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ABSTRACT

Study of a Low Energy
Antineutron Source
by

Robert Michael Moss

The low energy antineutron source used during E767 at
BNL is studied in detail. The active source volume consis-
ted of a stack of 20 thin scintillators. Antineutrcons were
produced via charge-exchange of the incident antiprotons.
The source volume was surrounded by a lead-scintillator
vetobox. Events with zero or one counter hit in the veto-
box were considered possible charge-exchanges. The appara-
tus is studied by comparing a Monte-Carlo simulation with
data taken from an unbiased p trigger.

The apparatus is found to be insensitive to many
details of the expected interactions, and the Monte-Carlo
assumptions are sufficient to understand the source opera-
tion and output. At 515 MeV/c about %% of the total number
of events produce useful antineutrons. The vetobox has
over 99% efficiency for vetoing annihilations. The results
suggest using a segmented liguid hydrogen target with an
improved trigger to both increase n flux and increase data

taking efficiency.
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CHAPTER I

INTRODUCTION

The antinucleon-nucleon interaction is a rich and inter-
esting area of physics that is useful for studying the strong
interaction. This system has two distinct final states: the
NN final state (elastic scattering or charge-exchange) and
the multiple meson final state (annihilation). The first
case can be described by the G-parity transform of the NN
potential, where the intermediate and long range parts are
dominated by meson exchange. On the other hand, annihila-
tion is an additional channel not available in the NN system.
Annihilatidn occurs if the quark "bags" overlap and the
quarks rearrange to form mesons, hence it is a short range
interaction. Study of the NN interaction can, therefore,

wamers Ao
AV e

s a ~——~—

ly on the confinement radius for the quark bags. Because of
the additional annihilation channel, study of the NN inter-
action can help distinguish between which interactions
involve meson exchanges and which arise from guark-gluon

interactions.

P
was made by Bryan and Phillips [BP68]. They used a G-parity
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transformed One Boson Exchange (OBE) potential of Bryan and
Scott [BS69] for the real part, and approximated the short
range annihilation potential by a purely imaginary Wood-
Saxon potential which was independent of spin, isospin, and
energy:

-iW0

-iw(r) = .
1 + exp(br)

By fitting W, and b to the total and elastic cross sec-
tions at 100 MeV/c, good fits to the ({poor) existing data
were achieved.

The ten years following the work of Bryan and Phillips
brought better data and more sophisticated NN potential
models. 1In particular, the NN Paris potential was developed,
{LABO], in which the intermediate range part, described by
the p meson and the non-physical o mesons in the OBE
model, were replaced by two pion exchange. Dover and
Richard [DR80] used a simplified static version of the G-
parity transformed Paris potential, to which they added a
phencmenclegical spin, isospin and energy independent anni-
hilation potential of the Woods-Saxon form similar to that

of Bryan and Phillips. However, Dover and Richard allowed

an additional real part, i.e.

- iw,.

-1WO > - VO 0

The addition of the real part resulted in a significant



3
improvement in the fit to the total cross sections, but the
backward angle scattering was grossly underestimated.

There are several objections to the preceeding models
[GR83]. First, these models are inconsistent with narrow
nuclear bound states in the NN system (if they exist) since
they produce widths on the order of hundreds of MeV. One
solution to this problem could be to incorporate an explicit
energy dependence. This means that an energy independent
potential fitted in the scattering region cannot describe
bound states possibly several hundreds of MeV below NN thres-
hold. Second, these phenomenological theories are inconsis-
tent with models based on meson emission or quarks, because
of the independence of the annihilation on spin and isospin.

These objectives were partly met by the NN potential of
the Paris group [CO82]. Their model for the NN optical
potential used the G-parity transform of the NN Paris poten-
tial [T.AR01 €or the long and intermediate range parte (the
real part of the potential), together with a phenomenologi-
cal description for the short range part. For the absorptive
part of the potential (the imaginary annihilation part) they

used an energy dependent general scalar operator of the form

-> > >
w(r’TLAB) - [gc(1+chLAB) + gss(l+fssTLAB)cl°°2
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With this Paris potential, a very good fit to current
data is achieved, but at the cost of twelve parameters. The
treatment of the phenomenological core region introduces
more parameters, but these are probably unimportant because
of the enormous annihilation potential in this region. Be-
cause of the large number of free parameters, the Paris
potential must be treated as a phenomenological fit to data,
rather than a form derived from a more fundamental theory.
Nevertheless, this potential appears to be the best descrip-
tion of NN scattering available today. It should be noted,
however, that none of the above potentials has a realistic
energy dependence which allows calculation of bound states
far below NN threshold, and in addition, none of these pheno-
menological approaches can give any help in calculating
branching ratios for annihilation into specific meson chan-
nels [GR83].

The ds ipticn
short range phenomena in the NN interaction by microscopic
quark models is still in its infancy. The simplest assump-
tion at the quark level is that the three quarks and three
antiquarks of the nucleon and antinucleon rearrange them-

selves into three qg pairs, forming three mesons. This is



recently used the QRM to fit the annihilation branching
ratios. They did this by introducing parameters to account
for the initial state interactions in the spin and isospin
states, and the effective coupling of a g pair into a meson
[GB83]. This method had reasonable success. Maruyama has
also attempted an alternative approach using a junction
model [MA83]. In this model the quarks of the nucleon and
antinuclebn are joined by "strings" to a junction and an
antijunction, which may annihilate. However, Maruyama and
Ueda [MU83] admit problems with the model, and prefer the
previous approach. In addition to the quark rearrangement
model, it has been suggested that a gg pair can annihilate
to form the two meson final states. It should be pointed
out that all of the QRM theories still require a phenomeno-
logical repulsive potential at short distances, and that the
spin and isospin dependencies predicted by the models often
conflict with the sparse existing data. A comprehensive
review of theoretical descriptions of NN annihilation can be
found in the paper by Green and Niskanen [GR83].
Experimentally, little is Xnown of the NN interaction
between zero and ~ 400 MeV/c, the momentum range in which
much of what is known about the NN interaction was learned.
Early evperiments were limited to either higher energies or
reactions at rest. 1In addition, these experiments were
limited bv poor quality p beams, which suffered from low

intensity, large momentum spread, large phase space and
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severe pion contamination. Some of the earliest data on pp
elastic, charge-exchange, annihilation, and total cross sec-
tions as well as annihilation multiplicities were from bubble
chamber work by Baltay [BA66] and Agnew [AG60], as well as
work by Chamberlain [0C57]. Some of the most recent pp cross
sections are presented at the beginning of Chapter V.

A characteristic of the many NN models discussed earlier
is that they all predict a rich NN spectrum, with many narrow
resonances and bound states clustering near threshold. The
intense interest in these theories was generated by the ex-
perimental evidence of possible narrow states near threshold,
generally named baryonium. There are at least two baryonium
candidates in the pp system and perhaps one in the np system.

The most likely baryonium candidate is the so called
S(1936) meson. In the mid-seventies, at least three differ-
ent experiments [CA74], [CH76], and [BR77] reported narrow
structure in the pp total cross section near 500 MeV/c.

Later experiments, however, failed to confirm the existence
of the S meson [EJ81], {NA84d}, [HA80b]. 1In 1982, Amsler

et al. claimed to see structure in the S meson region [AM82].
Recent results at LEAR (the Low Energy Antiproton Ring at
CERN) show no structure on the total cross section [BE84],
but a different experiment does report structure in the
charge annihilation cross section near the S meson region
[TW84] . More evidence for baryonium is the evidence of high

Y

energy y iines froma possible pp bound state {PA78]. On th

ne
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other hand, some recent LEAR data could not find evidence of
any structure with much bétter statistics [TW84]. Finally,
there has been one report of a structure at 840 MeV in the
pn (actually the pd) system [KA75]. This result has never
been confirmed nor denied. It is clear that even today the
situation is somewhat confused.

Another interesting experimental result is the evidence
against S-wave dominance in pp annihilation at rest presented
by Devons et al. [DE71]. It should be noted that this idea
is not so surprising in view of some recent calculations in
the quark rearrangement model [GR83].

In order to resolve the ambiguities in the experimental
data and to discriminate between the different theoretical
models for the NN interaction, much more high precision data
is needed with particular emphasis in low momenta near thres-
hold (less than 400 MeV/c). It is difficult to address these
ing 10w €neigy aintiproton Leams because
of the rapidly rising energy loss as the momentum goes to
zero. Because of finite momentum and vertex resolution, the
in-flight data becomes highly contaminated with stopping
interactions. However, use of a neutral antineutron beam
would eliminate all of the above energy-loss related prob-

.t

3 s S - - am——am ot T . v
ilhiz, pPIoOVided enduga antineutrons can oe produced. With



8
of a low energy active antineutron source and (2) measure-
ment of the np annihilation cross section near NN threshold.
Note that this is a pure (I=1) isospin channel, so that the
isospin dependence of the NN interaction can be studied
directly, without the ambiguities inherent in a pd experi-
ment.

It is the purpose of this thesis to study the behavior
and performance of the antineutron source apparatus used for
experiment 767. This study requires the following: (a) ac-
quisition of data from the apparatus with a properly unbiased
trigger, (b) analysis of the data from the source apparatus,
(c) Monte-Carlo analysis of the source apparatus performance,
and (d) comparison of Monte-Carlo and data analysis results
to determine annihilation veto efficiency and antineutron

production efficiency.

In Chapter II, the layout of experiment 767 is presented,

along with hrief Adescriptions of the vari
volved. Description of the antineutron source is deferred to
Chapter III, where the physics involved and the method of
study is described. Chapter IV concerns itself with the
details of the data analysis, while in Chapter V the philoso-

phy and details of the Monte-Carlo analysis are discussed. A

Monte-Carlo is also given. The results of the data analysis



in Chapter VI. Chapter VII concludes with discussions on
the effectiveness of the Monte-Carlo and the parameters of

the antineutron source.



CHAPTER II

E-767 EXPERIMENTAL SETUP

Experiment 767 was set up in the experimental area at
the end of the C8 line of the Low Energy Separated Beam II
(LESB II) of the Alternating Gradient Synchrotron (AGS) at
Brookhaven National Laboratory (BNL). For the purpose of
this experiment, this beam line was tuned to provide
~ 400-800 MeV/c antiprotons at a rate of ~ 1000-3000 per
spill. Details on this beam line and those associated with
it are available fiom [XU85].

The experimental layout for E-767. is shown in Figure 1.
This detector system consists of four parts: (1) a scintil-
lator and multiwire proportional chamber system to identify
and locate antiprotons; (2) an active antineutron source and
ite asgociated veta countera; (2) a hvdre
ded by drift chambers for identifying and reconstructing ﬁp
annihilations; and (4) a segmented calorimeter for determin-
ing the antineutron flux. Brief descriptions of these
apparatus are given in this chapter with the exception of

the antineutron source, which is discussed in detail in
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The beam in the C8 line is heavily contaminated with
pions, with a ratio of antiprotons to pions of ~ 1/200.
Clearly it is important to distinguish the desired anti-~
protons from the background pions. To this end, a system
of detectors was constructed to tag and locate the anti-
protons in the beam. This system consisted of a beam
hodoscope (BH), two multiwire proportional chambers (Pl and
P2), and two antiproton identifying scintillators (S1 and
S2). The antiprotons must pass through the hodoscope, the
beam chambers, and S1 and S2 before entering the antineutron
source.

The antiprotons can be distinguished from the pions in
two ways, namely by time-of-flight (TOF) between the hodo-
scope and Sl or by energy loss in S1 and S2. The flight path
between BH and S1 is ~ 377 cm, so that the TOF for 505 MeV/c
antiprotons is ~ 26.5 ns, while for pions with the same mo-
mentum the TOF 1s ~ 13 us. The eneryy deposiied Ly the anii-
proton in S1 and S2 is 2 3 times that deposited by the mini-
mum ionizing pion at this momentum. Both of these methods
were used in the fast triggering to remove as many pions
as possible from the sample.

The two multiwire proportional chambers each had one
X and one Y coordin
beam into the antineutron source. Information from these
Chambers was alsSu used in the OLf line analysis to be dis-

cussed in Chapter IV,
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The beam hodoscope (BH) consists of ten thin scintil-
lators 3.81 cm wide by 7.62 cm high arrayed side by side in
the C8 beam line. It should be noted that the time resolu-
tion of these scintillators was poor (~ 2-3 ns), and that
pulse-height information was not available. These scintil-
lators are part of the beam line facility and were not con-
structed by the E-767 collaboration. It would be advisable
to replace these scintillators in any future work.

An antiproton was tagged (triggered) when there was a
proper time ccincidence between BH, S1, and SZ, as well as
satisfying pulse~height requirements‘in S1 and S2. It was
discovered that multiple pions in the system could mimic a
valid p trigger. For this reason a multiplicity unit was
designed for the BH so that only events which had only one
particle in the hodoscope and no other particles within 10 ns
were triggered. It should also be noted that S1 defined the
time, i.e. the TDC for S1 was defined to be zero, and all
other times were relative to S1.

