeneration in Lead and Iron Plates, 

Figure 5 shows the Q-value distribution for all 1159 events 

meeting the acceptance criteria (see Editing, above). The peak of th~ 

curve at the characteristic 218-Mev Q-value indicates that large numbers 

of 01 mesons are indeed present and that therefore regeneration.of ~-

mesons is being observed. 

It is possible that some of the events in the graph of Fig. 'i are 

in reality nuclear interactions having two visible charged nrongs and 

one or more neutrons or other uncharged, invisible prongs. Some 

indication of the number of such events nresent may be obtained by 

observing the frequency of occurrence and other characteristics of 

nuclear events which resemble OJ. meson decays except in that they have 

a third prong which is a relatively slow nroton. Consequently about 

half of the film was scanned flr events having a third prong which was 

an identifiable proton between 2 nun a.nd 8 em long., Forty-nine sue h 

events were found, indicating thRt corresponding cases in which the 

third prong is a neutron should not contribute much more than 10% to 

the background. In Fig. 6 the Q-values of such events are plotted, 

Complete absence of a peak at 218 Mev further substantiates the sup-

position that the peak of Fig. 5 is due essentially to Q:J_ mesons. 

To facilitate further study of the regenerated 01 mesons and reduce 

the background of 02 mesons and neutron stars, three more stringent 

acceptance criteri.a have been employed, namely: 

(Q) The Q-value of the event must be between 170 and 280 Mev.· 
I 

(P) The momentum of the presumed ~ meson must be above 500 Mev/c. 

(T) The event must occur within two 01 mean lives of the plate. 
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Fig. 5. Q-value distribution of 1159 accepted events. 
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Fig. 6. Q-value distribution of three-prong events which are 
otherwise acceptable . 
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Hereafter these will be called the Q, P, and T criteria. 

In Figs. 7 through 18 the Q-value distribution of the 1159 events 

of Fige 5 is broken up into its component parts by lifetime and 

momentum for the 1'-inch and 6-inch plates separately., The peak at 

218 Mev is apnarent only for events satisfying the P and T cri~~~~ 
·:;~' 

(Figs. 7 and 13), indicating that these criteria are indeed effec&'t-ive ··. ;~~3i~··,·· 
in removing unwanted background events. . :~t.·~· .. 

Absence of a Q-value oeak in Figs. 8, 9, 14, and lS, which~?~atisfy 
.. ;~·z:. 

the P criterion but not the T criterion, indicates that GJ regenti;;:ation 

:in the propane of the bubble chamber is a relatively small effect in 

the present exneriment, and that regeneration is occurring primarily 

in the metal plates. 

Figure 19 shows the momentum distribution of events satisfying the 

Q and T criteria, along w:ith a theoretical momentumdistribution calculated 

for the conditions of this experiment32 .. (The calculation wasbased on 

the assumption that the incident pion beam momentum distribution was 

a Gaussian centeredabout 1.1 Bev/c and with a width of 0.055 Bev/ce As 

this distribution was never measured, the calculated G1 momentum dis-

tribution may deviate somewhat from the actual one, but the central 

momentum should be fairly accurate. The experimental distribution 

appears~ match fue theoretically exoected one. ·The P criterion should 

remove about 10.1% of the G)_ mesons, according to this figure. 

Figure 20 shows the lifetime distribution of events meeting the Q 

and P criteria, along with a ~ decay curve. The lifetime of the QP 

events is evidently equal to the G1 lifetime of l.Oxlo-10 seconds, 

which further verifies that G1 regeneration is occurring. The T criterion 

.. 

I 
\ 

; 
\ 

\ 
\ 
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.Fig. 7. Q-value distribution of events from the 1-1/2-inch 
plate having P > 500 Mev/ c and 0 < t < 2 mean lives. 
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Fig. 8. Q-value distribution of events from the 1-1/2-inch 
plate having P > 500 Mev/c and 2 < t < 4 mean lives. 
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Fig. 9. Q-value distribution of events from the 1-1/Z--inch 
plate having P > 500 Mev/ c and 4 < t < 00 mean lives. 



