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'NEUTRAL DECAYSOOESTHE 47 MESON: ‘i1

‘ ThomaS'Bard Risseru
,vLawrence Radiation Laboratory

University of California
Berkeley, Callfornla;
ABSTRACT
. Eta mesons have been produced by the reactlon ﬂ p‘ﬁ n n. Veto

counters surroundlng the hydrogen target in- Wthh thlS interactlon takes

place ellminate all reactions 1nvolving charged partlcles.- ‘The neutral

decays of the eta meson are studled w1th a cub1ca1 array of 1ead plate

_spark chambers for the conver81on of gamma rays. The eta prOducing

reaction ;s identifieeAbyethe time.of flight/of the neattcn from_the
hydrogen target."Ihelheutton_1s_detecteajby:one of twenty iarge scintil~
latich’couhters;. | | B | | |

We f1nd that our data are consistent w1th zerc decays of the type
no-a T Yy W1th the assumption that only the neutral decays n = yy and
nora‘3h are present, we. f1nd

10.580 + 0.013

(n 277 .)
_no — all neutrals

)]

Rsﬂ?"’3ﬂ°- | )

P— 0.420 + 0.0153 .
n - all neutrals :

Furthermore, we find that, with 95% confidence

rd

o’ 2% ' ‘
R{—ETY )<OJ%L
'\n — all neutrals| '
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' 1,' INTRODUCTION

A. Discovery of the nﬁ and its Quantum Numbers

In the fall of 1961 Pevsner et al._ diseovered the nnmeson in'film"
from a deuterium bubble chamber exposurer.‘It appeared asvan enhancement
in the three pion mass spectrum from the reaction _

"+ n ~>p + ﬂ+ + n + ﬁ .:
fﬂ@y could make no positive statement about 1ts quantum numbers because
of limited statistics. Soon thereafter Carmony et a1.2vdemonstrated_that.”
the n was an isotopic singlet° They failed to obserye the»reactions

+
u— +p —>p + 10

L’T(“+1t +Jt.

Simultaneously, Bastien et a1.3 reported observ1ng the n 1n‘the reaCtion

-_K_+'p—$A +'q°l.‘ o
' ' L9»+‘ - o
AN R
and in the reaction

K +p—>,A°+ n‘ov
.Léneutral-particles
with the branching ratio

o + -0
i S R ¢

— =.0.31 + .11.
R - neutrals '

The large number of neutral decays and a llmlted statistics Dalitz
plot led Bastien et al. by means of intricate -and elegant arguments to
suggest that the 7 had quantum numbers I (JP) = O (0~ ) and decayed
electromagnetically. The extremely short lifetime argued against weak
decays. A strong decay scheme would imply G(ﬁb) = -1 because G(3ﬁ) = -1,
Then, n - 7%%° would be forbidden by G-parity conservation. I1f I(n )

as the evidence had suggested, n —a3n w0u1d not occur either in- ‘an

N



e
I-conserving strongtdecay. "éynmetrytforbids the existence‘of an I‘=rd'hl
state to 3ﬁ°.. Consequently the n should have.no neutral strong decays.'
However, approximately 76% of the . n decays'were observed to. be neutral;
The Dalltz plot distrlbution for the decay n —>n ﬁ "1° also
suggested electromagnetic decays. The reasonlng 1s as- follow3’: Thé',
symmetry_requlrement'on an,I' .0 system of three plons is such that the
“ Dalitz plot den31ty must have sextant symmetry and must vanlsh elther at:
the boundary (J =1 ,2 ) or at the center (J 65‘,l s 2 ) -The
observed density, with' only 23 data points, d1d not vanlsh at the center
or periphery and did not appear to have sextant symmetry: Theretore,
one must examine I >>O states.. Con31der1ng only J 2;.avDalitz‘plot'
with the observed density is consistent with I 1 and JP = O-, 2-,

(See, for ‘example, Zemach Ref. h ) If I(3ﬂ) 1}and1(ﬂ) O the transition

must involve a change in isotoplc spin. This. 1mp11es an electromagnetlc
transition involving a v1rtua1 photon which is emltted and reabsorbed. It

changes the 1sotopic Spln by one: unit at one vertex and does not change

I at the other vertex. Forvexample ' -
T]O..m o o Sﬁ/\/\/k&ﬂ
AL = 0 : Al =1 '

Sinceva= C(-l)I for a neutral non-strange system of mesons, and since C

is conserved in - electromagnetic interactions, such an I-changing
transition also changes G. Note that in such a model the no - 3x
transition rate is proportional to d?_where O = 1/137 is the fine structure
constant, Thehauthors pointed out that an electromagnetic decay scheme

for n° with IG(JP) = O+(Oh) might include the_folldwing allowed decays:
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L

None of these decays was actually observed due to the t1ny probability of
gamma ray materialization in a hydrogen bubble chamber. Howaver,:if the’
n T y decay occurred w1th a frequency comparable to that of- the ot n x°
mode it should have been seen. _ - v

While the data of Bastien et al. favored 0 (0 ) they could not
deflnitely rule out O (1 ) HOWever, supporting arguments and ev1dence
for the O (O ) ‘assignment began to materialize (l) Brown and Singer5
p01nted out that the high yield of neutrals faVOred 0 (O ). If'the n ‘

were o (1 ) the expected neutral decay modes would be ﬂ Sy and 5% 7

(exactly as for the wo meson which has a low yield of neutral:) and they

showed a reasonable estimate~of R = IL - neutrals 'would be R_S 0.6. This
: n - charged ' : '

" is in gross disagreement with ‘the observed value R 2 3 3. (2)' Gell-Mann,

Sharp, and Wagner6 produced a model which explained why q -t vy might
be igdire and hitherto unobserved; Without some such model there w0u1d be
difficulty in explaining why the decay n —9K T Y w1th more phase space.
and with a matrix element ohe order lower in a, should not be vastly
greater than n° —>n % 71°. (3) Rosenfeld et al.' failed to find
po-ﬁ no +»n° which FeinbergBAhad predicted to be large if the no were Oh(l—).
Although'no further-direct exper imental évidence had_been announced, Puppi,
reviewing 3r resonances at the\1962 CERN conference,zcould say that the
quantum numbers IG(JP) = O+(O-) were "generally'accepted "9

The first definite proof of the O (O ) a381gnment came when Chretien

et alolo observed unambiguously the decay n —977 in a heavy liquid bubble

chamber. This proves that G(n) = C(3) = + 1 because C(yy) +. 1 and C~1s'

o . : SR
conserved. Furthermore n — yy is forbidden by angular momentum conservation
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if J=1.. A'Dalitzfplot for 287‘nl¥¥ﬁfﬁ—ﬁ° decays, cdmpiled‘from'varions
experiments by ALff et al.,11 bears out:the‘orlginal concluslone'of'
Bastien et al; Fowler et al.1? found the &lﬁf7'¢§d¢'555.measﬁred the

. o - . S L .
branching ratio lk;::igfzrzg_“= .26 + .08, . Crawford et al'.13 definitely
: BRI A 4 B e ’

~ observed no-a 3ﬁ°. Their branching ratioc measuremente, based on'very~‘

limited statistice, were,inconsiatent with later experlmental resnlts,
however._ | - |

There are. two other permitted decay modes for an. n .w1th
r (J ) = of (O ) which are not included in the llst above from Bastlen et
al. n > x° vy 1is allowed to proceed electromagnetlcally and is d1scussed
below. In addltlon, the decay n —>hﬁ is allowed to proceed by the strong
interactlon.v Desplte the stronger coupling, the rate for this decay is
expected to be infinitesimal because of a large angular momentum barrier
and extremely limited four body phase space (Q 9 MeV).‘ No hint of thrs

decay mode has ever been reported.
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B. 1° Branching Ratios before April, 1966

1. The‘General'Decay Scheme

By June of 1963 all the decay modes predicted by Bastien et al.‘had
been observed. The . charged branching ratlos were Well establlshed as was

the ratio of charged to neutral mode8°'

o ﬁ Tt o e D .
1 = all modesaf"23,_ o o ' (1)

T S S '

nonwy - o o :
) —>a1leodes-i~'06" o R a 'v(g)

. - neutrals . o '.l‘“ S - _
n = all modes ~ Tl o o | (3)

These values have not changed apprediably ‘to the present day. (See, for
14 ’ ‘ '

example, Rosenfeld et al. ')

The measurements of the;above ratios were done using bubble chambers

‘and are quite reliable. The bubble'chamber'ié not,-however, a good

instrument for unravelling: the neutral decay scheme. The enormous amount
of published 11terature about the comp081tion of ‘the neutral decays is
ev1dence for the experimental difficultles'involved. The history of the
1nvest1gat1ons into the neutral decay branching ratios can be conveniently
divided into two periods. The first era, lasting from the discovering of
the n°:unti1 April of 1966, is dominated by speculation and the bubble
chamber. During this period much-attention was focussed on what the
neutral'branching ratios ought to be from general considerations and
indirect evidencei' The direct experiments were not in good agreement with-
the speculations. However, this was not’oarticnlarly alarming due to the

inadequacy of the bubble chamber for such measurements. The second era,

‘that of counter and sparkvchanber'experimente, began in April of 1966

with theowork of DiGiugno et al.ls " This first experiment of the second
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period- indicated that the previous speculations, 1arge1y untested
experimentally, had been completely inadequate. A flurry of excitement
ensued., New speculations were 1ntroduced and discarded as the experimental
s1tuation changed again. .A 1argelnumber‘ofispark chamber experiments,

the most recent of which is the present work, have indicated'that the
fspeculations,of the first era were essentially correct.

In June of 1963 the neutral decay'modes were aSsumed\to be:entirely

Yy or 3ﬂ°, both of which had been observed.f‘The precise amount'of each .
was unknawn because all the experiments had been bubble chamber ‘experiments
with a low probability of observing gamma rays._ However,vtheoretical

"o o0 o0

estimates of Iﬁr:il%fi—£~ (see, for example, Wali )_suggested that
n oA : T R

o] 0O oo
N SO

<390 M)

-_no — all modes

Then, by process of elimination we have

R (5)
n — all modes . ' :

Another decay mode,'n —>ﬁxy7 is permitted but was largely ignored. 'lts
- possible existencevwas‘noted bvaacci‘et 51;17 in July, 1963 but it was
not taken seriously until the uork of DiGiugno et al.ls in April of 1966.
Few theoretical papers before that time'discuss this mode.  They approach
the n? decay problem with the'assumption that the neutral modes are composed
entirely of yy or 3ﬂob :

| lhe decay mode-no —}mpyy is difficult to'observe,.particularly in
bubble chambers. Any.event involving a number of observed gamma rays less
than 8ix can be interpreted as.an.no ~>3ﬂ° - 6y event where a number of

gamma rays escaped detection. The no — yy mode has well dléfimnédikinematiss
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,_'7‘_._

and can be truly identified§:enelysis‘of eventsvinvolvinglmorevthanmtmo
gamma'rays is difficult. _bnlthe theoretical_side; thehmodesvﬁoea ﬁoyy
and no ->ﬁ+ﬂ~7 canrhe reallsticallp COmpared; The phase space available
to each of these three body decays 1s comparahle. The n - x° 77 mode hasv'
a coupling whlch is weaker hy a factor of a(_ 1/137) One would therefore
expect the n - x° vy decay to be two orders of magnltude smaller than the
already small (~ 6%) MET XS 7 mode.;p.‘: o

It is 1nterest1ng to attempt to. understand the above. n branchlng
ratios {i.e. equatlons (1) to (5)] by considering simple estimates of
couplings, matrix elementvangular momentum properties, and phase spaces.
The partial width for an arbitrary'decay mode of the ﬁ?”is

| Ty~ I IMilz &Di
~ phase
~ space
where:Mivisvthe trensition;amplltude to‘that_final state andpdpi is the
differential element of phase spece,..For electromagnetic processes we
may approximate |
| M, - .“/2 F(k Kypees)-

Here d'is the fine structure constant (= 1/l37); n is the number of
electromagnetic vertices, and F(kl, ks e+s) is a function of the final
statekmomente. The function F(k k 9 ces) expresses the momentum dependence
of the 51mp1est matrix element with the correct angular momentum propertles.
Table I shows the relative widths for the allowed decay modes using the
simple approximation .
| f’_ dp, .
~phase
space

R
I‘i “'a (F(kl,k2’ ‘aco,) )av
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Tablé.I. Branching ratio estimatea,_June,_1963

ST == _ >
Decay , Simplest matrix Momentum Relative Relative width
mode o element squared barrier phagse . ©Predicted Observed
o 5 A : .
LI RIS
vy e 2|f|2 kb'" 12 16 ,1-‘75.' Lk
Ky o |f|2 °K? sin®6  .0008 * 2.4 o L2715 .26
P kPP o) ok k2 o o(7)
fnx® of T 1 1
% of 1.5 1 15 1.7 1.7

The matrix elements are derived in Appendix_A and Sec. B. 2. below where
the notation is explained. The treament of momentum barriers and phése
spaces is included in Appendix B. The unknown form factors, lf|2, are

taken to be unity.

The predictions based on these simplefcoﬁsiderations agree reagohably

well with the branéﬁing réﬁios as they'weﬁe-uﬁdérStood to be iﬁ £hé
summervof-1963. It must be bointed'out, hoﬁgver, thatﬂguch;galquiafions
involve a liberal dash of black magic:v (1) . The normalizatibn of three
body phase space dépendé on an.unkndwn interaction radius ro. In sfrong

interaction calculations r, is usally taken to be Xﬂ, the pion Compton

0
wavelenéth. Inlthg calculations presented in Table I an interaction
radius of 3Xﬂ was requiredlto make the'predictions.agree ﬁith the obsérved
branching ratios. .As we are dealing with electroﬁagnetiC'decays a longer
radius may be calledqur,‘bqt we are not on very firm ground. ,(2)‘ The
momentum bérriers used in the'abqve calcﬁla;ions.are very severé (~-k/mﬁ>'
Usuaily momentum barriers are estimated to be much lower. The_rationale

for the above approach ié'presented in Appendix B. (3) The form factors .

are not known and are simply ignored.
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Let us consider some other possible choices'for interaction fadius
and momentum.barriers-' (1) r, - X, > severe momentum barriers ( k/m )

A11 the modes w111 agree among themselves except for n —977 whlch 1s

then predlcted to be roughly nine tlmes larger than observed, (2) r0 = %ﬂ,

no angular momentum barriers (take k° ~ i). ‘All three modes involving

‘ reai.photons are then predicted to be much'larget'reiative to_the three

pion modes thanrthey are observed to be. .The no 4»ﬁ+ﬂ‘7 decay shouid
also be somewhat larger'relative to the no'é vy mode. (3)"ro_= 3Kn,
no'angular momentum barriers. Again, all the modes involving real photons

should be much latger than the three pion modes. The ﬁo.;>n+n-7 mode

‘should be bigger than the 1° — yy mode.

' It is only possible to account for the observed branching ratios in

the manner above by treating phase space and momentum barriers in a rather

_extreme way. The geheral feeling among physicists is that, without'

examining specific models, the yy and n+nf7 modes should be much larger

relatiVe to the three pion modes thanbthey are observed to be and'that

the = ﬂ 7 decay should compete more favorably with the yy mode. The ﬁ ¥y
mode should not compete favorably with either 77 or nx ¥ although it
might compete with the three'p;on mode. The major problem with with the
decays into three pions. They are just too iarge relative to the others.
In attemptiog to resolve the_appateht'diecrepancies a numbet of models:
have been considered.

- Brown and Singer18.advanced the attractlve hypothesis that the n
decayed via a G-parity v101at1ng electromagnetlc process into a ﬁ and a
dipion resonance o [IY(JP) =0 (O )]. The ¢° s with a mass ~ 400 MeV and
width ~ 85 MeV,'them decayed strongly into 7' or 7°x°. Such a mode1‘

eliminates the principal problem in the ﬁo decay scheme in that the three
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pion decays are really two body processes and are not suppressed due to

the more 11m1ted three»body phase space. Furthermore, n = 0° + 7 is

forbidden by C conservation go that the n+n v and w 77 modes rema1n limited

phase space three body decays. Unfortunately there 1s no direct

experimental evidence for the existence of a o meson.

2
P

Bronzan and Low19 proposed a selectlon rule for bosons which would
explain why the 77 and ﬂ y modes vere suppressed relatlve to the three
pion decays. In this scheme each boson has a quantum number A ; 1

+ 1

which is approximately conserved. For exampleg'A(y) - A(p) A(Q)
and A(n) = A(K) = A(n) #vA(m) = =1, Decays do,occur whieh.v1olate A
ninvarlance by several percent, such as n° —977, n - yy, and n - n+n ¥
The decays n - 7° vy and n - 3t are allowed tran81tions. It is dlfficult
to understand how the w and ﬁ mesons can mix 1n a unitary symmetry scheme
if they have opposite quantum numbers such as A.  Also, the A 1nvariance
‘scheme permits a 7° ¥y decay modevwhich should then compete favorablyvuithv
Do . . v

Gell Mann, Sharp, and Wagner6 proposed a "rho dominance" model which
attempted to relate the several decay modes of ‘the w meson and the decay
7° - yy. It 1nc1denta11y made the prediction that the branching ratio.

n 2y

on the.basis of coupling constants alone. ' This would. explain the apparent
difficulty with the relative rates for these two decay modes. In this
model (which is based on the equivalent quantum numbers of the p and the
photon) the n decays virtually into tWO p mesons which then decay into'
a single photon or into Tt n . The model makes no attempt to discuss the

anomalously large three plon decay modes.



-

2. The Three Pion‘Deeays‘

The peculiarities of the overall n decay scheme have not yet been 3
satisfactorily explained. BecauseAphyslc1sts do not really know how to
predict absolute decay: rates from first pr1nc1p1es this is not part1cu1ar1y
surprlsing. However, in dlscussing the three plon modes one should be on
firm ground.>_No matter what difficulties.arlse_1n_compar1ng decays

. N : v : . - e 6 0.0
involving real photons to those involving. three pions, the n =N

: decay modeIShould be related'exaotly to the no —>n+ﬂ-n° mode;-.The

difference between these two modes should depend.only on caleulable
isotobic spin and symmetry effects.

Folio‘;ring'Ze:nachh we describelthe'ﬁOQt general aﬁplitudeﬂfor deéa&
into a Jp =0 and I =1 system of three»pions as _ -

= A a:(b . c)-¥'B h (a -bc) +Cc (a . bj,

Here a, b, ¢ are vectors representing the isotopic splns, of “1’ n2, n3

respectively and A, B, C are form factors descrlblng the structure of the
final state 1nteract10ns among the pions.- In order that the total amplltude
M be symmetrlc under the interchange of any two pions we must have
A(mys s ﬁ3) = A(nl; T3 ﬁg)
and ‘
A(nlg Ty Ty ) = B(n2, ﬁ3,‘ﬂ ) = C(n3, Ty Ty )
In terms of the charged states of the pions we have, for a transltlon to
a final state with |1, 1, >= |1, o> |
= A(aoboco * aob+cé + aob_c+) + B(bocoaé +'bbc+a; f_boe_a+)
" oegaghy + S0+ b, ).
In plaeiné the experimentaidPOints:for no.—fn+ﬁ-ﬁ? on:a:triangular Daiitz

plot we adopt the convention that T T n3'(represented by isotopic spin
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vectors a, b,vg) are x+, T, novrespectiveiy. Thar is, we reiébel‘the
pions by their charge. bThenvM(no —9ﬁ+n-ﬂ°)'= C. We cannot diétinguish
among the three 7° 80 we_plot.the experimental points_for'no-4 koﬂoﬁo‘in
a single sextant region of the Dalitz.plot; fThe»empIitnde-for'this process
is then M(n° - 7°x°x°®) = A + B + c. .wirh'the pions in n°’—>n+r—ﬂ°
labelled by the1r charge the distribution of density on the Dalltz plot
is determined by the amplitude c(n®;n" ,v ) = ¢(n®;n” ,ﬂ ) A 1abe111ng
system based on charge is inconvenient when comparing the ﬂ+ﬂ 7° and 705 rc®
decay modes. For the purpose of computing_the branching ratio we place
all the'points for each mode in one sextent region of the Dalitz plot.

Zemach shows that the branching ratio is then

phise IA + B+ c|2 do

0 0.07
R{ﬂ Tt J o space
¥ - 2 2
A phase (IA] | B + IQ[ )dp

space '

. , v : 000

where the integral is computed over the single sextant region. R(E:EEEB
' : ‘ ' TR

is a maximum for the "completely symmetric" situation where A = B, =C =

constant. Then,

R-( o °,r°) 3%!% {400 - 1.5 p—"‘—o’fﬂ '=' L.73.