The purpose of E-767 being to determine the np annihi-
lation cross section, it is necessary to measure the annihi-
lation rate as a function of the antineutron momentum. For
this purpose, a liquid hydrogen target was placed downstream
of the antinentron
(M-counters). and drift chambers. The antineutron velocity
was calculated from the measured TOF from the source to the

annihilation point and the distance travelled. The
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antineutron annihilates with a proton in the target to pro-
duce several pions, which proceed out through the scintil-
lator-drift chamber system. The annihilation point is
determined by vertex reconstruction from the drift chamber
data, and the interaction time is determined from the TDC
information in the M-counters surrounding the target.

The liquid hydrogen target was an aluminum cylinder of
length 50 cm and radius 20 cm in a vacuum jacket 50.8 cm in
diameter. Its size and location downstream of the source
were determined by event rate and TOF considerations [LOS81].
The target was constructed and maintained by BNL.

The twelve M-counters were placed in a "barrel-slat"
configuration around the target, between the target and the
drift chambers. The solid angle subtended by these counters
was about 74% of 4w steradians. Each counter consisted of

a ~ 1 m long quarter-inch thick scintillator with a photo-
ih

mnltinlier

2 on each end, The construction and ingtalla-
tion of the M-counters were the responsibility of the Rice
collaborators.

The drift chambers surrounded the target and M-counters,
and subtended a solid angle of about 50% of 471 steradians.
They were arrayed into four identical quadrants, each con-
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The active volume of an inner chamber was 55.88x151.13x10.16

centimaterae  and that of an outer chamherwas 106_A&8x151 13x10_ 16
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centimeters. Each chamber had four coordinate planes. From
the target out, each chamber had a U-coordinate (sense wires
at 45° with respect to the target axis), two X-coordinates
(sense wires perpendicular to target axis), and a Y-coordinate
(sense wires parallel to target axis). A basic drift cell
consisted of alternating field and sense wires placed 2.54
cm (1") apart and centered between two high-voltage foils
that were also 2.54 cm (1") apart. Outside each quadrant
was a large scintillator (E). A coincidence between an M
and an E counter was evidence that a charged particle had
passed through the intervening drift chambers. This was
used to monitor the drift chamber efficiency while on line.
The design, construction, and analysis of the drift chambers
were the responsibility of our collaborators from the Uni-
versity of Houston [XU85].

In order to calculate the np annihilation rate, it is
also necessary to know the incident flux of antineutrons.
For this reason a modular calorimeter was placed downstream
of the target-drift chamber system as an antineutron detec-
tor. A typical module had three layers: a 2.54 cm {1")
thick aluminum plate, a layer of parallel 1.27 cm (%") dia-
meter drift tubes, and a layer of 4 parallel 0.635 cm (%")
thick scintillators. The drift tubes and scintillators were
parallel within a module, but the orientation of each module

was alternated by 90°. The first three (upstream) modules
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had no aluminum plates to allow low momentum antineutrons to
penetrate deeper into the calorimeter. The rest of the
modules were as described above, for a total of 12 modules.
The principle of operation is to detect the antineutrons by
the large amount of energy (-~ 2 GeV/c) deposited upon annihi-
lation in the calorimeter and the high average multiplicity
of annihilation products. Vertex reconstruction is accom-
plished using the drift tube information, and information
about energy deposition is extracted from the scintillators.
The design, construction, and analysis of the calorimeter
were the responsibility of our collaborators from Pennsyl-

vania State University [AH84], [CE84].



CHAPTER III

ANTINEUTRON SOURCE

Key to the success of the experiment is the production
of antineutrons. The method of production used in this ex-
periment was via charge-exchange: the incident antiproton
"exchanges its charge" with a proton in the source medium
and becomes an antineutron and a neutron. A simple calcu-
lation shows that the threshold for this reaction for the

proton at rest is ~ 98 MeV/c incident p momentum.

A. Antineutron Source Apparatus

The Source apparatus must be able to locate the point
where the antineutron was produced. Location of the charge-
exchange point was achieved by using a segmented, active
source volume consisting of plastic scintillators individu-
ally wrapped and placed in a stack. The antiproton enters
the stack,; giving hits in consecutive counters as it loses
energy. After the charge-exchange takes place, the result-
ing particles are uncharged, and no subsequent counters
register hits. The approximate location of the interaction
is given by the last counter hit. Our source conéisted of

20 0.635 cm (%") thick scintillators (T-counters). Each was

[
~J
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12.7 cm (5") wide and 5.08 cm (2") high, centered in the
beam line. They were composed of polyvinyltoluene, with
a hydrogen-carbon ratio H/C ~ 1.1. This ratio is typical
of NE102A, the type of plastic used in all scintillators
in this experiment. A view of the T-counters from above
is shown in Figure 2.

The charge-exchange interaction occurs only a small
percentage of the time. Most often the antiprotons annihi-
late on a proton or neutron in the source and produce
several pions. Clearly such an interaction will produce a
signal in the T-counters much like that for charge-exchange.
In order to identify the charge-exchange events from the
annihilations, the T-counters were surrounded by a set of
anticoincidence counters (B-counters) called the vetobox.
The vetobox consists of 12 scintillators arrayed around the
T-counters, 3 to a side. The scintillators are sandwiched
between lead and aluminum sheets to increase the detection
efficiency for y-rays that may be produced in the annihila-
tion. A cross section of the vetobox and source with rele-~
vant dimensions is shown in Figure 3. It should be men-
tioned that the counters B4-~-B6 and B10-Bl2 (on the top and
bottom of the source) are 30.48 x 30.48 cm (12" x 12") scin-
tillators, and therefore subtend a much larger solid angle
than do counters B1-B3 and B7~B9 {on the sides of the

source), which are only 11.43x 30.48 cm (4.5" x 12"). 1In
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addition to the vetobox, a large 30.48 x 30.48 cm anti-

coincidence scintillator (V1) was placed just downstream of
the source, centered in the beam. This counter will detect
annihilation and bzam pions, as well as antiprotons which
penetrate through the source.

Each of the counters described above (T1-~T20, B1-Bl2,
V1) was connected to a single photomultiplier tube from
which timing and pulse-height information was gathered.
Constant-fraction discriminators were not used. A view of
the source and vetobox looking downstream is shown in Figure
4. Table 1 gives relevant distances between various counters

and apparatus, as well as individual scintillator dimensions.

B. Interactions Expected

The physics that can occur in the source and surrounding
veto counters is rich, and many different interactions can be
expected. As the antiproton traverses the source material,
it loses energy (primarily by ionization) at a known rate.
Being a heavy charged particle, an antiproton has a range,

parameterized as
R = (138.79-45.2p%)p>">>

where p 1is in Ge¥/c and R is in cm [RL83]. This formula

is valid for plastic scintillators such as the one used here

{NE102A which do not interact in f£light



FIGURE 4

SOURCE AND VETO BOX
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TABLE 1
DIMENSIONS FOR E-767
(centimeters)
BH - 81 377.2 (nominal)
PiX - 51 72,7075
PIX - PX 82.55
Pty - p2Y 80.01
51 - 82 59.69
i1-11 67,691
Sl -T20 82.169
-T2 14,478
S1 - tqt.center 245.11
§1 - cal.center 415.29
BH-counters 3.81 X 7.62
T-counters 5.08 X 12.7
s1 7.62 X 15.24
52 4.445 X 12,065
B1-B3,B7-89 11.43 X 30.48

B4-B6,810-B12,V1 30.48 X 36.48

23
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come to the end of their range and annihilate, either on a
free proton in a hydrogen nucleus, or on a nucleon in a car-
bon nucleus. The annihilation products consist primarily
of pions, which are emitted more or less isotropically. On
the average, the total pion multiplicity per annihilation is
~ 4-5, with ~ 3-4 charged pions and ~ 1-2 neutral pions
[AG60] , [RE6D].

At these relatively low momenta (below ~ 600 MeV/c),
about 40% of the antiprotons interact in flight. There are
three primary interactions: elastic scattering, annihila-
tion, and charge-exchange. Each of these interactions can
occur on either a hydrogen or carbon nucleus. The charge-

exchange process on hydrogen was discussed earlier:
p+p + n+n .

Charge-exchange on carbon is somewhat more complicated. One

12 11

p+C*“ -+ n+n+B .

Note the added possibility of Yy emission from an excited
state of the residual nucleus. Annihilation on hydrogen
results mainly in pions, with about 4% kaons in the annihila-
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Elastic scattering changes the path length of the antiproton

in the source, thus introducing uncertainty in the energy of
the antiproton at the interaction point. It can also result
in the antiproton leaving the source volume before it inter-
acts again. The antiproton can then either interact in the
vetobox or be scattered back into the source volume.

The particles that result from either the annihilation
or charge-exchange of the antiproton will also interact in
the source and vetobox. The charged pions can scatter or

charge-exchange:

+ + + +

T +p*T +p T +n->7T +n
T +p+T +p T +n-+7 +4+n
m +p-+1° +n nt o+ n > 1° 4 P

They have a mean life 7t ~ 26 ns, and should not decay before

leaving the vicinity of the vetobox. The neutral pions will

e T wnn o mm L - -— - | R,

o\
Hnoy Wy

The kaons resulting from annihilations are produced in pairs
{associated production). Since the strangeness of the pp

or pn system is zero, the kaons will be produced as Ktk '
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kaons gave a mean life 1t ~ 12.4 ns, and thus should pass
through the vetobox before any decays take place. Half of
the neutral kaons produced are Ko, with Tt ~ 51.8 ns, and
should pass through the vetobox unobserved. The other half

o

of the neutral kaons are KS’ with 71T < 1 ns, which will

decay mainly by

> ﬂ+ﬂ 65.6%

+ 1°7° » 4y 31.4%

K

K

©nunowno

The antineutrons produced via charge-exchange can subsequent-
ly annihilate either in the source or the vetobox, as well
as scatter. The neutrons that are produced can scatter, and
even though neutral, they can produce a hit ih the source or
vetobox due to energy loss from collisions. Interactions on
carbon also give the possibility of y-ray emission from an
excited state of the residual nucleus. Finally, any y-rays
can produce showers in the vetobox, which are complicated
events where many particles (mostly electrons, positrons,

and photons) are involved.

C. Trigger Logic

With so many possible reactions taking place, together
with a large background (m /p ~ 200), it is clear that a
fast triggering system is needed to minimize background con-

tamination and to select events of interest. For E-767 the
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trigger logic must be able (a) to discriminate between pions
and antiprotons, (b) to determine when an antineutron was
produced in the source, and (c) to strobe the recording of
data from the drift chambers and calorimeter properly. The
discussion of (c) and its associated trigger logic is not
necessary for a study of the antineutron source, and is
omitted here (see [XU85]).

The logic diagram for the electronics associated with
the triggering of antiprotons is shown in Figure 5. The ten
hodoscope counters (BH1-BH10) go into a multiplicity unit
which has two outputs into the PBAR AND gate. One output
requires that at least one particle passed through the hodo-
scope (BH > 0), while the other output requires that more
than one particle passed through the hodoscope within a 10
rst (BH > 1)

goinkillatnr €1

1
. A% W Al e e e el o s e i~ -

actually a double-ended counter, designated S1L and Slﬁ. The
signal from each goes into a linear fan-out (LFO) which has
two outputs. One is input to a constant-fraction discrimina-
tor (CFD) for timing purposes. The outputs of the CFD's go
into the PBAR AND gate. The other output is summed via
another LFO and input into two different discriminators. One
discriminator is set "low" to give an output for pions in Sl
(S1Lo), and the other is set "high" to give an output for
antiprotons in S1 (S1HI). The signal from S1HI is input to
the PBAR AND gate. The signal from SlLo, together with BH > 0,

determine pions (PI) and out-of-time ("accidental") pions
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(PIACC). Finally, the signal from counter S2 is discrimina-
ted for antiprotons (S2HI) and input into the PBAR AND gate.
Thus, the trigger requirements for an antiproton can be

written
PBAR 2 (BH > 1)+*(BH > 0)*S1HI*S1L-S1R*S2HI

where the bar means anticoincidence. Note that the rela-
tive timing is such that S1L strobes the gate.

The logic diagram for the electronics associated with
tagging the antineutrons is shown in Figure 6. The inputs
from the vetobox (B1-Bl12) are fed into a multiplicity unit
in a manner similar to the hodoscope. The output is dis-
criminated, and events which have more than one hit in the
vetobox are vetoed. One hit in the vetobox is permitted to
avoid vetoing events which are valid charge-exchanges where
the neutron is seen in the vetobox. The trigger requirement

FAr an an+inoneran
Tor an antinaurtror

2
[vs)
B
Pe
m

PBAR*(B > 1) .