-32-

.• · 

15 

0 
10 <l 

' z 
<l 

5 2 events 
\ 

off scale 

50 100 150 200 250 300 350 
Q (Mev) 

MU-22982 

' 
Fig. 10. Q-value distribution of events from the 1-1/Z-inch 

plate having P < 500 Mev/ c and 0 < t < 2 mean lives. 
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Fig. 11. Q-value distribution of events from the 1-1/2-inch 
plate having P < 500 Mev/ c and 2 < t < 4 mean lives. 
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Fig. 12. Q-va1ue distribution of events from the 1_:1/2-inch 
plate having P < 500 Mev/ c and ,4 < t < 00 mean lives. 
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Fig. 13. Q-value distribution of events from the 6-inch plate 
having P > 500 Mev/ c and 0 < t < 2 mean lives. 
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Fig. 14. Q-value distribution of events from the 6-inch plate 
having P > 500 Mev/c and 2 < t < 4 mean lives. 



0 
<] 
........ 
z 
<] 

15 

5 

50 100 

-37-

150 200 250 
Q (Mev) 

I event 
off s cole 

300 350 

MU-22987 

Fig. 15. Q-value distribution of events from the 6 -inch plate 
having P > 500 Mev/ c and 4 < t < 00 mean lives. · 
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Fig. 16. Q-value distribution of events from the 6-inch plate 
having P < 500 Mev/ c and 0 < t < 2 mean lives. 
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Fig. 17. Q-value distribution of events from the 6-inch plate 
having P < 500 Mev/ c and 2 < t < 4 mean lives. 
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Fig. 18. Q-value distribution of events from the 6-inch plate 
having P < 500 Mev/ c and 4 < t < 00 mean lives. 
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Fig. 19. P distribution of events satisfying the Q and T criteria. 
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Fig. 20. T distribution of events satisfying the P and Q 
criteria. Lower curve: background. Upper curve: 
exponential a1 decay plus backgrounc;(. 
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removes about 1385% of the G1 1 s emerging from the plates. The background 

of this figure is normalized between two and four mean lives, as 

described j_n the following paragraph., 

Comparison of Figs. 5~ 7, and 13 shows that, of 483 events in the 

accepted Q region of 170 to 280 Mev~ only 210 remain after application 

of the P and T criteria. Some idea of the background still remaining 

in this sample of 210 events maybe obtained by comparing Figs. 7 and 

13 with Figs, 8 and 14.. Figures 7 and 13 contain 210 QP-type events 

for which 0(t<2 mean lives, and Figs. 8 and 14 contain 59 QP events for 

which 2<t<4 mean livesb We assume that the background consists of 

about one-half OI's regenerated in propane (see next section) and one-

half 02 decays and neutron stars~ The propane-regenerat·ed 91 background 

is less in the first two mean lives than in the second two, whereas the 

02-neutron background is about the same.o If we call A the number of 

~ 1 s emerging from the metal plate and satisfying the P criterion, and 

B the constant background pertwo mean lives at large distances, then 

we have 

from which 

,865 A+ o784 B"" 210 events (o<t(2) 

.117 A+ ,.9?0 B = 59 events (2<t<4) 

A= 211 and B = 35o5& 
are 

Thus in the sample of 210 events thereAabout 28 background events and 

182 01 's from the plate& 

Adding to 211 the number of G1 1 s presumably lost due to the P 

criterion: 
211 

~ 235 ~~s emerging from the platee 
1 -.101 
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The 11 signal-to-noise·11 ratio of ~ 1 s from the plate to background events 