NAaax 6lal? | dp, 7 p(tnx®

If there are final state interactions and the form factors are not constant

then - .
000,

R {n+n 1 } < 1 73
TR x° ’
Consider the behavior of the form factors by expanding them in a

power series in energy:
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. . f g 2 L -
AO(1+C€S++BS+ +'y S"SO+ ooo.) -

ﬁ:A(1+as %‘532+ ssw.+’.'..')
. [ S TPe T RSL T Y 8, +o
¢ =‘A(i + as .+’ss'2'+'7 ss +]

B o o +7- ‘

where Aé; @, B, y are complex cdeffieients'and the S are energy varlables

S; =W, - ;/3 Mn.i (Note that S, +8_+5 = 0.) 1f A _Gﬁ:fAOJWeehave:
(1) a uniform Dalitz plot density for 7 —>nfn n.,,(2).a uni form

Dalitz plot density for‘nO —*nonono; and (3) the maximum branching ratio

The next simplest situation is A=A (1 + as ), etc. and the amplltude for
n° féﬂ T w ,:C = Ao(l + asb), does not yield a-constant Dalitz plot den51ty.
For this situation we have: (1) a Dalitz plot dens1ty 1 —>n+n x° which .
depends on S o’ the energy of the neutral pion, (2) a unlform Da11tz plot
density for 1° = 7% (M[n 7°x ] A+B+C-= A (3 + Ol(S+ + S %'Sd)lh=

3A because S, + S; + S° = O) , and (3)_a branching ratio less than the

mas &mﬁ% R{ﬂ z no) = 1.73. © It should be pointed out that the absence of
B F I O ¢ . ‘
a 11near term in the completely symmetric amplitude for no-ﬁ 7°7%7° makes

the Dalitz-plot for this process an excellent place to look for the
presence of quadratic terms in the form factor.
.Within a year ﬁfter the discovery of the n9 attention hegan to focus

on the S energy dependence of the Dalltz plot density for n - n+n 7°

[ ) I o]
I(Tf’.ﬂf%

+ - oj
TN

into three pions has features whlch are very s1m11ar to the decays of K

and 1ts relation to the branchlng ratio R( The decay of the n

mesons. into three pions. In each situation the plons -are presumed to be

in a pure 1 =1 state although the mechanisms 1ead1ng to this state are
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quite different. 'In addition, the total energy, Q,Vavallable for plonlc’“
motiondis comparable a(and Iqﬁ) in each case. If any structure is due toh‘
final state 1nteractions aﬁong the pione, then the two{situatione ought&};

to exhibit a behavior which is similar, perhapsvidenticel. 'if‘had'been~3

20 + +

demonstrated by Ferro-Luzzi et al. that T decay (K -)ﬂ

") flts a -

linear matrix element (analagous to C = A (1 + S ) for n S n x )

3

Further, 1t had been noted from the earllest Dalltz plot for n *)n o

that the den81ty had a marked dependence on S .

A number of authorsl6 21-2 pointed out.the similarities'between-the'

n and K decays. Of particular interest are the papers By’Walil6 and

23 wali worked out the relationship between
.0 0 0,

| o o
‘the =° energy - spectrum and the branching ratlo RfE:E:ESE s Recasting
25,26

Berley, Colley, and Schultz.

o 4% i I
his formulas in terms of T in order ‘to conform to’ later usage, °° we

2T : 000y :
have M(ﬂ —>n+n 14 ) ~ 1+ a( - 1} and R( e ) = 1.73 - . Wali
max _ + - of . 1 2 _
‘ - 1+E,ocv

T I ¢

calculated the shape of the n° energy spectrum and the corresponding

O O O
T 3

+ - o
TR

insufficient for exact determination of &, he found that the slope of the

prediction for‘R{ ) for varioue values of Q. Although the data were

energy dependence seemed to agree with the prediction from 1 decay and

0 0 0 o _
that R(EIETEE) probably lay between 1.6 and 1.7. Berley, Colley, and
TR ' :

'?%ﬁg%@§23 exemined the available T, 1’ and n decays and demonstrated that
the slopes of the energy dependence (i.e., ) agreed verybwell indeed.

A linear dependence on the x° energy iewnot the only simple possibility
for the form factor. An e-waue E1914 resonance‘Will also lead to a non-uniform

 Dalitz plot density. Brown and Singer have attempted to describe the
o0 o0o0 '

Dalit? plot and branching ratio-R(EZE—E——} using their o reéonance mode1.27’28
T TR

In this model the matrix element form factor has a resonance behavior rather
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than a linear energy-dependence. In the 1init P' =0 the branchlng ratio

(o] O 0 0 (o] 00\.

Rl_"’_ﬁﬂ_ 9__‘*_1(_71’__?
o + - 0 +-}
N AP

= 0.5 (or 0.55
ag. ")JTJT ’ :

_,1s 81mply the branching ratio Ro‘

if the n= - n° mass difference is accounted for). A non-zero resonance

width increases the ratio R. ' For the range of valuee of M and Ty which '
"~ j_0_O_O%
mlght fit the data,. Brown and Singer showed that the ratio RiEIE:EE) might
. : T '
take on any value between 1.2 and 1.5. :

” Crawford-et al.,25 with a highly purlfied sample of. 109 events,
studied ‘the n St n '%° Dalitz plot. They were able to find acceptable

fits to the 7° energy dependence with either model. The fit to a linear
' 000‘ o :
matrix element gave ¢ —»O 45 + 0.07 whichimglmns R{“ ﬂ-ﬁo} = 1.63 + 0.03.

+
IO |G 1§

The sllghtly better fit to the o model gave M = 392 i 9 MeV and r = 88 +15

MeV Whlch implles'R‘Egﬁgzg) = 1528'i .07. Fostervet al.26;analyredv27h '
background free deca;sﬂ i 'U§Pﬂ+ﬂ-ﬁ°.. They found avéood.fit'to a linear:
matriX'element with o = 0.41 + 0.06 (which 1mp11es R(?;ESES) - 1. 63+O.v
in good agreement with Crawford et al ) They were alsoﬂaglz to f1t the

+ 25
12,

= 1. h9 + 0.07 and is not in particularly good

o] model with resonance parameters M& = h07

0O 00
onon )

-0
o

agreement with Crawford et al.

MeV and F = 117 + 15 MeV.

This implles R(

- It appeared that both nodels could explain the experimental data on .

the = energy dependence. The chief difference was that.the linear matrix

+
T 77

maximum. However, the Brown and Singer model was- not as successful when

9,30

' 0 00 .
element model predicted higher values of R(E—E:Eg)', close to the allowed
applled to K decays The resonance‘parameters needed to fit the K
decay spectra were not in agreement Wlth those for the n decay-. Thls is
perhaps not a severe critlcism of the o model because there is not enough

energy, Q, available in K decays to produce the o on the mass shell. <Taylor:



D _16n~
et al.;,31 in a very interesting paper, pointed'dut-that 6ne.cou1d'get'a
fit to the ¢ model and determine the resonance parametere ty enpandlng.
the resonance form in a paWer series about T = 0. and dropping quadratlc
and higher terms, In ‘this approximation the ¢ model is mathematlcally
equivalent to the linear matrix element model and the data cannot
distinguish between them; only in a situation where the.n energy‘spectrum
cannot be described By a linear‘approximationkcan 5 definitivé.teét’be

'made. h |

Indeerly 1966 the exﬁerimental-situatinn on the paremeter‘a wes.
- relatively clear. The x° energy,epectrumvrs Welllfit'bf a linear matrix |

element. The linear matrix element model then makes a unique predlctlon

;] O 0 Oy
LT

for R e = 1. 63 1f the o resonance model is considered, lower
.ﬂﬂﬂ 7° 7°1%5° o :
values of R o o) can be obtained. However, this model does not give
TN

a consistent picture for K and n decays (the linear matrlx element modelv

does) and, as we have noted above, there is 11tt1e~d1rect evidence for

the existence of a 0 meson.

If the exper1menta1 measurements of the parameter Q are in agreement
7o On®

_____:J ~ 1.63, the experimental measurements

E I O :

of R are less,certain. All but one of the experiments measuring R were

and unambiguously imply R{

done in bubble chambers which are inadequate for such a measurement. If
the probability of obgerving a single gamma ray from a decay is P7, then
the probability of observing six gamma rays from the same decay is

proportional to (P7)6, If Py.is small, ae it is in a bubble chamber, a

slight mis~estimate of Py_is disastrous.' For 1nstance, Crawford et al. 13
O o 0 O
found 1.7y = .99+.48 and 1% = x%x = .66+.25. This implies
o - o =
n — charged n - charged

i r 0 o : ‘
tﬁaﬁ 0 neutrals _ 1.65 + <53 and is in gross disagreement with the more

no-ﬂ charged :
reliable experiments which measure this rate by counting missing neutrals




Q
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'(see, for example Ref. 3). Perhaps the best experiment on the neutral

branching ratios up to this time (Aprll, 1966) was that of Bacci et a1.17.
In this eXperlment lead glass counters were used to detect the gamma rays.

Although such a technique is fraught with difficulties it should yield

better results than bubble: chamber experiments., They found

5 1277 . = 0.8 + .2 but made no attempt to resolve the
n - other neutral modes o .

"other neutral modes" into contributions from 1077 and 37°. If the "other

neutral modes" were entirely n = 7°7°%x° , this measurement, along W1th

o .
71— deutrals n > n 7

~ .7 and.

pS = .23 (both reasonably rellable'
n —all modes '

+ .30
021

no — all modes

abersy; pioes | :

= 1.7

As of early April, 1966 there was no compelllng reason to believe that
000 :
R(EIE:ES} was not cdnsistent with the predictions of the linear 'matrix
A\t t n :

element mddel which, based on reliable data, explained the ﬂernergy_

., o + - 0
spefftrum in n > w wt x .
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c. o° Branching Ratios after Apr11 1966

On Aprll 25, 1966 a paper published by D1G1ugno et al.l.5 announced -

experimental evidence for the large branchlng ratio

°© _,.° T
A— 222 = 4375 + .036.
1 - neutrals : ’

o
n_2ry

Their measurement of = _ -
'm — "other neutrals"

;'O.Tvagtees ratherbwell
with the earlier results of Bacci et a1.¥7, Therefore, the change inbthe
experimental situation is simply that the "other neutral modeef (other'
tﬁan n° fayf) are not entirely n°?+13ﬁ° as had béep previously supposed.
The introduction of‘atlarge no vagoyy'decay’que does not altet any of
the previous branchlng ratio results except to decrease the amount of

0 0 _oj

£1£—£~J . With the DiGiugno et al. meaSUrement
T T '

_«209 + .027 and the prevzously established ratios:

n - 3ﬁ and the ratio R{
o) o
of A3

(o]
1 — neutrals

P oate 2 o ﬁo'a-neptrais noﬁono |
p = .23 and . = .71} we have R(-—_:—E' ~ 0.65.
n - all modes 1 — all modes : TR

This is Well below the predictions of any'existing models inciuding.the"
o model of Brown and Singer and indicateé'something'reelly amiss.

Several months ago after DiGiugno et al. announced the1r flndlngs,
Wahlig et al.32 published the results of a spark chamber experiment which

ylelded ll—————JKl < 32 + 09, more consistent Wlth the earlier picture

ﬂ 7Y o_, o _
1| decays. (The DiGiugno results fmply IFG:LE—ZZ = .90 + .10.) The ratio
' T n 2y

of Wahlig et al. is an upper'limit. They examined only events with 2y or

by in their spark chambers. - They pointed out that all their observed ly
events in the n° region could be explained‘by‘feed-dowhvfroﬁ 0 - 3x° > 6y
events where two gamma rays are lost. Thus, their results could be inter-

preted as a complete absence of no'—{noyy with an experimental'uncertainty

QIXA >
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' < o, .°
expressed as an upper 1imit on the ratio 33—————11 o
' : ey , _

While .the two preceeding exper1ments are in rather gross dlsagreement,, o

the questlon of the existence of a 1arge amount of n ‘—9ﬂ 77, and f}f

0 00
T

+ -

consequently a small R{
TR

), has been ra1sed. A number of theoretlcal

-papers on the subject followed as weli as-a large number of experlments

(see Table II below). If the results of D1G1ugno et al._are 1ncorrect

and there is essentially no n - x° 77 decay mode (the results of Wahlzg

et al. could be interpreted this way) then the theoret1ca1 speculatlons of
Sec. I. B. 2. do not need to be rev1sed. In that case the 1 —>3n modes

are con31stent with a linear matrix element.' If D1G1ugno et al. are

correct a ‘radical revision of the theoret1ca1 explanatlon of the M —>3ﬂ

decays ‘is in order.

33

Veltman and Yellin” suggested that (1n the presumed absence of

OOO
IfoTf

+
1'[3'[1(

to 20% below the allowed maximum of R = 1 73 would 1mp1y the presence of

resonance behavior in the nx system) a value of R{ ) more than 15
apl =3 transitlon. If C is conserved the 3n system can’ only be in
I=1o0r1I-=3states [6(3r) = -1, ¢(3x) = ¢(n°) 5 + 1, and‘G(3ﬁ) = ¢c(~-1)%]
Consequently, in the absence of C violation only AI = 1 and Al = 3
transitions can occur from the initial state of the no Withil = 0. Feinberg

4 | , .
3 have shown that, if the final state of the three pions from

' 0 0.0 2
n# 3x is a mixture of I = 1 and I'= 3, then“R(E—Ejg—) = iziiL;;;Ez
v 3 1 ++42

and Pais

% 1.14

whore o is-the rativ of thc»anplltodtc

where i is the ratio of the amplitudes b= " and the factor 1.14

P
is the'ratio of the‘phase,3paces 900 e Ifpu-= 1/137, that is, if the
+=0
AL = 3 transitlon is a second order electromagnetlc transition (two v1rtua1

photons are emitted and reabsorbed and AI =1 at-three of the four vertices)

_ : v xoﬂoﬁo
then we would have R(ﬁ:———a

} = 1.67, only slightly lower than the allowed
Tr T , _ o :
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v 0 0 0y . o .
maximum of 1.73. Veltman and Yellln noted that R(E_E_E_) ~ 0.5 implies

R o
hll > 0.31 SO that the data of DiGiugno et al.,mlght well 1ndicate a

substantxaI‘AI =3 amplitude.- They d1d not speculate as’ to what sort of

Al = 3 transition might exist in nature. o R .
0032

o 0 O
i
R(

also addressed the problem of a- small experimental value for

+ - 0
T on

considered a quadratic matrlx element involv1ng P-waves in the e system.

If P-waves were only present in the 7 —>ﬁ+ﬂ 7° decay and the S-waves

0 00 :
515—23) might be obtained.
T 7.

However, by using S and P-waves which were consistent with what was known

O 00
TR T )

were somehow suppressed a small value of R

+ -0
TR

less than 1. As did Veltman and Yellin, Woo concluded that the D1G1ugno

0 00
et al. value of R!EIE:EE) ~ .65 would demand a AL = 3 transition.

TN . ,
Adler; in a very exciting paper, made a definite (and exotic)

about the nﬂ-lnteractlon, Woo was unable to eXplain asvalue of R{

proposal on what sort of AL = 3 transition might exist which would explain
the n — 3x puzzle. The successes of current algebra calculatlons in

explaining K - 3x decay‘parametefs had led a number of authors (see the

references in Adler's paper) to apply similar calculations to'n — 31t decays.

There was'some reason to suspect that a first order.electromagnetic
transitlon n —;3n might be forbidden or suppressed in a cureent algebra
scheme. Adler observed that a second order electromagnetlc transition
(which'might include a Al = 3 part without any revisionvof the present
picture of the electfomagnetic interaction) would also be forbidden. He
therefore proposed a C = + 1 iso-tensorbaddition to the electromagnetic
current. He showed that such an interaction could exolain‘the 7o energy'
dependence of the no ~>n+ﬂ-ﬁ° decay within the framework of current‘algebra

and would lead to an I = 3'admixture in the 3w final state. Adler also

} . Woo noted that a AI 3.transltlon was a p0831b111ty but also.



on R

7predicts R(

"e21-

obser&ed that such‘a C =+ i electromagnetic 1so;tensor 1nteraction uas
not in confllct w1th any existing experimental data. | mj: |
Several months later Adler‘published a'ahort'erratumr36A‘it statede
that his observation about theiiorbidden nature of a secondAorder eiectro-
magnetic transition in the current algebra‘schene was incorrecta' _An

=3 admixture in the 3ﬁ final state might arlse because the first order
(~ a2) electromagnetic transition n —>3n was . forbidden while the second
order (~ au) was not. Consequently it is . not necessary to 1nvent acC - +1
1so-tensor electromagnetic current to account‘for the, experlmental 31tuation,
As we have noted above, however, the ~*3ﬂ decays are already much "too

large. A noticeable tran81tion with a coupling ~ QF is difficult to

imagine since the 7. —93n decay modes are 1nexp11cab1y large even Wlth a?

coupling. If AT = 3 tran51t10ns are needed to explain a 1ow value of

o 00
TR

+ -
FL S

picture a virtual photon, emitted and reabsorbed can cause a AI = 3

R Adler's model is still an attractive possibility..'In this

transition by changing I by AT = 1 at one vertex and AI = 2 at the other.
The possible existence of a Al = 3 transition for n — 3w, whatever

that 1mp11es, makes it very desirable to clear up the experimental situation
o 0 O ’

E:E:EZ). A large number of experiments, discussed below, have followed

O : .

the papers of Adler and DiGiugno et al.15

37-40

It is 1nterest1ng to note that a number of more recent experiments

. with more statistics on the n - ﬁ 7° Dalitz. plot bear out the conc1u31ons-

25,26

of the earlier experiments. The Dalitz -plot density is consistent

with a 1inear'matrix element and the value of the parameter O has not
changed appreciably. The linear matrix element model which accounts for

the no-ﬁ T ﬂo Dalitz plot density variation in a simple way still
0 0.0}

TN T ,

——-———) = 156. Price and Crawford37 were able to account for

e x°



the n - x° Dalitz plot for 6h0 events with quadratic and cubic: matrix

elements as

-00a

well as a linear matrlx element. They were able to obtaln R

an excellent fit to the data W1th a cublc matrix element which implied a

value of R‘

Aot o;

however, to

constrain t

L L 1o

O O O

r— ) as low as 0.7. A large cubic term was necessary,

predict a value of R <1l.1. Price and Crawford did not

he coefficients for the cubic matrix element in any way.

Such

a matrix element implies the presence of D-waves and is not particularly

attractive.

However, they were able to demonstrate that a pure I =

transition might be able to account for a low exper1menta1 value of

LN 1S
8]

1

0 0 o0
R(-—————);. of course it is not pleasant to contemplate the presence of

T

D-wave momentum barrier in a transition whlch is anomalously large to

begin with.

Table IT lists the published experiments on the neutral branching

ratios in chronological order beginning with the work of DiGiugno et al.

in April of

All of the experiments listed in Table II can be classified as one of

1966. The results are in terms of the following ratios:

L o yy
R; =

n° - all neutrals.
. 0 _.0.0.0
R M A
R =7

n o= all neutrals .

o o
R . 2 ry
o . ,
1 - all neutrals
IVR = .nf__—.)_ﬁlz
L o _
n =y
0 00 o0
R = 2w
5 o
no2y

three general types:

Type A.

Determination of branching ratios by counting relative

numbers of gamma rays.




8

Q

. ;23f%;

Type B. Kinematic_analysis of four gamma ray évents.

Type C. Study of the energy spectrum of:a éingiegdeteétedvgémma‘

ray.

Table II. Neutral Branching Ratio Experiments.