Also shown in Figure 6 is the logic required to sample the
inputs at PBAR and NBAR for normalization purposes (PBAR

SAMPLE, NBAR SAMPLE). The signal FTN strobes the TDC's and

N
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and TCA. TCA is the output of an OR gate, with PBAR SAMPLE,
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NBAR SAMPLE, Computer Busy, TA, and CA as inputs. TA and

CA refer to valid target or calorimeter events.

The normal trigger used in the data taking of E-767
(NBAR) , described above, clearly is inappropriate for a
study of the antineutron source. A trigger was needed that
would allow recording of data in the source apparatus for
any antiproton interactions, irrespective of the state of
the rest of the system. For this purpose, the triggef des-
cribed above was modified in the following way: first, the

vetobox requirement for NBAR was removed, i.e.
NBAR = PBAR .

Second, the NBAR SAMPLE generator was set to 50%. Thus,
events which showed an antiproton in the source were re-
corded, with no other requirements. The event ratio was
such that a 50% NBAR SAMPLE allowed data taking at a speed
limited only by the computer busy time.

Using the modified trigger just described, the anti-
neutron source apparatus was studied with two main purposes
in mind: (a) to understand the source operation and output,
and (b) to determine various efficiencies, such as anti-
neutron production rate vs. T-counter, p annihilation rate
vs. T-counter, and veto efficiency vs. annihilation point.
These things are expected to be functions of momentum and

beam phase space. The method of study has three major steps:



(1) Analysis of raw data - Here annihilation multi-
plicities, charge-exchange rate, etc. are determined from
the actual data. The details of this analysis are given
in Chapter 1IV.

(2) Monte-Carlo simulation of source apparatus -
Here all of the "known" physics involved in the source is
used to simulate the expériment in the computer. This
aspect of the study is discussed in Chapter V.

(3) Comparison - Finally, the Monte-Carlo simulated
data are compared to the actual data, and conclusions are
drawn on validity of the Monte-Carlo, corrections to data
values, etc. This step in the study comprises Chapters

VI and VII.
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CHAPTER IV
DATA ANALYSIS

Analysis of the data taken from the source apparatus
basically consists of identifying and cataloguing the dif-
ferent events which occur. 1In order to understand the source
operation and to determine the usefulness of the apparatus
as an antineutron source, three primary results are sought:
{1l] annihilation multiplicities, [2] wverification of anti-
proton interaction cross sections, and [3] various effi-
ciencies. The annihilation multiplicities are determined by
analysis of the vetobox. Once the annihilation is identi-
fied, it is catalogued by the number of vetobox quadrants
that were hit. Clearly this is a function of the geometry
of the source as well as the angular distribution of the

annihilation products. The antiproton interaction cross

the particular interaction took place [TLAST]. A histogram
of TLAST for a particular interaction gives information in
the cross section for that interaction as a function of
energy for a particular incident p momentum. The efficien-

cies of interest to E-767 are the veto efficiency for
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alone, of course, is not sufficient to determine these re-
sults. The results of the data analysis must be compared to
Monte-Carlo results so that corrections can be made due to
the event selection criteria; e.g. an event where the p
scatters out of the source volume and then subsequently an-
nihilates in the vetobox cannot be distinguished from an
annihilﬁticn that took place in the source at the location
of the p's exit. Corrections for such effects can only be
made by Monte-Carlo analysis.

The flow chart for the main program of the data analy-
sis of the source apparatus is shown in Figure 7. The data
are formatted on tape into 450 word event buffers inter-
spaced with 450 word scalar buffers. After an event
buffer is identified, the raw TDC and ADC values for all
of the counters are coilected. The next step is to
"normalize” these raw values such that (1) S1 TbC = 0,
and (2) ADC for minimum ionizing particles = 100. This is
accomplished by applying an additive offset to the TDC
values and a multiplicative factor to the ADC values on a
counter~-by-counter basis. These offsets were calculated
using data from a PI triggered calibration run. After
normalization, the vetobox is analyzed. This consists
primarily of determining which B-counters were hit and the
various multiplicities for the event; e.g. vetobox quadrant
multiplicity per event, total number of B-counters hit per

event, etc. The source analysis follows after the vetobox
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analysis is complete. This is where the p's are identified,
the T-counters are examined, and the various events are
classified. Upon completion, the next tape buffer is read
in and the sequence starts over for the next event. The
results are output after the end of the tape is reached.

The flow chart for the source analysis is given in
Figures 8a-8e. First, the time for S1 is defined, and then
the hodoscope is examined for antiprotons. Events which
do not have 1 and only 1 p in the hodoscope are discarded
[event cut 1]. Next S1L, S1R, and S2 ADC's are examined
for evidence of an antiproton. Events which do not show a
p in all three of these counters are discarded [event cuts.
2-4, respectively] [Figure 8a]. Following this, the
MWPC's Pl and P2 are examined. Those events where there
is not 1 and only 1 hit in each coordinate are discarded
[event cut 5]. In addition, those events where a straight-
line projection of the antiprotons track showed that the
p may leave the source volume before interacting were
discarded [event cut 5]. These cuts serve to reduce back-
ground from out-of-time beam pions and to reduce the number
of events where the p scatters out of the source volume
before interacting. Clearly, the number of events which

survive these cuts is a

function of the efficiency of the
MWPC's. Next the p momentum is calculated from the TOF
between the hodoscope and Sl. Those events with a calcu-

iated p momentum less than 450 MeV/c or greater than 750
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FIGURE 8b
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MeV/c were discarded [event cut 5a]. This "weak" condition
helps to eliminate a few more events where out-of-time beam
pions are confusing the issue. Note that those events
which pass cuts 1-5 make up the incident p sample that is
used for further analysis [Figure 8b].

Once a "good" p is selected, classification of the
event can begin. First, a flag is set if the anticoinci-
dence counter V1 was hit. Then, the T-counters are examined
to determine the interaction point. This is done by
examining the ADC of each T-counter in sequence, and re-
quiring that the ADC be greater than some minimum value
for a p in that counter. When the first counter that is
not hit is detected, the preceding counter is designated
the interaction point [TLAST]. The location of any subse-
quent T-counter hits {after a miss] 1s also recorded.
Events in which the first T-counter [Tl] was not hit are
discarded [event cut 6] [Figure 8c]. Next, two other event
types are discarded. The first type are those events where
all 20 T-counters and V1 were hit, with no hits in the
vetcbox [event cut 7]. These are p's which penetrate the
stack without interacting [except for possible scattering].
The second type are those events which had more than 1
extra [non-sequential] T-counter hit after the interaction
point TLAST was chosen [event cut 8] . These "non-sequential
T-hits" events are probably the result of one of two things:

[1] p's which leave the source volume and are scattered



43

back in by the vetobox, or [2] fluctuations in the p's
energy loss such that the ADC for one or more T-counters
is below the minimum required to declare a p in that
counter. After these cuts, events which have only 1 extra
[non-sequential] hit after TLAST are flagged, and then
the various charge-exchange signatures are examined.
Those events in which there were no hits in the vetobox,
no extra T-counter hits, and no hit in V1 are declared
“pure" charge-exchange events, which are then recorded
and removed from the sample [event cut 9]. Events in
which there were no extra T-counters hit, no hit in V1,
but there was 1 and only 1 hit in the vetobox are also
labeled as charge-exchanges, and removed from the sample
[event cut 10a]. These should be charge-exchange inter-
actions where the neutron is oObserved in the vetobox.

In addition, events with no extra T-counter hits, 1 hit
in the vetobox, and V1 hit are discarded [event cut 10b].
This represents only a very small percentage of the total
number of events, and are probably valid charge-exchanges
where the neutron is seen in the vetobox and either the
antineutron annihilates in V1 or an out~of-time pion is
detected by V1 [Figure 8d). Finally, events which had no
hit in the vetobox and 1 and only 1 extra T-counter hit
are selected. Those where V1 was not hit are declared
charge-exchanges where the neutron gives a hit in a down-

stream T-counter [event cut 11b] and are removed from the
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sample. Those where V1 was hit are also discardedA(eQent
cut 1la). Again, these events represent only a very small
percentage of the total number of events, and are probably
related to those events that satisfied event cut 10b.

| Any events which make it this far without being cut
are considered p annihilations. The vetobox is then ana-
lyzed for the various multiplicities in the annihilations,
as well as various histograms of the ADC's in the vetobox
(Figure 8e). The program then returns to the main program.
For reference, the various cuts are listed below in

the order that they are applied:

1 No p or > p in hodoscope

2 No p in SIL

3 No p in SI1R

4 No p in S2

5 Did not have 1 and only 1 hit/coord in Pl and

P2 or p track projected to leave side of source

5a p momentum < 450 MeV/c or > 750 MeV/c

6 T1 not hit

7 p "punches through" source

8 - > 1 non-sequential T-counter hit

] "pure" charge-exchange

10a charge-exchange with neutron in vetobox

10b 1 hit in vetobox, no extra T hits, V1 hit
lla No hits in vetobox, 1 extra T hit, V1 hit

11b charge-exchange with neutron in T-counters
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While the cuts as shown above were common to all runs ana-
lyzed, the values used for the different cuts varied from
run to run. The primary reason for this is that the energy
loss expected in a particular counter is a function of the
incident momentum. This point was taken into consideration
when the data were analyzed. Cut 5 had a significant impact
on the results of data taken at different momenta, because
the number of events which pass this cut is strongly depen-
dent on the efficiencies of the two MWPC's Pl and P2, which
decreased slightly with increasing momentum. The result of
this, however, is only to lower the total number of p's in
the sample, and so will reflect only a larger statistical
error in the final results, not a significant change in those

results.

source study is concerned: (1) beam pions entering the
stack and (2) accidentals giving hits in the vetobox. The
combination of trigger requirements and some of the off~line
cuts discussed above serve to reduce the number of beam pions
to a low level. However, there is evidence that some contam-
ination by out-of-time pions does occur. The accidentals
giving uncorrelated hits in the vetobox probably arise pri-
marily from interactions in the lead collimator that sits
between Pl and P2 (Figure 1). Photons, pions, and anti-
proton annihilation products can be expected. The effect of

these backgrounds on the results will be discussed in
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Chapter VI. No attempt has been made at this point to make

corrections for such interactions as
Tr-+p+'n'-+p

where the pion is from the beam.



CHAPTER V

MONTE-CARLO ANALYSIS

The Monte-Carlo simulation of the antineutron source
consists of writing a computer program to simulate the source
apparatus. In order to understand the results of the experi-
mental data analysis, the program should include as much of
the "known" physics involved as possible. In particular,
the following information must be provided in order to simu-
late the different interactions: (a) total, elastic,
annihilation, and charge-exchange cross sections, (b) dif-
ferential cross sections for elastic and charge-exchange
scattering, and (c) multiplicities for annihilations. This
information is needed for antiprotons incident on both
hydrogen and carbon. The program makes use of parameterized
fits to available data wherever possible. In general. much

more data is available for hydrogen than carbon.

A. Cross Sections

The pp total cross section versus momentum in the
region of interest is shown in Figqure 9. The circles are
the 1976 data of Chaloupka, et al. [CH76], who claimed

evidence of the S-meson. The plusses are the 1980 data of

47
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FIGURE 9
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Nakamura, et al. [NA80a], which shows no evidence of a sig-
nificant enhancement of the cross section. The solid curve
is the parameterized fit to the high statistics data of
Hamilton, et al. [HA80b]. The data of Hamilton (not shown)
agrees with that of Nakamura within quoted error limits.
The parameterized fit used for the pp total cross section

in the Monte-Carlo is
Opop (PP) = 64 + 52/P

where SpoT is in millibarns and P is in GeV/c [GR83}].
This parameterization is in good agreement with the most
recent measurements from LEAR, where Beard, et al. [BE84]

found

- ’

t 1.71) + (53.759 + 0.845)/P

[« ¢}

Opor (PP} = (65.7

in a very high statistics experiment. Very little low ener-

qv data ig awvailable for the total aross section on carbon,;
except.for some early bubble chamber work [AG60] and the
antiproton absorption cross section around 500 MeV/c
measured by Aihara, et al. [AI8l]. Aihara found that the
carbon nucleus is black to antiprotons at these low momenta.

A more recent experiment by Nakamura [NA94b] measured the

cross sections by the carbon nuclear area may be a reasonable
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estimate of the interaction cross sections, at least for the
total, annihilation, and elastic scattering cross sections.

For this reason the Monte-Carlo program used

=12 2/3

Opop (P~ C) = A% “apgp (PP)

for the total cross section on carbon, where A is the
atomic number of carbon.

