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ABSTRACT

We have taken 250,000 pictures in the 20-in. Brookhaven National
Leboratory deuterium bubble chamber. The chamber was exposed to 3.65
BeV/c n+ mesons. Cross sections for reactions in deuterium are com-
pared with charge symmetric cross sections in hydrogen. The number of
high momentum spectators is studied in two- and four-prong two proton
final states. Galuber screening and Pauli exclusion are discussed.

The 2993 events (3.44 + 0.31 mb), of the type n+n'nopp, are studied
in detail. The X2 probability and missing mass distributions show
evidence for some contaminating events with 2t present. The number
of n° events in no—neutron ambiguous events is determined by comparing
missing mass squared and resolution functions.

The differential cross sections are presented for no, wo, HO, AEO,
p+, po, and p- mesons. A spin test for the H° meson is made using the
decay plane normal, bachelor, and married pions. A spin test for the
Ago is made using mass squared variables. The real part of the density
matrix is determined for the ap, HO, and Ago mesons. For each density
matrix a comparison is made with the prediction of the absorption model.
Cross sections for AQO and p+N* production in deuterium are compared
with hydrogen data for Ay and o°N .

Results from the processing of a few odd-prongbevents are discussed.

In the Appendices details of our experimental'méthods are presented,
including scan rules and the cross section determination. The general

theory of the density matrix and the Lubatti-Rosenfeld method for pe-

ripheralizing phase space are discussed.

xi



CHAPTER I

INTRODUCTION

The film analyzed in this experiment was exposed in the Brookhaven
National Leboratory 20-inch bubble chamber. The proposal for the experi-
ment was submitted to Brookhaven in December 1962, and an exposure of
80,000 frames was completed in November 1963. The early stages of the
analysis showed interesting results (primarily £° + all neutrals), and
also that more film would be needed for a detailed study. An additional
exposure was requested and completed by December 1964, making a total
film sample of 250,000 frames.

There are a number of n' in deuterium experiments currently in

1

progress., We are aware of experiments at beam momenta of 0.82, 1.25,2

b 8 and 6.0 BeV/c.9 Many short

. . (s) 6

1.7, 2.5,% 3.25,% 3.65 (vhis),® 4.5,7 5.1,
reports have been published, but only the experiment at 1.23 BeV/c has
been published in final form.

The film has proven to be as interesting as our early results in-

dicated. At present, studies are being made on the following channels:
" a > X pp (x°)

0
(X° denotes one or more missing neutrals) where n° and f - (all neutrals)

production is being studied;

+ + -
n d>7nn pp (pp)



tr~ are observed;

0 + - o)
where p>nnt and f~ >«

.+
nd > npp (x°)

which is the subject of this report, in which 1°, o°, H, A,°, o*, ¢°,

and o mesons are observed;
77d > 2t~ (mw®)pp ;3 m > 2 (me®)
where n* prbductioh has been observed;
+ +
xd>KK pp
O O
> K, 7K, "pp
O, O
> K3 K, pp
where some evidence for ¢ production has been observed;
+
4 > (me)KAp ; m >0

in which a search is being made for resonant states in the Ap system;

+ +
nd->xd
+

> nod

+ + -
> d

in which elastic scattering, resonance production, and diffraction dis-

sociation are being studied; and

+ + + - -
nd->nx N pp

+ 4+ - -0
> X N N PP



where the n* has been observed and other resonances are being sought.
We will refer to the first four reactions at times by the abbreviations

in the parentheses and will also discuss the reaction
+ -
1d > pn (pn).

We have identified by ilonization and by fitting the following

numbers of events:

(x°) 1392
(pp) 1983
(x°) 2993
(m®) 2075
(pn) 2000

Events which were kinematically consistent with either (pp) or (n°) were
assumed to be (pp) as discussed further in Appendix F. Events which could
be either (5°) or (pn) have been kept separate (called ambiguous) and
are discussed in Chapter IIT.

We give here the reason for doing this experiment in deuterium rather

than in hydrogen. The reaction in hydrogen
- + -0
TpraN NN

has two neutral particles missing. Neither of these neutral particles
leaves a track in the bubble chamber, and one can do little more than

study the D system. Under charge symmetry (ﬂ'+ﬂ+,n+»n',no+ﬂo, and



p + n), the reaction
+ -
' + nntnCp

should be identical to the reaction np = ﬁ+ﬂ_ﬂon. Since free neutron
targets cannot be made, the next best target is the neutron in the deu-

teron, so we study
+ -
xd>n x x%p(p)

Here the momentum of the single missing neutral can be inferred from
conservation of momentum, and all of the combinations of the final state
particles can now be studied.

In the study of these events, we have found evidence for the follow-

ing unstable particles and decay modes:

6 . + -
0 > oq w°

@ > xt o x©

H° - p+ T, pono, or p'n+
AEO > p+ﬂ- or p'n+

p+‘ N ZIT+ ﬂ:o

pT > T and

The o has been well studied previously at 3.25 BeV/c, and the no well
studied invspafk chamber experiments. Very few details on the other

processes have been published to date for this channel. These details



form the chief part of this report.

At the present, studies of cross sections and p®-meson production
indicate that the bound neutron is acting like a free neutron for xt
at 1.7 BeV/c and 3.65 BeV/c. We present in this report a study of the
spectator protons from this reaction and from others. The results are
not entirely understood. When properly understood, they may shed some
light on the importance of double scattering in the deuteron.

The notation we use throughout this report is

E energy
.+
P, P momentum
M mass = ~/(ZE)2 - (ZP)Q
: 2 2

t, T four-momentum transfer squared (AE)S - (AP)

2 2 o
A four-momentum transfer squared (AP)“- (AE)

A°(mesons) A2 calculated between the beam and the mesons

T kinetic energy
C] polar angle in a spherical coordinate system
o) azimuthal angle in a spherical coordinate system.

The cross sectlons per event which are used in this report are for

r%(mesons) < 1.9 * 0.3 (BeV/c)2

1.06 + 0.09 pb/event (all events)

1.20 £ 0.10 ub/event (above background) ,

and for A2(mesons) >1.9 0.3 (BeV/c)2



1.60

I+

0.24 pb/event (all events)

I+

1.7h 0.26_ ub/event  (above background)
The average value is
1.15 + 0.10 ub/event .
We have placed standard technical details in the Appendices and have
included only novel or crucial details and experimental results in the

text which follows. The hurried reader should consult the Table of Con-

tents and Chapter VII for a further summary of this investigation.



CHAPTER II

THE DEUTERON TARGET

The target particle in this experiment is the deuteron, so that,
strictly speaking, our results are for a x* meson colliding with a
deuteron. Because the binding energy of the neutron and proton is so
small (2.23 MeV) compared to the beam energy (3650 MeV), it is expected
that most of the interactions will take place as though the target were
a single free nucleon. This point of view is called the spectator model.
It has been the subject of considerable theoretical and experimental
work.

In this chapter we discuss some of the properties of the deuteron
and then show to. what extent the slower protons in this experiment can
be interpreted as non-participants in the interaction (i.e., as spectators)

Many other properties of the deuteron may be found in the literature.lo

A, THE DEUTERON

The deuteron is a bound state of a neutron and a proton. The
nucleons are held together by nuclear forces, presumably by the exchange
of virtual pions. These forces can be described by a suitable potential,
and the radial wave function can then be obtained from a solution of the

SchrSdinger equation. One such wave function is that of Hulthenll

e™OT  e-Pr

r r



where

e = 208(a + B)/(a - B)°

.is the normalization factor,

r is the separation of the two nucleons,

Q@ = 45.5 MeV = (1/4.13) F1, and

B 5 to Ta.

The constant o is fixed by the binding energy, E, of the deuteron and

the reduced mass of the nucleon p through the relation a2 = 2uE. One

F is equal to 10 Pen.

. . . . 12,13

Two discrete values of B are currently prominent in the literature.
1k . .15

The value due to Salpeter™ is B = 7a. The other value is due to Moravesik,

who found B = 5.18x was the best value for his approximation of the Gar-

tenhaus wave function.

To estimate the mean diameter of the deuteron, the average value of

r can be found immediately from the Hulthen wave function

(o]

T = [rwgr%r
‘o
2
N 1
- S ——=5
ha (1+K)° &
= 3F

We have used k = 5/& = [ for the numerical result. For comparison,the

16,17

diameter of the nucleon is taken to be one or two F.



