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Total and annihilation 7ip cross sections from 100 to 500 MeV/c are reported, the first such mea-
surements with good statistics in this momentum range. These cross sections are well represented by
A + B /p, where p is the incident antineutron momentum, and are in agreement with previous 7zp and
Pn measurements. A comparison of these cross sections with phenomenological potential model cal-
culations is good overall. However, the microscopic quark model gives unsatisfactory predictions.
The agreement between previous pp annihilation cross sections and 7p cross sections above 300
MeV/c is excellent. The total 7ip cross section is lower than the total pp cross section in this momen-
tum range. Both of these types of behavior are predicted by potential models. The anticipated avai-
lability of future pp data below 300 MeV/c should indicate whether these trends continue at lower

momenta.

I. INTRODUCTION

The measurement of NN cross sections in the low-
energy regime (defined here as <0.5 GeV/c projectile
momentum) has been the source of considerable interest
since the discovery of the antiproton over thirty years ago.
The motivation from this comes from two distinct, but
not unrelated, goals: (i) identification of new narrow
states predicted by phenomenological potential models
and more recent microscopic quark-gluon bag models and
(i) measurement of other features, such as spin and iso-
spin dependence, of cross sections which would help clari-
fy the underlying physics of the NN interactions. Ulti-
mately it is hoped that such data would lead to an under-
standing of NN annihilation in the context of QCD, the
present theory of the strong interactions.

Since the 7ip system is pure /=1, a measurement of 7ip
cross sections should lead to an unambiguous determina-
tion of the isospin dependence in the NN interaction. To
date, only one crude measurement of 7p annihilation
cross sections has been published.! In addition, a mea-
surement of pn annihilation, which should be identical to
np by C invariance, in a deuterium bubble-chamber exper-
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iment has been reported.”? The present experiment studied
fip total and annihilation cross sections from 100 to 500
MeV/c. The experiment was performed at the
Brookhaven National Laboratory Alternating Gradient
Synchrotron (AGS). First results from this experiment on
the search for narrow states have been published previous-
ly,> and will not be discussed further in this paper.

The paper is organized as follows: theoretical models
are discussed in Secs. II and III; the experimental situa-
tion prior to this experiment is reviewed in Sec. 1V; ap-
paratus and data-analysis procedures are outlined in Secs.
V and VI; and the determination of cross sections with
discussion follows in Secs. VII and VIII. Further details
may be found in two Ph.D. theses which resulted from
this work.*>

II. PHENOMENOLOGICAL POTENTIAL MODELS

In 1949, before the discovery of the antiproton, Fermi
and Yang® noted that certain repulsive nucleon-nucleon
forces could become attractive in the NN system. They
also predicted that there may exist many bound states due
to this effect. These observations set the stage for study-
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ing the NN system in terms of a potential model frame-
work.

The real (nonannihilation) part of the NN potential can
be derived from its NN counterpart. In the conventional
picture of the NN interaction,’° a potential is generated
by the exchange of light, nonstrange scalar (S*,8,¢€), pseu-
doscalar (m,71,1"), and vector (p,¢$,w) mesons. The result-
ing potentials are usually referred to as ‘‘one-boson-
exchange potentials’” (OBEP), or ‘“‘two-pion-exchange po-
tentials” (TPEP) in the case of two-pion exchange. This
description is only valid for the medium- and long-range
parts of the potential (X 0.8 fm). Individual contributions
to the potential from each meson exchanged include spin-
spin, tensor, spin-orbit, and isospin-dependent terms,
where applicable. The sum of the contributions from
all  exchanged mesons gives the real potential
VINN)=Y,,V,, where V,, denotes the contribution of
meson m, and m = {,2m,1,0, etc.}. The long-range part
is mostly due to pion exchange, the pion being the lightest
of the mesons. The short-range “hard-core” repulsion is
due mainly to w exchange.

The NN potential can be obtained from that of the NN
system since the two only differ at the N-m-N (N-m-N)
interaction vertices of the relevant Feynman diagrams.
This introduces a factor G,, for each meson exchanged,
where G,, is the G parity of meson m. This technique is
commonly referred to as the ‘G-parity transforma-
tion.!®!!" The resulting NN potential can then be written

S V(N]V)zzm G, V,,. Contributions from mesons with
odd G vparity (,0,$,8) have opposite signs in the NN and
NN cases. In particular, the strong, short-range NN
repulsion due to @ exchange now becomes a strong,
short-range attraction. The naive implication of this ob-
servation is that with such a strong attractive potential
there should be many bound states in the NN system.