is ;z~ = o95 before application of the P and T criteria; afterward it is 

1~~ = 6.5e This improvement is obtained with a sacrifice of only 22.2% 

of the ~ mesons availableD 

The angular distributions of the events satisfying the Q, P, and T 

criteria are shown in FigsG 2lp 22, and 23, along with theoretical curves 

calculated according to the optical model with b = .,s3° and normalized 

to the number of events of cos Q) .970., The transmission component is 

assumed to have a Gaussian distribution: 

which corresponds-to measurement errors of about 2.5° •. These curves are 

consistent with the data, and thus it is clear that both transmission 

and diffraction regenerat:l.on are being observed, in <Dnfirmation of the 

Gell-Mann-Pais particle mixture hypothesis. 
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Fig. 21. Angular distribution of events from the 1-1/2-inch 
lead plate satisfying the Q, P, and T criteria. 
Lower curve corresponds to nuclear diffraction 
regeneration. Upper curve includes transmission 
regeneration. 
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Fig. 22. Angular distribution of events from the 1-1/2-inch 
iron plate satisfying the Q, P, and T criteria. 
Lower curve corl;"esponds to nuclear diffraction 
regeneration. Upper curve includes transmission 
regeneration. 
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Fig. 23. Angular distribution of events from the 6-inch iron 
plate satisfying the Q, P, and T criteria. 
Lower curve corresponds to nuclear diffraction 
regeneration. Upper curve includes transmission 
regeneration. 



-48-

B. Regeneration in Propanee 

A search was made for o1 regeneration in propane. Using the data 

of Appendix II, it may be seen that the calculated nutnber of 02
1 s trav

ersing the propane of the bubble chamber is 

5 ' leOl X 10 G2 mesons 

for the entire experiment, and the detection efficiency for 0
1

1 $ they 

produce is e28e If the regeneration cross section for carbon is 8e3 mb, 

as calculated according to the optical model, then one would expect to 

see 17.1 01
1 s regenerated per mean o1 decay length in the propane, with• 

out taking into account regeneration·on hydrogen and inelastic processes. 
' 

As these. carbon-regenerated o1 
1 s are masked by the plate-regenerated 01

1 s 

within twg_mean lives of the plate, and the chamber effectively comes to 

an end at about seven mean lives from the plate (Fig. 20), one would ex-

pect to see about 80 '\ 1 s in the events occurring more than two mean 

lives from the platee 

Fig. 24 shows the Q-value distribution of all 324 accepted events 

satisfying the P criterion and occurring more than two mean lives from 

the plate, after removal of the expected 11 residuum 11 of 28 G1
1 s origina

ting in the plate and surviving more than two mean lives. There is no 

visible o1 contribution. 

In order to reduce the background, the events occurring in the 

forward direction have been sele?ted. According to the optical model, 

87% of the G1
1 s regenerated by diffraction about carbon nuclei should 

have cos G ) • 970. Fig. 25 shows the Q-value distribution of the events 

of Fig. 24 that meet the additional requirement cos G). 970. The fact 

that no significant improvement results from this selection indicates 

that there can be no more than perhaps 50 carbon-regenerated ~ 1 s in 

Fig. 24. The success of the optical model calculations in the lead 
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Fig. 24. Q-value distribution of 324 events having P > 500 Mev/ c 
and 2 < t < 00 mean lives, with residuum removed (28 events). 
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and iron plates, on the other hand, guarantees that there must not be 

less than 40 or 50 G1
1 s regenerated on carbon. Consequently, it seems 

justifiable to say that approximately half of the events satisfyinp, the 

Q criterion in Fig. 24 are ~'s regenerated in propane and half are G2 

decaJrs and neutron stars. 

The angular distribution of the events of Fir,. 24 that satisfy the 

Q criterion is plotted in Fig. 26. A carbon diffraction pattern is in-

eluded. The fieure .is not inconsistent with the assumption of '\ regen

erl:l,tion to the extent indicated above, but it does not help to demonstrate 

that regeneration is occurrin8. 