B. ANGULAR TESTS OF THE SPECTATOR MODEL

If our unpolarized deute;on target were tb decay spontaneously into
two nucleons, then this decay would be isotropic about any fixed axis
in the laboratory (rest frame of the target). In the framework of the
spectator model, the spectator proton acts just as though it were the
result of a decay. The isotropy of the spéctator is, therefore, a test
of the model. In Fig. 1 (a) is shown the angular distribution of the
spectator proton relative to the beam direction for all events with two

+n'nopp. It is essentially iso-

observed protons and identified as =«
tropic in the backward direction (39% of the events have cos® < 0) but
shows some tendency for the spectator to be carried along with the beam.
The shaded events have spectators with momenta less than 250 MeV/c.
These are somewhat more isotropic with 46% having cos® < O.

The cause of the forward peeking is not known. Some peaking is to
be expected in a bound target. For example, if the proton is considered
a bound state of ="' and neutron, and one studies n"p - n+n'n, none of
the spectator neutrons will have cos® < O because of conservation of

energy. Alternatively one would also expect forward peaking if rescat-

tering were taking place; for example, by the two step reaction
+ o
n'd > o°ppg ; % > p%1%p .

Calculations have not been made which would indicate the relative impor-

tance of these two effects.
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Figure 1. (a) Angular distribution of the slower proton relative to
the beam direction., Shaded events have a proton with momentum less than
250 MeV/c. (b) Angular distribution of the faster proton.
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We define the proton of lower momentum to be the spectator. The
angular distribution of the faster proton is shown in Fig. 1 (b). As
expected for the struck proton, very few have cos® < O,

In Figs.2(a, b, c, d) we show scatter plots of the cosine of the
angle between the beam and the proton (x axis) and between the beam and
the neutron (y axis) in the reaction 7'a > xTn""pn. The neutron angles
in all four plots have been inferred from overall conservation of momentum
and energy. The events ambiguous between (x°) and (pn) have been included
here since we conclude (later in the text) that 3/4 of them are the (pn)
type. The 421 events with a deuteron in the final state, n don n n d,
are plotted in Fig. 2 (d) if M(pn) = 1.8785 * 0.0015 BeV. The mass in-
terval is higher than the deuteron mass because we are approximating the
charged track as a proton (rather than a deuteron) and performing a one-
constraint fit to the missing neutron. This is also the reason that the
events do not lie exactly on a 45° line.

The remaining events are selected by the momentum of the neutron.
Our scan rules have preselected the proton to have a momentum of less
than about 250 MeV/c. If the momentum of the neutron is less than
150 MEV/c (328 events), it is most likely a spectator neutron resulting
from a ﬁ+p > ﬂ+ﬂ+ﬁ_p collision which is known to have a very large
cross section for low momentum transfers.l8’l9 This is borne out by
the isotropy of the neutron in Fig. 2 (b). If the momentum of the
neutron is high:(we require at least 300 MEV/c, which is satisfied by

1481 events), then the neutron was the target, and the protons should

11



mtd— Tttt T-pn

COSINE NEUTRON-BEAM (LAB)

i
o

T

«pn=d

(a) .10
COSINE PROTON-BEAM (LAB)

Figure 2. Scatter plot of the cosine of the angle between the beam

and the proton (x axis) and the beam and the neutron (y axis) for events
of the type atd » zr+:r+:r'pn, if (a) the pn invariant mass is that of a
deuteron, and (b), (c), (d) the momentum of the neutron falls in the



be isotropic. Again this is the case as seen in Fig. 2 (d). For the
intermediate case (227 events) with momenta between 150-300 MeV/c, one
would expect to see some mixture of isotropic neutrons and protons, with
the spectator model predicting exactly 50% of the events with either a
neutron or a proton with cos® < 0. Instead Fig. 2 (c) shows that very
few events (about lO%) have either a proton or a neutron in the backward

direction. It is difficult to interpret this effect as rescattering.

C. THE MOVING TARGET

In Fig. 3 1is shown a typical diagram of the n+n_nopp channel which
illustrates the double-peripheral nature of the reaction. Diagrams of
this type have been calculated where the exchanged particles were both
mesons.20 The lower neutron exchange diagram is equivalent to the re-

el of the similar and time reversed

action p+d + pp. Theoretical studies
reaction pp »* 774 have been made. The experimental results2l for

pp * ntd can be qualitatively understood with a neutron exchange model.
The Chew-Low method<? was, of course, formulated to correct for the fact
that the neutron is "off the mass shell.” Both successful and unsuccess-
ful extrapolations to the free nucleon pole have been reported.25 The
histogram of Ag(d+ps) in Fig. 3 can be interpreted as a histogram of
minus the mass of the exchanged neutron by inserting conservation of

energy at the dnp vertex:

P

W¥(avn,) = 12,1° - (g - B,)

15
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This interpretation is somewhat difficult for A2 > 0 where the neutron

has B > 1 and a Lorentz transformation to its rest frame would be im-
2

possible. (For the exchanged meson A is always > 0.) The sharp rise

2, .
e -Mh 1s evidence for the nucleon exchange process.

of events near A
This also implies a preference for small values of l%sl since the largest
negative value of A2(d+ps) is reached with ]§S] = 0., The odd prong
events (where the range of the spectator is too short to be measured)
we have not included would thus fall into the bins nearest A2 = -tha
The incoming beam interacts with a moving neutron target. This
means the center of mass system of the collision will vary depending on
the momentum and angle of attack of the neutron. The range of center
of mass energies found in the (x°) reaction of this experiment is shown
in Fig. 4. This is calculated from the invariant mass of all the out-
going particles except the spectator. The range of beam energies
that would be needed to reach these same energies with a free nucleon
target is shown above the drawing. The results of this experiment are
thus an average over beam momenta from 3.0-4.5 BeV/c.
At this high energy most of the measured cross sections, density
matrices, etc, should be sufficiently smoothly varying that our values
averaged over center of mass energies will be approximately the valve

obtained with a stationary target and 3.65 BeV/c beam pion. There ¢

two exceptions to this.

15
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Figure 4. Distribution of center of mass energies found in this experi-
ment. The upper scale shows the beam momentum needed to reach a given
center of mass energy with a stationary target.
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First, the phase space estimate for a fixed center of mass energy
predicts that the invariant mass of any subgroup of particles will always
be less than the center of mass energy less the sum of the masses of the
remaining particles. A variable center of mass energy causes this kine-
matic limit to be variable and produces a high mass trail. To correct
the phase space estimate we calculate a phase space for each of 14 equally
spaced center of mass energies, weight each of these according to our
observed center of mass energy distribution, and sum them. The result
can be seen in Chapter IV.

The second varisble that must be corrected is A° (beammesons) .
Again the highest value of A2 at a given meson mass is limited by center
of mass energy. If there were a backward peak (i.e., at a production

angle of 180° and at A° in the data at a given center of mass energy,

max)
it might not appéar in a A2 plot after the average over center of mass
energies. To avoid this we plot instead the production angle in the
center of mass (cose*). The center of mass rest frame is defined to

be that of all the outgoing particles except the spectator. Low values

of A2 are essentially independent of center of mass energy, and then

elther A° or cose* can be plotted.

D. THE SPECTATOR MOMENTUM DISTRIBUTION

In the spectator model, the momentum of the spectator is supposed
to be unchanged by the collision. The spectator, therefore, emerges
from the deuteron with the direction of motion and the Fermi momentum

it had inside the deuteron. This momentum spectrum is given by the
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Fourier transform of the radial wave function of the deuteron. For the
Hulthen wave function the expected distribution (with arbitrary nor-

malization) is

aw 2,2 2. 525 °
a;g = [l/(a +P7) - 1/(p7 + By i] Py

In Fig. 5 the theoretical curves with B = 7o and B = 5.18a are shown
with the data. The curves are normalized to the data at 125 MeV/c. We
will discuss problems associated with this normalization in Chapter VI.
The excess of spectators with momentum greater than 250 MeV/c over the

s R, o 2k
Hulthen prediction has also been observed in K d + K pp. The authors

attributed the discrepancy to double scattering in the deuteron.