The other important observation involving the real part
of the NN potential has to do with coherence properties
among the different meson-exchange potentials. The two
basic types of coherences are (i) all contributions to a par-
ticular component (V,,) are of the same sign and (ii) con-
tributions to a particular type of potential (e.g., central,
tensor, etc.) from many different mesons are of the same
sign. The most important coherence effect in the NN sys-
tem comes from the fact that the central, tensor, and
quadratic spin-orbit forces are all fully coherent and at-
tractive for isospin I =0 states with total spin S =1 (Ref.
10). To illustrate, as pointed out recently by Dover,!! the
observation that o(pp)> o(fip) could signal the effect of
tensor forces which are particularly strong and attractive'?
for I =0, J=I[%x1 states. Such coherent tensor forces do
not operate for 7ip since it has I =1, for which the total
tensor potential is expected to be much weaker.

The previous discussion on the real part of the NN po-
tential has some obvious limitations. First of all, it can
only be as reliable as the NN potential from which it was
derived. This is not serious, since there has been much
progress in mapping out a detailed phase-shift analysis of
NN scattering. Also, as in the NN case, the NN potential
derived in this way is only valid for relative distances
r20.8 fm. For smaller distances the NN interaction is
dominated by annihilation and the NN system can pro-

vide no guidance, since the annihilation mechanism has
no counterpart in the NN interaction. In fact, the pres-
ence of annihilation masks the effects of the short-range
NN real potential in order to complete the potential model
for NN, an absorptive potential must be added to the real
part.

The first attempt at incorporating annihilation into the
NN potential was made by Bryan and Phillips.'> They
used the OBEP of Bryan and Scott,” applied the G-parity
transformation, and added a phenomenological, purely
imaginary potential, which is independent of spin, isospin,
and energy. The authors noted that the imaginary poten-
tial is very strong at short distances and greatly attenuates
the wave functions there, acting somewhat like the NN
repulsive core. Also, this attenuation suppresses the
short-range forces in the real part of the potential and
essentially eliminates sensitivity to them.

Subsequent improvements to the NN potentials, in par-
ticular due to the Paris group,’ have evolved. Dover and
Richard'* (DR) introduced the G-parity transformed ver-
sions of this potential, along with a complex phenomeno-
logical spin, isospin, and energy-independent annihilation
potential (model DR 1). Several notable features emerged
from this analysis. First, the addition of the real annihila-
tion potential (V) enables one to reduce the value of the
imaginary potential (W), as well as improve the quality of
fits to cross-section data. The observation made by the
authors is that V focuses the wave functions on the an-
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FIG. 1. pp and 7p annihilation cross sections predicted by the
DR I model (Ref. 15).
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nihilation region. Therefore, the absorption strength can
be reduced. Second, even though W is reduced, there is
still considerable absorption at 1 fm.

Figure 1 shows a recent calculation by Dover'® which
compares pp with 7ip cross sections for model DR I at low
energy. One sees that for both total and annihilation
cross sections pp and 7p differ, apart from annihilation
above ~300 MeV/c. The sign of this difference is in
agreement with the statement made previously regarding
coherence in the isospin I =0 system.

The Paris group subsequently fit the available pp data,
including angular and polarization distributions, and pro-
vided a much more flexible form for the annihilation po-
tential.'® This form has no real part as in the Dover and
Richard model, but does include an explicit energy depen-
dence. It was introduced to account for the fact that one
expects more annihilation channels to open up with in-
creased energy. Six parameters were adjusted to give the
best fit to the data, and are different for isospin O and 1.
The I =0 and I =1 forms of the potential W differ by up
to 20% at very low energies (Ej,,~0), with W(I =0) be-
ing larger. The effects at higher energies (E},, ~ 100 MeV)
are not as strong. Figure 2 shows the cross sections for
pp and fip for the Paris model'® in the energy region of in-
terest here. It has characteristics similar to that of the
DR I model discussed above.

Summarizing, the phenomenological potential models
discussed here work reasonably well for describing pp
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FIG. 2. pp and 7Ap annihilation cross sections predicted by the
Paris model (Ref. 16).

cross-section data. They are able to predict some spin-
isospin effects. In particular, because of coherence effects
in the I =0 tensor force, o(pp) is expected to be larger
than o(7p). This last point is of special interest to this
experiment.

III. MICROSCOPIC MODELS

Recently there has been much work done on models
motivated by quantum chromodynamics (QCD), in which
the NN system is described in terms of quarks and gluons
confined in bags. Several groups have considered annihi-
lation channels resulting from quark annihilation or rear-
rangement graphs involving a nucleon (3g) and antinu-
cleon (3g). An especially well-presented recent summary
of this work can be found in Ref. 17. In general, most
available calculations have not yet addressed the question
of isospin-dependent total and annihilation cross sections.
However, we have recently been provided new calcula-
tions by the Helsinki and Tiubingen groups, which will be
discussed later in the context of our data.