The pp charge-exchange cross section at low energy is
shown in Figure 10. The data shown are those of Alston-
Garnjost et al., [AG75] and Hamilton, et al., [HA80a],
which are seen to be in close agreement. The parameteriza-

tion used by the Monte-Carlo is that of Hamilton, given by

_17.34(1 - (0.19)%)%
(1 - 0.45p + 2.092)

IcnEx (PP)
where OCHEX is in millibarns and P is in GeV/c. A more
recent measurement by Nakamura [NA80c] agrees with the re-
sult of Hamilton within quoted limits. Nakamura also
measured the differential cross section for charge-exchange
[NA8Oc]. The first observation of n production from anti-
protons incident on carbon was reported by Nakamura in 1984

[NA84a]. It was found that the shape of the angular distri-

reaction. Nakamura found the ratio of the n production cross

sections on hydrogen and carbon to be
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FIGURE 10
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c(ﬁlzc + nX)
o(pp + nn)

= 0.86 + 0.05 .

This result indicates that the production of antineutrons on
carbon is suppressed from that on hydrogen. This can be
understood by considering the fact that the mean free path
of the antineutron in nuclear matter is very short, so that
antineutrons that are produced have a high probability of
subsequently annihilating within the residual carbon nucleus.

The Monte-Carlo incorporated Nakamura's result and used

(Elzc) = 0.86 ¢

SCHEX cuex (PP

for the charge-exchange cross section on carbon.

Some of the most recent data for the pp annihilation
cross section is shown in Figure 11. The different sets
of data have been shifted for clarity in the following
manner: Lowenstein [1L081], +20 mb; Jastrzembski [EJ81],
+ 10 mb; Bruckner {BR77], U mb; Hamiliton {HA80b], -10 mb;
Amsler [AM82], =20 mb. The horizontal bars indicate the
experimental resolution in the "S meson" region. It should
be noted that there seems to be differences in the absolute
normalization from experiment to experiment of a few percent.

These data can be conveniently parameterized as

Oany (PP) = 38 + 35/p

e -

- - — . L —_ 2 L - - 2 - LA, _—vr ! AP
where Jpuo 13 in millibarns and P is5 in GeV/C (see
L

{XU85]). This is the parameterization used by the Monte-
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Carlo program. The cross section was assumed to be feature-
less. The annihilation cross section.for antiprotons on
carbon is essentially not known at low energy, except for
some early bubble chamber work by Agnew [AG60] with poor
statistics. For this reason, the Monte-Carlo assumed that
the annihilation cross section scales as the nuclear area,
as discussed earlier. Therefore, for annihilations in car-

bon it is assumed that

512 2/3

UANN(* C) =1

S (PP

where OANN is in millibarns and A is the atomic number
of carbon.

Figure 12 shows the integrated elastic scattering data
of Chaloupka [CH76], along with a convenient parameteriza-

tion (solid line)
o q (PP) = 28 + 17/p

where, again, Uy is in millibarns and P is in GeV/c
[GR83]. The only high statistics differential elastic
scattering cross sections at low energy were measured by
Nakamura [NA84c]. The differential cross section used by
the Monte-Carlo was that measured by Nakamura at 490 MeV/c
{z2e
tial elastic scattering cross section for antiprotons on

carbon was approximatelv the same as that for opp scattering.
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FIGURE 12
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The results of Nakamura [NA84b] and Garreta [GA84] show that
this assumption is incorrect. The carbon data is actually
much more sharply forward peaked than the §p data because of
Coulomb and Coulomb-nuclear-interference effects. At larger
angles, the spectra show the characteristic pattern of dif-
fraction scattering [NA84b]. This deficiency in the Monte-
Carlo and its effects on the results will be discussed as
it arises in Chapters VI and VII. The integrated elastic
scattering cross section for carbon is, again, that for pp

scaled by the nuclear area:

=12 _ a2/3 -
oel(p C) =Aa cel(pp)
To summarize, the parameterizations for pp interactions

are as follows:

cTOT(pp) = 64 + 52/P [+ 1%]
- {An) — 29 + 25/D T+ 51
“ANN ‘£ -~ == L= ==y
ogp (PP) = 28 + 17/P [+ 5%]

2L
- 17.340 - (0.1p)7) 7
(1 - 0.45P + 2.0P%)

cCHEx(Ep) (£ 2%]

The values in brackets are estimated residual systematic

cross sections exceeds the value for the total cross section.
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Since the elastic scattering cross section is the least well
known of the four cross sections, the Monte-Carlo changed
its value to be consistent with the other three cross sec-

tions, i.e. the program actually used

oel(ﬁp) = GTOT(EP) - GANN(ﬁp) - GCHEx(ﬁp).

This value for the elastic cross section is displayed as the
dotted curve in Fiqure 12. Note that it is approximately
20% lower than the parameterized value given earlier. The
cross sections for carbon use the pp parameterizations given
above scaled by the nuclear area A2/3, except for charge-

exchange, which uses the results of Nakamura [NA84a]l:

®l%c) = 0.86 ¢

9CHEX cuex (PP)

B. Annihilation Multiplicities

Even though there have kean sever
lations recently attempting to describe the multiplicities
of antinucleon-nucleon annihilation (see Chapter I), these
theories involve fitting certain branching ratios to the

available experimental data. This methcd may not be as

enlightening as a somewhat less complicated approach using

tion on pp annihilation products comes from early bubble
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chamber work, in particular that of Baltay [BA66] and Agnew

[AG60]. The average pion multiplicity per annihilation is
about 5, with about 4% of the annihilations resulting in a
pair of K mesons. The Monte-Carlo program used the statis-
tical theory of Fermi [SE60], [AE60] to determine the
average pion multiplicity. This theory has some weak points,
namely (a) it does not account for the percentage of kaons
produced, and (b) it requires an unusually large interaction
volume in order to give the correct average pion multipli-
city. Specifically, Fermi's theory requires that the inter-
action volume be ten times that expected from the Compton
wavelength of the pion. Nevertheless, it has been shown by
calculation of phase space integrals that this solution is
sufficiently accurate [AE60]. A table showing the number
of pions expected as a percentage of the number of annihi-
lations is shown in Appendix I. The charge correlations
of the final state, i.e. the relative probabilities of the
channels corresponding to the various alternatives of
charged and neutral pions, are determined in the Monte-
Carlc by the "correlatiocn number" theory of Pais [PA60].
In this theory, Pais shows that the properties of a system

of N pions are to a considerable extent determined by

(s

hr

0]

e guantum numbers (N, , N_., N.), the "correlation num-
FS A

]
-

-
4

o

ers" whosa sum is N. The branching ratios for an Nr-
cloud into the various possible charge distributions compat-

ible with the given N and the total charge are not
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uniquely determined if only the isospin of a specific state
is known [PA60]. However, Pais shows that unique results
are obtained given the correlation numbers. The correla-
tion numbers relate to the number of triples: 3m-
subsystems with I = 0; the number of pairs: 2mw-subsystems
with I = 1; and the remaining singles from which a specific
state can be composed. The results of Pais' calculations
for pp and pn annihilations are given in Appendix I. Given
the ratios calculated by Pais, and the average multiplicity
as calculated by Fermi’s method, the branching ratios for
the various possible annihilation channels are determined.
The value for the branching ratios used by the Monte-Carlo
are given and compared to some results by Baltay in Appendix
I. For annihilations on carbon, the Monte-Carlo assumed
that the annihilation products at the instant of annihila-
tion are the same as that for pp or pn, with the observed
annihilation products resulting from subsequent pion inter-
actions within the residual nucleus. For annihilations
which have no protons or neutrons in the final state, the
multiplicities are just those for pp or pn annihilation,
depending upon which nucleon in the carbon nucleus annihi-
lated. For annihilations which have one or more protons
in the final state, the pp or pn multiplicities are modified
by assuming that one of the outgoing pions is absorbed and
ejects a proton (or neutron) from the residual nucleus. It

P - Ty | 1o -~ 4 -~ 1.
is agsumea that it is ejualiy

h
)
¢
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pion to cause this, irrespective of its charge. The results
of this scheme gives the branching ratios for p-carbon
annihilations given in Appendix I. Experimentally, Agnew
[AG60] shows that the average number of pions emitted in a
p-carbon annihilation is about 4, with approximately one
"heavy prong" per star. In one of the only high statistics
experiments on p-carbon annihilations, Wade [WA761] gives two
crucial bits of information required to make this Monte-
Carlo scheme work: (1) the ratio of pp to pn~like annihila-
tions on carbon is 0.632, and (2) the percentage of annihi-
lations on carbon which result in "heavy prongs" (protons)
being emitted are: no protons, 46.5%; one proton, 28.7%;
two protons, 14.7%. The Monte-Carlo allowed total multipli-
cities up to seven, with as many as two protons in the final

state.

C. Monte-Carlo Flow Chart

The flow chart for the Monte-Carlo program is given in
Figures 13a-j. First arrays for the energy loss cf various
particles in different media are calculated. These arrays
are calculated using the Bethe-Bloch equation, without the
density and shell correlation terms. Later the energy loss
for a given pathlength is calculated using a fast parabolic
interpolation technique. Next, the arrays for the differen-

tial elastic cross-sections used are read in, ané the
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FIGURE 13¢c
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histograms are initialized. With these preliminaries out of
the way, event generation is begun. First the antiproton's
initial momentum is'chosen from a gaussian distribution
centered on the beam momentum, with Ap/p ~ 7%. In addi-
tion, wire hits on the X and Y coordinates of plane 2 are
chosen based on triggered (measured) beam profiles. Next,
the X and Y slopes of the particles trajectory are chosen.
The measured X slope was the least well behaved and the most
difficult to parameterize because of its assymmetry. Most
of the error in the beam's phase space probably lies in
this step. Once the slopes are chosen, the p's track is
projected through the first plane, as well as counters S1,
S2, Tl, and T20. Hits in both S1 and S2 are required by
the actual trigger logic. In addition, the analysis pro-
gram required both that the particle's projected track lie
completely within the source volume, and that there was a
single hit in all foﬁr MWPC coordinates. Particleswhich do
not meet these criteria are rejected, and new X and Y slopes
are chosen., The p's momentum and hits in plane 2 are not
rechosen (Figure 13a).

Antiprotons that make it this far are positioned at the
face of S1 (Figure 13b). Here the p's range, apparent total
cross section., and mean free path are calculated. Then a
random "distance left before the next interaction" (DLEFT)
is chosen based on an exponential decay of the beam and the

calculated MFP. The p is now transported stepwise through
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the counters S1, S2, and T1-T20 until it reaches its inter-
action point. The p has reached its interaction point when
it comes to rest or when it has traveled the distance DLEFT.
Stopping antiprotons are assumed to annihilate with a 1-1
ratio on hydrogen or carbon. The data analysis program
required that the p hit T1l, so that any interactions in S1
or S2 other than scattering are rejected (Figures 13b,c).
When a scattering does take place (Figure 13e) the kinema-
tics are performed and the cross section , MFP, and new DLEFT
are calculated. Transport resumes from the scattering point
(Figure 13f). Multiple elastic scattering is allowed (Fig-
ures 13e-h).

The antiprotons are transported through the source (T1-
T20) in small steps which become smaller as the p gets
farther into the stack (Figures 13d-e). This is done because

of the rapid rise of the cross section at low momenta. The

= Ll i m e Lm medimn A temmmicle LTe s mmemcama - 29 P S AP
LLUUTDO LU DLTP LilLUuyll LT DVMLWE wital 18- LL LTAVED

P COi
the downstream end of the source stack after hitting all
twenty T-counters, (b) it interacts, or (c) it leaves the
source volume through the sides. Antiprotons which hit all
twenty T-counters are tramnsported downstream to determine
if they hit the beam veto paddle V1. Those which miss V1
are "fake® charge=-exchange events, while those that hit Vi
are p's "punching through" (Figure 13i). Antiprotons which
leave the source sides are [irst transported to the first

layer in the vetobox. If the p hits the vetobox it is
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assumed to have the same multiplicities as annihilation on
hydrogen. If the p misses the vetobox and V1 it is assumed
to be a "fake" charge-exchange (Figure 13i).

Once the p reaches its interaction point, the interac-
tion that takes place is chosen based on the ratios of the
cross sections at the point of interaction. Events where
the p scatters are handled as described above (Figure 13e).
Events where the p leaves the target volume are classified
appropriately and the next event is bequn (Figure 13i). For
events where a charge-exchange occurs, the interaction point
is recorded appropriately and the next event is begun. Note
that the two-body kinematics of the charge-exchange reactions
are not performed, and the resulting neutron and antineutron
are not tracked through the apparatus (Figure 13i). The ef-
fects of the deficiency on the results will be discussed in
Chapters VI and VII.