E. SPECTATORS IN OTHER CHANNELS

To attempt to ﬁnderstand the spectator distribution of this channel
we now compare it with other data from the two and four prong, two pro-
ton, channels of this experiment. In Fig. 6 we plot f, the fraction of
observed spectators with momentum greater than 250 MeV/c less the esti-
mated fraction from the Hulthen wave function of 0.09 (dashed line, Fig.
5). The particular value subtracted, which is uncertain because of un-
certainty in the normalization and in the deuteron wave function, is not
important as far as this study is concerned. It is only important that
the spectator model predicts some value wirich 1s independent of the
variables associated with meson production. The denominator of this
fraction is all events with two observed protons. The points are plotted

in the order of increasing numbers of pions in the final states for the
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Figure 5. Momentum distribution of the slower proton. The theoretical
curves are from the Hulthen wave function with values of B = 5.18
(solid) and B = T a (dashed).
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Figure 6. (a) The fraction of events with a spectator proton of momen-

tum greater than 250 MbV/c, f, less the Hulthén prediction for ﬂ+ﬂ-,

m®, «tx"x°

7°, a®, and 1° particles only.

, and n'x"mn® final states.

(b) £ for production of o°, £°,
(¢) £ as a function of A° (beam + mesons).

(d) £ as a function of A° (beam + meson) for p° and f° production only.
The smooth curve and lines are drawn arbitrarily.
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reactions

- pp 7t
+ pp 7° 7% ...
> pp 1 x©

+ .
>ppn w” x° A% ...

The uncertainty in the average number of pions in the "no-fit" channels

is indicated by the horizontal error bars. The fact that f depends on
channel means that the upper vertex of the double exchange diagram (Fig.

%) cannot be neglected when the properties of the lower vertex are studied.
As a consequence, the excess of high momentum spectators could not be
fully understood even if the correct wave function for the deuteron were
known. We emphasize that the scan was performed in the same way for the
spectator protons for all these channels. The observed differences are

a clear violation of the spectator model.

We therefore seek further properties of these high momentum spec-
tators. Very naively, if these spectators were caused by a final state
rescattering of the pions, then the spectator excess might be proportional
to the number of pions in the channel. In this case a line through our
data would intersect the x axis at zero pions if our subtraction of 0.09
were correct. Furthermore, if the struck proton also rescattered in the
same manner as a pion, then the line would intersect at -1 pion. If the
subtraction were based on the wrong deuteron wave function, then the inter-

section could be anywhere. It is remarkable that the results of Fig. 6(a)
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can be extrapolated to zero pions. We show evidence below, however, that
this result is probably an accident.

We now examine (see Fig. 6 (a)) the fraction of high momentum spec-
tators for events of various channels in which a single meson is produced

o +- o

+ - -
at the upper vertex: %> n' x7, £ > xn , 20 > 9y, & > x'x7x®, and

o

+..
n° > x'x x°

(or x'%"y). If each of these had a laboratory momentum of
3.5 BeV/c, then their mean laboratory decay lengths would be, in the same
order: 7.3, M.6,'l.h X 109, 75, and 3 x lO8F. Before traveling the mean
deuteron diemeter (3F), 48% of the £°, 34% of the p°, and 4% of the @’
mesons will decay. All of these reactions have negligible backgrounds.
If meson-proton final state scattering were the mechanism for pro-
ducing the high momentum spectators, then the po events should have more
high momentum spectators than the 7° events. This is partly because one
fourth of the po mesons will decay into two pions before reaching the
spectator proton and partly because results from yp - pop seem to in-
dicate that the p-p cross section is as much as three times as large as

T-p Cross sections.25 We know the nop cross section from the relation

based on charge independence,2
+ - -
o, (x°p) = [061(31 p) + 0gp(n p)] /2 - Oeex(n"p + 2°n)

Since O,ex 1s small at our energy, Gel(ﬂop) is nearly the same as

+
Uel(ﬁ p).
We see in Fig. 6 (b) that this is not the case. Further, if the

conjecture of Bialas®! wére correct, that the interaction radius of the
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o 0]

w- and no were smaller than n~, po, etc., then @’ and no production might
be associated with fewer high momentum spectators. Again this is not
the case.

A1l of these mesons have been produced and studied in hydrogen.
This means that the properties of the upper two vertices alone are well
known. The order shown in Fig. 6 (b) is in order of increasing average
momentum transfer at the upper vertex. The po and fo mesons are produced
with differential cross sections that approximate elastic scattering.
The lower kinematic limit for A2(f°) is slightly higher than that for
Ag(po) so it ranks possibly higher in average momentum transfer. The
x°  and @’ mesons are produced with a differential cross section slope

about half that of elastic scattering. The no production slope is still

flatter.

F. CONSTRAINT OF THE SPECTATOR MOMENTUM

The fact that the high momentum spectators are associated with
mesons whosé production mechanisms tend to deliver larger momentum
transfers to the target suggests a simple kinematic explanation for the
results of Figs. 6 (a,b). In hydrogen, if Az(beam+meson) is known, the
final momentum of the target proton lgl can be calculated from the ex-

pression

which holds for small values of A2. It can be shown that the correspond-
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ing relation in deuterium is*

~ 2
A2 = ,?l + 521

->
where P is now replaced with the vector sum of the momenta of the two

> >
protons. If P = 'PE’ we see that A2 = 0, but there is no limit to the
magnitude of P7 and P, in this approximation. In Fig. 7 we show an event
\ 3 5

of this type (n7d + & pp) with A°(beama®) = 0.075 (BeV/c) and with pro-
tons of high momenta and oppositely directed. In Fig. 8 is another event

2 2 L .
with A7(w®) = 0.078 (BeV/c)™ again, but this time the protons are not in

> -+ -
opposite directions and are thus kinematically limited. If Pl = PE = P,

then the kinematic requirement

is even more severe than in hydrogen. The average limitation of the pro-
ton momentum may, therefore, be comparable to that in hydrogen. So we
see that the n+ﬁ'pp channel, which is nearly all low Az(beam+n+n'), may
kinematically constrain its protons into fair agreement with the Hulthen
curve.,

We can make a prediction if the proton constraint explanation is
correct. All of our channels should look the same if the spectator frac-
tion, f, is plotted as a function of Ae(beam&mesons). Furthermore, other

similar experiments in deuterium at any beam energy should lie on the

*
The author is indebted to J. Vander Velde for pointing out this simple
expression.
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Frame 403203
M(3m) = 800 MeV
22 (31) = 0.075(BevV/c)?

Track I'ﬁl (Bev/c)| B.D.

Beam 3.648 1.0
1.456 1.0
0.763 1.0
1.176 -
0.623 3.3
0.276 13

Figure 7. Sample event of the type xtd + &°pp showing & high momentum
pair of protons. The distance between the two vertical X marks on the
center of the front glass window of the chamber is L4.T in.
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| Prame 419154
| m(zm) = 766 Mev
22(3r) = 0.078(BeV/c)?

Track rﬁl (Bev/c)|B.D.

Beam 3,647 1.0

T 2.162 1.0
Eal 1.240 |1.0
T° 0.147 -
P 0.230 18
P 0.111 75

Figure 8. An event similer to Fig. T of the type Jt"'d -+ aPpp having the
same A2 (beam + ) but baving & low momentum pair of protons.
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same curve. We see in Fig. 6 (c) that the n'n”, ﬂ+ﬂ'no, and ' "mc©

channels do indeed follow a single curve when plotted as a function of
A2. The scale on the right side of the curve results from the applica-
tion of two correction factors: one is for spectators with momentum
above 250 MEV/c which were not scanned for in 17% of the film (1.17 =
0.03), and the other is for the odd prong events which were not included
(2.89 = 0.17)_1. These factors would be important if one were to attempt
-any absolute prediction for f. The odd prong correction is discussed
further in Chapter VI and in Appendix H.

We know of results from other experiments which also can be explained
by proton constraint. Data from K+d > Kopp between 230 and 812 MEV/C
showed excellent agreement with the Hulthen prediction for both even
and odd prong events.28 Since the maximum value of A2(K+ > KO) that
was allowed at their highest beam momentum was 0.8 (BeV/c)g, the protons
should be constrained.

The same channel at 2.3 BeV/c had many more high momentum spectators
than predicted by the Hulthen curve, and those authors suggested that
the excess might be evidence for double scattering.2 The K° mesons
cannot be produced by pion exchange; hence we expect a contribution from
larger AE. Therefore, the spectators in this higher energy K& experi-
ment should be similar to our events rather than following the Hulthen
curve.