Regeneration on free protons in the propane is more difficult to 

calculate because of uncertainties not only in the cross sections but 

also in the angular distributions. However, it is easier to detect 

because it usually leaves a visible origin, generally a recoil proton, 

at the point of regeneration. Consequently, almost all of the events 

that appeared to be G1 decays were examined carefully for origins along 

the reconstructed line of flight within about ten centimeters of the G1 

decay. Twenty-eight of the origins thus found were subject to a con-

straint 'program which required that the event actually satisfy the kine-

matic conditions for a G1 arising in the supposed origin. The program 

produced a ?(2 value for each event, indicating the probability that the 

event was consistent with the above hyoothesis. These ?(2 
values are 

shown in Fig. 27, along with a theoretical ?(
2 

curve drawn for three 

degrees of freedom. On the basis of this figure, twenty events were 
2 

accepted as true origins, with X below 15, and eight were discarded. 
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Fig. Z6. Angular distribution ofthe 110 events meeting the Q 
and P criteria but not the T criterion, with residuum 
removed (ZZ events), and carbon diffraction curve 
normalized to 55 events. 
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distribution of events with possible origins. 
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The origins of the regenerated G1 1 s should occur more or less 

uniformly throughout the chamber, as the G2 flux does not change appre-

ciably in passin~ through the prooarie. Within a few centimeters of the 

plate, the number of recoil protons due to ~-Proton scattering may be 

of the same order of magnitude as the number of G1 regeneration ori.11:ins, 

because, approximately, 

~12 AJ _L and Number of G2' s N 100 
100 Number of ~'s ' 

using Q21 for the Gz-Gl regeneration cross section and <J22 for the 

Gl elastic scattering cross section .• which is the same as the G2 elastic 

scattering cross section. Beyond one or two G]. decay lengths from the 

olate, on the oth-er hand, the number of Q:t scatters should become neg~ 

ligible. Figure 28 shows the distribution of the distances from the 

olate to the origins of the· .Ql 1 s. The distribution appears to be nearly 

uniform. Thus this figure suggests that most of the origins are really 

~ regenerations and that perhaps two or three events, within a few 

centimeters of the plate, may be due to 'G-) scattering. The OJ. scatters 

should of course be indistinguishable from the G1 regeneratlons on 

the basis of lifetime and angular distribution. 

Fieure 29 shows the distribution of distances from the plate to the 

G) decay. The uniform distribution presented here indicates that there 

are few accidental, false origins, tha.t isll oroton recoils or other 

tracks which accidentally lie along the G1 line of flight without 

actually having taken oart in the G1's regeneration. Such accidental 

events occur preferential].~ near the plate, where the OJ. density is 

high. (The slight bunching near the rlate observed in Fig. 28 could 

of course be due to accidental origins of this type.) 
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Fig. 28. Distance from plate to origin of () 1• 
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Fig. 29. Distance from plate to B1 decay. 
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The distance from the origin to the G1 decay, Fir,. 30, on the other 

hand 9 should show the exponential decay of the G1 , whereas the d:i..stribu-

2 
tion of the background events of high ~ , Fig. 31, should increase quad-

ratically with distance. The figures are not inconsistent with these pre-

dictions, but the number of events is small. If the lifetime of the G
1 

mesons from the origin to the decay is nlotted, one obtains Fir,. 32. Com-

parison with the known G1 decay curve shows clearly that the G1 decays 

possess the appropriate lifetime and establishes that G1 regeneration is 

indeed being observed. 

The aneular distribution of the twenty events is shown in Fi~. 33. 

The distribution is wider than the other distributions, Figs. 21, 22, 21, 

and 26, and is qualitatively what one would expect from regeneration on 

free protons. This also shows that the G1 •s represented are not a random 

sample of events from the whole experiment, but rather that these partie-

ular events have been regenerated by a process qualitatively dj.fferent 

from that involved in regeneration in the nlates and in carbon. This 

further supports the view that the events are not accidental but are 

examples of G1 regeneration on protons. 