—

Result

(Dec. 1967)

(‘frype C)

Author 'Method
i. DiGiugno et a1.15 théadTgiassocnuaters R1 = M16t.022 ¢ 7
(April, 1966) Tyf®ype C) . o _
: R2 = 0209t0027 \
2o Wahlig et al.32 'Spark chambers » 1Rh'< 0.50 (90%
(July, 1966) (Type B) - : confldence level)
3.v Strugalski et al.hl Xenon bubBle éhambéf. _ Rh = \.86iOah7
(Jan. 1967) (Type A) -
L, Grunhaus ‘2 Spark Chambers Ry = 0.4l 07
(Dec. 1966) (Type A) : .
' R, = 0.29%.10
» R3 = Q.27i. 10
5. Feldman et al.h3 Spark chambers R1 = . 579%.052
(May, 1967) (Type A) R
| _, R, = - 177£.035
Ry = <2lk, 050
6. Bonany and - Spark chambers co R), < 0-13 (95%
Sonderegger (Type B) : confidence level)
Sept., 1967) o :
. : o
T. Jacquet et al.h5 Heavy liquid bubble« R‘%T%ZESEZ§}< 0.12
(Nov. 1967) chamber ° : ‘
L - (Type B) (95% confidence level)
8. Buniatov et al.h6 Spark chambers R1 = .59+.033
(Nov. 1967) - Type (a) :
. : . 'R2 = .41+.033
Rj <0.12 (95%
' confidence level)
A u7;u9‘ P F '
9. Baltay et al. Deuterium bubble chamber R, <0.28 (95%

confidence levé])

Rs - 0.88:0.16



e ).
Table II. (continued )
Author ' Method CL ' Result
o S o 0 0 0y
10. Bullock et al.*®  Heavy 1iquid bubble R "—}:"—0, - 1.&71’8'?9{
(August, 1968) chamber (Type A) . . o | e
, ) L . fg9.0 0} .
11. Baglin et al.”"  Heavy liquid bubble . R rrx '=_1.5of8,;;
(June, 1969) chamber (Type A) . ER T 3F 3 2 AN it
| | R[4 - 1.7250.25
\
12. Cox et al,”® Hydrogen bubble chamber 'Rl = L486x.036
(March, 1970) (Type C) SRR - |
| Ry = .392%.042
o +.052
Ry = L1220 Lol
’ " 53550 S T N
13. Devons et al. Spark chambers - R3 <.07 (90% 3
(June, 1970) (Types A, B) : confidence level)

R.5 = O.T?iQ.O9 :

v _ . _ o %)
In attempting to determine the branching ratio R f[-A—2T 27

: no-e all neutrals
a princ1pa1 problem has been to separate the decay from background reactions

whlch produce a ﬂ system with a mass near thatvof the n . This problem
is common to all three types (A, B, C) of experiments listed in Table II
and has been handled with varying degrees of credibility.

Experiments of Type A:: These experiments measure the n neutral

branching ratios by the brute force method of counting gamma rays. in
attemptlng to measure the amount of n - x° ¥y one must contend with a
substantlal uncertainty due to mis-estimates of gamma ray detection
efficiency. 1If the probabllity of observ1ng a single gamma ray (1ntegrated
over the gamma ray energy and over the geometry of the detection system)

is q, then the probability of observing n gamma rays when m gamma rays.

were produced is given by the binomial relationship




d
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P = AT (L P

1f q is‘nof sﬁfficienfly’léréé (¢ < ;75) theﬁ £he number of 4y eﬁents
from no +§3ﬁ° - 6y may be mdch greater thénifhé number ij§7’e§én£s from
7 - 1%y =4y, At the sémé time,'thé majority‘of true 4y évehts wili
appear as 2§_events, etc. It_is‘ébviouély difficﬁlt.fd,separaté‘éz 4k, and
6y decay'modesbin‘a siﬁuation.whérg two of gheithfég.modes'aﬁpear éore
like their éompetitofs than theﬁéélves; _BoWevéf, if the iﬁteéfaféd prob-
ability q isxlarge’so that thé'majority_df_tgue 6} decéys'apﬁearvas 5 and
6y events,'étc; and if the statistics are‘large, experiments of Type A

can be qdite convinciﬁg.b 0f course the notion qf.én""ihtegfated'pfobébilicy"
q has hbumééhing ifnthe gstatistics are'ggg'largef ;

If the integfatedvdetection'probability q is large and if the

bAstafistids are large, then one can meaningfully discuss the feed-down

from true 6y décays into observed 5, 4, and 3y e;ents agcoféing to the
binomial relation for Pn/é above; That is, if ;hefe afe.a very large |
number of detected 5 and 6y events, then the number of detecfed 3 and by
events exﬁected can .be acéurétely pfedictgd from the relative numbers of

5 and 6y events{ If this is nét the case, then one must relyhheavily on
Monte Ca:lo'calculations to estimate,the feed-down which cannot be inferred
from the-déta itself. This difficulty has plagued all of the experiments

of Type A listed in Table II. The experiment réported in this thesis is

- the first experiment of this type (A) which has a sufficiently large

_ integrated probability q and sufficientrnumberé-of 5 and 6y events to

minimize the reliance on Monte Carlo'calculationé. Table III shows the
integrated probability q and the estimated feed-down from true 6y decays

for the experiments of Type A. The féed-downvratios-are calculated on the



-26-
basis'of.the blnomial relation.i The Mbnte Carlo predlctlons for the
experlments which report them are extremely close to the ratlos in the
table., |

Table ITI. ‘Experiments of‘Type A.

Author' v, Integrategratﬁdmber of Probablllty of detecting ny from
o probability observed _a_true 6y event
q 6y n=06 5 L 3 2 1 0
1. Si‘:ruga.lskil‘L1 : .53 ' L - W02 .13 ;27 .31 - .20 ;07 .01
- et al. : v . o _ _

2. 'Grunhausuz S W75 17 .18 .36 .30 .13 .03 - -
3. FeldmanhB' o ‘ ; R : | N

et al. ' .55 13 .03 .1 .28 +30 .19 .06 .01
b, Buniatov4 | » - _ ' » _ . o :

et al. . . -6l 57 . .05 .20 ..32 .oT .13 .03 -
Se _Bullockh8 ,: vvn . : _ lj. -

et al. .63 69 .06 .22 .32 .25 .11 .03 -~
6. Baglin5} B _ : _ . o

et al. .70 199, o120 .30 .32 .19 .06 .01 -
7. Devons53 . . Do S S

et al. 67 - <116 .09 .27 .33 .22 .08 .02 -
8. 'This‘experiment .88 ~2500%: -'.46_ .38 .13 .02 - - -

* Based on ~27% of data accumuléted._ See Sec. IV. A. below.
- In each cf the experiments of Table IIT the neutral branchlng ratlos
Were determined by counting relat1ve numbers of gamma rays except in

those of Bullock et al.u8 and Baglin et al.51 These two.experiments
: 0 0 o : o v R
measured the ratio R(E:E:Eg)v directly in the same sample of film. They.
. S L ' : o = :
calculated the amount of. no —>3ﬁ° from the number of 5 and 6y events

and estimates of thelr efficiency for detectlng thls number. The experiment

of Devons et al. 23 d1d an extensive analys1s of the hy events (experlment

Type B) in addition to countlng gamma rays.

Experiments of Type B: These experiments concentrate on an31ysis

.
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of hy‘events,- By kinematic récoﬁstrucfion;lthey aftémpt'té fesolve

no ~9ﬂ°77‘;fh7 events from”background,hy events. Tﬁeée‘béckér;uﬁd events
‘arise from two sources:- (1)“pﬁoduc£ionv§f_a nond system with a maéé
near tﬁat of the no and, (2) ﬁov—>3n9-a 6y eventévwhéfe_two gamma rays
escape detection. | | ‘ |

There are three principai diffiéulfies‘with Eﬁis‘typé of ekperimen::-

(1) 'Thévresults depend on the ébilityvCO}gaiculafe the dgcgctién-
efficiéncy for by. |

(2) Pairing ambiguities: there afe‘siwaayé’of‘pairing_hy.ifiwe assume
a-ﬂoyy systeﬁ. For évxonoAsystem there afe thfee.ﬁossible pairs.

(3) Theﬁhy_sampie is éoﬁtéminated bybnol—i3np Fi6y.events where two
gamma rays ha&é escaped detection. Of these gkpefiﬁents,'énly'that of
53 o ' |

Devons et al.”’” examines 6y events. The others must estimate the feed-

down into 4y events.

‘Experiménts of Type C: Theée_expefimeﬁts hqvé the'ad§antage of
not Beiﬁg terribly sensitive to q, the proﬁability of obsefving a single
gamma réy; The observed décﬁy is no -y + X where X Qay be any number
of undetected neutral pariicles{ :The 6bserved.energy‘spectfum of the
single-defected gamma ray in the-no rest frame is compared with that
predicted from Monte Carlo caléﬁlations. If there is no no ~*ﬂ977_
present one wduld see a b:oad peak in-Eyvfrqm n? ;>3n° clearly separated
from a narrow peak from n° _;77. Theieffeqf 6f a substantiallamOQnt oﬁ.'
no —>x°}7 is to fill in the valley'bétwgen the two peaks. Gamma rays
from a n°x° systemvalso fill in the valley. The principal problem is to
separate any n°~% ﬂ°§7 from the x°n° backgrouhd. The expected distribution
of observed gamma ray energies from né - 1%y depends (§n1y‘slight1y) onl‘:

the matrix element for this process and on the gémma ray detection efficiency-

\
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of thetsYstem.‘ Unlike experiments of types A and“B; thevdepehdehce on
gamma ray detectiOn efficiehcy4is 1inear. Naturally, a high degree'of
precisioh is necessary invmeaeuringyﬁy. For this reaSOnvsuch an experiment
cannot be done with an array of spark chambers.‘ |

Three experiments of type C have been reported 15’h7’ }l The bubble
chamber- experiment of Cox et a1.52 1nvolves poor statistlcs and a questlon-
able treatment of background. The bubble chamber experimeht of Baltay’

7 . .

et al. is not particularly overwhelming statistically but their background

treatmeht seems convincing. They find no_evidence-for no —>ﬁ077;v The
experiment of DiGipgno et al;,l5 with greater statistics, f1nds a very
large amount of_no'—>ﬁ°77. In this experlment a lead glass Cerenkov'
cognter ﬁas used tc measure the gamma ray energies..

Although there are a few experiments iisted in Table II which find
a large amount of ﬁo —aﬁoyy, the mejority find there to be little or none
of this decay mode present. The highretetistics experiment reported

in this thesis confirms the majority findings.
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II. EXPERIMENTAL METHOD

A. General Considerations

The no.mesons are produced for.analysis‘in the;reaction ﬂfpd—;h§n ;
by'colliding a n; Beam from the Berke1e§ Bevatron sith a ststiOnar§.
protoh'target (liquid hydrogen) The reaction is studled by an array of
neutron detectors and a set of lead plate spark chambers whlch constltute
five sides of a cube surrounding the target (Flg. 1) The neutron 1s
observedvby one}of.20 large scintillation counters.and'selected by its
time of flight from target to detector; The gamma rays from the decay
of the qo (or associated n° s) are detected by photographlng showers
produced in the leadtplates of(the spark chambers. Anticoincidence
counters Surroundingithe hydrogen target veto sny‘rntersction ih hhich :
charged perticles are proddced,.including those events where‘the no
decays by one of its charged modes. 4 - H~ -

| Those neutral processes Whlch csn be 1n1t1ated by a beam of our
energy (589 MeV or 716 MeV/c) and which are expected to_have sufficient

cross section to be non-negligible are:

p-nn - o } - (1)
5% . (2)
—;ﬂoﬁon : » ' S (3)
—ax°ﬁ°ﬂ°n.' | . | (&)

The neutral decays of the no meson involvefonly 7° mesons and gamma rays.

Both the 1° and n° decay so rapidly (the n° 1nto 77) that they do not

- emerge from the target. Thus We-obserVe-only :

T+ P - n + gamma rays.
It is from_the reconstruction of the observed patterns of gamma ray showers

that the branching fractions of the n° are obtained.
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The time of fllght of the neutron between target and detector
determlnes whether or not an event is photographed for ana1y31s. ‘The
reactions (1) through (h) each have characteristic time of fllght spectra,
shown in Fig. 2(b) The sum of all these spectra yields the experimental '
distribution of Fig. 2(a) It is deﬂ%ﬁihi&iﬁocntudy the ent1re |
distribution. " The background processes, (3) and (h), must be understood
in,detail.' The charge exchange reaction (2), thh its well determlned
kinematics ‘and with the characteristic x° —977 decay, provides a sensltive
test of the detection system and of the analysis procedures. Consequently,
no stringent requirements are 1mposed on the-neutron time,of flight (such
as triggering oniy onlthe no pealc)° »
‘Most of the data 1n this experiment were accumulsted with a beam of

momen tum 716 MeV/c. Data were also taken at two momenta below’(65h, 686

MeV/c) and two momenta above (745, 772 MeV/c) this central value with the

‘same counter geometry. Data at these momenta, especially the lowest

(which is below n vproduction threshold), provide valuable information

about the background reactions (3) and (4).
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B. Physical Arrangement of Apparatus

This section dlscusses certain general features of the experimental |
equipment and its deployment., Ammore detailed description‘of each piece -
of equibment is preSented in Sec. III.below. |

The overall arrangements are showu in Fig. 1. The‘beam of pions is
defined by three plane circular counters in triple coinc1dence 1, Mz,
M3). The photomultiplier tubes are mounted on opposite sides of the beam
to avoid countlng off-ax1s pions through Cerenkov effects in the light
guides. The first of-the three counters is 1/2-in. thick, producing a
yery stahle output nulse suitahle forfaccurate timing.. The third and
last counter is a 1/16-in. thick wafer placed extremely close (l -7 in.)
to the 11qu1d hydrogen. 'The beam g0 defined is roughly the diameter of
the last counter (3-1n.) and is Smaller than the target. The liquid
hydrogen target is a eylinder h-in. in diameter and 8-in. long placed

coaxially Wlth the beam. It is enclosed on the exit face and sides by

‘two counters used in ant1c01nc1dence (Fig. 3) The exit- face counter

(AE) is a plane, square counter perpendicular to the beam. This counter

vetoes events’with charged reaction‘products in the forward'direction as
well as eyents where the beam pion passes through'the target without h
interacting.b The other veto counter (Ai) is‘a_hexagonal cylinder surround;
ing the'target and is in contact with the first, making a closed system

in the forward direction. This counter eliminates charged reaction

g
My

products at laboratory scattering angles up to 150 deg.
There are five spark chambers, -each const1tut1ng one face of a cube
which encloses a free volume of approximately one cubic meter and which

contains the liquid hydrogen veasel. The pion beam enters this cubical

Volume perpendicular to and through the open face. Except for a hole to
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admit the beam, the openbfacevis éuarded by a set of‘gamma ray‘detection'
counters'(Fig.'h) to enclose more completely‘the hydrogen target.' They‘
are sandwiches of lead and scintillator, the total thickness being h 5
radiation lengths. The four side spark chambers each contain ~ T radiation
1engths.: The back chamber,.through which the unused beam passes, contains
~ 8 radiation_lengths. The total solid angle subtended at the target by ‘
the combined system of spark chambers and gamma counters is 3.7 n ster.

Each’ spark chamber is Viewed in orthogonal stereo. A system of 46
mirrors brings all 10 views to a single camera." An array of data'lights
is photographed with'thesspark chambers and‘disnlays the following |
information: the event (frame) number, which neutron‘counter‘fired, the
neutron time of flight, and which gamma counter fired, if any.

Each of the 20 neutron counters is placed at the same polar angle of
13.4 deg. They have di fferent azimuthal angles, are at a distance of 18
ft from the target, and each subtends 1 08 ms¥ in the laboratory system
The entrance face of each neutron detector is covered by a plane -counter

used in anticoincidence to ensure that the detector does not respond to

Vcharged particles.

At;this polar angle of 13.4 deg, the counters straddle the kinematic

"Jacobian peak' for the reaction x p - non at 716 MeV/c; that is, they

cover the maximum solid angle in the center ofbmass system for their solid
angle in the 1aboratory. Sacrifieed to this geometry is a unique time of
flight for neutrons from this.reaction. Gained isg a large counting rate.
Figure 5a shows the 1aboratory kinematics for the neutron recOiling from |
the n + The hash marks on the curve represent center of mass scattering

angles in multiples of 5 deg. The physical arrangement of the neutron
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counters ean be seen .to cover nearly 60 deg of scattering‘angle in'the
-center.of mass system. Figure 5b shows the laboratory kinematlcs for
neutrons. rec011ing from systems of various masses (135 to 560 MeV).

Dur1ng ‘the de31gn phase of the experiment several possrble arrange—
ments for the neutron counters were considered. In partlcular,'the |
possibility of using the counters at a labOratory'scattering angle of
zZero degrees was rejected in favor of placing themdat,the Jacobran peak.
Monte Carlo calcuiations'indicated that the'Jacobian peak'orientation
would giVe both a larger connting rate andlhetter éeometrio efficienoy for
the detection of gamma raysr This geometry_wonld seieet;eﬁents with
forward scattered no and the likelihood of losing gamma:rays'upstreamr'
(where there areano spark ehambers) would be mininized. Ah'arrangement
with neutron counters at zero degrees would havevresuitedrin a smaller
spread of neutron.veloeities from ﬂﬁpeﬁ non. This'advantage would have
been somewhat offset by less tlme-of-flight separation from charge
exchange neutrons (see Fig. 2). The fast neutrons at a 1aboratory angle
of zero degrees which have just been dlscussed are those from interactions’
wherevthe nentron'is,produced at zero degrees in the center of mass. There
are also’slow neutrons at zero degrees‘in the laboratory.and 180 degrees

;in the center of mass. These are too few in number‘(due to the adverse
solid angle transformation) to be useful. |

The same Monte Carlo calculations which led.to the_choice of a
Jacobian peak geometry were instrnmental in determining other optimum
experimental parameters such as the size_andvlocation of the h&drogen
target. |

Several different central momenta (and correspondingly several

different neutron counter deployments) were investigated prior to the
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beginning of data accumulation. - The choice of 716 MeV/c was made
experimentally. From threshold the total créss segfion for no producfién
rises shérply with iﬁcidént pibn'momentum. At the éamé time, the center
of massAsélid angle sub;ended by the neutroﬁ céunters decreases with
increasing beam momentum. Calcuiatidns done duriﬁg the design phasé of
the experiment indicatedfthat the solid angle éffect should dominate and
that the no counting rate at 716 MeV(c should actually bé_greatér than
at higher momenta with a larger total cross section.. In addition, the
signal to noiSe_ratiowwas expécted to be vastly superior at 716 MeV/c.
~ Both of'fhesevpredictions were verified expérimeﬁtally.v'Tﬁe momentum
716 MeV/g, which had been predicfed to Be optimum, was therefore chosen

for the bulk of the data accumulation.
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III. THE APPARATUS

A. Beam Description

‘The pion beam'(Fig. 6) collected from a’target in the interhal pfocAﬁ'
beam of the Bevatron is quite an ordinary one and deserves no detailed
treatment. Field values for the beam elements were determ1ned using the
program OPTIKsu and‘proved quite close to the flnal parameters. The
momentum defining H-magnet (32) was wire orbited. |

The beam line can be div1ded into two halues at ‘the momentum slit.
The first half serves only to collect particles from .the 1nterna1
aluminum target and to bend those of roughly the proper momentum onto
the slit-' In addition to its collecting duties, the first quadrupole
doublet, Ql, helps focus the partlcles onto the slit. In thrs'xt is aided
by a field lens (Q2) in which a brass collimator.is ‘buried. The particles
are bent‘onto this collimating slit by an H—maénet; Bl. The second half
of the beam selects the momentum and focuses the pions onto the hydrogen
target. The elements in this half are a bendlng magnet (B2) followed by
a quadrupole tr1plet (Q3). The beam line is fixed on either s1de of B2 sov
that the bend in this magnet determines the central momentum of the beam.
The beam 11ne is fixed upstream of B2 by the momentum slit and dOWnstream
by the quadrupole axis, a- 2 ft. lead collimator with a 4 by L-in. aperture,
and the beam defining counters.

Beam profile studiee‘indlCate the.angular‘diVergence of the heam to
be lessdthan’i,l deg. ~The'momentum disbersion ls Ah/p = + 0.015.

At the conclusion'Of data tahing the'electron and muon contaminations
of the beam were measured by a hlgh pressure methane Cerenkov counter.
ThlS counter and its ‘uge are fully described elsewhere.55- The optics of.

the counter allow one to view two separate angular regions of Cerenkov
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.llght production, 0 < 6 < 6. 6 deg or 7. h < 6 < 13 7. deg.‘ Summing‘the light:

'from both reglons allows one to use the device as a threshold counter.

Examlnlng only the smaller angular region allows one,to nse.the counter

differentlelly and examine eeeh sé;m eonoonent seperately.l Botnvresults'

are consistent and show 3% p at all momenta. Tnelelectron oontaninations.\

are 17, 2&, and 33 per cent at 72, 716, and 65h MeV/c respectlvely. -The ’

é and p -contaminations were not measured for the other two ‘momenta (686

and T45 MeV/c). Not a great deal of data,were accumulated at the latter

momenta end the.e-, 0o contaminations do not enterZintoithevdata'ana1§sie.
The anerage beam,intensity was ~ 125 x 103 pioné ber second‘during

a Bevatron Spill of ~ 1.6 secdnos. oughly 20% of the ‘beam partlcles

were vetoed by anti-Jamming electronics (see Sec. E below) Thus the

net usable flux was about 1QO X 103 pions per second or 160 X 103'pions

per pulse.. The data taking rate was ~ two pictures per Bevatron pulse..
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B. Liquid vadrogven Target |
The liquid hydrogen is contained in a cylinder of 0.0075-in. Mylar,
8-in. long and 4-in. in diameter.(Fig; 39 'This flask ls in an.eVacuated
jacket o£,0.030-in. spun'aluninumrwhwchabﬁmg entrance and exit windows of
0.0lO—in- ﬁylar through.which the beam passes. The aluminum Jacket is
reinforced on the upstream ‘end where it is j01ned to a long pipe.i This
pipe delivers hydrogen from a reservoir and acts as a physical supportv
for the target jacket and the counters surrounding it. (Fig. 1.)
The~re1nforced'section of the aluminum jacket has a re-entrant hole
of h~in.'diameter.h This hole is introduced“into theijacket.structure to
- facilitate placing'the &ast beam countervextremely close to the liquid
hydrogen flask. This counter (M3) has a wafer of ‘scintillator 1.7-in.
from. the flask and an air light guide through which the beam passes
ax1a11y (Flg. 3).