The reaction pd -+ P n~pp had spectators which followed the Hulthen

9

curve moderately well.2 Since these events are produced presumably by
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pion exchange, the protons should be constrained.

G. MESON-SPECTATOR SCATTERINé

We have not yet fully explained the relative values of f for po and
£° production. We expected that f for the po would be slightly lower than
f for £° production if rescattering were unimportant, whereas in Fig. 6
(b) they are reversed. In Fig. 6 (d) we plot f for each meson as a func-
tion of Ae(meson). We see that the values are very different at values
of 02 0.2 (BeV/c)".

The fact that f is small at low values of A2 for each meson can be
taken as evidence that the protons are somewhat constrained. We do not
interpret the difference in the two curves as evidence for meson-proton

final state scattering. The two reasons for this are based on Table I.

TABIE I

SPECTATOR FRACTIONS, f(%), FOR ﬂo,fo,po, AND «° MESONS
(The data for "f™ is from a control region with M(3n) = 1.15-1.35 BeV)

A2 > x° > " > n+n-no
(BGV/C)2 7© 0 pO £0 o° npon

0 -0.1 31 % 10 3+ 3 17+ 3 3+ 3 19+ 6 3+ 7
0.1 - 0.2 30 + 10 9+ 3 32+ L L+t 2 8+ 7 103
0.2 - 0.3 33 £ 11 17* 5 37+ 8 24+ 8 31+ 7 2615
0.3 - 0.4 25 +15 28+ 9 3 + 13 31+ 10 W + 12 26 £ 6
0.4 - 0.5 3% £ 19 31 % 15 25+ 12 25t 12 27+ 9 32+ 7
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First, contrary to our expectations, f for the n° meson is comparable
to f for the po meson. Secbnd,‘examination of events in each of the
three channels at either low mass or near the f© mass shows the same
values of f and the same dependence of f on Ag. It, thereere, appears
that there is a single expression for all channels relating f to A2
(mesons) and M(mesons). The strong mass dependence is a surprise to

us and may hold the key to understanding the effects we have presented.

H. SUMMARY

While the above discussion has been speculative and will require
further experimental and theoretical study, the results are interesting.
We summarize the results as we interpret them.

a) The tendency of some experiments and some channels to follow
the Hulthen prediction can be understood if low values of A2
(beam*mesons) kinematically limit the momentum of the out-
going protons. Agreement (or lack of agreement) with the
Hulthen curve does not necessarily show that rescattering is
negligible (or large).

b) If rescattering effects are to be observed, studies must be
made as a function of A2 in order to subtract the effect of
the kinematic limitation.

c) The number of high momentum spectators depends only on A

(mesons) and M(mesons) and not on which mesons are produced.



2
d) At low A", the number of high momentum spectators decreases as
the meson mass increases. We do not have an explanation for

this behavior.

I. INDEPENDENCE OF THE MESON VERTEX

While we have shown conclusively that the upper vertex affects the
deuteron vertex, we do not know to what extent the deuteron vertex af-
fects the meson vertex. To partly answer this important question we cite

"t pp and its charge sym-

experimental evidence from the channel ﬂ+d > 7
metric channel n p -+ 71 "n which has also been studied at 3.65 BeV/c
by this laboratory.BO

In the present state of analysis, the effective masses and angular
distributions, and the density matrix elements for the po, are nearly
identical (except for backgrounds) in these two channels.6)51 This
suggests that the deuteron vertex has a negligible influence on meson
production.

We also cite the fairly good agreement of our cross sections with
charge symmetric data in Table II as further evidence. Similar agreement
has been reported at 1.7 BeV/c.B’52 We note, however, that our result
for n'd + n+ﬁ'pp is more than two standard deviations below the m p
data. If our cross section is correct, it shows either that the spec-
tator proton does affect meson production, or that the one-constraint

fit to the neutron allows more background than estimated by the experi-

menters in these hydrogen experiments.
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TABLE II

COMPARISON OF CROSS SECTIONS FROM THIS EXPERIMENT
WITH CHARGE SYMMETRIC FREE NUCLEON DATA

Bea i
Reference can Reaction Cross Section
(BeV/e) (mb)
a 3.0 p > xtn"n 3.2 *o0.1
0.22
b .6 T"p * 1Tx"n b33 "
5.03 P 33 0.98
c k.0 p > atx"n 3.16 £ 0.13
This 3.65 xtd *> «tn"pp 2.58 X 0.21
a 3.0 1°p * xtr~n(mxO) 6.8 +0.2
c 4.0 °p > wte~n(mnO) 5.57 % 0.17
This 3.65 ntd »> gt pp(mxO) 6.%32 + 0.47
a 3.65 1"p + n(mxn°) 1.97 * 0.07
This, e 3.65 ntd > pp(mx©) 1.95 + 0.19
a. V. Hagopian, dissertation (University of Pennsylvania, 1963); V.

Hagopian (private communication, 1965).

Y. Lee, W. Moebs, B. Roe, D. Sinclair, and J. Vander Velde (sub-
mitted to Phys. Rev., 1966).

L. Bondar, et al., Aachen-Birmingham-Hamburg-London (I.C.)-Minchen
Collaboration, Nuovo Cimento 31, 731 (196k4).

P. Yamin (private communication, 1966) from the counter experiment
of M. Feldman, et al., Phys. Rev. Letters 14, 869 (1965). The
result has been reduced lO% to account for undetected strange V's.
See T. Wangler, A. Erwin, and W. Walker, Phys. Rev. 137, BLlk
(1965) and J. Bartsch, et al., Aachen-Hamburg-London (I.C.)-Minchen
Collaboration (unpublished preprint).

Our result has been increased by 20% to account for undetected high

A2(d+pp) events and reduced by 4% to account for strange V's decay-
ing to all neutrals and K mesons mistaken for protons.
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J. GLAUBER SCREENING

We do know of two corrections that should be made to deuterium data.
We will show that they are small enough to be neglected. The first cor-
rection (Glauber screening) has been observed experimentally, while the
second (Pauli exclusion) has not. We will show that the exclusion could
be detected with present experimental techniques.

Glauber suggested in 1955 that the screening of one nucleon by the
other in the deuteron could reduce the total deuterium cross section
below the expected sum of cross sections on free nucleons.35 Experimen-

tally at our energyBM (using n"p for 70 by charge symmetry)

I+

o(x'd) =57.0 £ 0.1
0(n+p) + o(x"p) =58.5 £ 0.2

net = -1.5 £ 0.3

The cross section defect is 2.6 * 0.5% of the total n'd cross section.

The theoretical expression of Glauber is
> (opcn/lm)

where < l/r2 > 1s the average value of r'2 in the deuteron (r is the distance
between the centers of the two nucleons). This expression can be derived

by considering the nucleons as black spheres with geometrical cross sec-
tions equal to one half the total cross section or derived from diffrac-

tion theory.
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Very recently it has been shown that Glauber's expression was not
charge invariant and therefore incorrect,55 The corrected result (for

+
nd) is

_ 2 1 2
0 = 0p + 0 - < 1/r° > [%pon -5 (cp- cn) j]/un .

At our energy, the correction term is small compared to Op Un,

(cp- Gn)g/(h cpon) = 0.0026. Also recently it has been suggested that
experimental studies of total cross section defects might test whether

or not high energy elastic scattering can be described by exchange of
Regge trajectories.56 These two examples show that there is contemporary
interest in this problem.

It is not known at present exactly how this defect is to be appor-
tioned to the various channels in the ﬂ+d reaction. It 1s somewhat
plausible that the correction to any one channel will be at most (plus
or minus) twice the total defect, i.e., * 5.2%, which we have neglected.
Sitenko, for example, has suggested that the scattering part of the cross
section (elastic plus break up) will be slightly enhanced while the
absorption cross section will be reduced by slightly more than the total

observed defect.57

K. PAULI EXCLUSION

A Pauli exclusion correction should be applied to this channel to
correct for Pauli exclusion of certain angular momentum final states
between the two protons. While the effect makes a negligible difference

in the total cross section, it greatly affects the events with
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Az(d+pp) < 0.1 (BeV/c)z.