If one assumes that ahout half of the protons in the carbon nu~lei 

may be regarded as 11 free 11 and equivalent to the protons of the hydrogen 

of the propane, then one obtainA on the basis of these 20 events a value 

of 

o-21 r-J .3 mb 

for free protons. 
I 

All of the origins appeared to be proton recoils. The 20 associ-

ated events were separated from the other data as they were found, 
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Fig. 32. Lifetime of () 1 f!l"om origin to decay. 
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and they do not occur on any other histograms in this paper. There 

are presumably a comoarable number of neutron-regenerated G1 's which_p 

of course~ could not be identified or separated. 

No apnreciable transmission regeneration in propane was expected or 

observed, because of the small total number of regenerated G1's in the 

propane. 
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CONCLUSION 

Regeneration of G1 mesons from G2 mesons has been observed, both 

in lead and iron plates and in propane, as demonstrated by the Q-value 

and lifetime of the G1 mesons. The ~ mesons regenerated in the metal 

plates showed a characteristic nuclear diffraction pattern and a strong 

transmission comoonent. These observations further substantiate the 

Gell-Mann-Pais particle mixture hypothesis. Regenerat:i..on by colHsions 

with individual nucleons in oropane was detected by means of recoil 

nrotons; the diffraction regeneration about carbon nuclei was not 

detectable above the background. 
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APPENDIX I 

Optical Model Calculation 

The optical model of the nucleus22 was used to calculate the 

diffraction pattern resulting from 01 regeneration in iron and lead 

plates. 

If the energy-momentum relationship for a particle outside of a 

nucleus is written 

where E0 , P0 , and Mare the particle's total energy, momentum, and rest 

mass, respectively, then in the potential V of a nucleus the relationship 

becomes 

or, if V is small with respect to E0 , 

,6p ... _.!kv 
Po 

or, using P = ~, 

Ak = - .oo63Jx.lol3v 

since Eo = 835 Mev and P
0 

= 670 Mev/c for Ql mesons in this experiment. 

Thus the propagation constant of the particles inside of the nucleus 

differs from that outside byAk. Therefore the-wave amplitude of a 

particle which has passed through a nucleus differs from that of a 

particle which has not by a factor 

\( = eiJAk dx 

where the integral is taken over the path of the particle in the nucleuso 

The value of Ak varies with nucleon density. If .Ak is evaluated at the 

center of the nucleus, this expression may be replaced by 

where l(b) is the effective path length in nuclear matter as a function of 
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b, the impact oarameter: 

l(b) ... tJe(r)dx 

where p(r) is the nucleon density as a function of r, the distance from 

the center of the nucleus. 

If a 0,2 wave, 
oo - r;p Q2 = ..;;;.___...;..... 
. .,.-,:-

passes through· a nucleus, so that there remains a fraction "l of the 0° 

and yt' of the QO, then the resultant wave is 

which is equivalent to an undisturbed incident 02 wave with a mixture of 

O:t. and 02.s~pE!rimposed on i_t equal to: 

This mixture of ~ and 02 is radiated from ~e nucleus with a cylindrical-

Bessel-function type of angular distribution. The cross sections and 

scattering amplitudes for nrocesses of interest are then, for a nucleus 

.of radius R: 

Diffraction Regeneration: 

o-21 = J~l ll. ~- rq .2 21\'bdb 

: ~1 = !kS:~.::Jl J 0 (kbsj.n0)bdb\ .2 

f21 = ikj:!\'2!\ J0 (kbsinO)bdb 

Elastic Scattering: 

022 = ~: \ 1 - n ~+!l \ 2~bdb 

f22 • ik s:(l -"'} 1 ;~) J 0 (kbsinO)bdb 

•• 
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Inelastic Scattering: 

a-in .. ): (1 -I n';lzj 2 )2-rTbdb 

These quantities have been evaluated by numerical integration 

(see Table II). A trapezoidal nuclear density distribution was em-

ployed: 

For this model, the effective path length in nuclear matter is: 

( ) 1 (R ,/~R - b2 ... r
0

..,\,.....-...._r
0
2 ---~b2 -b2 R + ·v''R2 

- b""2 1 b .. R _ ro , y ln .. - . ~ 2 ) 
r 0 + V r 0 -b 
for o< b( r 0 , 

_,-2:o:-----::::-2 . 
b2 - b2 ln R + V R -:.JL ) for r

0
< b (Re 

b 

Values of r 0 , R, and rt deduced from the data of Hofetadter37 are 

presented in Table II. 