F Scattering centers other than the hydrogen which could produce
log1ca11y acceptable events are the last beam counter, the Mylar walls . of
the hydrogen flask, and the Mylar windows. For processes where x + p =
(all neutral final state) we have' | |

counting rate with hﬁdrogen - 9195
counting rate without hydrogem = ~*7°°

When the requirement of a detected neutron is added to the requirement of
a neutral final state this ratio becomes 11.35. Further, in the region

" under the no peak the ratio is > 35.
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, C.',SCintillation‘Counters_;

All of the scintillation counters are'made.iromb"Pilot*ﬁ" scintillator
which is polyvinyltoluene doped w1th p-terphenyl and p,p -dlphenylstilbene.
The beam defining counters (Ml, M, M3) -and the anticounters surround-
ing the hydrogen target (A A2) are all viewed by RCA 8575 photomultiplier -
tubes and with the exception of M3, all have light guides of tw1sted
lucite strips. ‘Because M3 is very cloee ‘to the hydrogen target -and
because it is physically buried in the target Jacket structure, the beam
of pions must pass axially through its light‘guide. _For this reason, the
light guide is an air filledwcyli‘nder of aluniiniae'd Mylar. " A thin ( +0005- in. )
L5-deg mirror of the same material reflects the light to a photomultiplier
outside the beam region (Fig. 3).

Each of. the three beam defining countere is ‘a plane disc. They
descend 1n size as the beam converges onto the'target;-Ml, Mé, and.M3 are
k, 3.5, and 3~-in. in diameter'reapectively. Miais 1/2—in.,thick and
produces an output pulse which is very stable in time. Mé and M3 are each
l/l6-1n. thick to minimize scattering.

The'veto counter.surrounding'the‘hydrogenﬂtarget (Al)vis a 1/4-in.
thick hexagonal cylinder viewed by three tubes (Fig. 3). The veto counter
downstream of the target (Ag) is an‘8-in. s'quare,gl/h-in'. thick. This
counter is more than 99.9% efficient, as indicated by the fact that the
neutral counting rate with target empty is :-0.07% of the beam rate.

: _ The neutron counters (Ni)»are cylinders of scintillator 8~in. in
. diameter and 8¥in. longai Amperen XP1040 photomultiplier tubes (5-in. in-
diameter) yiew-the scintillator through lightlguides which are truncated
conea‘oi Lucite. The entrance face of each neutron counter is covered by

a 10~in..square veto counter (Vi). Here again use is made of twisted
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stripviightlpipeet

The gamﬁa'ray detection counters which'partially'covervthe ooen face
of the spark.chambet,cube are foor‘in numbet (61_;'GL)' _Each.ie.a multi-
layervsanddich of i/h-in. sheets of scintillatbrhalﬁézﬁéting with.1/8ein.
sheets of 1ead; fhefe afeeeight such_:éctangular:sheets.of each material.

. | 1 2 = 26 x 12.5 1n.,

G3 =7 X 20 ih., Gh = 2545 X 12 ih. 2, G3, and Gh are each: vieWed by

The dimensions of the counters are;' G, = 5¢5 x‘20 inc,

~ two Amperex 58AVP photdmultiplier tﬁbes placed directly in contact w1th
the smallest side of the sandwich. G1 has a single such S-in. dlameter
_photomultiplier mounted in the same way. The deployment of,these counters
is shown in Fig. k4. - | |
The gamma ra& detection codnters are caiibrated:in euch a way that"
they will respond to a minimum ionizing particle passing through any one
of the eight sheets of sc1nt111ator° The callbration procedure ;s to
place the counters in the pion beam so that the'pions.are-normally incident
on each sheet of scintillator° ' The countegg afe'theh plateaued (i.e. the
'photomultiplier'high Voltage is raised ﬁntil the.couhting rate is lqé%)
with the signalhattenuated.by.a factordof eight'at the discriminator
input. In normal operatlnn,ttmenﬂgmt attenuation is discarded and the
counters will respond to 1/8 of the enetgy deposited by a2 minimum 10anlng

{
particle traversing eight sheets of scintillator. -
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‘D. Spark Chambers and Optics d.f
The 1ead plate spark chambers and the associated optical system
were inherited from a_prior experiment. A detailed description can be
found in the published results of that experiment.sépifhe'spark chamber
pulsers and discharge gaps have also been described elsehherer
Each of the four side chambers contains ho 1ead and 12 aluminum
plates of dimension h X 5 ft. The back chamber, through which the beamv
passes, contains h8,1ead and 13 aluminum;plates 6.5 ft‘square; These
plates are:Separated by optically clear Lucite.frames‘with a gap Spacing.
of 5/16;in¢ The "lead" plates are in reality a lamination of 1/32-in.
lead between two sheets of 1/6& in. aluminum The use of such very thin
lead plates makes the detection efficiency for low energy showers quite
good (threshold for detection is E7 E 10 MeV, probability of detection
is ~ 0. 35, 0. 75, 0.90, and O 95 for Ey'— 20, Lo, 60, and 80 MeV respectively)
A large number of plates is then necessary to achieve the desired number
of total radiation lengths ( 7 in the side chambers,v~ 8 1n the back
,chamber).bi | - | | |
The first-fiVelplates of each chamber'are 3/6lh-in. aluminum.. Gamma
rays entering the chambers are extremely unlikely to materialize here,
the.total thickness being ~ 07 radiation 1engths A particle entering
the chambers with a visible track in the first four gaps is usually presumed
to be charged. This is particularly useful knowledge for tracks in the-
back chamberdwhere beam;contaminating,electrons oiten canse confnsing
showers.. | | | |
Figure Ta shows the'arrangement of the five.spark'chambers-in space
and on the film. ‘Figure.7bvshons'an actualvphotograph. Ten field.lenses

and 46 mirrors comprise an optical system whiéh brings the 10 views to a
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single Flight Research camera. The array of datailights and a clock are

also included in the photograph.
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E. Electronics

The neutron ‘counter logic is presented in Appendix Co ;For the
porposes of the following discussion it w111 be assumed that tﬁere is
but a‘Singlé ncutron coﬂntcr and thatxit‘has_but a singlc'disciiminaforf
In fealicy'there are 20 suchocounters, eéch_witﬁ two discriminators. Tho
final discriminator-outputc cre'fénned.in oy a seiiec of OR circoitc and
are in&iétinguichable at the inﬁut of coincidence ﬁﬁif NC (Fig; 8).
Similarly, the two vetovcounters (Ale-Agj.surfoundiﬁg the hydrogen térget.
are distinct (A2 views the residual beam asvﬁeli_as_the forward angular
range and has a specialiEOO MHz no-dead-time discriminafor) but chey are
élways used together ahd will.be repfesented ﬁere és the single counter A.

The first c01nc1dence required is denoted B (for beam) on Fig. 8 and
is simply a triple coincidence betwaen Ml’ M2, and M3 The tiying is
such that the output of this.coincidence unit is determined by M1 and the
becm particlc timing is éo accuratc as the tiﬁing from M1 (i 0.25 nsec ).

The signal B is then fed into a second coincidence umit M‘(for moﬁitor)
where 1£ may be vetoed by-a "pDT" (for deod time) pulse. This is a signal
generated.éarly by M1 which is desigped to_ptevent jamming of the system
by beam particles toowclose together in time. M1 generates a pulse in a

special no-dead-time discriminator, DT 52 nsec earlier‘than in the

19

regular M, discriminator. One output of DT, is deiayed and triggers a

~similar unit, DT,. The outputs of DT and DT. are then added‘and when they

2 1 e
appear at the input of M'they'are the DT signalo‘ This pulse begins 68

nsec before M1 (at M), ends 2 nsec before Ml’ beging again 2 nsec after
M1 hasg diéd‘away, and persists for another 500 nsec. Each B gignal is
then accompanied by its own early and late DT sighal which is used as a

veto at the M coincidence unit. It cannot eliminate itself but it will
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veto “any';':b'aam’i,»*pai'.tiu&er.ﬁaat@;'mcéﬁnctdént*-:inetimeL . ;This.ﬁ.ax:n:angement\Iprevents :
Jamming, reduces the probablllty of finding beam tracks in the back spark
chamber, and lowers the rate of accidental triggerlng.‘. . |

After‘the beam signel, B; has been rendered réte ipdepen&entvat M
it is fed into aﬁotherlcoiﬁcidence unit, GO, where.the veto equnters
(A =‘A1‘+ Aé) are in‘aniicoihcidence, The.eutpet of this unit repreeents
a-"ﬁeutral final state"; .that is,'a reaction-where a beéﬁ particle entered
the terget'region and - no chargedppatﬁ&ekss emerged.

| The oniy furtﬁer requirement necesserily satisfied before.triggering

the spark chembers is that a neutron ﬁust-ﬁe deteeted‘within the proper
time limits. The signal N, (without its private veto, V )s representlng
any one of the neutron counters, is required in coincidence with GO at the
unit NC (for neutron cpincidence)n »The GO pulse is 140 nsec wide at this
unit and:arrives well before the neutron signal. Thus the neutron timing
is preeerved at the.output ofINCn |

Another GO signal, which is clipfed te a width of four nsec and which
ie properly delayed, is used in anticoincidence at NC to veto events where
ap =1 gamma ray triggers the neﬁtron counter. There is a considerable
number of such events and the effectiveness of this "prompt peak killer"

(PPK) isrshown in Fig. 9. The time region of the spectrum before the prompt

Ppeak represents 'particles” with B > 1 and is therefore accidental back-

grpﬁnd. These events are bhotographed for use in the data analysis.
The output pulse from'NC is all that is logically required for °
triggering the sparkvchambersg The eignal from NC goes to another

discriminator, N, to be stretched into a signal of length suitable for .

" the time-to-amplitude converter (TAC). The TAC determines the timing from

the overlap of two long (Z 100 nsec) pulses; in addition to N it must
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receive a signal, such as B, representing the timing of the beam. For this,

a circuit which parallels B and which is called,FIRﬁeis‘used, FIRE is a
fourfold c01nc1dence between Ml’ Mé, M3, and N w;th A in‘anticoiﬁeidenee.
It has its timlng ‘determined by Ml and is logically eduivalentvto N or
NC. FIRE; rather'than B;bis used for the_beam'timing in or&er to avoid
extraneous "starr“‘pulses‘rq the TAC. ;Ihe.TAC.dererminesvthe timing
differeﬁce between FIRE,.ﬁﬁicaiﬁreServes the tiﬁing of Mi,vand_N; which
preserves the tlming of the ind1v1dual neutron counter.

The FIRE unit’ performs a variety of tasks: (1) it f1res the spark

chambers, the flducial Iiglts, the event number lights, and the data light

'array, (2) it advances the camera, (3) it provides one signal to the TAC,

and (4) it generates an 80 msec gate to shut the system down durlng pu151ng
and recoveryn - FIRE also provides pulses to test various bits of 1nformat;on
for possible display on the data ligﬁt array; for instance; if any gamma

detection counter, Gi’ or neutron counter, N,, has the proper timing
: i ' )

relative to FIRE a data light will indicate that this counter detected a

particle associated ﬁith the event. The counters Gi are.not incudded in
the logic in any way except by the data light which lights when they are
ip coincidence with FIRE. The data lights are Xenon flash lamps. When a
counter is in coincidence with FIRE the pertinent light is enaﬁleda Each
time the spark chambers are fired all the enabled lights receive a high
voltage pulse and are flashed, | .. |

The TAC output goes to'an‘analoéeto-&igiral converter'(ADC) Where
it is traﬁSformed>into-a binary number which appears on the data light

array. The TAC and ADC system_hasxa'minimum time resolution of + .17 nsec.
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IV. DATA ANALYSIS

A. ”Introduction

It ehouid be emphasized at the outset of the‘dieccssion of data
analysisAthet: (1) ocly 27% of the fiim taken at the ceetral momentum
(716 MeV/c)khas been scanned and analyzed, and (2) geometric reconstruction
and kinemetic fittiﬁg have not yet been attempted for any but tw0-shower
events.

The branching ratice are cetermined from the central momentum date.
Data at the other momenta (65&, 686 7#5, 772 MeV/c) are used to study

the background and are not included in the branching ratio determination.

The remaining 73% of the central momentum data will be scanned and analyzed

in the near future. Even with‘only 27% cf thevfilm scanned this experiment
is statistically far more significant than that of any . prior experiment
(see Table III, page 26)
' The long ranpeeplsms for the data from this experiment also include
geometric reconstruction and kinematic fitting. This phasevof the analysis
depends on a system of three parts:‘ (1) automatinscanning and measuring,
(2) computericettern'tecoghitioh, and (3) computer‘feconetructich'and‘
fitting. The first and third perts are fully operational; the second is
in the final stages of development.

. 58

The automatic scanning and measuring is done by SASS, a precision

cathodeAray tube and photomultiplier system linked to a DDP-24 computer.

“ @

SASS digitizes the positions of all sparks, fiducial lights, and data
boxilights for each event. The scanning time is approximately ten seconds
pexr frame. The only information from the SASSFscanhing that is used in
the analysis presented in this thesis ievthat from the data box. Fot

each event the data box information obtained includes the frame number,
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the neutron’tihe'of fiight,‘which neutron counter fifed, and which gamma
counter fife&, if ény° o B

The'coﬁputer'péttern récognifion probiem has pfoved fo Be a difficdlt
one. The Fbrtranrprogréﬁ DHARMA atteﬁpts to.re¢ognize,gﬁdwers from the
spark COQOfdiﬁatgs.digitized by SASS. Altﬁough DHARMA appears to bé
quite reliable for'aveﬁts‘inQOIViné only.a few showérq, it has difficulty
with five'and six shower events. For this ;easéh a:modifiea version called
DHARMA-H’ia éﬁffénfly'being developed.  Each frame is scanned’by a human
scannertad ﬁé11 as by SASS. Tﬁe scannér records ;he origin of each

shower referenced to zones of a grid system on the scanning table. The

grid zone information also shows how the showers in each view (two views

_per spark chamber) should bé>paifed. Information from both the hand-gcan

and the SASS scan is used by DHARMA-H. The program‘is constrainéd to find
the showers liéted by the scanner and determines the origin, direction,
and number of sparks fér éqch:shGWer. Thus the hﬁman scannerbperforms.the
pattern recognition fuﬁction ard the SASS-DHARMA—H combination is nothing
more than a relatively sophisticated automatic measuring devicé,l

Thé geometric rggonstruction and kinematic fitting of the évents from
the DHARMA-H output ie performed by the SIOUX which is é atandard bubble
chamber'prqgram develéped by the LawrencevRadiafion Laboratofy Group A.
It has begn suitably modified:for use'with the spark chamber data. While
DHARMAnHvis not yet fully éperational, SIQOUX can at presentvopérate.
directly on thevhand-scanvgrid zbhe iﬁformafion. The-grid zones loéalize
the origin_of éééh shqwergtd within an Appfo#imate1§ three-inch cubica1
volume in space. By;asaﬁmingvthat_the shower origipates at the center of
the grid zoné and tha; it points direétly back to the target some meaningful
information about two shower events (e.g., xfp-A.non follqwed by no - yy)

has been obtained with SIOUX. The kinematic analysis is handicapped by
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by imprecise directional énd no eﬁergy ihforma;ibn'for:the showers. The
energy wiil.ultimately be deﬁermined by . the DHARMA;H sﬁark count.  Even
without tﬁis energy‘information,vthe SIOUX'analysis of the twoéshower.events
(a three cohsﬁraint fit) has béen‘reaaonably successful. Kinematic analysis

of more complicated events must wait for DHARMA-H.
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‘B, Method of Analysis

The'no bt&nching ratios are 6bteined in this thesfe By counting
relative numbers of gamma rays (experiment of-Tyce A, eee'page 24). The
£ilm fs scahnedvby humah écanners who record the number of showers. The
number of gamma rays nmcﬁﬁea to be the sum of the number of recorded
shdwers and the number of gamma detection counters whlch flred. The latter
information is provided by the data box lights on each framee

It is most convenient to dieplay the shower 1nformation as a function
of neutron time of flight° A distribution of‘number of.eVeﬁtsvversus time
of flightuie'cbtained fof each nﬁmber of ganma rays. Figure 10 shows the
scanned data at the central momentum (716 MeV/c) before it has been
corrected for scanning efficiency. Figures 11 and 12 show the_raﬁ scanned'
data at the lowest (654 MeV/c).and_highest (772 MeV/c) momenta at which
deta Were acﬁ:cumu-law‘;eed,.= The data at 654 MeV/c conteins no no as the beam
energy ias below no threshcld, ﬁotevthe characteristic peaks from xf§~%'n°n
(timebofzflight ~ 25 ngec) and-nfg-é nop. The n° peak at 716 MeV/c (33 -

53 nsec) is much broader than the n° peak at 772 MeV/c (29 - 33 nsec) or
the charge exchengetpeaks; Thie is because the_neutroﬁ couﬁters straddle
the Jacobian;peak fof n“p-e non at 716 MeV/c, Notice also that the
efficiency for obgerving 2y charge exchange events is much lower than the
efficiency for observiné 2y eta eveﬁts. This will be discussed in Sec. F
below. | | | | |

The raw data distributicns shown in Figs. 10'—.12 ﬁill be corrected
for scannfng_error.: Then the time cf flight 3pectrarfor non—no events are
deduced from the data at 654 and 772 MeV/c. These ahapes,‘along:withvthe
charactefistic no shaﬁe, are fitted to tﬁe 716 MeV/c time of flight spectra -
to obtain the number of eta deceys in a given gamﬁa ray category (i.e.,

’f
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RAW DATA AT 716 MeV/e
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RAW DATA AT 654 MeVk
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Figure 11. - Raw scanned data at 654 MeV/c.
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RAW DATA AT 772 MeV/
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no'-aNy whefe N=20, 1, ..;6)q_.Thgaevnumbers are ébmpare& to the ﬁredictioné
for "feea-dcwn" from a tfue:nb —9Fblevent into an obserﬁed 7 - Ny event

(M >N). With the #ssﬁmp£ionvthat only the thfee‘decays noz;’77; no —9ﬂ0775

o 0 ' '
and ©° - 3% are present, the neutral branching ratios are deduced.
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C. Data Accumulated and information Available

The amount of data accumulated at each beam momentum is éhqwn ;n
Table IV in terms of the total number of incident beamkpioné. bf the
total é£v~v166 OOQ pictures taken in this experimént ~ 120 000 were taken
at the central momentum with the hydrogen target full. Apéroximately h3%,
of these 120 000 pictﬁres are no events. |

Table IV. Data accumulated.

Beam '~ Hydrogen Numbér of Number of  Number of
Momentum  target millions of millions of film frames
(MeV/c) beam pioms - beam pions for scanned
- for which data which film was o
wag taken was scanned
65% ~ Full 131 w31 7227
654 Empty 200 | 0 ' : 0
686 Full 829 , o . 0
666  Empty - .0 0 0
716 - Full . 9230 _' 2517 '_ 32“5’(7 -
qu6 . - Empty - 1698 1698 1098
%5 . Full 857 = 0 0
T45 =aity  Empty 0 | 0 0
772 Full 1469 1035 12 971
772 Empty 200 0 0

All of the information available is written on a magnetic tape called
the '"Master List.'" An event is listed by the frame number which appears
on the picgure in two ways: \(1) arabic numBéralsv("nixie" lights) which
are read by the human scanner, and (2) binary coded decimal digit lights
in the datalight-:array which are-read by, SASS. SASS adso reéés*fromzthe

data light array the neutron counter which fired, the neutron time of flight,




..'5’5_ '
and which gammaicdunfer fired (if ény);“This inforﬁatioh is placed on thev
Master List; | | |

The human scahner re¢bras ihe-poﬁition'in b6£h spark éhémber ﬁiews
of each shdﬁéfAhe finds. 'Thezgéanhef alsb‘makés cé?£ainjvaiue judgeﬁeﬁts
_ (see Sécozb; below) aﬁout éaéh‘shawer which heilists-in‘ﬁuﬁeridai céde.
Finally, the scannéf reéorés the nﬁmﬁet aﬁd:type of non-shower tracks
(for example, beam ffacks) in the chambers. All of this hand-scan
infdrmation'is placed on the Easter List.