2h,12

. +. .0
As previously pointed out in the analysis of K d*K'pp, the

differential cross section in deuterium including the Pauli effect is

given by:

do/dt = [1-H(t)] (do/at)pe

+ [1-(1/3) B(%)) (ao/at)s , (1)

where (d0/dt) ¢ and (do/dt)s are the free neutron cross sections for non-
flip and spin flip respectively. The deuteron form factor, H(t), is given
g > > > ->
by H = [ ¥*¥(r) exp(-iq-r)-¥(r) dr, where ¥ is the deuteron spatial wave
>
function, and g is the difference between the initial and final meson mo-

menta in the laboratory.

If;the Hulthen wave function is used to calculate H(t), then one

obtains12
H(t) = [u(2a) - 2u(a+g) + u(2p)] (o+B)
208(a-8) /N
with u(x) = ten™t ( Vrrg/x
and a = 0.0455 BeV.

The dependence of H(t) on the choice of wave function is illustrated
in Fig. 9 (a) where the upper curve has B = 70, the middle curve has
B = 5.18x, and the lower curve, G, is H(t) calculated from the four

parameter fit of the Gartenhaus wave function by Mbravcsik.l5’58
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Figure 9. (a) plot of H(t) as & function of the four-momentum transfer
squared between the beam and the produced meson. curves 7 o and 5.18 o
are calculated from the Hulthen wave function, and G is from the Garten-
haus wave function, (b), (¢) Prediction for x~d + x°mn and n~d + 4°nn
based on the Regge pole model and the Hulthen wave function. The solid
curves are the fits to the data by Phillips and Rarita. (d) Prediction
for n~d + pOnn shown separately for all spin flip and all spin nonflip,
The solid curve is arbitrary.
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The derivation of (1)12 uses the closure approximation to evaluate
terms containing the final state two-proton wave functions. The effect
of the Pauli exclusion principle is included, but final state interactions
have been ignored. Expression (1) should apply to any charge exchange
process, but to express (2) in terms of (t), we have assumed a negli-
gible difference in the free nucleon center of mass momenta before and
after the collision. Studies of final state interactions and various
other forms for W(;> may be found in the literature.12’15’58

Equation (1) can be understood intuitively at t = O where H(t)=1.
There the final state protons will have the same orbital angular momentum
they had before the collision (L=0 if we neglect d-wave). If there is
no spin flip, the final state total spin of the two proﬁons will still
be S=1 (i.e., the spin of the deuteron is one). Pauli exclusion forbids
this state entirely, which explains why there is no nonflip contribution
at t=0.

The unpolarized deuteron can be described as three states of nucleon
spin, up-up, down-down, and up-down plus down-up. If a spin is flipped
in each of these states, only the third state must remain a state of
S=1 and again forbidden. This gives the 1-1/3 factor in equation (1).

If, as is usually assumed, the entire spin flip contribution in hydrogen
vanishes at t = 0, then our differential cross section must vanish at
t = 0 in deuterium.

To aid in calculation we define the deuterium reduction factor, R,

to be
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R = (dg/at) /(do/at) s

deuterium hydrogen

and the nonflip fraction to be
r = (do/dt)nf/[(da/dt)nf + (do/dt)f:[ .

A rearrangement of (1) gives
R=1-H(t)[(1+ 2r)/3]

In order to correct deuterium cross sections, one can either take
the extreme values of r(t) (0 < r < 1) or use model dependent values.
The recent study of Phillips and Rarita of =N and KN data in terms of
the Regge pole model provides model dependent values for reactions

59

(ﬂ+d > nopp) and (n+d~+nopp).uo They assume the production mechanisms
are p exchange and A2 exchange respectively. The values of r calculated
from their formulae are shown in Table III.

It is interesting to note that the cross section reduction could
be measured in deuterium with present experimental techniques. We show
in Figs. 9 (b,c,d) the expected results (dashed curves) for =°, n°, and
pO production with B = 7Q used for H(t). The experimental data is from
1 p experiments.ul’ug’Bo For po production by pion exchange, one expects
all spin flip (r = 0). The dot-dashed curves show the all nonflip pre-
diction of r = 1.

To estimate.the cross section reduction for the (no) channel we use
R X from Table III. We assume a flat differential cross section in hydrogen

Pe
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TABLE III

VALUES USED TO PREDICT THE EFFECT OF PAULI EXCIUSION ON THE
DEUTERIUM CROSS SECTION. R IS THE REDUCTION AND r IS
THE FRACTION OF THE CROSS SECTION WHICH IS SPIN NONFLIP

22 H(t) n° 7° r=1 r=0
c

(BeV/c) (5.18a) rA2ex rpex R.¢ RAzex Rpex Rﬂex
0 1 1 1 0 0 0 667
.01 .608 .80 .71 .392 L2 509 .797
.02 L3k .67 .55 .566 .661 696 .855
.03 333 .60 A1 667 .756 .795  .889
NN 267 .54 .32 .733 .815 B854 911
.05 .220 .50 .26 .780 854 885 927
.06 .185 b .21 .815 .883 912 .938
.07 .159 Lo .16 8Ll .905 .930  .9L47
.08 .138 .36 .13 862 .921 Ok2  .95hL
.09 117 3L .10 .883 .93L .953  .961
.10 .10k 31 .08 .896 .943 .959  .965
.15 .062 .25 .01 .938 .969 979 .979
.20 .0L1 .20 .00 .959 .980 986 .986
.25 .030 .18 .01 .970 .986 .990  .990
.30 .022 .16 .06 .978 .991 .992  .99%

2

2 - —
for A < 0.2 (BeV/c)” which gives § = 0.8 for A° < 0.1 and & = 0.97

for 0.1 < A° < 0.2 (BeV/c)g. This amounts to about 47 events lost to
exclusion or a 1.6% reduction in total cross section for which we have
not corrected. Since the differential cross section probably drops in

hydrogen, due to the kinematic limits at low A2 and due to the lack of

highly peripheral processes, the loss should be even less than this value.
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CHAPTER III

EVENT IDENTIFICATION

A. VALIDITY TESTS FOR n n xpp

A general description of the identification rules and the kinematic
fitting process used in this experiment is given in the Appendix. In
brief, we define a good (n°) event as one having a X2 probability and
the bubble density of all tracks consistent with the ﬂ+ﬂ-pp 7° hypothesis.
If the event is also consistent with the hypothesis n+n'pp, we assume
it has no «°. If a proton cannot be identified by bubble density (i.en,
if its momentum is greater than 1.7 BeV/c or if it is highly dipped rela-
tive to the film plane), then the event is "good" if it does not fit the
ﬂ+ﬂ+ﬂ_pn reaction. If it also fits a missing neutron, it is called "am-
biguous" and is dealt with specifically in Section C of this chapter.

The same rules were used to identify the (pn) reaction; however,
we do not attempt a fit to ﬂ+ﬂ+ﬂ'p since the presence of two nucleons
is guaranteed by baryon conservation. Because we require only that the
X2 probability be greater than 2%, the distributions of X2 and the miss-
ing mass distributions can be compared to the theoretical distributions

to test both our error estimates and our event selection procedure.

A.1 Missing Mass Distribution

The missing mass squared for the good (n°) events is shown in Fig.

59



10 (a).* Because most of the events were positively identified by bubble

density (85%), the chief contaminating reaction is expected to be
+
nd > ﬂ+ﬁ-pp 7° 7°. These events will tend to have a positive missing

mass whereas the single n° events should be symmetric about M(Tro)2 =

0.0182 BeVZ. The events which remain after a subtraction of events with

(missing mass squared) MM2 < 0.02 BeVa from those with MM2 > 0.02 BeV2

is shown in Fig. 10 (b). There are in fact 336 more events with MM >
0.0182 BeV2 than below. The fact that these contaminating events first
appear near the 2r° threshold (0.073 BeVg) supports our conclusion that
0 + - o _0

11% of the events assumed (n") are really = n pp n° m°. (The sharpness
of the rise at the 2x° threshold must be regarded as a statistical ac-
cident in view of our measuring error estimates for missing mass squared.)

If these 336 events really have two rather than one ﬂo, then the "no-

] .‘+ + - 0 .

fit" reaction n'd - n = pp(mn ), m > 2, must be lacking these events.
A comparison of the missing mass spectrum for the no-fit events with
phase space shows that roughly this number of events is missing from
the low mass end of the spectrum.