+ -" For 0° cross section that of the K meson was used, and for G 

cross section that ofthe K- meson was used (see Introduction). For 

K+ energies corresponding to those of this experiment, Zorn and Zorn38 

f:i.nd !(*"-nucleon total cross sections of about 15 mb and give the fol-

lowing nuclear potentials: 

K+ Mornentwn 

568 Mev/c 

656 Mev/c 

Real Ps:>te:ntial 

18.5 ±. 3.6 Mev 

13.5 ± 5.0 Mev 

Imaginary Potential 

- 17.4 ± 2.0 Mev 

... 17.6 ± 2.5 Mev 

These potentials are proportional to the density of nuclear matter, and 

so they must be corrected for the difference between the nuclear density 

distribution used by Zorn and Zorn and that offue trapezoidal model. 
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TABLE II 

Carbon Iron Lead 

R, fermis 3.5 .5. 5 7.7 

ro, fermis 1.2 2.7 5.2 

ft' nucleons/fenn:i.3 .178 .172 ~178 

(' z, nucleons/ f enni 3 .107 .. 135 .147 

o-21' mb 8 .. 3 25.8 41.6 

a-22 , mb 51.3 289 996 

()in, mb 177 597 1510 

f~v fennis -2.24-1.391 ....6.70-3.851 ... 12.6-6.11 

f~2' fennis 0.28+6.18:1 1.62+24.01 4.6J+65.8i 

2 .020 .007 .003 a 

') 
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Zorn and Zorn use th~ density distribution: 

'I . 
wHh d = , 57 fermi and r 0 = 1.15 A 3 fermi. This yields a density at 

the center of the nucleus of: 

(See Table II.) For iron the ratio of "the tranezoidal ~t to the Zorn 

and Zorn ~z is 1.27. The corrected Q0 potentials are then: 

Q0 Momentum 

568 Mev/c 

656 Mev/c 

v 

23.5- 22.1 i Mev 

17.2 22.3 i Mev 

The densities, and therefore the ootential s, are assumed 1c be the same 

for lead and carbon nuclei as for iron nucleie 

According to the data of Chamberlain et al.39, the total K--p 

cross section at 670 Mev/c is 40mb, and the K--n cross section is 

28 mb. We have therefore used an average K--nucleon cross section of 

33.6mb. The exponential decrease in the K- wave amplitude upon crosR-

ing the nucleus may be expressed approximately by 

exp-~ ~tl(b) a exp Re(iAkl(b)) g exp Re (-i~Vl(b)) 
2 pcP0 c 

which yields 1m V =- 45.5 Mev. The real part of the ~potential has 

not been determined, but it may be approximately equal and opposite to 

that oft he ~ 40. We have assumed therefore the following potentials 

for the QC5' meson in nuclear matter: 

V =- 19- 45.5 i Mev~ 

As the regeneration cross sections are sensitive to the real Q0 

potential, calculations based on the highly uncertain value given above 
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cannot be expected to give the number of Q1
1s regenerated to within a 

factor of less than two. The angular distributions; on the other hand, 

are relatively independent of potentials, and depend almost entirely on 

the s:ize of the nucleus, the Q1-Q2 mass difference and the thickness of 

the plate. 