'A.library of infprmatioﬁ about the experimental conditioﬁs under
which each.picturevwas taken‘is also avéiigﬁle én the Masgter Liét; ‘For'
a'givén ffame number one can determine the beam momentum, whethér of'not
the hydrogen target waa fu11,.énd whethér or not the picture was taken
with all thé'apparétus functioning.properlye, Equipﬁent malfunctions,
whether due to electronic failure or.human error; cause thé event to be
ignoréd iﬁ the analysis. Oniy a few bercent of the frames need to be

disfegérded for this reason.

TN
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D. Film Scanning
FiguréA7b, page 49, showé a typical photograph of a six shower eﬁent,
Figure T shows the orientation éf the Spark'chambers inAspace and&nnfkhe
film. Thebarray of data lights is inithe uppef left hand cornerlof the frame.
Notice the Seam track passing through the cgﬁter of the rear spark chamb;r
(Number 5). .The beam track is,bof course, not assbciafed wiﬁh the évent.
The activé time of the sp#rk chambers is approximatel&_?.Svmicroseconds.
if a beamvpion (or ﬁuon) passes through the rear spark chaﬁber Between 0
and 1 usec before the event which triggers the ;hambera it-will apéeaf as
a "new" beam track with a spark in every gap. 1f such a pion pésses
through the chamber between 1 an@ 2.5 usec befére the event it will appear
as an "o0ld" beam track. Suchbtracké are diéjointed and dispersea; they
present a major difficulty in scanniﬁg because they may be confused with
showers. o |
Tﬁirt&-five per cent of the scanneé film frameé have é beam track

passiﬁg'thréugh Chamber.S (~ iﬂ% of the frames have a "néﬁ“ track and ~ 21%
have an "old" track); There are‘fhree types of beam tracks observed: |
non-interacting pions or ﬁuons.(~ 52%), electrons (~ 22%) and'piéns which
interact in the spark chamber plates (~ 26%). The beam electrons cause
showers in Chamber 5. 4When they are '"mew" they are very straight aﬁd well
.collimafed showers passing completely through thevghamber. When they are
"old" tﬁey may resemble forward produced gamma réy showers. Approximately-
60% of the beam pions which interact in the spérk chamber scaﬁter
elastically. The remaining Lo% charge exchange, ‘These events show a beam
track which abruptly stops in the chamber. Usually one (and often two) of
thevshowers in the chambers point back to the end point of the beam frack.

As for the electron tracks, when these charge exchange tracks are '"new"
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they are easy to.feéogﬁize. lWhen they3arg_§1d and disperséd they.may causé :
confusidn,' | | “ | | |

New ﬁh& old hénmihtér;ctihgrﬁeam tfacksbare-eaéily reéogﬁized as
are new giectrbn tracks and new 1ntéra§ting beam tfackéa 0ld electron
- tracks (} h,S%.of framésj'and.oid %~ + Pb charge exchange tracks. (~ 3.3%
of fraﬁes) may be imptoperly'recorded as shpweré by the séannef. As the
tracks b;coﬁe_bld_and dispersed thej.begin.to have the segmented, irregular
appearénce 6f éhOWers. Fsrtunétely; és the ffacks grdw'older the individual
sparks gfow‘Iarger and moreidiffuse. Often an old track 1bbké like a
disjoinﬁed collecéiéns_of "blobs;" " The scanneré'are taught to exercise
specialvcare in the central region of.chaﬁﬁer 5 through.which the beaﬁ
passes. it ié believéd.that‘pld tragksvare‘mistaken for showérs'on less
than 1% of the ftame;. This mis-idehtification is corrected for in the
general tfeatmeﬁt’of scannihglefficiency.

Thé scénner records tﬁe,hon-shower infofﬁatioﬁ‘(beam trééks) and then
exaﬁines the data light array to see whether or not a gamma.counter fired.
He then scans the frame for showers, listing'eaéh by the grid zones (two
views) where it appears. Following each recorded shdwer is'a.bbded
stgtement_about the»shower:

(1)"The shower is "normai." That is, it Beginsviﬁ.the aétive region
of the chamber, has more than.tWO sparks, and points toward the hydrogen,
rtargetcl | |

(2) 'The:shOWér occurs in'thé fegion of a'éorﬁet between two chambers.
Such a ghower may originate in the dead extrémities,of‘one chamber  and
‘first gppeér in.anqther chamber.

(3) The shower has only two sparks.

(h)_‘The shower does not point to.the hydrogen target.
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(5) The shower is probably a fragment of‘anqther sdeer rather than an
independent one..

(6) The "shower" is probably an old beam track fragment. |

(7) The shower is probably_producéd.by the same photdn which tfiggered
a gamma‘counter° |
Showers of types (1), (2), and (7) are counted as such. The number of
triggered gamma coﬁnters is addéd to the number of these showers to obtain
the total pumber of detectedvgémma réys for thé.event.b In the special
case of a shower of type (7) the gamma counter responsible for éroducing
the shower is not counted. In such cases the photon materializes in the
gamma counter and produces a shéwer which spills over into the adjacent
chamber. By convention, the shower in the chamber.is counted and thé
triggered gamma céunter is not. Figure 4 (page 36) shows the relative
positions of the chambers and gamma counters.i | |

"The scammers proved tb be quite adept.at correCtiy making most of the
above value judgements about the‘shbwers. For showers of types (k4) aﬁd‘(7)
their judgémént appéared somewhat less reliable. ﬁvery eveht'including
such a shower was rescanned by a physicist working together with the most
competent of the scanners. The Master List was updated accordingly.’
The scanners wefe generally over-zealous in finding showers whigﬁ

do not point back to the hydrogen taréet. _When showers occur near the
non-active edges of the chambers the entirety of the shower isinot always
observed. The observed fragment, which'may be only a.branch of the wholg.
shower, does not necessariiy point towards the target. éhowers in the
vicinity of the gamma counters also may not point towards the target. The
gamma counters (1ike the spark chambers) contain dead régions, most notably

the support brackets, where a photon may materiaiize without triggering
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the cdunfef. Such photoné.may produce showers which appear in the adjacent
chambefs and point mofe tdwards tﬁe counters than towards the target.
All‘éventsbcontainihg a shower which thé originﬁl scanner recorded as not
pointing towafds the target wére re-scanned. If tﬂe shaWer appeared‘to be
cofrelated with an inactivé‘region>of aispark chamber‘or:gamma counter
the "vériex‘problem" 1abé1 waé-remdﬁed frém the Masfer List;

If a éganner labelled.a showgr as one involvingva "doubly-detected:
phﬁton" (obServéd as both a sﬂéwer in a chamber and as a triggeredvgaﬁma
counter)'he did so quite reliably. The mistake which he waw iikely to
make was to fail to recognizexsuch‘cases. It appears that the scanner is
qﬁite_likely not to ﬁdticé the daté light indicéting a‘triggered gamma'
counter; For ihis reason the SASS reading of the'daté light afray is
always used in the analysis to indicate a counter detected‘photon. A re-

hsCahiwéévdohe for every event: (1) where a shower appeared in a chambér
'édjaéégéitqﬂé gamma counter, (2) wﬂe:e the SASS scan indicated that
partiéqlé£résﬁnter to have_béen triggered, and (3) where the scanner did
not indicate a AOley-deteCted bhoton. The Master List was then corrected
éccordiﬁgly.

Aftgr the scanning'informatién was corrected for '"vertex problem" and
"doublyfdetected'photqn" errors, the number of detected gamma rays for
each event was determined. No other corrections were applied to individual
events. A neutron time—éf-flight distribution is obtained for each number
of'detectéd photoné (see Figs; 10 - 12). The scanning efficiency correction
(tb be discussed below) is applied to the distributions themselves rather
than to the individual events. |

The numbér of detected photons for each event(is‘taken to be the sum

.ofall ﬁnorma1ﬂ>and "corner" showers [types (1) and (2) above] and all
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triggered gamma counters (determined‘from the SASS_sﬁan of the data lights).

Showers with only two sparks are not counted. Somevof these two-spark
shcwers_aré}undoubtedly genuine low energ§ gamma rays which_coﬁvert.

However, the chambers are quite trahsparent to low energy (f 10 MEV)
photons. Photons of suéh énergy are copiously produced £hrough Bremsstfahlung
in the dévelopment of a nofmél shower. Dﬁe to ﬁhe transparency of the
chaﬁberé'to ﬁhese photons, they may prodﬁce one and two-;paik showers a
considerable distance away from the mother shower. The directionallinforf‘
mation associated with twé—spark'shdwersvis highly'unreliable aﬁd we must
ignore the@. The Monte Carlo calculafion thch wé will use to calculate

the amount of 'feed-down'" (from no-ﬁ My into an observed no — Ny ) can’

éasily account for an energy cut-off excluding two-spark showers.

'"Wertex problem'" showers remaining aftef the re-scan corrections
described above are alsd not couhted as showers. Generally these showers
point either towards the center of chamber 5 (thé'remnants of a + Pb
charge'exchange event) or towards the,iead collimator upstream of the
hydrogen target (see Fig..l, page 30). Presumably_ﬁhé_latter are associated

with an off-axis beam pion stopping or interacting in the collimator.
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E. Scanni g Efflciency Correctlon

One complete roll of film taken at 716 MeV/c with the hydrogen target
full was trlple—scanned to determine the scanning effic1ency for this
analysis.‘_The corrections discussed in'theﬁprevious section were applied
to each ecan. If all three‘of the scannersuagreed'on.the number of showers,
their type, and their grid zone locations the event was taken to be
correctly scanned. All of the'frameé where all three scanners agreed and
reportec'four or more shoﬁere were scanned by a physicist. No disagreement
with the scanners was found. If a conflict appeared between any two of the
three scans for ‘a given event that event was subjected to a special scrutiny.
A physicist, working together with the most competent scanner, scanned
such events a fourth time.‘ In this case the fourth scan was takén to be
correct; There Werek29hh frames on the triple-scanned roll of which 1052
had to be scanned a fourth time.

In scanning a'trne j-gamma event (i.e., an event with (j - g) shovers
and g triégered gamma countérs) the scanner-SASS_combination‘will generally
bbserve'the‘proper number of gamma rays. When a mistake is made it will be
ma&e by the'scanner rather than SASS. Some small fraction of the time he
will fail to notlce one or two shOWers and the event will appear on the
~Master List as a (j - 1) or (j-2) gamma event. Similarly, the scanner
may mistake one or two old beam track remmants for showers and'the'Master
List milljshow a (3+1)or (j+ 2) gamma event. 'Given a true j-gamma
event, there is a probability Pij that, after scanning, it will be recorded

'

on the Master List as an i-gamma event. We obtain a matrix of the elements '

1

Pij from the triple-scanned film.
We wish to fit the j- gamma time of flight spectrum to find out the

humber: of n. = jy events present. Suppose, for example, that there,are
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no true no -» 37 events. If there are 2000 true no - 2y eﬁents in a peak
in the time-of-flight sgpectrum and if there is a P32 = .1 probability that.
a scanner ﬁill see three showers when only two are present, then a false
no'peak containing 200 events will appear in the three gamma time—of-flight
gpectrum. In gemneral a strong péak in the j~gamma distribution will be
reflected'in the (j + 1) and (j + 2) gamma distributions.

The sddnned data must be corrected.fof scanning error in such a way
that neither thé'shape nor the magnitude of the j-gamma spectrﬁm is
reflected in the (j + 1) or (j + 2) gamma distributions. The technique

used in this analysis is to form a matrix of the probabilities Pij’ invert

j

done for each bin of the time-of-flight distributions (i.e., each histogram

it, and apply Pi to a vector representing the scanned data. This is

bin). Let us form a Vector.Tj whose jjqth component is the true number of

j-gamma events for a certain neutron time of flight. Let Si be a vector

whose ith component is the observed number of i-gamma events for the same
ij

neutron time of flight. 1f P,, is the probability that a true j-gamma

event is observed as an i-gamma event, then we have

| Si = PijTj'
It is assumed that Pij is independent.éf neutron time of flight over the
region of the time-of-flight spectrum for which the analysis will be
performed. The matrix Pij is inverted and the matrix Pij—l is applied to
the vector of observed showers to get the number of true showers. This is
done for each bin of the time of flight hiStogfamé. A further discussion
is presented in Appendix D. | |

Before the scanning efficiency correction matrix is applied to the

scanned data a subtraction is made for the taggetesmpty data at 716 MeV/c.

No target empty film was scanned for 654 or 772 MeV/c. The data at these
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latter momenfa are used principally to infefvthé.shape’of fhe 3'and'44gamma
background'&istributions.:-Figure 10 shown ;he 716 MeV/c target émpty daﬁﬁ,
normalized to the same number.of incident beam pions as for the target full
daté. It ;s clear thét the number of tagget iabtyvevents in the 3 and 4-
gamma catégories'is ﬁegligibly small sblthét,tﬁebsﬁbtractionxis not
necessaf&., The majority of the targeﬁrempty events occur in the 0, 1, and
2-gam@a‘catégoriesa The shape of theif ﬁime-bf-flight distributions
indicatés thét the& arevquasi-éiastic charge eichénge events occurring in
the target walls. |

After the target empty subtraction a;'716 MeV/c hés been made the‘
scanning correction matrix Pij-l.is applied tovthgvuetaor Sj of th numBer'u
of observéd j;gamma events tb obtain the'vectof Tibrépresanting the_true
number of i-gamma events. Ihis is done for each bin (1 nsec bin width) of
the timeeof-flight histogfams; No other corrections of any kind are made
to the data. TFigure 13 shows the results. No target empty subtraction
has been made at 654 or 772 MeV/c. Figurés 14 and 15 show the data.at

these momenta after the scanﬁing efficiency operection.



-Th-

CORRECTED DATA AT 7i6 MeV /c
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Fig. 13. Data at 716 MeV/c after target empty subtraction and scanning

efficiency correction.
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CORRECTED DATA AT 654 MeV/c |
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Fig. 14. Data at 654 MeV/c after scanning efficiency correction.
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CORRECTED DATA AT 772 MeV /c
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Fig. 15. Data at 772 MeV/c after scanning efficiency correction.
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F. 'Generai Features of the Data‘

N\

v Examin;tioﬁ of Fiés. 13 through 15 reveals a nu@bér’of interesting
features. - Firsf coﬁsider‘Fig. 13, £he‘corrected‘time of flight distributions
for 716'Mev/c. A strong 0 peak is observed in the é, 5, and 6-gaﬁma
distributidhé.‘ It iévcléar that the detection efficiency for 1° - 3x° - 6y
is high.‘l.v _ |

Next cqnsidér Fig. ih, the distributions at 654 MeV/c. The threshold
beam ﬁ&mentﬁm for‘no prbdudtidn is 686 MeV/é. Sihée the momehtum dispersion
of the beaﬁ.is Ap/p =+ .015 we should see no 7° éventé at 65& + 9.8 MeV/c.
The absence of any clear'signal in the 6y distriﬁution (18 eveﬁts toﬁal)
indicates thaf there are indeed no no events present. The small number of
6y eveﬁts also implies ﬁhat there is preseﬁt very little background of the
type 1t p — 3n°n; Thevthreshold'Béam moﬁentum for this process is 463 MeV/c.
Since 6SﬁIMéV/c is well above 3n°ﬁ threshold and since we see very few 6y
eventsbaf'fhis moméﬁtum we might'reasonably expect there to be very little
7 p - 3x°n present at 716 MeV/c. | -

Although there afé'vefy few 6y events at 654 MéV/c; there is a
éonéiderébie number ofv57 events. These 5y events appear to be true L4y
events plus an extra detected gamma ray. This ''feed-up'" problem appears
elsewhere. Notice, for example, thata charge exchaﬁge peak appears in the
3y distributions at all three momenta (Figs. 13 to 15). This "feéd-up"lis
not éttfibutable to scanning error.. It is discgssed in‘Sec. I below; for
the present we will simply fit thé time?of-flightvdistributions&u>deterﬁine
the numﬁer of n° —>N? evenfs for N=0, 1, ... 6. The correction for
feed-up will be made afterwards. |

A

The Uy distribution in Fig. 1k shows very clearly the shape of the

n_p - 7°°n background.
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The 5 and 6y distributions‘at 716 ﬁev/c (Fig.'13)'indicate that the
1° peak lies between roughly 33 and 62 nsec. Considet the 1 and 2y
dlstrlbutlons at 716 MeV/c with thls in mlnd. It canAbe seeh that there
is a small background underneath the x_ p —*n nbpeak which dlmlnlshes as
the neutron time of flight increases. An experimental estimate of this
background at 716 MeV/c can be made from the 654 MeV/c data (aS~discuseed
in the next sectiom).

Another noteworthy feature of the data is that the feed-ddwn ratio
at 716 MeV/c from 2y to‘17 eﬁents is different in the n and charge exchange
regions. ‘it is quite small in the 7 regionvreflécting the fact that¢the
neutron counters=8traddle the Jacobian peak fof'n production and the 7's
are produced in the forward hemisphere. The feed-dowu is very large for
the charge exchange events. This is because the n° is pro&uced at large
angles in‘the 1aboratory (~ 133 deg) and there is a relatively h1gh

probabillty that one of the gamma rays will escape upstream.
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G. Determination of the Shapes bf the'no and non-no Distribdtions

The 7 p —93n°n Shapes :The 6y disfribﬁtion at 654-MeV/é‘(Fig. 1&)
suggests.that_ﬁheie is very little n-p-ﬁ 3n9nxpreseﬁf'é; that momentum.
Anticiﬁating that this is probably also the case'at‘716 MéV/c, we use the
3n°n shape generatgd by our MdﬁiejCaflo program. That is, we assume a
phase space‘distribution for_nib —>3ﬁ°n. If we expected.this préceés to
be present'iﬁ any large émount, wngould éxamihe the phaég space assumption
" with some caré.: As.mgtteré étand; ﬁe'expect thevcdntributioh from this
process.ﬁo be negligible (and, indeed, it turns out tovbe negligible) so
that we use the’phase.space shape. | | o B

The 7° Shape: Although a Monte Carlo calculation exists which

predicts the no shape, we prefef.to infef this shape from the 5 and 6y
data. If there is very 1ittle n-p.e¥3n°n'preseht these distributiéns will
contain almost éxciuiively no events. |

As ﬁentioned in Seé. A. above, the.pfogram SIOUX has been used to
make a three constraint kinematical fit to the "two shower' events at
716 MeV/c. These are eventé with two~rec6rded ;ﬁdwéré and no triggered
gamma counters. In the no region they represent ~ 90% of the "two-gamma"
events, ~ 40% in the charge exchange region. Figure 16 shows the results
of the SIOUX fitting. Histogram (2) shows the time of flight spectrum for
all events which fit one of the two processes: |

- fo) .
Tp—-nn

L,

|
1

Histogram (3) showé'the‘spectrum for those events which do not fit either

1

of these processes. Figure 16 indicates clearly that nearly all the n°
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Fig. 16. SIOUX fits to the data at 716 MeV/c.
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events fit. The time-of-flight spectrun representing the fitted n events
may not be quite the proper shape to use in fitting the time of—flight
distributions because'of neutron scattering effects (see Appendix E, below).
It is probably close.to‘correct, however, and we can use it as a starting
place:. We make a least squares fit to the 5 and 67 time-of-flight
distributions using the SIOUX fit no shape, the phase space distribution
for nx p — 3n n, and a flat background. A shape representing the process
n°p ~>n°n°niis also'used‘in the 5y fit; this process may appear in the
Sy distribution as feed -up from a true ky event.

An excellent fit is obtained to the 6y distribution with no flat
backgronnd needed and a trivial amount (~ 4%) of n p — 37°n. An excellent
fit is aleovobtained to the 5y distribution which reduires nothing but
the no. ‘No reasonable fit could be obtained to the 5y spectrum with anything
present in addition to.the.no.. ﬁe Subtract.the amount of'3non found froh
the 6y distribution and add the Sy distribution;v This is now our "experi-
mental hb shape." This shape is expected to be the best estimate that we
can make. It actually turns out to be quite close to the SIOUX fit shape.