No effort has been made to remove these contaminating events from
the events used in this study. Their distribution should be roughly
the same as the distribution of the non-resonant events with a single

7° missing. This is because

*The events used in this chapter are from a sample which is slightly re-
duced in size (2924 (#°), 1754 (pn), and 504 ambiguous events). This
happens because the X“, missing mass, etc., information was not available
on magnetic tape for some events due to difficulties in the initial
stages of the event processing.
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Figure 10. (a) The missing mass squared distribution for the events
identified as (n°). The solid curve is the corrected resolution func-
tion. (b) The distribution resulting from a subtraction of the events
with ME < 0,02 BeV2 from those with M¥ > 0,02 BeVe.
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a) the effective mass of the two n° mesons is limited to small

values by the requirement that it fit a single 7° hypothesis, and

b) no strong resonant behavior has been observed in the no-fit events

which do not fit the single ﬂo hypothesis.

Assuming the remaining events are relatively free from badly iden-
tified events, we may compare our experimental distribution to a resolu-
tion function (Fig. 10 (a)). The resolution function is constructed in
SUMXLLLL by adding together Gaussians of unit area with standard deviation
equal to the error in missing mass squared as calculated by GRINDLL5 from
the measurement errors as estimated by TRED,h6 Each Gaussian is centered
at Mg(ﬂoj. The sum of these Gaussians should match the MM? distribution
if the error in each event has been correctly assessed. The area of the
resolution function in the figure is set equal to the estimated number
of events with a single ° missing (2588) rather than the total number
of events in the plot.

We find that the errors as estimated by our version of TRED are some-
what too large. The x2 probability that the uncorrected resolution
function fits the data between -0.2 < MM2 < 0.0 BeV2 is less than 0.01%.
The curve shown in Fig. 10 (a) is the corrected resolution function which
is produced when the estimated errors are all multiplied by 1/o = 1/1.2.
The x2 probability for the corrected curve is 50% in the same mass
squared interval. We have made plots with various values of o and from

these conclude that we have overestimated our errors by @ = 1.2 = 0.1.
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We wish to point out that although one might guess that the x°
resolution function would be Gaussian in shape, it instead seems to be
s b7 .
rather well reproduced by an s-wave Breit-Wigner curve. A comparison
of the n° resolution function and Gaussian and Breit-Wigner forms, all

with the same full width at half maeximum, is shown in Fig. 11.

A.,2 Chi-Squared and Probability Distributions
The values of X2 resulting from the one-constraint fit to the mass
of the ﬂo are shown in Fig. 12, The distribution should follow the

equation

2 -(cPx?) /2
2y =M of p(oPx?) = Naae St (1)
(2 x a2x2)1/2

N A p'(x

for a one-constraint fit. This equation is obtained from the usual

. 2 e 2 20
equation for the X~ distribution by replacing X with o x. Here N
is the total number of events, A is the bin width on the graph, and O
is the scale factor which takes into account malassignment of errors.

The normalization factor a2 is then chosen so that

2.2 2.2
f o' (xT)ax = fp(x yax- = 1.
0] (6]

The factor NA then normalizes the distribution to the total area of our
histogram. The curve shown in Fig. 12 is the expected distribution with
errors properly estimated (i.e., @ = 1). It is in moderate agreement with
the data. The theoretical average value of X2 calculated from p' is

given by
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curves.

Ll



800-
S
&, 600
'__.
P
Ll
>
U 400-
200
I | | | | I | | ] ] |
0 O 20 30 40 50
)(?
2

Figure 12. (a) Distribution of x~ for the unique (x°) events. The
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where n is the number of constraints in general, but is equal to one for
our case as can be shown by explicitly integrating formula (1).

. . 2 o . =2 .

Using the histogram of ¥ as a weighing factor, we obtain ¥ (experl—

mental) = 1.0. This implies a2 = 1, which contradicts our previous de-
termination of o from the resolution curve. This discrepancy is caused
by the 2n° events which tend to give more weight to large values of X2
than the theoretical curve would. This can best be seen by plotting the
probebility for all events (Fig. 13 (a)) separately for the sample of
events with < 0.0182 BeV ™ (Fig. 13 (b)). The expected distribution
in probability is

-(ag-l)xg/E (

no
~—r

NA o(P) = N8 &2 o(0Px®) /o(x) = Naae

where N is the total number of events and A is the bin size. This may

2 2 2
be derived by equating -p(P)dP = [agp(agx )]ax” and calculating dP/dyx

2
from the formula used by GRIND to convert X~ to probability:

2

B(x%) o(x'®)a x'

>Rf\\‘7 8

For a = 1 the distribution is a constant (i.e., a straight line).
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The curves shown in Fig. 13(b) are calculated from equation (2)
with @ = 1.0 and 1.2. The agreement with the @ = 1.2 curve is reasonable.
Comparing this histogram to the probability histogram for the events with

2

MM~ > 0.0182 BeV® (Fig. 13 (c)) shows that the distributions are quite

1

sensitive to the presence of events with 2r°'s.

A.3 Other Tests

Although the evidence for the presence of 2n° events is convincing,
it could be argued that there still are large amounts of contaminating
events in the sample. We counter these arguments by counting the numbers
of no and ®° events (which are nearly background free) which have prob-
abilities above and below 0.55. This cut divides the overall data into
two equal parts. Assuming the 11% contamination by 2n° is contained
entirely in the low probability half, we predict

No. of events (n°® + w®) high P
No. of events (n° + a°) low P

= 1.29 .

Our experimental result is 1.24 £ 0.09. If the contamination had been
larger than ll% and concentrated in the low probability half, then the
experimental value would have been larger than the predicted value.

+ﬁ-pp channel is considered in Fig. 1k.

Contamination from the =
If our procedure of accepting all events which fit the (pp) reaction
were faulty, or if the four-constraint (pp) fitting procedure were

faulty, then the unfitted momentum of the n® should have respectively

a hole or a peak below 150 MeV/c° In Fig. 14 the unfitted momentum of
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the n~ is shown for the same events. (The n~ track is a good track to
compare with the n° since both pions can result from the decay of the
N*(12%8).) The generally good agreement between the two momenta indicates
that the correct number of events has been assigned to the (n°®) reaction
at low momentum.

Finally in Fig. 15 we show that there is no contamination from events
of the type n+ﬁ+ﬁ'pn 7°. If the MM2 is calculated assuming the positive
tracks are pions, the events do in fact extend into the n no region (to
the right of the smooth "neutron" curve).

A1l of the high mass events, however, have two protons identified
by bubble density. The shaded events are those which were assigned by
the unique fit rather than by bubble density. It is seen that most of
these lie too low in mass squared to interpret them as ot n~pn 7°.

This graph points out the crucial role played by bubble density in the
identification of these events.

From all the above we conclude that both the measuring errors and

+ -
the contamination of the "good" = = x pp events are well understood.

B. VALIDITY TESTS FOR ' n'x pn
Meking a similar analysis of the ﬂ+ﬂ+ﬁ-pn events is more difficult
for two reasons:

2

1. The missing mass can be contaminated above M(n)“ by events

with a neutron and a ° missing, and above and below M(n)2
by events of the type ﬂ+ﬂ'ﬂoﬂopp where one of the protons has

a momentum greater than 1.7 BeV/c. (Above 1.7 BeV/c we cannot
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identify protons by bubble density.) The latter source of
contamination is of concern since in only 9.5% of our biased*
sample of (pn) events can both  mesons be identified by
bubble density.

2., The nature of the ambiguity problem distorts the neutron mass
spectrum as discussed in the next Section. The missing mass
squared of the neutron in Fig. 16 is in obvious disagreement
with the resolution function.

The probability distribution for the "good" (pn) events is shown
in Fig. 17. The fact that it is identical to the overall probability
distribution for the (no) reaction suggests that the contamination and
measuring errors conclusion will be the same as in the (no) reaction.
As we have seen, however, the missing mass squared in this case is in
poor agreement with the corrected (a = 1.2) resolution function. The

source of this disagreement is discussed below.

C. AMBIGUITIES
+ - 0 + + - :

The two channels, n n n pp and n n 5 pn, are naturally ambiguous
with one another because each has three pions and two nucleons in the
final state, and because they are both one-constraint reactions. This
can be seen by considering a case where a positive track has the same

unfitted momentum as the neutral track within the measuring errors.