IV. PREVIOUS EXPERIMENTAL SITUATION

There are no published data on NN total and annihila-
tion cross sections below ~ 300 MeV/c momentum (1900
MeV). Virtually all of the published data above 1900
MeV are for pp cross sections only. A summary of the
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FIG. 3. Previously measured pp annihilation cross sections
(Refs. 18—-24). Each data set has been offset for clarity (e.g.,
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present status of annihilation cross sections'®~2* is shown

in Fig. 3. One should be cautioned that the experiments
cited in Fig. 3 differed in geometry, triggers, etc., and
hence did not necessarily measure the same quantity. The
only 7ip annihilation cross-section measurement was per-
formed by Gunderson et al.! Their data are shown in
Fig. 4. As one can readily see, the errors are very large
and could certainly mask all but the most dramatic
effects. Another relevant measurement is that of Kalo-
geropoulos and Tzanakos.? They used a deuterium bub-
ble chamber to measure pd annihilation cross sections, in-
cluding the pp and pn components. Since the pn system is
pure I=1, this reaction is identical to the 7p reaction.
Their results are also shown in Fig. 4. Finally, Balestra
et al.® have measured the quantity R =0, (pn)/o(pp)
based on an analysis of p-neon data and Glauber theory.
They report R =0.76+0.06 at 300 MeV/c, a value which
agrees with other measurements in deuterium, helium,
and carbon.

In summary, the paucity of published 7ip and pn data
provides strong motivation for a careful study of total and
annihilation cross sections over a broad momentum range.
Good pp data, available only above 300 MeV/c, allow a
comparison with 7p data for the purpose of checking
theoretical predictions discussed previously.

V. EXPERIMENTAL APPARATUS

The apparatus is shown in Fig. 5. The setup consisted
of four basic components: (i) antiproton beam and
identification; (ii) antineutron source; (iii) liquid-hydrogen
target; and (iv) antineutron calorimeter. These com-
ponents, along with their functions in the experiment, will
be described in the following discussion.

A. Antiproton beam and identification

The experiment (E-767) was carried out in the C8
branch of the low-energy separated beam (LESB II) at the
Brookhaven National Laboratory AGS. The charge-
exchange mechanism (pp —7n) was used to produce an-
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tineutrons. The beam was operated at transport momenta
of 505 and 520 MeV/c. A lead collimator was installed
to eliminate pions and muons which were not directly in
the beam. However, contamination in the beam was
about 200 7~ /p ~. At these momenta pions have roughly
twice the velocity and one-fourth the energy loss of an-
tiprotons. Using these facts, beam antiprotons were
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FIG. 5. Schematic plan view of the E-767 apparatus.



identified by time of flight (TOF) between counters BH
and S'1, as well as by their energy loss in counters S1 and
S2. Here, BH (not shown in Fig. 5) is a hodoscope of ten
counters, each 3 X25X 32 mm?, placed side by side in the
beam 3.89 m upstream of counter S1. Figure 6 shows a
TOF distribution, relative to the time at S'1, for unnor-

Pp=BH-S1-S2-[TOF(S1-BH)> 20 ns]-[PH(S1)>3X

where PH=signal pulse height, proportional to energy
loss due to ionization in the counter, and
minimum =energy of minimum ionization. The beam in-
tensity was typically 2500 p/s and 5Xx10° 7~ /s. The
pion rejection using this trigger was better than 10°:1.

The incident antiprotons were tracked by two propor-
tional wire chambers: PWC1 and PWC2. Each chamber
was comprised of an x and y coordinate sense-wire plane
with 2-mm wire spacing. The size of the beam at the
focus (the antineutron ‘““source”) was 2 cm vertically and
10 cm horizontally.

The momentum spread of the beam was measured by
calculating the antiproton momentum based on its TOF
from BH to S'1. This gave an rms spread of approximate-
ly 4%. This measurement is a superposition of the intrin-
sic momentum uncertainty of the beam and measurement
errors associated with the time-and-flight path of the p,
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FIG. 6. Time-of-flight distribution for unnormalized samples

of pions and antiprotons in the beam.
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malized samples of pions and antiprotons. The separation
in time between them is about 13 ns, which is distinguish-
able by the trigger logic. In addition, a large energy loss
(R 3X minimum ionization) was required in counters S'1
and S2. The trigger level logic for identifying an antipro-
ton in the beam was

minimum]-[PH(S2)> 3X minimum] , (1)

I
and agrees well with that found from previous experi-
ments using this beam line.?>?*

B. Antineutron production

Antineutrons were produced by charge exchange of an-
tiprotons in the source, which was comprised of 20 scintil-
lation counters (T —Tg, or T counters) stacked along the
beam direction. Its overall thickness was sufficient to de-
grade the antiproton energy so that they stopped close to
the end of the stack. Each counter had dimensions of
0.6X5x 13 cm® and had timing and pulse-height infor-
mation recorded for each event. It therefore acted as a
source of antineutrons (from collisions on both carbon
and hydrogen in the scintillator), as well as a detector for
tracking antiprotons as they passed through it. The last
counter hit provided information on the time and location
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of the antineutron production. This ultimately enabled
the momentum of the 7 to be determined. A plan view of
the source is shown in Fig. 7.