Figure 17 shows the experimental n spectrum (deduced from the 5 and
6y events) and the Monte Carlo prediction. The agreement is reasonably
good. Naturally we have more confidence in the experimental spectrum and
use it in the fits. Although the Monte Carlo does not predict the exact
. details of the no spectrum, it is very valuable in showing how the spectrnm
changes shape with changing kinematics. For example, if no —>3n° and we

lobserve only 3 of the 6 gamma rays we might expect this n —>3ﬂ = 3y

: Qspectrum to be somewhat different than the spectrum for n - 3n - .67,

This is because the feed down depends on the geometry and hence on the

kinematics. The predictions of the Monte Carlo for how the 1° shape changes
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with feed?ddwn are insensitive'to Ehe exact shape Qf'the no distribution.
(i.e., théy are insensitive to the Monte Céfi§ paréﬁéters)a We find that:
(1) The shapes fdr'ﬁo-a 3&0-% 6y, 1° = 3x° —957,_ﬁ° - 31° - by, ané
n° —>3ﬁ°'—>37 are.progressiveiy narrower. '(2) The shapes for n° = (yy) — 2y,
7> = (yy) fily, and 1° -9(77»*;;07groﬁ progressively narrower. (3) The
shapés-for‘no —>3n°iﬁec5#¥6) v, and 1° = (yy) - 2y are ideﬁtical and
iﬁdiétiﬁguishable frbm fhe‘totai qo shaﬁe. Wé thefefore use the'"experi—
mentalbno_shape" in the 27,V57, én& 6y fits. We use our Monte Carlo
knowledge of the feed—downvshape changes to get modified (slightly narrower)

distributions for use in the 0, 1, 3, and by distributions.

The ﬁ-p —)ﬂoﬁon‘Shapgz Because there ié‘no n-p —>non and essentially
no ﬁ-p —>3n°ﬁ at 654 MeV/c, the by spéctium should be entirely due to
e&ents of the type ﬁ*p - 7% . Figuré 18 shows the 4ygaime-of-£light
distributionvatl65h MeV/c. _Thexphase space predictioﬁ for the.ﬂ-p - x%°n
distribution ié shdﬁn_with theléamé normalization. There is no agreement
whatsoever. The.data shows that high n-x mass combinations are favored
(slow neufrons). This is not at all surprising; the éame effect has Been
seen before.in the reactioﬁ 7 p —>ﬁ-g+nnin fhe same energy region.59 It
has}also been observed at 1owér’energies in the reaction ﬂ-p - 1°%x°n (but
not in the T p —>n;n°p)o6o Because this phenomenon is seen in 7 p - % n.
and in ﬂ-p - °%°n but not in T p —*n_nop, it is presumed to be an I = O
effect.. In the.Kgrz, Schwartz, éﬁd Tripp59 investigation of ﬁup ~>ﬂ+ﬂ-n
the effect was seen quite strongly in the same energy region as in this
expefiment; If that experiment waé able to éee stfongly anI =0 effec;
in a fiﬁal.state.which was a-mixture of I = O and I =1, then we should

expect to see a large effect in our pure I = O reaction (we assume that

I =2 is negligible).
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Clearly the phase space shape for nt_ p - 7°%%%n cannot be used to

Arepresent the experimental spectrum. We must 1nfer the shape of the n °n
background at 716 MeV/c from the data at 65h and 772 MeV/ce Examination

of Flgs. 13 and 1k will show that the T P - 7%°n —%37 +n and p—x °¢%n
—9h7 +n spectra are not the same at 65h MeV/c. At 716 MeV/c they are

closer to one another and at 772 Mev/c,they appear to agree. That the 3y
and hy distributions are not the same is‘not surprising; once again, they
.may represenr different kinematical classes. The proCedure for obtaining
the 3y distribution is as folloﬁa: (1) ther37 distribution at 654 Mev/c
has the estimated charge'exchange peak "feed-néﬁ snbtracted. (2)‘ The

3y dietribution at:772 MeV/e has the eharge exchange feed—up gsubtracted
andAthe,no - 3x° - 3y feed-down subtracted. (3) “The two distributions

are smoothed out and normalized; "(4) They are comnared. Figure 19 shows
them superimposed; The'772 MeV/c 37 distribution has been shifted 3 nsec.
(i.e., 3 hins) towards 1ongerrtime—of-f1ight in order to place it close to
the 654 MeV/c distribution. The Simiiarity invshape‘ie startling. The two
distrihﬁtions arebaveraged in this'pOSition. Thisvie the n-p ;fﬂoﬁon =3y +n
"shape" to use at 716 MeV/c. One might naively think that this shape should
be located in time midway between the 654 and T72 MeV/c positions. To

make the peak of this distribution correspond with rhe'peak in the 716 MeV/c
data d:'i.stribution'o however, it isbnecessary to locate it 0.5 nsec towards
the 772.MeV/c position from the center (i.e;; 1 nsec from the 772 MeV/c
position and 2 nsec from the 654 MeV/c p031t10n) ‘

The shape for Tp °7°n - by + n is obtalned in 81m11ar fashion. 1In

this case there is no charge exchange feed-up correction° The 654 MeV/c
Ly distribution is smoothed. An estimate of 1° — 3x° — by feed-down is

subtracted. from the 4y distribution at 772 MeV/c; then this distribution



-86-

Number of events

3- GAMMA PI-Pl SPECTRA

FROM DATA AT 654 AND
772 MEV /C

l {

Fig. 19.

24

30

Comparison of the 3y spectra from ﬂ_p f>ﬁqn°n at

654 and 772 MeV/c.

~shifted 3 nsec.

20 50 60

Neutron time of flight in nsec.

XBL 707-1477

The 772 MeV/c spectrum has been




.-87-
is smoothed; The two dlstributions (654 and 772 MeV/c) are 81m11ar1y
normalized and compared. Flgure 20 shows’ the two superlmposed, here the
772 MeV/c distribution has been shifted L4 nsec towards longer time of flight.
Again the resemblancerls strlklng. The two d1str1but10ns are averaged in
this position and then shifted 2 nsec.towards shorter time of flight (i.e.,
haifway between thev65hrand 772 MeV/c positions). vComparisons with the

data distrihution_indicates that the.peah in the 7°x°n —947.+ n shape does
not coincide with the peak in the data distributicn. Agreement is achieved
by re-binning the Ly data'distribution 0.5 hséc (1/2 hin width) towards
shorter time ofvflight. This means thatvthe 7°1%n = Uy +.n shape is
effectively O.SInsec closer to. the 65¥ MeV/c‘position than the center
between 654 and 772 MeV/c. .

The'Shape of the Beckgrouhd under the O, 1, and éleistributions: To

gain some insight into the backgrohnd under the 0, 1, and 2y distributions,
let us refexamine Fig. 16. _The failing eventsbshohn in histogram (3)
form a continuum which decreéses with ihcreasing neutron time cf flightt
These events are the hackground under the "two-shower" n events and they
must represent the major part ef the~background ﬁhder the '"2y" 7 events.*
These eyents are from charge exchange where the neutron has scattered in

the spark chamber plates before reachlng the neutron counters. A discuésion
of neutron scattering is presented in Appendlx E. It turns out thét neutron
scatterlng is only noticeable for the charge exchange events, where it is

a large effect. The effect of neutron scatterlng is seen as a 1ong tail

on the charge exchange peak. Thls tall 1s only present in the O, 1, and

* We distinguish between "two-shower" events where two photons were observed
as showers in the spark chambers and "27" events where two photons were

detected by the system of counters and spark chémbers.
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2y distribdtioné'(actually, it may alaorbe pfesént in small amounts in the
3y distribution aué to feed-up). Figures 13 ﬁo 15 show fhat there is no
evidence for such a béckgfouhd in any of the other gamma ray categories.
The acfualiform of the neutron‘scattering tail dependé on the charge
ekchange kinematics. For this reason thé d, 1, and éy backgrounds are
treated separ#tely. In fact the 'two-shower' background in histogram (3)
of Fig. 16 is not the same as the "two-gamma" background.

The shapes of the 0, 1, and 2y backgrounds at 716 MeV/c are taken
directly from the 654 MeV/c distributions. An estimate of the |
T p - ﬂoﬂon - 2y + n feed-down is subtracted from the 2y distribution.
Then the O, 1, and 2y distributions are smoothed and sﬁifted 1 nsec towards
shorter time of flight (in going from 654 to 716 MeV/c the charge exchange
peak shifts.l nsec in this direction). Thése are then the shapes to use

in the fits to the 716 MeV/c distributions.
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H. Least Squares Fits tb the Time-of-Flighﬁ Distributions'

The fitting is done'only fof the 716 MeV/c data distributions The
time-of-flight region for thg fitting is éhosen to avoid the charge
exchange region. We are not intérested in thié process. A least square-
fit is made to the distribution for each gamma ray categéry using the
shapes described in the previous section. The number of 7 events is
determinéd in this fashion for the O, 1, 2, 3, and 4y categories. The
5 and 6y distributions.are not fitted because we used them to @etemitne thhe
shape of the 1 peak. The nﬁmber of 7 e?ents in the 5y categéry is simply
the number of oBserVed events. The number in the'67 category isvthe numbér
of observed eyents minus the amount of ﬁ-p —>3ﬂ0n.—967 + n determined in
the previbué section.

Téble V shows which of the distributions were used in each of the fits.
For a given gamma ray category, the distributioné used are for those
processes wﬁich are expected to contribute directly and those which are
expected to contribute through feed-up or feed-down. TFor example, consider
the 3y categofy: There-ére'no processes which contribute'directly (i.e.,
there are no processes present which produce 3y rays). vThere may be 7
present thfough feed~up from the 2y decay or through feed-down from either
the'noyy_or 3ﬂ0 &ecaysov There may bevﬂqﬁon present through feed-down
from 47 events and there may be some 2y scattered neutron background present
fhrough feed-up. The distribution used for the 1 in fitting the 3y data
is the 2y eta distribution; this is because it is known (and will soon
become obvious to the reader) that moét of the events in the 3y eta peak
are due to feed-up.

"the . muerical results of the fits appear in Table VI. The number of

events listed for the 5 and 67 categories are the numbers obtained while
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Distributions used in the least squares fits.

ﬁﬁ;ber of
o

—

Scattered neutron

Gamma Rays_ n ﬁonon' Flat Background background
0 X X X
1 | X X :X X
2 . X X X X
3. {-‘ X""' X X“  f-_ﬁﬁ' ' X'
.4 | 1X  X | X S

Table VI. Numerical results of the least squares fits.

Number of X? per
. 'scattered -  degpes of
Number of Ngmger of Number of neutron freedem.
Number of 'y events T % n events '3n°n‘events background for the
Y rays + found found found events found fit
o — - - 8012 L, o2k
1 - T72thks - - Shh+lho 1.601
2 72104101 986+ 59 - - 2.593
3 STh+77 1908481 - - f o 0.981
L . 819486 . 2898+99 . - - 0.324
-5 2236470 - - - -
6 ehrrx73 . - gox3h - -
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determining the "experiméntal n shape" (see the previous ééction). None
of the fits found a non—zéro contribution from a flat.béckground (weai
considered the possibility that a randomly distributed.backgrouhd might be
present ). | | |

Figurés él to 2k sﬁow the results of the fitting procedure. The data
distribution is shéwn aé the closed histogram. We can see from Fig. 23
that the fitting procedure did not find all thel37 été events. The number
of 3y eta eveﬁts ligted in Table VI incluaeg the excess 90 events in the
7 éeak region not found by the fit.

The:e are sévéral inéonsistenciesvin‘the relétive.numbers‘of eyenﬁs
found. The numbervof 7°7%n events found in the 27 category is too large
and the number of background events (zero) is too small. Based.oﬁ the
number o£'3 and Ly 7°x°n evénts we would expect to seé ~ b75 29 events from
feed-down. The fitted number is nearly twice that.  At the same time no
background isvfound which is ridiculous. 1In fact, another fit was found
which was almost as good (X2/F = 2.615) and which reversed the above results:
it found ver§ nearly the same number of no eveﬁté; no ﬁoﬂon_events, and
980 background'events.l We seem to be.able to fit the 2y distribution with
eitherjbackground or ﬁonon, almost interchangeébly; about half of each
would lead to complete consistency am&ﬁg all the fitted numbers. The
estimate of the 2y background at 716 MeV/c from the 654 MeV/c data is the
only realistic one we can use. Just to see what happens we have changed
the shape.of this background untll we are able to obtain a better fit.
Without changing the 2y background very noticeably we were able to find a.
good fit (X2/F = 0.976) with 7133+118 n° events, ﬁ99t258 7°r°n events, and
615+313 background events. These numbers of fitted events for the 7°x°n

and background are completely consistent with the numbers found in other
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1 GAMMA FIT
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Fig. 21. The 1y fit. The fltted distribution is the open hlstogram.
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2 GAMMA FIT
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Fig. 22. The 2y fit. The fitted distribution is the open histogram.
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3 GAMMA FIT
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Neutron time of flight in nsec. " :
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Fig. 23. The 3y fit. The fitted distribution is the open histogram."
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Fig. 24. The 4y fit.

XBL 707-1621
The fitted distribution is the open histogram.
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categories of gamma rays. Notice-that the number'of no.has not changed
appreciablyt In calculatlng the branch1ng ratlos we w111 use the number
of n - 2y from the fit listed in Table VI rather than the number we
obtalned by_forc1ng the fit.

Theifit to the 3y dietribution is not!cverly satisfying es we can see
from Flg. 23 A much better fit wés achieved by using a narrower 7 shape
(i. e., the shape for n° - 3x° —937) Hoheﬁer;.we can see from theunmiber
of events listed in Table VIethat the 37 n evente ére mostly feed—up from
the 27veﬁehts;' If there are éh?? 6y events and 2236 5y eﬁents, then we
wcﬁidveXpect 862 Uy events and 172 37 events through feed-down from n° — 3x°
decay. vThe observed number of hybevents is coﬁbletely consistent-hith this
eetimate; the number of 3y events is much too large. 1If there.were a
large number of noi% noyy decey events, theychuid appear mostly in the
Ly category. Consequently ﬁe are forced to the conclusion that the 37 n
events are mostly feed-up from 2y events. So we‘hahe used the 27'n shape
which is broader ahd does not give as good a fit. Perhaps the feed-up
mechanism is'selective‘ahd the shape of feed-up ebehts is narrower. At any
rate, the events in the'peak region could onl& be eta eQents so we add
them tc the number found in the fit.

The,feed—up problem has confused things in the 37 data. We shall
therefore compute the amount of the n —>ﬂ 77 decay mode which is present
(if any) from the 4y data alone.. The effect of adding the unfitted 90 events
to the 3y total W111 then be only to inérease ‘the number of n — ¥y events
from 8320 to 8klo; it will have no effect cn the-estimate of the amount of
ﬂ - x° Y.

Figure 25 shows' the results of the fits described above. Over the

region for wh1ch the f1ts Were done (shown by the dashed vertical lines) &
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FITTED DATA AT. 716 MeV/c
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Fig. 25. The fitted data at 716 MeV/c. The vertical dashed lines

indicate the region over which the fit was performed.
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the numbers of non-eta.events found are:shown as a shaded histogram; The
open his;ogram ié simply the total éxperimental time-of-flight spectrum,
exactly és:in Fig. 13. .Thusuthe number of 7 evenﬁs found in each category
is apbroximately the number between the two his£ograms (over the time of

flight region for which the fits were done).
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I. Feed-up Correction

Asvwg have noted above we seem to have a probability of observing an
extra gamma ray. This is most noticeable in the charge éXchange réggon.
At éll three momenta shoﬁn in Figs; 13.to 15 there is én 6bvious chafge
exchange peak in the three gamma distribution (thbeﬁg decays into two
gamma :ays). This peak 18 .11, .08; «07 of the two gamma charge exchange
peak at 654, 716, and 772 MeV/c respéctively. Anothér place where feed-up‘
is hoticed is in the 5y spectrum at 654 MeV/c. There are no 6y events at
654 MeV/c so we pfesume that all observed 5y events are feed-up from the
by events;3The number of 57 events is .05 of the number of Ly events.
Curibusiy, thére appears to be no feed»ﬁp at all in the 5y events at 716
and 772 Mev/c. The region just before the no peak in the 5y distribution,
where we would expect feed-up from the T p —>ﬂoﬁonééﬂwvevehts,iis;unpopﬁlatéd.
Anothefjpléce'where We.éan see feed-up is in the Ty categories (presumed to
be feeé-up.from 6y events because we do not observe any 8y events). There
are 76+156 Ty events at 716 MeV/c and 56+84 at 772 MEV/Ca The big errors
reflect the uncertainties in the scanning correction matrlx for 7y events.
The sanple of data from which this matrix was derived did not include a
statistically large number of 7y events. Using the above numbers we find
feed-up of..03 and .09 at 716 and 772 MeV/c respectively. Finally, as
discussgd before, there is feed-up in the no peakvfroﬁ 2 to 3y. We
estimate this feed;up by taking the difference of the number of no evéﬁés
found in the 3y categories and the number predicted as feed-down from 6y,
assuming no noyy decay to be present. This is .055 at 716 and .05 at
772 MeV/c.

The obvious’way to find out about the feed-up is to examine the large

number of charge exchange events in the 3y category. 'Several‘hundred such
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frames were examined. In moéf of these there was a shower which one could
identify as the probable culprit. |

There appear to Ee two principal mechanisms by thch.this feed-up can
be produced. Both involve the gamma couhters; Firét, théfé is the doubly-
detected phétbna Despite all the care eﬁefcised (see Sec. D, above) we
do not séem to Be'ablé to eliminate thié.probiem entirely. There are
events abdut whiﬁh a deciaioﬁ simply cannot.be madey AThe'other ma jor
mechanism involving thevgamma counters is double gaﬁma counter triggers.

A gammé ray may materialize in one gamma'counter and produce a shower which
spillé'over into an adjacent counter. The résult is that‘two gamma counters
are ﬁriggered by one photon. A thifd, and 1eés impbrtant, mechanism is
fragmentatibn of showers. 1In some insténces if is extremely difficult to
tell whether -a small: shower slearca darger bmegds partiofp.the darge: large
shower Of.ﬁoto Finally,-ﬁhere are occasions when the.remains of an 61d
beam tréck may be mistaken for.é shower.

Unfortunately, even though we know where moét of the feed-up gammas
come from, there is not much we can do-about it. .It is one thing to throw
out a shower when you know the frame contain§ an extra one; it is another
to make éuch a decision when you have no such information. If we were to
take a hard line we could get rid of all the feed-up; at the same time we
would be missing a large number of true showgrs.'-There are a lafge number
of instances where we see two_Showers close together in the chambefs, The
Monte Carlp calculation: also tells us that the probability of seeing two
gamma rays close together is not negligibie. Thus éhére are many events
where we expect two adjacent gamma counters to trigger or where we expect
there to be a visible shower near a triggered gamma counﬁer. If we were

to make a set of scanning rules which were stringent enough to elimimate



-102~
the féedjup we woﬁldbeliminate a lot of good data as well. Since the
ultimate intention is to kinematically fit the events, we have‘édopted>
the point Qf view that it is better to let the fitting pfocedﬁres throw'
away the feéd—up'gammés.

A certain amount of feed-ﬁp is impossible to get rid of because it is
actually ﬁresent‘in'the form of a gamma ray showef which points back to
thehydrogen.target. Because the épark éhémbers have an active time of
~ 2.5 miqroseconds there is a non-zero probabilit& that we may observe:
sﬁowers from a prior event. The vast majority of such showers will be
from charge éxchange reactions. Approximately 75% of the charge exchange
reactions at 716 MeV/c have only one visible shqwer.. (We do not expectv
to observe photons from én earlier event in time which trigger the gamma
counters since the tr&ggeredggammd counter must be in fast coincidence
with the beam.) Thus thefe is some likelihood that we may see feed-up
which is-dug to a one shower charge exchange event.from an eaflier time.

A roll of film was taken to study this effect ﬁnder precisély tﬁe same beam
conditions as a regular déta roll. During the beam spill the chaﬁbers were
pulsed ét random. The film was normalized to the regular roll .by comparing
the number of accidental beam tracks. A single accidental shower was found
in 2% of the frames. Two accidental showers wefe'found in 0.5% of the
frames and three in 0.2% of the frames. No frames were found with more
than three accidenfal showers. The relative numbers of 1 and 2? accidental
events is consistent with these being due to charge exchange reactions.
There were no frames with an accidental gamma counter triggered.