*
We deliberately rejected events with two slow ﬂ+ mesons in 80% of the
film.
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If the positive track is fast (as is the case in events which cannot be
distinguished by bubble density), then the momentum of the track is pri-
marily dependent on curvature and only slightly dependent on mass. Thus

if energy is properly balanced for the (n°) reaction, it will also balance

for the (pn) reaction since E4 + EO =~f§+2 + m,,_2 + *Jpoe + mo2 is un-

changed by switching m, and m, whenever the momenta are equal (p+ = pg).
The larger the errors are in momentum, the more often will these channels
overlap. Since our errors are large (due to the high beam momentum rela-
tive to the chamber size), we suffer from a large percentage of ambiguous
events (good (x°): ambiguous: good (pn) = 1.7: 0.29: 1), and we, there-
fore, must treat them carefully if our cross sections are to represent
the entire channel. Previous experiments with this beam momentum and
chamber have a) ignored the p:roblem,LL8 b) concluded the events were
hopelessly ambiguous since they had identical X2 distributions,u6 or

¢) concluded from.A2 distributions that =~ 80% of the events ambiguous
between n~p + n"p 7° and n"p 1" 77n were in fact the x" n7n final
state.>0 Our probsbility distributions for the two hypotheses (Fig. 18)

30,46

are seen to be identical as would be expected from the n"p results.

C.1 Missing Mass Tests

In the following we reach essentially the same conclusion as (e),
but we use a more powerful test; namely, the distributions of missing
mass squared. The method is more powerful than the A2 distributions

because the A2(+target) is very dependent on the momentum of the positive
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track, whereas the missing mass is essentially independent of the momen-
tum of the outgoing tracks if the events are correctly identified.

The unshaded events of Fig. 19 are the L42 unambiguous events with
a proton of momentum greater than 1.7 BeV/c. The corrected resolution
function normalized to 442 events is in general agreement with the data.
It predicts 56 events with MM2 < -0.3, and there are 50 events. All of
the 504 ambiguous events (with missing mass squared calculated assuming
the unidentified track is a proton) are shown shaded. The corrected
resolution function for these events, but normalized to 255 events, is
added to the previous resolution function to give the upper curve. This
is an upper limit to the number of (n°) events contained in the ambiguous
events since the addition of more events would cause the peak of the over-
all resolution function to rise above the histogram. This curve estimates
L4 ambiguous events with MM2 < -0.3 whereas there are only 21. Thus about
one half of these, 125 = 80 events, is our estimate of the number of (no)
events in the ambiguous events. This is 25% of the ambiguous events.

We now consider the missing mass squared calculated as a neutron
shown in Fig. 20. There are 1035 good (pn) events where a positive pion
could not be identified by bubble density. The corrected resolution
function normalized to 1035 events does not fit well. This time the
corrected resolution function for the ambiguous events is added but is
now normalized to the 379 remaining ambiguous events. Because the data
is now roughly consistent with the sum of the two resolution functions,
we conclude that (125 + 80)/(379 + 80) is the correct division of the

ambiguous events.
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The full widths at half maximum of the uncorrected resolution func-
tions for the various eventg classes are summarized in Table IV. It is
seen that events with positive tracks of high momentum have a larger
than average error in missing mass squared. Also, the ambiguous events
have a larger error in missing mass squared than the unique events of
similar topology. The corrected full widths are 0.833 tim

in t!

TABIE IV

RESOLUTION IN MISSING MASS SQUARED
(The uncorrected full widths at half maximum, ', are shown for all
events and for only those events with a positive track of momentum
greater than 1.7 BeV/c)

I' in Good (x°) Ambiguous Good (pn)

BeV” A1l > 1.7 BeV/c  (x°)-(pn) > 1.7 BeV/ec A1l
['as n 0.3%2 0.323 0.592 0.472 0.h441
I' as n° 0.095 0.154 0.349 0.305 0.172
Events 292l b2 50k 1035 1754
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CHAPIER IV

GENERAL MASS AND MOMENTUM TRANSFER DISTRIBUTIONS

The invariant mass of the n+ﬁ_ﬁo system is shown in Fig. 21. 1In
addition to the no and «° meson peaks, a broad enhancement is seen around
1500 MeV. Our results indicate that the peak is the Ago. There is no
evidence for Alo (1080) or ABO (1600) production.h9 At M(3n) = 1.0 BeV
is seen evidence for the HO meson. These resonances are discussed further
in the sections following this one. For details from other experiments,
the reader is referred to the compilation of references and data by
Rosenfeld, et 3&-50

The solid line of Fig. 21 is a phase space distribution calculated
for the reaction n+ +n > 3n + p and modified to take into account the
Fermi motion of the neutron as discussed in Chapter II. The normaliza-
tion is discussed in Section D of Chapter V. The curve does not fit the
data well with any normalization. The dashed curve is the previous phase
space multiplied by the correction factor of the type suggested by Lubatti
and Rosenfeld.51 The fit to the data is considerably better. The back-
ground it estimates for the &P agrees with an independent estimate ob-
tained from curve fitting in the P region. This correction factor takes
into account the preference of the data for low A2. The correction

-AA°

2 2
assumes that (do/dA )«e , with A = 3.5 (BeV/c) for our data. The

correction formula and its derivation are given in Appendix J.
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A scatter plot* in Fig. 22 of M(ﬂ+n'no) against A2(3ﬂ) shows that
the no and «° events are produced at low values of A2(5ﬂ) as, in fact,
are most of the events of the channel. The lower solid curve shows the
kinematic limits for n' hitting a stationary nucleon and producing a group
of new particles with invariant mass M. Some events should fall outside
this line because of the Fermi momentum of the target neutron. The outer
curve is the kinematic limit for n+d*Mﬂ. This curve is the absolute limit
for our reaction ﬂ+d+ ﬂ+ﬂ_nopp. The fact that the effective mass of the
two protons is always greater than that of a deuteron means that events
cannot quite reach this boundary.

The projection of this plot on the A2(5n) axis is shown in Fig. 23.
This plot does not give a meaningful picture of the average differential
cross section, do/dAg, because kinematically allowed and excluded regions
are lumped together when one averages over M(3x)., To rectify this we
2( , where A2(3x) is the four-momen-

show in Fig. 24 a plot of A (3xn) -

A,
min

2
tum transfer squared to the 3w system, and Ami is the minimum kinematically

n
allowed value of A2 for the given event. Both Aiin and cos6* (below)

have been calculated for each event by defining the center of mass system
to be that of all the outgoing particles except the spectator proton.

We exclude 1° and a° events. Events with M(3x) > 1.7 BeV are also ex-
cluded to assure that the entire region of A2 in the plot is kinematically

2
allowed. A fit of the form e~} gives A = 3.4 * 0.2 (BeV/c) 2. Elastic

*
The author is indebted to L. Lovell and A. Loceff for the scatter
plotting program.
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(n7p) scattering near our energy52 has a much larger slope of A =
7.5+ 0.2.

There rgcently has been experimental interest53 in high momentum
transfer events in elastic scattering (cos®* = -1). They have been
interpreted theoretically5u as nucleon exchange processes. We note
in Fig. 25 that there is evidence for a small backward peak in this
channel. It does not appear to be associated with any particular three-
pion mass.

The two-body mass plots shown in Fig. 26 give evidence for p+, po,
and p~ production and for production of the two-body final states p+ +
N*°(1238) and p°® + N¥*(1238). Figures 26 (a,b,c) show the s invariant
mass distributions. Figures 26 (d,e,f) show the invariant mass of the re-
maining pion and proton of higher momentum. The Ag(p) (i.e., from the
beam to the p) distributions for the events having mass combinations simul-

- *
taneously in the p'(p®,p7) and NO(N'T, ¥ )

regions are given in the
inserts. The difference in the A2 plots (see inserts) is perhaps ex-
plained by the fact that p+ and po can be produced in ﬂ+n collisions by
one-pion exchange but p~ cannot. The A2 distribution shapes and total
numbers of events in Fig. 26 (d') and 26 (e') are in excellent agree-
ment with being identical, as predicted by the one-pion exchange diagrams
drawn in Figs. 26 (a,b). The p region throughout this report is taken

as 650-850 MeV, and the N¥(1238) region is defined throughout as 1140-
1340 MeV. TheAphase spaces are normalized arbitrarily to events in Fig.

26 (a) and Fig. 26 (d) and then copied onto the other histograms of Fig.

26.
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Figure 27 shows the invariant mass of the pions combined with the
spectator proton. At first sight it is a surprise to see how similar the
n-p and n-spectator mass histograms are. Evidently the momentum dif-
ferences of the two protons are not great enough to change the mass spectra.
The curves are the same mp phase spaces as in Fig. 26. Note however,

that the evidence for N**1(1238) seen in the n+p plot is not seen in the

7 'p (spectator) plot.