The only events which have not ended by this point are
annihilations, both at rest and in flight. The four-vectors
of the annihilation products are generated uniformly in
Lorentz-invariant phase space by a simplified version of the
program SAGE, written by Jerome Friedman [JF71]. The anni-
hilation products themselves are chosen randomly from the
different possible modes. based on the distributions dis-
cussad earlier {(see Appendix I). After the annihilation

four-vectors are chosen, the resulting mesons are tracked
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through the vetobox, and the resulting hits in counters Bl-
Bl2 and V1 are recorded in an array. Residual nuclei from
carbon events are not tracked because of their short range.
All neutral pions are decayed into two photons before track-
ing. The neutral Kg mesons are also allowed to decay
before tracking. This program does not simulate the shower-
ing of photons in the lead of the vetobox. The vetobox
counters are assumed to be 98% efficient for photon detec-
tion. Once all of the annihilation products have been
tracked, the arfay of vetobox hits for the event is analyzed
to determine the various multiplicities in the same fashion
as in the data analysis program (Figure 13j). After the veto-
box analysis, the next event is begun. Finally, after all
of the requested events have been generated, the output of
event breakdowns, multiplicities, and histograms occurs and

the program is terminated (Figure 13a).

D. Energy Loss

It should be noted that as the antiproton traverses the
source, the apparent total cross section, mean free path,
and random distance left before interaction (DLEFT) are
recalculated every time the particle loses energy. In addi-
tion, an attempt has been made to approximate the fluctua-
tions in the p's energy loss. The equation describing the

energy loss of heavy charged particles in thin targets was
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first solved by Landau [LA44], and later solved rigorously

by Vavilov [VA57], whose distribution is a generalization

of the Landau distribution. Vavilov's significant parameter
is designated «k, which is the ratio of the mean energy
loss for a given path length to the maximum possible energy
loss per collision. Vavilov showed that for « < 0.01 the
Vavilov distribution may be replaced by the Landau distribu-
tion. In addition, Seltzer and Berger [SB64] showed that
for k 2> 10.0, the Vavilov distribution goes over to a

gaussian distribution with mean value
U=y =-1=282%=19nc«

and variance

~
N~
N
=
.

Here Yy 1is Euler's constant. Programs for the generation
of random numbers from the Landau and Vavilov distributions
are available in the CERN program library [SC74]. However,
inclusion of the exact Vavilov solution into this Monte-
Carlo proved excessively time consuming, increasing the CPU
time required for a given event by over an order of magni-
tude. Study of the energy loss of the antiprotons in
illator at the momenta typical of this experimen

1 1
e L8 Nt Al PIL O 2N - - o

that even though Kk was typically around 0.2-0.4 for the
path lenaths chosen. the gaussian distribution was a suffi-

cient approximation to the exact solution, especially for
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the in-flight region. For this reason the gaussian approxi-
mation for the energy loss fluctuations was used exclusively,
except for those instances where the Landau distribution was

clearly applicable.



CHAPTER VI

COMPARISON OF DATA AND MONTE-CARLO RESULTS

The data for the n source study was taken at incident
antiproton momenta of 475, 515, 550, and 578 MeV/c. Three
runs (~ 30,000 events each) were taken at eacn point in
March, 1984. The trigger used for this study was

PBAR ¢« 50% NBARSAMPLE

as discussed in Chapter III (see Figure 6).

A. Antiproton Momenta

The measurement of the antiproton momentum by time-of-
flight between the beam hodoscope and S1 had two main prob—.
lems: (1) poor time resolution at the hodoscope (typically
no better than 2 ~ 3 ns), and (2) insufficient knowledge of
the length of the actual flight path. These two points made
calibration with beam pions very difficult. The first prob-
lem caused the momentum distribution of the ﬁ‘s {as measured
by TOF) to have Ap/p of 11;5—13.5%. The distribution was
approximately gaussian, with a high momentum tail. The
second problem caused the measured central beam momentum to

be 2-3% lower than expected from the p's range in the
T-counters. It was determined by Monte-Carlo calculations

< )1 = L - <

that the antiproton beam momentum could be determined to
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better than 1% by matching the shape and location of the
peak at the end of the p's range in the T-counters (see
section B of this chapter). For 475 and 515 MeV/c data,
this peak fell well within the source and the determination
was more accurate than for 550 and 578 MeV/c data, where a
large fraction of the p's punch through all twenty counters.
The Monte-Carlo reproduced the shape of the peak quite well
for the 475 and 515 MeV/c data using a centered gaussian
distribution and a Ap/p of 6.7%. A calculation of beam
optics based on the magnet settings was performed by J. Kruk
[JK85] which indicated that the two higher momenta should
be approximately 550 and 578 MeV/c. The width of these
distributions was taken to be the same as before. Since
few of the E's stop in the T-counters at these momenta,
there is a large error in the absolute value of the momentum
when calculated from the p's range, possibly as much as
2 ¢t

24q Mhamvatawe
- e AANe A e

o’ , it was decidad that the wvalues calcou-

lated from the magnet settings were more accurate than using

the time of flight or the antiproton's range.

B. Annihilation Point

The annihilation point as a function of T-counter num-
ber for the four different incident p momenta is shown in
Figures 14-17. The Monte~Carlo values shown are for all

annihilations with the exception of those which registered



FIGURE 14 U775 MeV/c

79

o
o
§ﬁ ANNIHILATION POINT
— Data 73200 p events
s Monte-Carlo
o
o
o
=]
o
o
o
o
(e B
o
=
Qo
X 3]
» |
o P
Z0o .
D .
O]
[ 0 -
o
o
o
©
L.
o p—
o
o
=t
fme e IR T
gl _—— L
y l_.. T T T l_l"
5. 00 4. 00 8.00 12.00 16.00

T-COUNTER NUMBER



80

FIGURE 15 515 MeV/c
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FIGURE 16 550 MeV/c
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either (a) no hits in any of the veto counters, or (b) a
single hit in the vetobox and no hit in V1. The unobserved
annihilations of (a) were included in the charge-exchange
sample. The annihilations of (b) were also included in the
charge-exchange sample to mimic the hardware veto which
allowed such events as possible charge-exchanges. (See
Chapter II, section C.) The large peak seen in the 475 and
515 MeV/c data (Figures 14 and 15, respectively) corresponds
to annihilations which occur as the p comes to the end of
its range. These are the peaks used to determine the p's
momentum distribution as mentioned in section A of this
chapter. At 550 MeV/c (Figure 16), about 24% of the anti-
prbtons have a range that would stop them in the source.
Thus, the rise at the end of the source is also due prim-
arily to annihilations at rest. At 578 MeV/c (Figure 17),

virtually none of the antiprotons should have a range that

ie lase +han or equal +n M20 ‘T“hua' aaaan+ialls all nf +ha

- dm e e - - ——— ——— e ———y e = ———

events at this momentum are annihilations in flight. This
makes determining the momentum for these runs quite diffi-
cult and subject to greater uncertainty. At the two higher
momenta,; the data shows about a factor of two more counts

in T20 than the Monte-Carlo. This excess of hits in T20

in such a manner.
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In general, the fit between the Monte-Carlo results and
the data for the annihilation point is good. Examination of
the figures shows that there are several features that ap-
pear not to be functions of momentum. Note that while the
Monte-Carlo results are consistently higher than the data
for the in-flight regions of the source, in general the peak
at the end of the range is somewhat higher in the data than
the Monte-Carlo. It is also important to note that the rise
in the data in the first eight T-counters is also not a
function of momentum. It was thought that this apparent
lack of events in T1-T8 in the data may be due to the events
that were cut which had greater than one non-sequential
T-counteér hit. A histogram was created from the data which
showed the last sequential hit on those events which had> 1
non~sequential hit. This histogram showed tall peaks in
counters T2 and T8, on a relatively flat background. These

wanlba munads W
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due tco =i
tor or a weak tube in counters T3 and T9. This is seen
irrespective of momentum. Clearly then, some of the missing
events in T1-T8 are in fact annihilations which were cut
because the event had > 1 non-sequential hit in the T-
counters. However, this serves only to lower the apparent
X

3 Aail

difference in the Monte-Carlo phase space, i.e. the angular
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spread of the beam. If, in fact, the particles in the beam
have a greater divergence than that used in the Monte-Carlo,
they would tend to leave the source sooner, near the front
of the source.

One more possibility was that the events cut for no hit
in T1 and > 1 non-sequential T hit were mostly valid annihi-
lations where fluctuations in the p's energy loss caused the
ADC for a given counter to fall below the threshold value
required in the data analysis program for a'E in that
counter. However, an attempt to verify this by lowering the
ADC thresholds in the program by 10 and 25% proved unsuccess-
ful. This was not surprising, since a reasonable approxima-
tion for the energy loss fluctuation was included in the
Monte-Carlo program (see Chapter V, section D).

Another point to mention is that in the in-flight
region, the annihilation pions tend to go forward in the
iab, and this c¢ould {00l the analysis program if mul
pions in a single counter gave a large enough pulse height
to mimic a p. It is worth noting that, because of the
nature of the source analysis, when the data analysis pro-
gram makes an error in determining the last sequential
counter hit, it almost always will place the event further
downstream than it actually occurred. On the cother hand,
the Monte-Carlo analysis tends to place the annihilation
point further upstream than the actual data, especially in

the in-flight region. This is because the Monte-Carlo does
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not take into account such possibilities as multiple annihi-
lation products mimicing a p after theannihilation. This is
the most likely reason for the rise seen in T1-T8 in the

data.

C. Charge-Exchange Point

The possible charge-exchange events from the data con-
sisted of two types: (1) events which had no vetobox
counters fire, and (2} events which had one vetobox counter
fire. Events of the second type were included because the
trigger logic for E-767 allowed such events to go to tape.
This was done so that charge-exchange events where the
neutron or antineutron gave a hit in one of the vetobox
counters or.where there was a spurious single hit in the
vetobox would not be vetoed.

These two types of charge-exchange events should be
compared with events from the Monte-Carlo which would be
triggered in the same way. For events which had no vetobox
counters fire, the Monte-Carlo includes actual charge-
exchanges as well as undetected annihilations. For events
which had a single vetobox counter fire, the Monte-Carlo
inciudes only those annihilations where only one counter
was hit. The effect of charge-exchange neutrons or anti-
neutrons giving single hits in the vetobox was not

included.
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As mentioned in Chapter V, the Monte-Carlo program does
not actuallyAgenerate the antineutron and neutron four-
vectors when the charge-exchange takes place. This means
that any subsequént interactions of the neutron or anti-
neutron in the surrounding veto counters are ignored. The
effect of this will be to include more events with no hits
in the vetobox (specifically, actual charge-exchanges) in
the Monte-Carlo sample than will appear in the actual data.
This is because the data will classify an event where the
n annihilates in or near the vetobox as either an annihila-
tion or as an evént with non-sequential T hits.

In order to estimate the magnitude of this effect, the
n annihilation cross section must be known at low energy.
By considering the result for pPp annihilation shown in
Figure 11, a reasonable number for the annihilation cross
section is at least 100 mb. This value can be scaled by
+ha muclear area A2/3 for the various materials in the
vetobox in order to determine a mean free path in each of
the different layers of lead, aluminum, and scintillator.
For the value of 100 mb, the various mean free paths are:
lead,; 8.6 cm (3.4"); NE102A, 33 cm (13"); aluminum, 18.4 cm
(7.25"). Now, given the amount of material in the vetobox

vers {ses Figure 3), and assuming (a) 45° incidence;
{b) a constant cross section, and {c} all layers were hit,
these mean free paths indicate that 23-25% of the incident

n's will annihilate in the sides of the vetobox.
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There are several contributing factors which make this
value an underestimate. First, the initial value of 100 mb
for the annihilation cross sections is probably a reasonable
guess for the peak of the n momentum spectrum ( ~ 450 MeV/c),
but clearly antineutrons with a lower momentum initially
will start out with a higher cross section and thus a
greater chance of ahnihilating in the vetobox. Second, the
antineutron will occasionally scatter and lose energy, and
the annihilation cross section is probably a rapidly in-
creasing function of the decreasing momentum, rising at
least as fast as 1/p. Third, there is a substantial amount
of material in ﬁhe immediate vicinity of the source and
vetobox that was not included in this calculation that,
nevertheless, will provide material for n annihilations.
This material includes the plexiglass light guides of the
T-counters (see Figure 2), the vetobox light guides, photo-
tubes. and the source stand. Any material that is close
enough to allow annihilation pions to hit the vetobox
counters in time will contribute to the number of n's
removed from the sample. Fourth, and finally, the differen-
tial charge-exchange cross section of Nakamura [NA80c], is

forward peaked, allowing a substantial number of n's to go
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hallower angles so as to produce

longer £light paths in the various media.
Taking all of these factors into account, it seems

possible that the initial estimate of 23-24% could be low
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by as much as a factor of 2 or 3. Therefore, it seems rea-
sonable to consider that anywhere from 25-75% of the anti-
neutrons produced in the source may be lost due to subsequent
annihilation in the vetobox and surrounding material. The
effects of this on the results can be anticipated. Specifi-
cally, the number of events in the data with no hits in the
vetobox will be lower than that predicted by the Monte-Carlo
by a substantial fraction. Assuming that the angular dis-
tribution does not'change substantially with momentum, this
will give the T-counter distribution in the data essentially
the same shape as the Monte-Carlo, but with fewer counts.