We see that there is a 2% feed-up which we cannot avoid no matter how
we scan thé film. This is another argument in favor of not trying to scan

so restrictively as to minimize the feed-up. We can never go below 2%.
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Recall that no feed-up was observfed,frdm the Ly éventé at 716 and 772 MeV/c.
A 2% feed-ﬁb'is not incomsistent with fﬁis finding as‘ghe:stafistiésvin§olved
are poor. Wétactually see no evidence anywhere iﬁ'the data for feedegp~of~27.
Oﬁcé agéin, this would be difficult to obserﬁe béﬁauSé df the sméll.numbefs
of évenfs_involved. |

The”rélétive nqmbers df mgéﬁﬁﬁx.ﬂgcaysmfouﬁduiﬁmthetleaétasquaqe:re '
fits to the‘fime.of‘flight'distributiong must bé cbrrectedvfor feed-up.
It‘isvdifficﬁit t§ determine fhe exact émdunt of feed-ﬁp to cbrrect for.
Since the feed-up. is aftributabie to a 1arge number,éf different sources,
- it is difficult to estimate éxactly how it changes'ﬁith the number of
gamma fays_involved. We will,assume tha; the‘feed-ub is the éaﬁe regardless
of thevnumber of gaﬁma rays involvedf Further,,we will take the féed—up
to be 5% which is an average of all the differen£ feed-up effects that we
see. (We'will,.howevef, not use 5%.as thé 6 info Ty feedup; instead we
will use theiobserVed numbef.of'76 eventé); |

Table VII shows the relative numbers of gamma fays from 7 decay bef&re
and after the feed—ub corfeétidn° It must Be eméhasizéd that therféed-up
correction makes very 1ift1e difference in therrgsults. The number of
no-ﬁ ﬂoyy decays is calculated from the Ly no eveﬁté only. We do not use
the 3y events becéuse of the feed-up ambiguity.» Secondly, there is no
possibility of.confusing the no - yy and no —>3ﬂ0 decay modes; events from
no —>77.canno:lfeed up into no ;>3ﬁ° events. ‘Since we find there to be no
evidence for no-ﬁ noyy, thé tofal numbers of no - yy or no —>3no events
are not iﬁ,any noticeable way change&vby the_feed—ﬁé correction. The only
place that the feed-up correction enters into fhe results is through the
estimate'of the predicted'nuhber of 1° —>3n°‘;9h7 gvéﬁts. The feed~up

correction changes the relative numbers of 4, 5, and 6y events from the
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decay 1 — 3n . The upper limit we will quote for n — wx yy depends to
some degree on the feed-up correction. This dependance is not very
signi ficant as we will see below.

Table VII. Feed-up correction for.n events.

Number of gamma rays Number of no events v Number of no events
’ before feed-up correction after correction

0 0 - | - 0

1 | TT2+45 | 813447
2 ~ 7210+101 ) 7550+106
3 ST4+T7 204+81
4 819+86 - 851491
5 2236+70 | v 2309+7k

6 | 2UTT473 | 2437477

1
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J. Determination of the Branching,Ratios

We now know the number of events of the fype ho —9N7_fof N =‘b, 1, ...6.»
We assume;'in calculating the branching ratios, that enly the hodee - vy,
no —>n°77; and no —>3n° are:present; Events with O, 1, and 2 detected»y "are
clearly no ;>77 deceys, F1ve and 6y events are clearly from the n ~>3n
decay. vThreevand Ly events are either n ~ 5 yy\events or feed-down from
no-e 3ﬁ° evenf:s° We mﬁst-estimate the number of h} events from ﬂo —>3no
feed-down and compare that with the number we eee. The excess over ﬁhe
number of expected feed-down events will iﬁdieate‘the amount of no —>n°77
presento ' | |

There are two'approaches we can use to determine‘the feed-dewn. The
firet is by Monee Carlo calculatiop; We have a fairly elaborate Monte
Carlo calculetion which takes into aceount the'epark chamber geemetry and
a detailed semi;empirical,medel for showe; production;56 Another approach
is simply to assume: (1) that there is some (unknown) average gamma ray
detectioﬁ efficiency, q, for a given type of decay, and (2) that the
probability for a given gamma ray escaping, (1 - q), does not depend on
what happens to any of the other gamma raye.' If both these assumptions
are true.then the probebility of obeerving n gamma rays when m were produced
is: ‘ |

Pn/m = »nfemmf n)d qn(i ‘IQ)(m‘- n) .

Now“aseumetionlhumber (1) above must always be true; the average detection
probability is simply the fraction of gamma.rays detected; The main question
regards the secbed assumption. ”It is obvieue that thie should not be
exactly frue.. For example, 1f two of the six gamma rays from n —>3n

have escaped upstream, the probability of a third one escaping in the same
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way will be much less. But, if the feed=down is smail enough, it may well
be that assumption (2) is approximately true and that the above relationship
for P#/m is also approximately true. The MontevCariQ calculation takes
into_accountlall the nonuniforﬁities in the sﬁéfk éhambers; it.should'be
a gqod.plaqg to check the feed-down predictions fof Pn/ﬁ'

It turns out tha;,.for any process we observe, we can always find a
q such that the above'relgtionship Pn/m describes fhe fee@—down accurately.
This is not a trivial relationship to safisfy. Forvéxample,bthe Monte
Carlo prediction for feed-down from n? ~>3ﬁ° at 716 MeV/c is tﬁat_we should
see h3;4%z 39.7%, 14.1%, 205%5.and 0.3% bf.the'events at 6, 5, 4, 3, and
2y events. The predictions of the binomial coefficient Pn/m with q = 0.87
are 43%, 39%, 15%, 3%, and 0% in the same sequence of gamma categories.

The agreement is very good. Other processes described by ;he Monte Carlo
agree as well with the binomial coefficient preaictions}

In Sec. G, where the shapés for the fits to thg time of flight
distributions were described, it ﬁas often mentioned that various feed-down
"estimates" wére made in finding the background distributions. These
gstima#es“ware made from a table of coefficients Ph/m. Fo? example, if

there are Nu Ly events (from w p ~>n°n°n) and N, 3y events, then we look

3
in the table for a q such that

{ " .
iPh/h)/(P3/h} = Nh/N3 )
Then the numbers N., Nl’ and N, can be determined from the coefficients

2 0

Poyys Pypys 30d By

In calculating the™:branching ratios we prefer to use the Monte Carlo
calculation because we are aware of the weakness of the assumption (2)
above. The resulting inaccuracy in the binomial coefficient is probably

only ~ 1%A of the total number of decays but we are trying to make calculations




~-107-.
on this level of accuracys
" The Monte Carlo predictions fOrjno-ﬁ 3n° feédeown are as follows

(we assume that for the number of 6y events the Monte Carlo and data

agree):
Ng = 2937 |
"N5'= 2029
M = 192
N3 = 140
N, = 17

Comparing these numbers with Table VII we see”that the number of observed
by decays-is consistent with feed-déwn from no —93ﬂ?. We do not concern
ourselves wiﬁh the 3y events because of the‘feed-up introduced ambiguity.
Thus we see that theiamount of"n0 ;>n°77 is consistent with zero.

Under the aésumption that there is no no —>n°77 present, we now
calculéﬁe fhe ﬁo'—?yy-and no —»3n°kbranching'ratios. We assume that all
the 4, 5, and 6} events are from n° — 31 . We also assume that the Monte
Carlo predictions are correct so that there are 140 nd-ﬁ 37° - 3y and
17 no *93ﬂ0 - 2y events. Thus we have 8h1Q1129 nov—>77 e§énts and 575hi151

o o .
n — 3n events. Then the branching ratios are

o :
R (L2 |- o. 50k+0. 012

0 . —

n — all neutrals

o —>3n° \ | ' v
R | = 0.k06+0.012.

1 — all neutrals .

The above branching ratios must be corrected for systematic effects.
There is a probability (~ .009) that an individual gamma ray will convert
prematurely in the target walls and veto the events. Also, a decay

involving a Dalitz pair will cause the event to be vetoed. The combination
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of these two effects is expected to veto (3.hi0.5)% of the no — yy decays

and (8.8+1.4)% of the n° - 37 decays. - The corrected branching ratios are

o ! .
R-(ﬂs ) ) = 04580403013

n° — all neutrals

R

il

T]O —-)3;10 '
), 1 0:420205015.

no-+ all neutrals

Finally, we calculate an upper limit on the amount of no —>ﬂ°77

present. To do this we must estimate the error on our Monte Carlo prediction

for the number of 4y events expected as feéd-dOWn from the no ¥>3n° decay.

The Monte Carlo prediction for the no = 2y feed-down is 87.5% two-gammarc

and 12.5% one-ghmmereaehﬂﬁs, We actually observe 90% and 10% respectively.

This corresponds to the binomial coefficieﬁts for q27 ; «950. The Monte
Carlo prediction implieg a q27 = .935. bThat means the Mbnte Carlo lms
made an "error" of 1.5% in determining the "average detection efficiency
per gamma ray.' The Monte Carlo feed-down»predictioﬁ for no-ﬁ Sno is
very close to that of the binomial coefficient prediction’for q67 = .87.
Using the binomial coefficients for q = .87i.015, we deduce an error for
the Monte Carlo'predictién.. The result ié that the Monte Carlo predicts
thereqaybe 792+221 4y events from the no —>3ﬁ° decay. We obsérve‘85li91
Ly events. We conclude that there are 59+239 Ly events from the mode

7> - 7%y. We know frqﬁ the Monte Carlo that 61% of the n° — %y decays

appear as 4y events. Thus we have, finally, 97+392 decays of the type

n? —>ﬂ077. Or, with 95% confidence, we have that the number of no ¥>n077

events is less than 881. This means that

o o .
R nb 2 r Yy < 0.061 with 95% confidence.
1N — all neutrals :

Had we used the numbers which were uncorrected for feed-up, this upper
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limit would have been 0.058. The feed-up correction has made a negligible

difference as indicated above.
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V. CONCLUSIONS
We find that our data are consistent with zero decays of the type
) o . . . o o )
1 = ® yy. With the assumption that only the decays 7 - yy and 1 - 3x

are present,:we find

o :
R ('10”17 { = 0.580+0.013
n — all neutrals/

(o] _‘)3 o - i
R ( g x | = 0.k20+0.015 .

no-ﬁ all neutrals!

Furthermore, we find thét, with 95% confidence

° .0 .1
R { L a4 | < 0.061.
n - all neutrals:

This limit is as low as any previously published.hh The present experiment

has a much more complete picture of the n 'decay scheme. Consequently it
is less subject to systematic errors and relies less heavily on Monte

Carlo calculations.
? [o] - 31f0 E ’
If we combine the in ! branching ratio found in this
: . i

o
i{n - neutrals

) . . + -0 . , ,
experiment with the "all neutrals'" and = = = branching ratios representing

14
the current world averages,1 we find that

ﬂoﬁoﬂo;; :
":_-—-_-—8%— 1.31:0. 10.
[ 55:) G 1 G | S

R

This value is low enough to suggest that the linear matrix element'may be

inadequate but not so low as to imply a AT = 3 transition.
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APPENDICES

A. Radiative Decay Modes

If k= kR is the momentum of a gamma ray and e is its polarizétion

vector (k * e = 0) then electric moments appear as terms in (ke) in a

matrix element and magnetic moments appear as terms in (k x e). If 2:

represents a sum over gamma ray spins then we have for any vectors A and

B

2. (A" e)B " e)

S(Axe): (3%

caz-Ga-REh @

e)=A-B+ (A" R)E - K. (2)

With these relationships we can form the simplest matrix elements with

the correct angular momentum properties
o
Case 1. n —yy

The building blocks for the ﬁatrix

for a given radiative decay.

elements for this process are:

k= El = - 32 where Ei is the momentum of gamma ray. 74

k.e

151
- electric moments
kégg
1k
xmagnetlc moments
i
kxe)

"The”m;trix element must be symmetric in
photons have negative intrinsic parity,
a scalar form with negative parity. It
momentum £ = 1; that is, there must be

to represent the single unit of orbital

71, 72; .Because JP = O-_and the.
we want the matrix element to be
must therefore have orbital angular
one vector k in the matrix element

angular momentum. ' The: sihpléest
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.matrix element with these:properties is

M

e+ x gy)

]

£(k)k; (e, X &) * k,

Hk)k k * (g % &) -

Here we have used k; = - k, = k. f(k) is a model dependent form factor.
Notice that the above amplitude is symmetric in 71'and 1%

The'transition rate P77 will depend on the sqdare of the matrix element

summed over the undetected final state polarizations

D ML i 15 PRY )
€1°% : el’,‘;e.
Using the relationms (1) and (é) above, we find
N
gy~ﬂawlka
Case 2. no-ﬁ w+ﬂ—7
Here we nged tQ cbﬁstruct a scalér form_with‘pdsitive total orbital
parity. 'Consider the pions as a sub-system with internal orbital angular
momentum E, fhe E1814 system{has orbital aﬁgulér momentum L relative to the
y. Since the no has C = +1 and the y has C.= -1, the mx system must have
C = -1. This implies that £ is odd {C(ﬁ%ﬂé) = (-1)2 - To get the proper
parity we must then have L odd also{,f(no) = -1 and P(ﬂn7)7=,(-1)3(-1)2(—1)L§ .

The simplest situation ié £ =1=1.

Let
: .t .
q = momentum of n in st rest frame
- o, S
k = momentum of y in 1 rest frame -
€ = 7y spin.

The possible building blocks for the matrix eiement are then
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g, the ﬂ+ momentum

(k X e), magnetic moments

(ké), electric moments.
Since £ = 1 we must havé one factér of g in thé-maffix element,vivi 1
implies the presence of one factor of k. Hence we have, where f(k,q) is
a model dépendent form factor, |

M= £(k,q)g + (k x e).
Squaring:and summing over the photon spin e using relations (1) and (2) we

have

e o 2 2
r,._ - Z M= = | £(k,q)||g x K|
Ty _ :
: e
| £(k,q)|°°K° sin® 6

Lo e ) -
where 6 is the angle between the n and the y in the =% rest frame.

Case 3. _no-ﬂ noyy.
Let 1 = momentum of ° in the_n0 rest frame and gl, 52 = the momenta

of 71 and 7é respectively in the same frame. With e, &, as the photon

spins the matrix element blocks are

k18
) electric moments
ke }
k; x g
magnetic moments
kp X &

Ia
i

- (gl + 52) is not an independent variable and need not be inciuded in

M. The matrix element must have-JP = 0 because the intrinsic parity is

P

I

P(n'o)P(y)2 = -1. It must also be symmetric in 71 and 7o+ Thus we

have
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'M=f1(k1 (k2)+f(k X & (l_<,2><e .

1 and f2 are symmetrlc_functions of k1

and k2' The simplest possibility is f1 = a and f2 = b where a and b are

' constants. Then the matrix element is

The model dependent form factors f

M-; akk (e *ey) + b[(kl ° 52)(31 . 22) "(51-’ 22)(52 ’ 31)]
';'klkz [(a + b cos 6)(31'° &) - b(ﬁl . 32)(Q2 . 31)]
and . A |
|M|2 = k12 22 [(a + b _cos 9) (e . 52)2

2b(a + b cos 8)(e, ° 2)(k . e2)(k2 C e

+

bg(?l._e)(k .e)}

where é is the angle bet:ween-'l_c1 and 32. When summed over the photon spins

we have
E: '.,Mfz ='k12ké2 [(a + b cos 6)?(1 + cos® 6) + b2 sinh o
er€s ‘

+ 2b(a + b cos 6) cos @ sin? 6}

= k12k22 [(a + b cos 9) (1 + cos )
+ b2(1 + %E cos 6 + c052 o) sin2'9} '
2 2 sy

In the special case where b = - a (dr,findeed, more generally where
£, = - fl) we have f(6) = 2(1 - cos 9)2. 1f m is the invariant mass of

the two gamma rays, then
oy 2, 2., 2
m = hkl k" (1 - cos e)".
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The statement has been made in the 1iteratureh4’h7’53 that

Z,I (2% [ n) |Pe mwu .
e

As we can see from the above analysis this is only true if the form

factors are such that f2 = - f

that this is in fact the case.

1

.

There is no a_priori reason to suppose
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B. Phase Space and Momentum Bar:iers

1. Phase Space
Two-body phase space is the dlmen81on1ess quantlty Py = Eﬁ ; .in the
case of 1° - yy it is simply n/2.

-Three—body phase space is téken to bef
‘2' 2 2 2 2y
= - k -
P3 = 2n)3 J[ d'k, d k d k S(k - my )E’;(k.2 'm2 )8 ( 3 " mg )

vxa(k +k2+k3 KO)

r 5 J{
=1 dE. dE
e TS T

r 2
- o= o b1 J[ dT,dT

3 1 72
~(2“)J “ :
T2 0N ’
D {3 f dxdy .
) (2n)3 2 ‘ Ve

where the integral erxdy is taken over the allowed region of a triangular
: S : - T
Dalitz plot with co-ordinates x = —3_ 2 y ¥y = (T1 - Q/3).

. e

is a normalization necessary in comparing 2 and

r

The factor - 3
(2n)

- 3-body phase space. The (2ﬁ)—3 is a normalization which actually belongs
in the matrix element as (Qﬂ)-3/2. It is more convenient to include in the
phase spacé all relative normalizations which depend on the number of

particles. To give three body phase space the same dimensions as pys oOne
v ) .

must introduce r -~ ~ —f———————-; Customarily, in strong interaction
' : (energy) R v :
calculations, one uses r,="%R= l/m . -Then p2/p3 ~ 100. Table B~ 1 shows

the relative phase spaces for r, = K’and r, 3K’
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Table Brl. Phase space, p, for r = X, 3%X.

. Area of - : v Relative Phase Space
Mode triangular p(r =%X) p(r = 3X) o(X) o(3%)
. Dalitz plot ° °
n° = yy - 1.6 1.6 132 4.6
n® = 1%y 25,200 MeV® .051 L6 | k.2 k.2
1° - 'y 14,000 MV~  .023 | 26 2.4 2.k
n° = a1 x® 5,900 MeV” .0l .11 S

2. Angular momentum barriers.

There is no general,tule_for the treatment of éngular momentum barriers.

61

One prescription which is often used can be found in Blatt and Weisskopf,

page 361. A p-wave barrier, for example, where ]M[E ~ k2, would be treated

as

|2 k rOI - kE
1+ k2r°2 k2 + ug

[M

where yu = 1/ro and k is the momentum. This is,'howeﬁer, only valid if
kr0 K lorrk <<qu. If r,o = K&, we must have k << Mﬁ; The momenté involved
in no decay:clearly do not satisfy this criterion.

Anéther approach is to simply render the matrix element dimensionless
by dividing each power of k by some characterisﬁic energy in the problem.
One could, for example, use fhe Q value for the decay or M . The.values

of the momentum barriers in Table I, Sec. I. B. 1, were obtained using

2 n
IM[< ~ (k/Mn) .
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C. Neutron Counting Sysﬁem

1. Counter Design

Figuré 26 shows one of the 20 neutrén countéré,’Ni, con#ained in a
1/8-in. éluminum canister. The countér ifself is aﬁ 8—in. cy1indrica1
scintillaéor, gluedlto é coﬁical Lﬁcite ligﬁt guide. An Amperex XP10kO
photomultiplier_tube resfs, without attachment,'agéinst tﬁe smaller face
of the light guide; | - |

To makiﬁize the usefulﬁesé of the time of flight informatioﬁ, it is
necessary to piace tﬁe counters at the greatest distance from the hydrogen
target consistent wifh an acceptable counting rate..:Thé‘éounters must be
1argé if they are to be far from the target and still subtend a substantial
: solid aﬁgle. The ultimate choice of size (and,‘tﬁerefofe, distance from
target tovCOunter)_was madern thé_bésis of availabiiity of materials.

The cylindrical geometry Was'éhoseﬁ because of the relative ease of
machiniﬁg and polishing thé counters-on.é lathe. |

| The neutron detection éfficienéy of the counters used in this experi-
ment is calculated by the method of K,urz.62 This efficiency calculafion
has been experimentally validated for cbunters of similar size and geometry

63

to within the claimed accuracy (+ 10%) of the calculation.
2. Fastitiming. | |

The counters detect neutrons indirectly; scintillation light is
produced only when the neutron interacts with a nucleus in the scintillating
medium)and'produces a charé;d récoil. Such recoils vary widely in energy
and the bresence éf'a'neutron is manifested by a broad spectrum of photo-
multiplier pulse amplitudes.v The largest pulse will bg produced by a
recoil proton equal in energy to the incident neutron, oruby a proton

with anrénge equal to the maximum dimension of the scintillator, whichever
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Opaque aluminum cannister
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quide 0O 2 4 ‘tube '
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XBL699-3786

‘Fig. 26. A neutron counter N, -
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of these;tWO protons has the lesser energy,.:luhthia expériment the largest
expected proton ehefgy'ie l2é MeV; the smalleét“iaﬁﬁhe’minlmum threshold
energy ef 6°b MeV. The datafofaBatcheler et 51;5” auggespa that pfotohs
over this.energy rahge.wlll pfoduce pulses'vafying.in>amplitude froﬁ
2.37 to 72.0, a dynam1c range of 30.v. | ”

It is difficult to diffieuLE~ee achleve good t1m1ng accuracy when the
photomultlpller pulses vary widely in size,‘ Any successful timing
technique requires that the.timihg of seme characteristic point on the
pulae be indepehdent of pulse amplitude over the expected dynamic range.
To achleve pulse shape stabillty, the photomultlpller tube must be
provided with a tapered voltage d1v1der for the following reason: 1f phe
dynode—to-dynode voltagesllncrease with the grow1ng electron cloud, space
charge_shielding of the dynode petentials is avoided an& there is no
distortion pf the pulse. The Ampefex XP10k0 tube, together wifh the
voltage divider shown in Fig. 27, provides pulses from IOO mV to MVV
without any change in'pulse'shape. |

A standard threshold discriminator will respond to pulses of W1dely
varylng amplltude with a t1m1ng 1naccuracy roughly equal to the rise-time
of the pulse (>3 nsec). Simply feeding raw photomultiplier pulses into
a standard discriminator is therefore nmt an adequate technique'since we
need accuracy'of at least + 1 nsec.