The invariant masses of the n‘nop, n+ﬁ-g and ﬂ+n°p systems are shown
in Fig. 28 with a phase space estimate. One would expect to see some
of the higher N* resonances in these plots. The lack of evidence for
them is evidently due to the large backgrounds. Events with no(555-575

MeV) or w°(705-875 MeV) have been removed before making the plots of Figs.

26, 27 and 28.
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CHAPTER V

RESONANCE PRODUCTION IN x*d + x'n"nCpp

A, xtd - T]Opp
The no meson, since its discovery55 in 1961 in this reaction (ﬂ+d >

ﬂ+ﬂ'ﬂopp), has been well studied. A variety of decay modes have been

+ - 4 -
7 e'e”); charge-

found (a recent example being the rare mode,56 no > 7
conjugation invariance, C, has been studied in the 7 decay mode,l’57
and the production and differential cross sections have been measured in
a recent high energy spark chamber experiment in the reaction n"p > non;

T]o R 77.&&

A.1 Mass and Width
o) PG -+ :
The n° (whose quantum numbers are J°~, Mass = 0", 548.8 MeV) is
seen in this experiment in Fig. 21. We define the 1° region as 0.53 to

0.57 BeV. The average mass of these 4l no events is
M(n°) = 551 & 3 MeV

in good agreement with the world average. The full width in mass is
about 20 MeV which is a measure of our instrumental resolution. The
events presumably include both the no > ﬂ+n_no and no > 'ty decay
modes since our resolution of the missing neutral is poor (see Fig. 10).
From phase space we estimate only one or two background events in this

sample (2 - 5%). For comparison it is interesting to note that the re-

(B



cent low energy study of the 1° in this reaction (beam momentum of 820

MEV/c) found a slightly larger background of 7 % 1%.

A.2 Total and Differential Cross Section

Our cross section at 3.65 BeV/c for 43 1° events is
+ - + -
o(n® > xn’ or nxy) =52%8 u .

This includes our 8% uncertainty in normalization. Assuming we are observ-

8
ing 30.5 + 2.0% of the total cross section,5 we get

0, +(n°) = 160 % 30 b .

L2
The comparison point of Guisan, et al.,  in hydrogen and from the 77

decay mode at 3.72 BeV/c (see Fig. 29) is
0pot(n®) = 111 + 15 wb .

This error includes a 10% systematic uncertainty These two measurements
are in moderate agreement since the difference is expected statistically
once in five experiments. This is a rough indication that our cross
sections do approximate free neutron cross sections.
There are two experimental uncertainties which would bring these

points into even closer agreement. First, the hydrogep point assumes

(n° > 77)/ (9° » all1) = 38.7 + 2.7%. If the value of this branching
ratio were closer to 50%, as suggested by a recent preliminary result,59

then the hydrogen cross section would become

Th



] _
Gtot(n ) = 143 wp

Second, L0% of our no events have slower protons with momenta greater than
250 MEV/c. If these are rejected as not having been produced on a free
nucleon (as is sometimes done in n+d experiments), then our value would
become 140 ub.

40,60

Phillips and Rarita have fit the differential cross sections

for no production with a set of parameters based on the Regge pole model
with Ap-meson exchange. The datalL2 used in their fit were taken between

6 and 20 BeV/c from the reaction n"p + n°n; n° » 77. It is interesting

to see how low in energy their result can be extrapolated and how well
their prediction fits our data. This is shown in Fig. 29. The low energy

61

7 p data is from Bulos, et al., and the other n'd datum is from Bacon,
et a1.”.

The solid curve is a numerical integration of their differential
cross section formula from A2 =0+tol (BeV/c)Q. Some appreciation for
the success of the extrapolation (dashed line) can be gained by noting
that a straight line will pass through the four fitted points, but will
miss the 2.9 and 3.7 BeV/c points entirely.

Our differential cross section at 3.65 BeV/c is shown in Fig. 30.
The solid curve is the prediction calculated from the work of Phillips
and Rarita.uo There is no adjusted parameter. The dashed curve is our

estimate of the effect of Pauli exclusion (see Chapter II). From the

1 p data at 3.72 BeV/cl+2 and the established branching ratios,58 we

[P
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Figure 29. Total cross section for no production. The solid curve is
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polation of the solid curve in the Regge formalism. The point (x) is
from this experiment.
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2
estimate we should have 5.7 * 1 events (68 = 12 ub/(BeV/c)™) with
2, 0 2 . .
A°(n") < 0.1 (BeV/e)“. We find we have only one event. Our result is
even less than our theoretical estimate of 4 = 1 (5 = 1) events which
assumes the production process is all nonflip (all flip). As seen in
. . . 2 :
Fig. 8 and Fig. 9, we do not believe events at low A suffer from serious
scan bias because of the dramatic appearance of the two protons. We there-
for consider our result interesting and worthy of further study in other
experiments. We do note the remote possibility that the two missing events
were thought to have Dalitz (e*e”) pairs (contrary to the rules of our
scan) and were treated as two~prong events.
. . . 2 2 2 .
A fit to an exponential drop in A for A° = 0.1 - 1.5 (BeV/c)” gives
-2 C . . - L2
a slope A =3.0 = 0.7 (BeV/c) . This is consistent with the n p result.
This flatter than elastic slope can be interpreted as evidence for the
exchange of a heavy, high spin meson (only the A2 is presently known to
. P,G . . 27 .
satisfy the J°I  requirements). Blaias has shown that this may also
be interpreted (in the framework of the Byers and Yang "Coherent Droplet”
model) as evidence that the radius of the no droplet is smaller than that

of particles produced with steeper slopes.

A.3 Dalitz Plot Density
Since the no meson is spin zero, it is expected that the matrix
element for its decay is roughly independent of the position of the
62

event on the-Dalitz plot. For each event we calculate the distance

of the event from the center of the Dalitz plot, R, and the maximum
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Figure 31. Radial Dalitz plot density for events in (a) the 1° meson,
(b) o meson, (c) HC meson, and (d) Ap® meson mass regionms.
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distance from the center of the Dalitz plot allowed by kinematics, R . .*
Because we want events per unit area, and area is proportional to R2,
we show in Fig. 31 the distribution of events per unit (R/Rmax)g. The
X2 probability that the distribution represents a constant matrix element
is 50%.

The most precise measurement of the asymmetry of the Dalitz plot
to date is A = (N*- N')/(N++ N7) = + 0.003% # 0.010.57 Here, N+(N') is
the number of events whose n+(n—) has more kinetic energy than its ﬁ-(ﬁ+),
The kinetic energies are calculated in the n° rest frame. The value for

our no events is

A = -0.042%0.15 .

The result is consistent with no violation (A = 0). (The same number

for our @ events is A = + 0.05 = 0.05.)
+
B. nd-~ wopp

B.1 Mass and Width

0 . . R +-0 0  *-0063
The w~ meson was discovered in the reaction pp>n n @ ; & > T T T .

The peak was not as prominent as the one shown in Fig. 21. A detail of
o)

the 1~ and o° mass region is shown in Fig. 32 with a least squares fit**

to the @°. The curve is the Breit-Wigner form added to phase space (PS),

*The author is indebted to L. Lovell for the program which calculates Ry 4.

**The author is indebted to W. Gibbs and L. Lovell for the use of their
fitting program.
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Here, M is the three-pion mass, M, is the value of M at the peak, and

I' is the full width at half maximum of the resonance. The fitted values

are
M, = 783 £ 2 MeV
' = L8+ 6 MeV

The presently accepted world average values are58

M = 782.8 £ 0.5 MeV
Iy = 12.0 £ 1.7 MeV .

We are in excellent agreement with My. To compare I' and Ij we must sub-
. o 6l
tract our estimated resolution in mass. Frazer, Fulco, and Halpern
have pointed out that the combination of two Breit-Wigner forms with widths

r

o 8nd I'y gives a new Breit-Wigner form with width I' = Ty + I'g. Since

the curve fits our data nicely (x2 = 30 for 47 degrees of freedom), and
the ° alone is probably Breit-Wigner in shape and in any case much nar-
rower than our resolution, we conclude that our errors must be better
represented by a Breit-Wigner curve rather than by a Gaussian curve.

Our resolution function (defined as a sum of Gaussian <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>