In addition, if the Monte-Carlo is correctly estimating the
number of events with one hit in the vetobox that are due
to p annihilations, the number of events with one hit in
the vetobox in the data will be slightly higher than in the
Monte-Carlo because the Monte-Carlo does not include the
possibility of the neutron or antineutron scattering and
giving a single hit in the vetobox. This means that the
number of events with one hit in the vetobox will be a
larger percentage of the possible charge exchange events
in the data than in the Monte-Carlo. These conclusions
are valid at all momenta, keeping in mind that the number
of annihilations included as nossible charge-exchanges is
a function of momentum, since most of them occur at rest.
Figure 18 shows the Monte-Carlo results for charge-

exchange events at 475 MeV/c. The dotted curve shows
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actual charge—exchanges from both hydrogen and carbon. The
solid curve shows the total "possible" charge~exchange
events that are used for comparison to the data. This in-
cludes both the actual charge-exchange events and annihila-
tions where either (1) none of the annihilation products
were observed in the vetobox 6r V1, or (2) a single counter
in the vetobox was hit, but not V1. These annihilation
events make up about 26% of the "possible" charge-exchanges
at this momentum, with two-thirds of them occurring from
annihilations at the end of the p's range.

The conclusions drawn above are seen to be confirmed
by considering Figure 19. In this figure the events with
no hits in the vetobox at 475 MeV/c are compared for the
data and the Monte-Carlo results. The distributions show
approximately the same cut-off point in the T-counters,
which is typical of the 100 MeV/c threshold for the charge-
exchange reaction. The experimental data has less than
one-half of the events predicted by the Monte-Carlo, which
is the anticipated result.

Figure 20 shows the total "possible" charge-exchanges.
for 475 MeV/c. Both the data and the Monte-Carlo curves

include the events with no hits in the vetobox shown in
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which indicates that they are primarily due to
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annihilations at rest. These events account for about
0.34% of the total number of events in the data, as com-
pared to 0.28% expected from the Monte-Carlo. These re-
sults are in good agreement, considering the earlier
discussions.

The Monte-Carlo results for charge-exchange events
at 515 MeV/c are shown in Figure 21. These results are
guite similar to those at 475 MeV/c, except that more of
the source can now produce antineutrons. About 24% of
the "possible" charge-exchange events are annihilations,
most of which occur at rest. The events with no hits in
the vetobox from the data and the Monte-Carlo are compared
in Figure 22. We again see the anticipated factor of 2
more Monte-Carlo events. Figure 23 compares the "possible"
charge-exchanges at 515 MeV/c. The events in the data

with one hit in the vetobox are seen to fall at the end of

rest. They account for about 0.32% of the total number of
events, as compared to 0.28% expected from the Monte-Carlo.

The charge-exchange points for the Monte-Carlo events
at 550 MeV/c are displayed in Figure 24. At this momentum,

the Monte-Carlo predicts that about 26% of the p's should

v PP T A Lt wE Ao et a T mn e TR = e Vo edam
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number of annihilation events in T20. Figure 25 compares
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FIGURE 23 515 MeV/c

o

o

%1 "POSSIBLE™ CHRRGE-EXCHANGES

— Data

e Monte-Carlo

o

o

o

[q Vi

o

o

ol

o4 -

i

i Lo i
o E LY )

C: ! l :‘-' gu——n 8smm
T N ol
- [ X X ] l

E ! l..-J J .l.- l-'

! i Py :
ali L. i :
O.-: pu— Ll l|
o]} .

i —
o l i I
o »

ol |
:‘ \

L — [ -
g — L -
o]
[qV]

s v 7§

; LJ
[ew]
S 60 4. 00 8. 00 15.00 15.00 2N, 00

T-COUNTER NUMBER



120.00 140.00

100.00

98

FIGURE 24 550 MeV/c
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the data and Monte-Carlo results for the events with no hits
in the vetobox. The number of counts in T20 is given at the
top of the figure, but is not plotted for clarity. It is
seen that the data has almost three times as many counts in
T20 (1386) as in the other nineteen counters combined (475).
Clearly, at this momentum a large number of events (almost
2% of the total number of p events) are being classified as
charge-exchanges in T20 when they are actually antiprotons
punching through and failing to give a hit in V1. Figure 26
shows the "possible" charge-exchanges at this momentum.
Again, T20 is not plotted for clarity. It is seen that the
number of events in the data with one hit in the vetobox
amounts to about 0.41% of the total number of events, and
in the Monte-Carlo about 0.27%. This agrees with the state-
ments made earlier that the Monte-Carlo estimates the num-
ber of events with one hit in the vetobox reasonably well,
since most of them are apparently annihilations.

The Monte-Carlo results at 578 MeV/c are shown in
Figure 27. At this momentum the antiprotons do not range
out in the T-counters, so that the peak at the end of the
range is not visible. The Monte-Carlo does predict an
excess number of annihilation events in T20, however. At
+his momentum about 0.14% of the total number of events are
predicted to be annihilations with one hit in the vetobox.
The events with no hits in the vetobox are compared in Fig-

ure 28. The data has a large excess of counts in T20 (not
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FIGURE 28 578 MeV/c
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shown), similar to the 550 MeV/c data. The total "possible"
charge-exchanges of Figure 29 show a rise at the end of the
source due to events in the data with one hit in the vetobox.
T20 is not shown for clarity. At this momentum the data had
0.35% of the events with one hit in the vetobox as compared

to 0.14% predicted by the Monte-Carlo.

D. Event Classification

A breakdown of all of the data analyzed to give the
final p sample is given in Table 2. The top of the table
begins with the total number of events on tape for each
momentum point. The number of p events is the number of
events which passed cuts 1-4 (see Chapter IV). The next
entry shows the number of events which had one and only one
hit in all four MWPC coordinates. Clearly, inefficiencies
in the MWPC's were the single largest factor in reducing the
size of the data sample. The entries for "missed" T1 and
"missed" T20 give the number of events where the p was pro-
jected to miss Tl or T20 based on the MWPC information.
Events which pass cuts 1-5 (see Chapter IV) are given in

the row labeled ‘good beam profile’. After imposing a

)
o]

's momentum (cut 5a); the data
sample is reduced to the so-called "good" p events, which
represent the sample of antiproton events which undergo

further analysis. This is the sample of events which is



FOAR FOMENTR (Heli/c)
EVENTS ANALYSED

PBAR EVENTS

18 ONLY 1 INPL,P2
‘MISSED’ T1

‘MISSED’ T20

600D BEAM PROFILE

“GOOD* PBAR EVENTS

475
106085
100786

79262

3811

2181

73270

73204 -

TABLE 2
BREAKDOWN OF PBAR EVENTS

45
109859
102356

78561

3989
2836
71736

71607

550
108837
102028

76459

3354
3265
9840

69202

106

578
107224 -
98247
1723
1460
1416
68847

68392
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compared to the Monte-Carlo calculation.

Table 3 gives the detailed classification of the data
which underwent further analysis. The percentages shown are
percentages of the total number of "good" p events, i.e.
those which pass cuts 1-5a. The classification of Monte-
Carlo events is given in Table 4. These values are to be
compared to the values listed in Table 3. These two tables
give a summary of the results of sections B and C of this
chapter.

At 475 and 515 MeV/c, essentially none of the antipro-
tons punch through the source. While the number of annihi-
lations predicted by the Monte-Carlo is higher than
observed in the data, the inclusion of events which were
cut that failed the cut on Tl or which had > 1 non-~sequential
T hit as "possible" annihilations brings these numbers into
much closer agreemeﬁt. This is supported by the evidence
presented in section B that at least some of the events
with non-sequential hits are in fact annihilations. For
the charge—-exchange events at these momenta, the data has
about a fact&r of fewer events with no hits in the veto-
box then predicted by the Monte-Carlo. This effect is
discussed in detail in section C of this chapter. Note
that the entries for events wit
are in fairly good agreement, indicating that the Monte-
Carlo is giving a reasonable approximation for these events.

This implies that the primary source of events which give
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TABLE 3
CLASSIFICATION OF DATA

PBAR MOMENTWM (MeV/c) 475 1] 550 578
*GO0D® PBAR EVENTS 73204 71607 69202 68352
T1-T20-V1 QLY HIT i - 1 - 11226 16,224 39877 58.17%
ANNITHILATIONS 66064 30.25% 65443 91.3% 48695 70.37% 21759 31.74%
NOHIT INTH 2727 3.7% 845 1.18% 2299 3.3% S04 0.74%
Y1 NON-SEQ. T HIT 3696 5.09% 4588 6.41% 4676 6.76% 4920 7.18%
'POSSIBLE" ANNIHILATIONS 72487 99.02% 70876 98.98% 55670 80.45% 27183 39.65%

1 HIT INBOX § W1~ 81 0.11% 85 0.1 131 0.1% 214 0.31%
1 NON-SEQ. T HIT 6 W1 2 - 5 - 29 0.04% 119 0.17%
CHARBE-EVOLANGE S,

NO HITS IN VETOBOX . 384 0.52% 85 0.57% 1861 2.69% 322 1.34%

ONE HIT IN VETOBOX 250 0.34% 233 0.3 285 0.41% 237 0.33%

TOTAL *POSSIBLE® 634 0.87% 640 0.8% 2146 3.10% 1159 1.69%
CHARGE-EXCHANGES, WITHOUT T20

NO HITS IN VETGBOX 384 0.52% 404 0.56% 475 0.6% 432 0.6%

ONE HIT IN VETOBOX 250 0.34% 22 0.3 167 0.24% 110 0.164

TOTAL *POSSIBLE® €34 0.07 630 0.8%% 642 §.53% 342 0.79%
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TABLE 4

CLASSIFICATION OF MONTE-CARLO EVENTS

PRAR MOMENTIM (MeV/e) 475
"GO0D® PBAR EVENTS 73200
T1-T20-V1 ONLY HIT g -
ANNTHILATIONS 72015 98.38%
CHARGE -EXCHANGES:

ACTUAL CHEX 876 1.20%

UNDETECTED ANNIHILATIONS 101 0.14%

NO HITS IN VETOBOX 977 1.33%
ONE HIT IN VETOBOX 208 0.28%
TOTAL "POSSIBLE" 1185 1.62%

BH] 930 578
71600 63200 68550
163 0.23% 18146 26.22% 33262 48.52%
70034 97.81% 49507 71.54% 33925 49.95%
1069 1.49% 1224 1.77% 1184 1.73%
129 0.18%% 135 0.204 83 0.1
1198 1.67% 1359 1.96% 1267 1.8%

203 0.28% 188 0.274 9% 0.14%
1401 1.968% 1547 2.24% 1363 1.3%
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only one hit in the vetobox are annihilations. This is

apparently primarily a geometric effect.

The data at 550 and 578 MeV/c are different from the
two lower momenta érimarily in that now a large number of
antiprotons are predicted to punch through the source. At
550 MeV/c the data analysis showed many fewer punch through
events than predicted by the Monte-Carlo. Considering the
quality of agreement between the Monte-Carlo and the data
at the two lower momenta, it seems apparent from examining
the annihilation point (Figure 16) and the charge-exchange
point for events with no hits in the vetobox (Figure 25)
that a large number of events that were actually p's
punching through were incorrectly placed in T20. Two
possible causes for this effect in the data are poor timing
of V1 or accidental pions confusing the trigger. It is
probably a combination of these effects in the data and
deficiencies in the Monte~Carlo. Further evidence in favor
of this interpretation is shown in the charge-exchange
entries for the data where T20 has been removed from the

these values with those of the

Hh

sample. Comparison o
Monte~Carlo show a level of agreement comparable to the

lower momenta. The number of events in T20 in the Monte-

did not affect the percentage shown in Table 4 signifi-

cantly.
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The comparison of the data at 578 MeV/c in Tables 3 and
4 indicate that the momentum used in the Monte-Carlo is
actually lower than that of ;his data sample, considering
the number of punch through events and the number of annihi-
lations. Even though the problem with extra hits in T20 due
to mislabeled punch throughs still exists, it is not as
large an effect and cannot account for the differences here
as it did for 550 Mev/c. Raising the Monte-Carlo value of
the p momentum about 4% (to 600 MeV/c) did not improve
matters much. Apparently the Monte-Carlo value for the
momentum is as much as 10% two low, with probably a greater
FWHM than was used here (see Figures 17 and 29). It
should be pointed out that the pion flux was highest at this
momentum, which caused both greater inefficiencies in the
MWPC's and increased possibility of accidental pions fool-

ing the program into thinking a p had punched through.