I1f the pulse shape is 1ndependent of- amplltuue, a s1mple and elegant
method for ach1eving timing accuracy is that of "zero-cr0531ng.. The
photomultipller anode 51gna1 is c11pped before it has rlsen to full
aﬁplitude.: The resulting blpolar pulse will cross through zero at avp01nt
in time whlch is 1ndependent of the orig1na1 amplitude. A '"zero-qroesing

dlscriminator” is a tunnel diode‘circuit which is'triggered at the zero-
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i Fig. 27. The XP1lO4O photomultiplier base wiring diagram.




-123-
éfossing'pdint. The tunne1~diode is biased into a‘sensitive state by the
negative first half of the buise and fifés whéh thenpoiarity changes.

An EG&G zero-crossing~discriminator_was iﬁvesﬁigatéd for possible
use in tﬁis'expe‘riment° If does indeed respond to pulses over a wide range
of amplitﬁdes with exCelieﬁt timing accuracy. However, the circuit requires
that the ﬁegatiVe part.of thé bipolar pulse excged-—250 mV in order that
the tunnel aiode biaé'be estéblisﬁed. With an exﬁécted dynamic fangé of
30, and with a minimum pulse amplitude of 250 mV,'the largest pulses will
be —7.5 volts. The photomultiplier tuBe ﬁill not prdvide puiseé of such
a 1argé‘am§116ude.without disﬁbftion.

In this é#perimentvtwo standard threshold discriminators are used
togethersﬁo simulate a single zero-crossidgﬁdeCriﬁtnator. The - first; or
THRESHOLb discriminator, is used to bias the threshold of the other; The

 second, or TIMING disc:iminator; shown in Fig. 28, has a threshola.of -120 mv.
A wide puise of -100 mV ampliﬁude is generated by the THRESHOLD'discriminator_‘

~.and appeafs at the TIMING unit simultaneously with a bipolar pulse froﬁ the
photoﬁdlfiplier tube. Tﬁis bip&iér pulsevcrosses zero from positiQe to
negative émplitude. When it afriﬁes at the fIMING'unit, the threshold of
that discriminator is effectively -20 mV. Thus triggering occurs near but
not at the point of zero-crossing. |

Rather than clipping the phétomultiplier anode signal, an equivalent
pro;edure is used to produce the bipblar pulse. The apode signal is delayed
by 6 ngec and is added to an attenuated (6 db) signal from the 1lith dynode.
The addition is accomplished by a paésive mixer composed of thohm resistors
and HP2303 hét carrier diodes (Fig. 28). The diodes are present to limit
the posiﬁive and neéétive excufsions of the pulse without affecting the

slope near zero. At the point of anode-dynode mixing there is also added
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the -IOO.mV bias pulée from the THRESHOLD disérimihafor. Vérious combina-
tions of déléy, attenuation;‘én& mixing were examined in order to find
thét combiﬁétion which would pfoduce a bipolar puise crossing from positive
to‘négative with the steepést possible slope. The delay ié a function of
the cabié tfansit diétortionbdf:the pﬁlse-a; Wéllvas being a'function of
the pulée'rise-timet The nét pulse emerging from_£he passive mixer 1is
showﬁ‘iﬁ‘fig; 28.  This pulse Qill trigger the TIMINGVdiscriminator 20 mV
below thefpbintvof "zero-crossing. " | |

A'Qégdnd dynode Signél genérates the bias pulse in the THRESHOLD
discriminéfor. This pulse must be bresen: té aéhieVe good timing accuracy
and,it‘is.later required in coincidence with thé»output of the TIMING
discrimiﬁgfor. A valid neutron count therefore occurs whenever the
THRESHOLb discfiminator is triggered. The thrgéhold of.this discriminator
is carefﬁlly set éhd monitored.

From tﬁe data, it appears thatbfhe timing accuracy achieved By this
1techﬁiqUe ié-i 0.65 nsec. This could possibly be iméqued by making the

bias pulse amplitude closer to the threshold of fhé TIMING discriminator.

3. Neﬁﬁron Detection Efficiency -

The fortraﬁ program TOTEFF computes the neutroh detection efficiency
as a function of incident neutron energy. This progfam and the calculations
it performs are completely described elsewhere.62 The input parameters
required are: the couhter dimensions, thé meén threshold, ahd'the fractional
resolutién'at threshéld.

The threshold is described in units of "equivalent electron;energy"
deppsifed in the scintillator. In the present case this means 7.11 MeV,
threevtimgé the eﬁergy of the maximum recoil electron (2.37 MeV) from the

Compton scattering of 2.62 MeV gamma ray. This is equivalent to the energy
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deposit of a 12.6 MeV proton.65 The threshold is set uéing theiCompton
edge of this 2.62 Mev gamma ray. Then, 10 db attenuation is insertedvat'

-the input to the THRESHOLD discriminator to raise the threshold a factor

max
)

of three from 2.37 MeV (T - to 7 11 MeV.

The fractional resolution is defined as T = U/TO, where TO is the

mean threshold and o is the standard deviation from that threshold. o is

a composite of o and GC, where ¢_ refers to the dlscrlmlnator and o

D C

refers to. the behav1or of the counter. As the dlscrlminator is a far more

D

perfect device than the counter, it suffices to take Oy = 0 end T = GC/TO.
GC is the standard deviationifrom the mean pulse size produced by a
certain energy deposit in the scintillator. It is calculated as a byproduct
of the fit to the Compten spectrum of a 2.62 MeV ganma ray. This
calculationvis described below. The result is cc = .55 and T ~ .10, The
efficiency is not terribly eensitiue to 7.

The results of the efficiency calculations are shown in Fig. 29. The
detected neutrons in this experiment at the central momentum (p - = 716 MevV/c)

have energies between 50 and 170 MeV.

4, calibration and Maintenance of.Threshold

The threshold of the counter-discriminator system is set using the
energy spectrum of the recoil electrons from the Compton scattering of -
2.62 MeV gamma rays (Fig. 30). These gamma rays come from an excited state

of Pb208, the end product of a sequence of & and B decays beginning with

the parent nucleus Th228. The sharp cutoff in the spectrum at T e
2.37 MeV is known as the '"Compton Edge."
The counter is flooded with the 2.62 MeV gamma rays which scatter at

random throughout the scintillator. For a perfect counter, the'pulse

height distribution from the photomultiplier should reproduce the
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Neutron counter efficiency for mean threshold of 7.1l MeV and

- fractional resolution of 0.10. Detected neutrons in this

experiment for the central momentum (716 MeV/c) have energies
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Compton spectra: (1) Theoretical spectrum.
(2) Experimental spectrum. (3) Experimental spectrum cut

off by discriminator set at the Compton edge.
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theoretlcal Compton spectrum (Flg. 30, Curve 1) HOWever, 11ght collection
from throughout the sc1nt111ator is not unlform and the photomultlpllcatlon
process is ‘statistical. Consequently the_distribution is smeared out and

must be obtained by folding o with the.theoreticalvspectrum (Fig. 30,

c

Curve 2). An ekponential distribution of noise pulses must also be added.

66

The experimental distribution_is fitted using o, as a free parameter; the

C
velue which>yie1ds the best fit is the Gclwhrch is used in the TOTEFF
caiculation.v The location of‘the true Conpton edge ie aleo determined by
the-fit.'xThis is the interseotion of curves 1 end 2 in Fig. 30.

Once the Comhton edge hae'been’located, the discriminator output is

used to'gate a pulse height analyzer and the threshold is Changed until

the spectrum is cut off at the proper place, namely, at the Compton edge.

The Compton spectrum, cut off at the Compton edge by-a dlscrlmlnator with

a properly set threshold, is shown as Curve 3 in Flg. 30.

The signal sent to the PHA is approximately 10% of that dynode srgnal
which is 1nput at the THRESHOLD dlscrlmlnator (Fig. 28). This 10% is
taken from the main pulse through a ferrite core. Those pulses which pass
this disoriminator enable the PHA. ‘The threshold is manipulated until the
spectrnm is cut off at the pulse height corresponding to the Compton edge.
Figureb28'shOWS the threshold calibration electronrcs.

At?thefmoment when the threéholo is accurately‘set, a standard Th228’
'SOﬁroe,is exposed and pulsé? above threshold are eounted for a specified
time intervai. The thresh;ld of.each counter rs set separately and the~
counting rate with the standard source recorded. The standard Th228 source
can be exposed between Bevatron pulses and a continuous monitor of the

threshold of each counter is available. When attentuation is used to set

the threshold higher than 2.37 MeV (equivalent electron‘energy), the
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calibratioﬁ With the standard sourée-can not be confinuously monitored.
To recalibréte the countersrbne must remove the attenuation;

Daily 6bservation and recalibration of the thresholds is necessary
due to fluctuations in the amplification (gain) of the photémultipliers.
These fluctuations are of both short and Ionger term and vary from tube to
tube. The short term fluctuations are oscillatory and have periods varying
from'minutes to hours. The long term changes in géin are largér, represent;
ing steady drifts with time constants of days to weeks. In this experiment
the XPIO&C tubes were.carefully selected. Daily recalibration appears to
keep the thréshold withiﬁ‘i 2%. Then the efficiency is consﬁaﬁt to within
a few percent of its value.

In adjusting the thresholds, two courses of action are open:~ one is
to change the gain of the tube by changing the high voltage; the other ié
to changé the discriﬁinator threshold to match éhy changes in gain. 1In
this experiment it was coﬁsidered preferabie to do the lattérQ Chaﬁges
in photomultiplier high Voltagevsubstantially increase the gain fluctuations
for several days.

The THRESHOLD discriminators are monitored by an-automated digital
67

system. , This device sends input pulses to all 20 discriminators simul-

taneousiy.: These input pulses are applied via ferrite cores to the signal
cables from the phatotubes. The cores are permanently in place and do not
disturb the photomultiplier signals. A fast output from onevdiscriminatdr
at a timé is sampled by the system. The input pulses are rapidly increased
in size until the discriminator threshold is reached and an output pulse

is returned to the mbnitoriné system. The thresholé is then displayed

digitally. The monitoring system is used to set, change, and observe the

20 discriminator thresholds.
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D. OSéanning.Efficieﬁcy Correction.Matri#-
The sqanning COffecﬁiop maﬁrix Pij diécﬁssed ih the tgxt is easily
obtained from the triple-scaﬁned rdll.  The ftrué" number Qf gamma rays
(the éum 6f the feported éhowers and the number of tfiggéred gaﬁma counters )
is taken to be the number found oh the fou;th scan. In the event that the
scanners.agteed_on the first three scans, the_mﬁfually agreed upon number
is taken'to.be the "truth." Taﬁle D~I.sths the results of the tfiple-'
scan for all events with a neutron time of flight greater than 30 nsec.
The.resulfs are averaged over all three scans. For example, averaged over
all th?ee scans the scaﬁners correctly identified 837 out of 883 2y events.

-

Table D-I. Tfiple-scan results for neutron time of flight > 30 nsec.

Observed number ' True number of gamma rays

of y rays 0o 1 2 3 L 5 6 1
0o - . 35 2
1 2 7 .1
2 1 1+ 837 22 1
3 - 1 36 187 15 2
i - - =3 2k 29k 21 2
5 - . - > 26 173 20
6 - - - - 3 26 198 N
7 - - - 1 1 »3 13 15
8 - - - - - - - o

The array in Table D-I, when properly nOrmalized, becomes the matrix
Pij' The normalization is such that .Z: Pij = 1 where the jth index
: ’ Lo 1 ' '
refers to the true number of gammas. Then we have that

t
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P,.T.

2 e,

T.
-]

That is, the total number of observed events is equal to the total number

of true events without regard to the number of gamma rays. In this

experiment every event is scanned; there is no possibility of missing an

event, only of misreporting onme.

Table D~IIT shows the inverse matrix P-l.

Table D~1I. The matrix P.

Table D-II shows the matrix P and

Observed number

of y rays True number of gamma rays
. 0 1 2 3 L 5 6 T
o) . 921  -.0lk 1
IS ~ .061  .892 . .008  .OOk
2 .018  .089 .947 .093 . .00k
3 -.ooly 040 .790 .043  .009 ’
L .00k  .100 . 866 . 092 .010
5 .068 .077 770 ;.084 .016
6 .001  .008 .116  .848 .175
T .003 .002 .013  .057 .730

The triple-scanned events listed in

Table D-I were restricted to those

with neutron time of flight greater than 30 nsec. This is done to avoid

. , 0. . . . .
correcting the scanned events in the 7 time of flight region with a matrix

which reflects the'peculiar scanning topology of the charge exchange events
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Table D-III. The inverse matrix p L.

Total number -~ = : Observed number of gamma rays '
of y rays .0 1 2 3 4 5 6 7
0 1.087 -.018
1 -.075 1.123 -.009 =-.005
2 -.013 -.105 1.062 -.124 .00l .00l
3 B ;om.-xm1'no% 1.280 =-.063 =-.007 .00l
4 .001  .002 7 1175 -.138 .003
“t.,000 4.338 1.332 -.082 ..002
6 . =001 | 006 -.178 1.217 -.287

T S5 o005 =.000 ¢.010 1.093 1.392

(tn ~ 25.n3éc)n. At 716 MéV/c the charge exchange kinematics-aré'suéh tHat
most of the gamma raysvgo backward in’thé 1aboratofy; so much so, in faét,
that ~ SO%vdf fhé observed two gamma charge éxchaﬁge eveﬁts involve a
triggered éémma counter (compared with ~ 10% of two gamma no events); Any
systematic.difficulties thét_fhe scanners have with events involving.triggered
gamma counters will bé much more iﬁportant for the charge exchange events.
Conseqﬁently the two regions of time of flight (above and below 30'nsec)
are treated separately. The scanning correction ma;rix for tn < 30 nsec
is not shown here.

Examination of Table D-II or D-III Will show that the scanners have
a 1arggr efficiency for the detection of 2, 4, and 6y events. - This reflects
the fact‘that’theyrhavé kﬁoﬁn since the beginning of the experiment that
only eveﬁ humbefs of showers occur nafﬁrallya 1f they find an odd number
of showers they have a tendengy to rescan the frame‘té see if they missed
one.

v The-inverse scanning matrix Pij-1 is applied to the scanned data to
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obtain the true data. There are errors associated ﬁith each matrix element
which reflect the statistically limited sample éf data from which the
matrix was obtained. These errors are propagatedvthrough the branching

ratio calculations.

&
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~E. Neutron Scattering in the Spark Chembers”

Neutrons eﬁerging from the hydrogen target must pass through the
jead-plate spark chambers before theylreach the neutron counters.
Calculations done ptiot to the experiment indicated that appfoximately
l3d% of the neutrons would scatter in the 1ead before reaching the neutron
countets. About 50% of theVScattering was expected to be elastic scattering;
heremﬁﬁgneutron is scattered through very small angles (f 3 deg) with little
change in irelocityc We did not expect to see‘much effect from the elastic

scattering because of the resolution of our countersn The inelastic

scattering, on the other hand, involves large angles and cons1derab1e loss

of velocity. Even this scattering was expected to be of relatively little
importanceufor nip-% non or ﬂ_p —>ﬂ°n°n'processes, However, it should be
a very slgnificant effect for the charge exchange events. The data bears
this prediction out.

At 716 MeV/c the neutron counters straddle the'Jacobian peak for

- o
T p T N (They also tend to select ﬂ P — 1°x°n events where the di-pion

mass ahproximates that of the n .) The number of neutrons from ® p — n n which

should strike the neutron counters (without scattering in the lead plates)
is very large compared to the number which should pass near the counters

without hitting them. Calculations show that the likelihood of a neutron

- 0 . . ;
“from m p — n n scattering in to the neutron counter 1is very small. The

effect of neutron scattering here is to lose x “p o non events because
thenneutron scatters out of the counter-. The same thing is true of
p 507 ﬂ n ‘events to a lesser degree°
' Charge exchange neutrons are produced. at all dlfferent angles near
the angle‘of the neutron counters. vThere is no special selectivity here.

The likelihood of a neutron scattering in to the counters from larger or
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smaller angles is quité high. Only about two-thirds of the defected_charge
_exchangevevents are expected to involve unscattered neutrons; the other
ohe-thifd Qill appear to have a longerbtime of fiight. That approximately
one-third of the chargé exchange eveﬁts wiil invoive a scattered neutron
is exéctl& what the data shows;v The 1 and 2y distributions fof the data
at 654 MeV/c (Fig. 14) show what the charge excﬁange time of fiight épectrum
locks Iike. The sharp peak contains mostly events where the neutron did
not scatter. The 1ong tail éfter the péak qontains.events with-scattered
neutrons. A similar tail:on the chargg‘exchange peak is the background
we must éCcoﬁnt for unaer thebn peak iﬁ.the 0, 1, and 2y distribdtions.at
716 MeV/c. | | |

The SIQUX fitting for the “two-shéwer" events providés ample evidence
that this picture>of neutron scattering effects is accurate.

One of the kinematical quantitieé which we_&éy examine for both the-
passing aﬁd;failing e?eﬁts is‘the éngle betweeh the two decay gamma rays,
the so—cailed~"openihg angle, " If:the two gamma rays come from the fwo
gamma decay of an 7 or ﬁ, they will have a characteristic Histribution
in the center of mass system for the production of the meson (wheré the meson
has a unique velocity). This &istribution is describéd in Rossi, High

Energy-Particles,68 page 199. One of the most distinctive features of the

distribution is that there is a minimum opening angle which depends only
on the velocity of thé particle. In the present case this angle is 157
deg for the n decay and 34 deg for the pion. With the experimental
resolution ﬁe have;“the effective minimum oﬁening angle for the 7 is
approximately 130 deg. Figure 31 shows the opening angle distribution
for the "two-shower' events where SIOUX found a fit (these are the same

events shown in histogram (2), Fig. 16). .Figure 32 shows the same distribution
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~ C.M. OPENING ANGLE DISTRIBUTION
"FOR PASSING EVENTS
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Fig. 31{ Gamma ray openlng angle dlstrlbutlon for passing events in the
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ﬁ p - x°n center-of-mass system.
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C.M. OPENING ANGLE DISTRIBUTION
FOR FAILING EVENTS
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Fig. 32. Gamma ray opening angle distribution for failing events in the
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7 p - X n center-of-mass system.
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for the_failing events (compafé wi#h Fig. 16, hist&gr;m:(3)). vAny event
with an opening angle less than -~ 130Adeg is not an 7. -The péak near 160
deg in Fig. 31 is the n distribution. (An exéellent place to see what the
theoretical and experiﬁental épening aﬁgle distribution lodks like is |
Ref. 10.) It is clear from Fig. 31 that mdsf of‘the passing events are
n events. Figure 32 indicates thét most, if ﬁot all, of the failing events
are consistgnt with being charge exchangé ebénts; Comparisbn of histogram
(3), Fig. 16, and Fig. 32 shows that most of fhe.féiling events have the
wrong timebof flight (but the right opéning angiefddhttdﬁution@Atd be
charge exchange events; The explanationiis théﬁ the time ofAflight
informatidn is erroneéus becauée the ﬁeutron has scattered in the lead
plates. o | |

Comparison of Figs. 31 and 32 indicates that approximately two-thirds
of the ﬁharge ekchaﬁge evénts seem to fail due to a scattered neutron and
erfoneouSmtiﬁe of fligﬁf information; This appearé to contradict thte
statement above that omne-third of the charge excﬁange events should
involve a scattered neutron. If one were to count the number of charge
exchange events in the tail of the charge exchange peak and the number in
the peak itseif for all the 0, 1, and 2y events, one‘would find two-thirds
in the peak. There are very few true "twé-shbwer" events involVing
unscatteréd neutrons because the kinematics for charge exchange at 716
MeV/c are unfavorable. The "two-shower'" events analyzed by SIOUX represent
a speciél class of events, a disproportionally large number of which involve

neutrons which have scattered in to the countegs#
Ln Se
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Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.
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includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
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