The ahove treatment corresponds to single scattering from nucleie 
32 

Fonnulal'l for multiple scattering haver been developed by Matsen, using 

GauRsian apnroximations to the angular distributions (see Table II): 

d 0""/d.O.(G) ~ d<T/da.(o) exp(l - cos Q)ja2 

The results are too comPlicated to be given here. The anBular distri-

butions of Fip:s. 21, 2::>, and 23 jnclude multiple scattering effects. 
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APPENDIX II 

Expected Number of G1 1 s 

The Bevatron beam level was generally between 5.xlol0 and 10ll 

protons per pulse, which yielded between 106 and 2xl06 pion counts 

.oer pulse. The total number of protons striking the Bevatron target 

was: 

4.8xlol5 protons, for the 1!-inch lead and iron plate 

7.2x.lo1 5 protons, forthe 6-inch iron plate 

These figures were establ:i.shed by monitoring the internal proton beam 

of the Bevatron; in portions of the experiment in which such monitoring 

was not complete, values were interpolated by means of counting fre-

quency of occurrence of certain tynes of tracke in the bubble chamber. 

Scintillation counters were employed to establish the number of 

' 

pions negotiating the exnerimental channel per proton striking the target. 

The number, which includes a correction of aporoximately 20% due to 

contamination of the pions with muons (5%) and electrons (15%), is: 

One pion per 6x104 protons. 

The pions, of momentt~ 1.1 Bev/c (± 5%), struck a liquid hydrogen 

target which was 60 inches long. At 276 inches beyond the center of 

this target lay the regenerating plate of the propane bubble chamber, 

which was 4 inches high and 14~ inches wide and thus subtended a 

solid angle of 7.6xlo-4 steradian, Using the following values: 

0.42xlo23 protons/cm3 in liquid hydrogen 

0.15 mb/ster for A0 G0 production 
0.05 mb/ster for ~0G0 production 

6.5 relativistic solid-angle contraction in laboratory frame 1 

we find 6.3 x 10-6 0° per nion, wh:i.ch is 1.05 x lo-10 G0 oer nroton. 
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Of the 0°'s produced in the hydrogen target, the fraction surving 

various hazards is: 

a 50 ~ decay 
.92 Interactions in hydrogen target 
.47 Four-i.nch lead window 
• 95 Collimator 
.85 Two-i.nch iron wall of bubble chamber 1 with thin wi.nd.ow 
,76 G:;> decay 

.133 02 survival to plate inside bubble chamber; 

and for 01 's emerging from the plate inside the bubble chamber: 

.67 Charged decay 
.·• 89 Scanning efficiency 
.70 Poor (unmeasurable) events 
.75 Q, P, and T criteria 
.80 P2 less than 600 Mev/c 

.250 Detection effieiency __ 

The number of OJ. mesons regenerated by diffraction and transmission 

on the various plates per incident 02 meson has been estimated by Mats~m32 

taking into account multiple scattering and the OJ.-02 mass difference., Ae 

this number :i.s sensitive to the K- nuclear potential, which is at present 

unknown, the result could be in error by as much as 50% (see Appendix I),.· 

The error accumulated in the long series of effects included in the 

calculation of the number of 0° 1 s produced, the survival fraction, and 

the detection efficiency, amounts to about 30%. Table III shows the 

number of ~'s thus calculated, comparedto the number found experimentally. 

Considering the errors involved, the excellent agreement in total number 

"' 

of 01 1 s regenerated must be regarded as somewhat fortuitous. The agreement ..,., 

in relative contributions of the various plates, on the other hand, is 

to be ~pected if the optical model has any validity for these purposes., 
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TABLE III 

1..,-Inch Lead 1~-Inch Iron 6-Inch Iron 

02's incident on plate • 333.xl05 .333xl05 l.OO.xl05 

Estimated O:t_ 's per 02 ,00296 e00468 e00436 

Total ~ expected 25 39 109 

OJ. found experimentally 26 40 96 
(cos Q '7 0 970) 

0~ fraction surviving plate ... .828 .. 825 .464 

... 

{) 
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