E. Annihilation Multiplicities

The apparent multiplicities for annihilations at 475,
515, 550 and 578 MeV/c are shown in Tables 5-8, respective-
ily. The top part of each table shows the percentage of
annihilations which had annihilation products detected in
the number of quadrants of the vetobox shown. The bottom
part of each table shows the percentage of annihilations

which had the number of *sides” hit by annihilation



ANIHILATIONS
NO QUADS, NO W1
V1 ONLY

1 QUAD ONLY
1qwD &N

2 QUADS ONLY

2 QUADS & W1

3 QUADS ONLY

3 QUADS & V1

4 QUADS GNLY

4 QUADS & V1

ZERO ‘SIDES’
{NE /SIDE”
TWO “SIDES’
THREE SIDES’
FOUR ‘SIDES’

FIVE ‘SI1DES’

TABLE 5
ANNTHILATION MULTIPLICITIES 475 MeV/c
DATA DATA
(REQUIRES ONLY 1 (REQUIRES 2 HITS
HIT PER QUAD) PER QUAD)
66064 66064
- - 66 0.40 %
43 0.07 % 125 0.197%
2037 3.08 % 7585 11.48%
462 0.70 % 1581 2.39%
20617 3.2 % 30569 46.27 4
KEER] 5.05 % 4523 6.85 %
26118 39.53 % 16749 25.35 %
3527 5.34 4% 1%04 2.887%
8328 13.51 4 2531  3.83%
997 1914 21 0.3%
- - 266 0.40+-0.02 %
2080 3.1H-0.07 % 7740 11.674-0.13 %
21079 31.914-0.22 % 32150 48.66+-0.27 %
29453 44.58+-0.26 % 21272 32.204-0.22 %
12453 18.85+-0.17 % 4435  6.714-0.10 4
997 1.514-0.05 % 231 D.3H-0.02 %

MONTE-CARLD

(CORRECTED

FOR FAKE CH-EX)

72015

106 1.47 %

3359 4.66 %
1205 1.67 %
27158 3771 4%
8035 8.41 4
22980 31.91 %
4018 5.38 %
6235 8.66 %

898 1.257%

3463
28363 29.384-
29035
16253

899

112

4.814-0.08 %

0.23 7%

40.324-0.24 %
14.244-0.14 4

1,234 0,04 %
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TABLE 6
ANNIHILATION MULTIPLICITIES 515 MeW/c
DATA DATA MONTE-CARLO
(REQUIRES ONLY 1 (REQUIRES 2 HITS (CORRECTED
HIT PER QUAD) PER QUAD) FOR FAKE CH-EX)
ANTHILATIONS 65443 65443 70034
NO QUADS, NO U1 - - 275 0.42% - -
Vi ONLY @  0.00% 163 0.25% 138 0.20 %
1 QUAD ONLY 2049 3.03% %14 11.63% use 4,93 %
1 0UAD § W1 86 0.90 % 195 2.9 % 1363 1.95 %
2 QUADS ONLY 19923 30.44 % 2121 44.50 % 26334 37.60 %
2 QUADS & V1 4186 6.40 % 504 8.41 % 6687 9.5 %
3 QUADS ONLY 2927 38.09% 15825 24.18 % 20959 29.93 %
3 QUADS & W1 4238 6.48 % 2344 3.58 % 8377 6.5 %
4 QUADS ONLY 8306 12,69 % B2 3.624% 5699 .14 %
4 OUADS & V1 1168 1.78% 7 0.424 102 1.46 %
ZERO “SIDES’ - - 25 0.424-0.03% - -
B “SIDE’ 209 3.224-0.07% 777 11.88+-0.13% 3585 S.124-0.03 %
THO “SIDES’ 0509 31.344-0.22% 31077 47.484-0.27 % 27703 39.564-0.24 %

THREE ‘SIDES’ 20113 44.494-0.26 % 21329  32,594-0.22 % 27646 39.484-0.24 %
FOUR /S1DESY 12544 19.174-0.17 % 4716 2.204-0.10 4 10076 14,304-0.14 %

.......... p A% -ed em'e 7

FIvE /SI0Es’ 1168 1.73+-0.05 % 272 0.424-0.03 % 1021 1.46+-0.05 %



ANNIHILATIONS

" NO QuADS, NO W1
V1 ONLY

1 GURD ONLY
10D & V1

2 QUADS ONLY

2 QUADS & V1

3 QUADS ONLY

3 QUADS & V1

4 QUADS ONLY

4 QuADS & W1

ZERD ‘SIDES’
ONE /SIDE’
TWO /SIDES’
THREE ‘SIDES’

FIVE ‘SIDES’

TABLE 7
ANIHILATION MULTIPLICITIES 550 MeV/c
DATA DATA
(REQUIRES ONLY 1 (REQUIRES 2 HITS
HIT PER GQUAD) FER QUAD)
48635 48695
- - 256 0.53 4
67 0.14 % 146 0.30%
1793  3.68% 6160 12.65 %
% 1.024% 1635 3.36 %4

15195 31,20 4
3198 6,37 4

18110  37.19 4

3075 6.31 %
9885 12.09 %
876 1.80 %

1860  3.82+-0.09 %
13691 32.224-0.26 %
21308 43.76+-0.30 %
8960 18.40+-0.19 %

876  1.804-0.06 %

21808 44,78 %
4127 8.47 %

11220 23.04 %
1620 3,334

1539 3.6 %

184  0.38 %

256 0.534-0.03 %
6306 12.95+-0.15 %
23443 48,144-0,31 %
15347 31.524-0.25 %
359 6.4%-0.11 4

184  0.38+-0.03 %

114

MONTE-CARLO

(CORRECTED
FOR FAKE CH-EX)

49507
89 0.184
2601 5,254
1041 2,10 %
18394 37.15 4
4855 9.814
14802 29.90 4
3292 6,65 %
a4 7,50 %

713 1.454

2690 5.43+-0.10 %

19435 39.26+-0.28 4

19657 39.71+-0.28 %

7006 14,154-0,17

=

719 1!4 +-0 :05 %
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TABLE 8
ANNIRILATION MULTIPLICITIES 578 MeV/c
DATA DATA MONTE-CARLO
(REQUIRES ONLY 1 (REQUIRES 2 HITS (CORRECTED

HIT PER QUAD) PER QUAD) FOR FAKE CH-EX)
ANNTHILATIONS 2759 21759 33925
NO QUADS, NG W1 - - 156 0.72% - -
V1 ONLY 331 1.52 % 3/ 1.82% 43 0.134%
1 GUAD ONLY 1059 4.87 % 3}/ 1541 % 1822 5.37 %
1 QWD & Wt 362 1.66 % 1029 4.73 % 688  2.03 %
2 QUADS ONLY 6622  30.43 % 9453 43.44 % 12736 37.54 %
2 QUADS & V1 1716 7.89 % 1513 6.954% 244 9.6 %
3 QUADS ONLY 7448 34.23 % 4378 20.12 % 10216 30.11 %
3 QUADS & V1 1600 7.35 4% 800 3.68 % 2128 6.27 %
4 OUWDS ONLY 223 10.22% 618 2.84 % 2605 7.68 %
4 QUADS § W1 398 1.83 % 63 0.29% 443 1.31 %
ZERO SIDES’ - - 156 0.724-0.06 % - -
ONE “S1DE’ 1330  6.3%-0.17 % 3743 17.23%-0.28 %4 1865  5.50+4-0.13 %4
TWG “SIDES’ 6984 32.10+-0.38 % 10482 48.174-0.47 % 13424 39,574-0.34 %
THREE ‘SIDES’ 9164 42.124-0.44 % 5891 27.074-0.35 % 13460 39.68+-0.34 %
rOUR “SiDES’ 3823 17.574-0.28 % 14i8  6.524-0.17 4 14733 13.95t-0.20 %

FIVE ‘SIDES’ 398 1.834-0.09 % 63 0.294-0.04 % 443 1.31+-0.06 %
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products (four vetobox quadrants and V1). It is assumed
that the geometrical effects are the same for the data and
the Monte-Carlo results. The effects of the beam tune are
considered unimportant in the comparison of these results
since the Monte-Carlo used approximations for measured beam
profiles for the incident antiprotoné. In addition to the
Monte-Carlo results, each table has two entries for the
data. The first column requires only one counter to fire
to declare a vetobox quadrant hit. The second column is a
reanalysis of the same data but requiring at least two of
the three counters in a quadrant to fire to declare that
quadrant hit.

Comparison for the four tables shows that the apparent
multiplicities decrease slightly with increasing momentum.
The Monte-Carlo shows the same trend. This is expected
since most of the annihilations occur at rest, and as the
antiproton's range moves from near the center of the T-
counters at 475 MeV/c to the end of the source and beyond
at 578 MeV/c, the solid angle subtended by the vetobox
decreases. Aside from the slight momentum dependence, the
multiplicities were very similar at the four different

incident momenta. The typical behavior can be considered

which is plotted in Figure 30. Comparison of the Monte-

Carle resulte with the data shows that the apparent multi-

plicity of the data is somewhat higher than that expected
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FIGURE 30 W75 MeV/c

- ANNIHILATION MULTIPLICITIES
Data, requiring 1 hit per quad
Monte-Carilo

Data, requliring 2 hits per quad
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from the Monte-Carlo. However, earlier discussions have

indicated that there is probably a non-negligible number of
single hits in the vetobox, either from accidental pions,

or photons. With this in mind, the data was reanalyzed
requiring at least two hits in a quadrant to declare that
quadrant hit. Now it is seen that the apparent multipli-
city is indeed shifted to a lower value, but now it is over-
compensated and is actually lower than predicted by the
Monte-Carlo. It would appear from. this result that singles
in the vetobox are contributing to the higher apparent
multiplicity, but that clearly some of these single hits are
valid (probably photons). Without extensive Monte-Carlo
work on the showering of photons in the vetobox, more

detailed information is difficult to extract from the data.

F. Efficiency of Antineutron Source

The efficiency for production of antineutrons can only
be calculated with the help of the Monte-Carlo. The number
of actual charge-exchange events expected is given in Table
4, Based on the parameterizations of the cross sections,
these percentages should be good to within 2% of the value
given. The Monte-Carlo clearly shows that the number of n's
produced increases until 550 MeV/c, where all of the T
counters are in use and the charge-exchange cross section is

highest (see Figure 24). The number of n's produced at
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578 MeV/c is lower because the charge-exchange cross section
decreases with increasing momentum. This same trend is seen
in the actual data (Table 3).

Table 9 gives the percentage of possible charge-
exchanges that have only one hit in the vetobox as.a func-
tion of momentum. The Monte-Carlo entries show that the
percentage of possible charge-exchanges that have one hit
in the vetobox decreases as the p's range moves out of the
source volume. This is because most of those events are
annihilations at rest. If we assume that essentially all
of the events with one hit in the vetobox are in fact anni-
hilations, then the entries in Table.9 indicate the percen-
tage of triggered events (using the E-767 trigger) that
are not useful as charge~exchanges. This gives an estimate
of the efficiency of the trigger for E-~767. The entries

for the data indicate a minimum at 550 MeV/c. However, this
ig due to the mislaheled aventg in T20 which wers actuallvy
punch throughs. If we assume that almost all of the excess
events in T20 in the data are in fact these punch throughs,
then the efficiency for data coliection is much poorer at

the two higher momenta. This is shown in the entries for

the data labeled "corrected for T20.," This entry indicates



TABLE 9

PERCENTAGE OF POSSIBLE CHARGE EXCHANGES THAT

PBAR MOMENTIM (MeV/c)
MONTE-CARLO
DATA

DATA,CORRECTED FOR T20
PINCH THROUGHS

DATA,WITHOUT T20

HAVE ONLY ONE HIT IN THE VETOBOX

475
17.6 %
39.4 %

39.4%

9.4%

315
14.5 4%
36.7 %

36.7 %

36.7 %

350

12.2 %

13.2%

77.84%

26.0 %

120

378
7.0 %
20.4 %

62.7 %

202 4%
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be useless events. It was for reasons such as these that
the data for experiment 767 were taken at 505 MeV/c. If
we simply remove T20 from consideration in the data, there-
by removing the spurious punch through events, we see in
Table 9 that the data exhibits the same trend as the Monte-
Carlo. Clearly there is a larger percentage of these
events in the data because of omissions in the Monte-Carlo
discussed earlier. It is worth noting that the data taking
for experiment 767 would have been more efficient had T20
been included in the veto and the momentum raised to 550
MeV/c, assuming that the extra events in T20 at this momen-
tum are in fact mislabeled punch throughs. The veto
efficiency for annihilaticns at 475 and 515 MeV/c was better
than 99%, as is seen from Tables 3 and 4. The efficiency
decreased two or three percent at 550 and 578 MeV/c because
of the extra hits in T20. By ignoring T20, the veto
efficiency for anninilations is bLetter than 553 for a&all

momenta studied.



CHAPTER VII

CONCLUSIONS

From the detailed study of the data and Monte-Carlo
analysis presented in Chapter VI, it is seen that the data
is reasonably well explained by the assumptions of the
Monte-Carlo. The agreement between the data and the Monte-
Carlo on the annihilation point indicates that the cross
section used is accurate and that the enerqgy loss of the p
is well known. The comparison also pointed out an apparent
problem with counters T3 and T9, whereby a large number of
events with non-sequential T hits are produced. The agree-
ment is also good for the charge-exchange events, once all
the factors not included in the Ménte-Carlo are considered.

Even though the Monte-Carlo does not include the ef-
fects of photons showering in the vetobOx and the efiects
of showering on the observed multiplicity for annihilations,
it is in semiquantitative agreement with the data on the
observed multiplicities and the expected number of "possible"
charge-exchange events due to annihilations. Because this
apparatus was not specifically designed to measure annihi-

itive to the details

w

lation multipiicities, it is noi Sen
of the branching ratios given in Appendix I. The agreement
is mainly the result of the geometry of the apparatus and

122
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the high multiplicity for the annihilation products. Never-
theless, the Monte-Carlo scheme for the annihilation branch-
ing ratios appears to be sufficient for the purpose of
understanding the source operation and output.

The Monte-Carlo was useful in determining the efficien-
cy for n production by pointing out that the number of actual
charge—exchanges prdduced was a maximum at 550 MeV/c.
Comparison with the data showed that even though more
charge-exchanges were produced at 550 MeV/c, inefficiencies
in the ability to tag p's that punched through caused the
most efficient data taking to occur around 515 MeV/c for
the trigger used during E-767 data taking. It seems clear
that including T20 in the veto and raising the p momentum to
550 MeV/c would maximize the number of n's produced as well
as lower the number of useless events. Allowing only no
hits in the vetobox would also increase data taking effi-

-~ ——— 2 e o
CiTuvCy,, L4 W

S assume that the evenis with one hit in Lthe
vetobox are annihilations, as indicated by the Monte-Carlo.
Specifically, at 515 MeV/c 0.57% of the events were charge-
exchanges with no hits in the vetobox and 36.7% of the
possible charge-exchaiige events had one hit in the vetobox.
By including T20 in the veto and raising the momentum to
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of the events being charge~exchanges with no hits in the

Y 20% of the possible charge-exchanges

vetobox, with only
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having one hit in the vetobox. Note that in both cases the
veto efficiency for annihilations is better than 99%, indi-
cating the success of the vetobox design.

The veto efficiency is already very high, so the goal
for future work is to increase the number of n's produced.
Since the results of Nakamura are confirmed, namely that
antineutron production via charge-exchange on carbon is
suppressed from the corresponding process on hydrogen, it
seems clear that the number of antineutrons can be increased
by increasing the amount of hydrogen in the source target.
The most obvious way to do this would be to replace the
T-counters with a liquid hydrogen target.

In a calibration run for the E-767 calorimeter made
in May, 1985, a 60.96 cm (24") long 7.62 cm (3") diameter
liquid hydrogen target was used as an antineutron source.

A vetobox was built by the Rice collaborators with a design
lar to that of B~-767_. A 475 MeV/c p will come to a
stop in a hydrogen target this long. A Monte~Carlo calcula-
tion for this new source showed that 2.4% of the events
were actual charge-exchanges, while 37.8% of the possible

charge-exchanges had a single hit in the vetobox. These

values agreed reasonably well with the online analysis of
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out that the vetobox used for this calibration run
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subtended a smaller percentage of the solid angle and had
fewer layers of lead and scintillator. This means that
there is a larger percentage of undetected annihilations
than for the E-767 source apparatus. Nevertheless, these
preliminary results indicate that liquid hydrogen is indeed
a better source of antineutrons than plastic scintillator.
This is primarily because of longer flight lengths in the
liquid hydrogen and the lack of carbon, on which charge-
exchange is suppressed.

One of the most important aspects of the antineutron
source used for E-767 was that it was active. This allowed
measurement of the antineutrons energy more precisely. One
interesting design would be a segmented, active hydrogen
target as an antineutron source. Such a source might have
cells of liquid hydrogen separated by thin scintillators.
The distancg between the scintillators could vary along the
iength to iMprove enerygy resS0lution. Thneére are wmany
technical details which must be worked out before such an
apparatus might be constructed. For example, the problem
of having phototubes in close proximity to the liquid
hydrogen, which is at low temperature and surrounded by

vacuum, requires careful consideration. Just such an

P A S P S -
apparatus is under Seridus consideration ior a proposed

experiment to be done in 1986. This experiment would

extend tihie data £or E-70 a

osSer to the thresnoid by

-
/

o)

evefl C
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requiring a coincidence between the neutron and the anti=-
neutron in a two-arm arrangement.

Since we want more hydrogen in the source volume in
order to produce more antineutrons, one method that could
be used would be to simply use polyethylene (-CH2-) as part
of the source material. This would improve the hydrogen to
carbon ratio by a factor of two over plastic scintillators,
and it does not have many of the problems associated with
the construction of a liquid hydrogen target. Perhaps a
combination of these two ideas will prove to be most
practical.

This study of the antineutron source for experiment 767

has shown that physics with low energy antineutrons is

[

possible and in fact practical. The development of better
n sources will undoubtedly go a long way to improving the
low energy NN data currently available, and will be an

important part of future NN physics.



APPENDIX I
MONTE~CARLO ANNIHILATION BRANCHING RATIOS

Fermi statistical theory is used for the correct average

annihilation multiplicities. See [SE60] and [AE60].

No. of pions % of annihilations
2 : 0.1
3 5.6
4 21.7
5 44,0
6 23.7
7 5.1
Avg 5.0

Charge correlations for the different possible final
states are taken from the "correlation number" theory of Pais
[PA60]. For pp annihilation we have the following correla-

tions:

ﬂ+w-/ﬂ°n° = 5/1
e w /370 = 17/3

2nt2r /et nT2n%/47° = 18/26/
+

[

20 7% /7 x"37%/57°% = 04/5

i " -

/

D
& 7 -

(=]

3nt3n /20 20 200 T a0 f6w® = 65/228/63/1
3T 3 n0 /27 27 3w /n e TS50 0 /70° = 155/192/33/1
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For pn annihilation we have the following correlations:
' =1
2n'/ater” = 6/9
a73n0 /a2 n® = 6/24
rman /rt2n"2n0 /20t 30 = 9/66/30
7751% /1T 2n737% /20" 30 0 = 9/108/135

7 6n°/nT2n 4 /20t 3n 200 /30 anrT = 4/69/165/35

The combination of these results gives the branching
ratios for pp and pn annihilation used in the Monte-
Carlo. For comparison the experimental data of Baltay [BA66]
is also shown. The values given are percentages of the total

number of annihilations.

Monte-Carlo Baltay
pp > T 0.08 0.37 £ 0.03
27° 0.02 |
3m° 0.84
e 4.76 7.8 £ 0.9
2nt2n” 8.68 5.8 + 0.3
T2 12.54
4me 0.48
21" 21 n® 28.12 18.7 + 0.9
rtr3ge 14.97
5o 0.90
3nt3n” 4.32 1.9 ¢ 0.2

2n 20 200 15.14



T ane
6m°
3n+3n-n°
2nt 21" 370
n 5o

7we
all neutral
a %

+ —
27 27 x°

Monte-Carlo
4.18
0.07
2.07
2.57
0.44
0.01

2.32
32,13
17.71

Baltay

1.6

3.2
34.5
21.3

I+

+

4

0.3
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For annihilations on carbon it is assumed that at the
instant of annihilation the annihilation products are the
same as that for pp or pn, with the observed annihilation
products resulting from subsequent pion interactions with-
in the residual nucleus. For annihilations which have no
protons among the final products, the multiplicities are
just those for pp or pn, depending upon which nucleon in
the carbon nucleus annihilated. For annihilations which
have one or more protons in the final products, the pp or
pn multiplicities are modified by assuming that one of the
outgoing pions is absorbed and ejects a proton from the
residual nucleus. It is assumed that it is equally probable
for any particular pion to cause this, irrespective of its
charge. Using this scheme, the following lists give the
branching ratios (in percent of the number of annihilations)

for p-carbon annihilations when the indicated type of final
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pp-Like Annihilations with 1 Proton in the Final State

atpt 0.04 21" 2n° 7 " 5.13
T p 0.04 atr3neopt 2.79
mopt 0.02 atagept 0.70
2r°p’ 0.84 naropt 0.70
e pt 1.58 sropt 0.07
nmept 1.58 3nT3npt 0.30
ntrep’ 1.58 3ntar mop? 0.89
2n i pt 4.34 3r”2n ropt 0.89
21 pT 4.34 2nt2r"2m0p" 1.10
atr ropt 6.28 2nt3menpt 0.73
7 2nop’ 3.14 2r3rentpt 0.73
atanept 3.14 wtn amept 0.31
3w°p+ 0.48 ntsmop™ 0.06
2nt2nrpt 5.62 n smopt 0.06
2ntn " mept 11.25 6mopt 0.01
2n 7 w°p+ 11.25
ntr"2mept 8.98
at3nop’ 2.99
T 3ﬁ°p+ 2.99
anopt 0.50
3nt2rp" 2.16
3n"2npt 2.16
2nt2npt 5.13
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pn-Like Annihilations with 1 Proton in the Final State

mp’ 0.05 2nt2n " rop* 6.25
n°p+ 0.05 n+3n-w°p+ 4.23
ﬂ-ﬂ°p+ 1.50 ﬂ‘5ﬂ°p+ 0.06
2nopt 0.75 6mop” 0.01
n+w-p+ 2.24 w+2n-3n°p+ 0.74
2npt 1.12 ntn"4nopt 0.39
n2m°pT 3.26 2n"4mopt 0.18
3n°p” 1.09 - 2rt3nTaep?t 0.88
72 pt 4.34 2nt2n " 2nopt 1.32
atr " mopt 8.68 at3n 2nept 0.88
2n popt 4.34 3nt3n7pt 0.37
7 3ropt 3.02 2ntanpt 0.28
Azept 0.75
2nt2n7pt 7.54
T3 pt 5.03
ﬂ+2ﬂ—ﬂ°p+ i1.06
atn"2qopt 11.06
2n2n°p”’ 5.53
n"4anopt 0.71
5mop " 0.14
rtar"2nopt 5.08
o 3mep” 3.39
21" 3mop" 1.69
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pp-Like Annihilations with 2 Protons in the Final State

N 0.08 2t 2n"2p" 1.38
’P 0.02 2n 2no2p* 1.38
m°2p" 0.84 21" 2n°2p* 1.3
nt2pt 1.58 2r" rmo2p* 5.51
n2p” 1.58 ntan mo2pt 5.51
mo2p’ 1.58 nin 2me2pt 1.05
2nt2p” 2.17 mt3no2p” 1.39
21" 2p" 2.17 7 3m°2p" 1.39
rtr2pt 4.34 4mo2p” 0.35
nn2pt 2.51 4m°2p” 0.07
rro2pt 5.02 3nt2r"2p* 0.52
nro2pt 5.02 3n’ n weapt 0.52
2ro2pt 0.48 21377 2p" 0.52
2nt 7 2pt 9.37 30" mo2p* 0.52
2ntre2pt 4.69 2n"2n " mo2pt 0.41
wtenTept $.37 21" 3w 20" 0.14
21 7m0 2p" 4.69 217 3n02p" 0.14
atn mo2pt 4.50 ntrT3wozp? 0.54
ntamozpt 4.50 25 " 2n0 2p" 0.68
72mo2pt 4.50 ntan"2mo2p" 0.68
3me2pt 1.50 ﬂ+ﬂ-3w°2p+ 0.16
370 25" 5.30 nano2p” 0.13
3n n " 2p 1.44 T4 2p" 0.13
7 3w 2pt 1.44 57°2p" 0.30
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pn-Like Annihilations with 2 Protons in the Final State

2pt 0.1 rt3po2p?t 0.68
n2pT 0.75 atn"2me2p? 4.06
m2p’ 1.49 2n"2me2pt 2.03
atpt 1.12 n"3re2pT 1.35
7 2pt 2.24 3n"no2p” 0.85
nmo2p” 2.17 2n n me2pt 2.54
2r°2p" 2.17 rtan~2pt 1.69
niro2pt 2.89 2nt2r " 2p" 2.54
T 2pt 5.79 ntan ro2pt 5.08
2n2p" 2.89 n4mozpt 0.05
mmo2pt 5.79 5me2pt 0.02
n2mo2pt 1.89 atageopt 0.06
3go2p”t 1.89 wt2pTageopt 0.36
31 2p" 1.26 ramo2pt 0.12
artr 2t 3.77 21" 3702p" 0.25
nen 2T 7.54 T 3me2p 0.49
aton~2pt 2.77 2r3n " 2pt 0.15
nt2mo2pt 2.77 2ntanenT2pt 0.44
n2no2pt 5.53 317 2m°2p 0.15
mo2n 2pt 5.53 ntan 2n02p 0.88
rtr e 2p” 11.06 atan mo2pt 0.59
n 3mo2p” 0.57 2n¥on mo2pT 0.88
4no2p’ 0.28 3ntan”2pt 0.19
rranTwezpt 2,03 n an 2p 0.09

2rt 3 2p”t 0.37
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