Since the momentum threshold for the charge-exchange
reaction is 98 MeV/c, antineutrons can only be produced
by antiprotons in flight. About 2% of the incident an-
tiprotons produce antineutrons, while the remainder an-
nihilate either in flight or at rest. In order to reject these
annihilation events a veto system was arranged around
the source on four sides (“veto box,” B;-B;,). A section
of two sides of the box is seen in Fig. 7. Each side was
oriented parallel to the beam direction and consisted of
three layers of lead and scintillator, each for identifying
charged particles and y rays. The efficiency of the system
for rejecting annihilation events was measured by examin-
ing antiprotons which interact in the source. The
efficiency was determined to be greater than 98% by com-
paring the number of such events which give more than
one hit in the veto box to the total number of annihila-
tions.

If an event contained more than one veto box hit it was
rejected as being a nonantineutron event. One hit was al-
lowed to compensate for interaction of the neutron from
charge exchange. The trigger logic for an antineutron
trigger was n=p-(3¥B <2). Just downstream of the
source was an additional veto counter (V'1), which was
used to reject events associated with beam pion acciden-
tals.

C. Hydrogen target

Further downstream (170 cm) of the antineutron source
was a cylindrical liquid-hydrogen (LH) target (Fig. 5).
The hydrogen target flask was a cylinder 35 cm long with
a diameter of 40 cm. The cylinder was closed on each
end by spherical caps of radius 30.5 cm. The longest di-
mension of the target was 50 cm. The walls of the
cylinder (end caps) were 0.10 (0.08) cm of Mylar. The
flask was wrapped in 60 layers of superinsulation, with a
total thickness equivalent to 0.04 cm of Mylar.

The vacuum vessel consisted of a 0.32-cm-thick alumi-
num cylinder with a 50.5 cm diameter. The upstream
dome had a radius of 24.6 cm and was 0.16 cm thick.
The overall length of the vessel was 149.9 cm. The down-
stream window was 0.019 cm thick, surrounded by a
2.54-cm-thick flange of 58.4 (54.6) cm outer (inner) diam-
eter. Surrounding the vacuum vessel were 12 counters
(M) in a barrel stave arrangement.

D. Calorimeter

The antineutrons were detected in a calorimeter 135 cm
downstream of the LH target. Figure 8 shows a schemat-
ic isometric view of the calorimeter. It consisted of twelve
modules, each module containing two (x,y) planes of
aluminum proportional drift tubes, a four-element scintil-
lator hodoscope (x or y), and a 2-cm-thick aluminum plate
absorber in all but the first three modules. The mass of
the first three modules was decreased to allow low-energy
antineutrons to penetrate further into the detector before
annihilating, where they had a better chance of being
identified. Each drift tube plane consisted of 48 individu-
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FIG. 8. Schematic isometric view of the antineutron calorime-
ter.

al cylindrical tubes of length 61 cm, outer diameter 1.27
cm, and wall thickness 0.4 (0.9) mm in modules 1-3
(4-12). Each tube had a 25-um-diameter gold-plated
tungsten sense wire strung along its axis under 50 g of
tension. The gas used was an 80% argon, 20% CO, mix-
ture. The operating voltage of the sense wires was ~ 1600
V, while the tube walls were at ground potential. In addi-
tion, adjacent tubes were ganged together electronically.
This gave a total of 576 channels available for track detec-
tion. The total equivalent length of aluminum along the
beam direction was about 28 cm. The 48 scintillation
counters (C;—Cyg) had cross-sectional dimensions 15X 61
cm? and thickness 0.6 (1.3) cm in modules 1-3 (4-12).
Every other module was rotated 90° to minimize sys-
tematic cracks in the detector.

The drift tubes provided basic yes/no information on
charged particles passing through them. These hits were
used to locate an approximate vertex (within =5 cm), lim-
ited by the detector granularity and multiple Coulomb
scattering. Because of the long 7 flight path (~350 cm)
this accuracy was sufficient for a good TOF measurement.

The C counters had time and pulse-height information
read out for each event. When correlated with the vertex
location, the counter times could be adjusted to give the
time at the annihilation point, and hence the # momen-
tum by TOF.

E. Data acquisition

Data were collected by an on-line CAMAC data-
acquisition system and a DEC PDP 11/34 minicomputer.
Data collection was begun at 520 MeV/c incident p
momentum, but was subsequently changed to 505 MeV/c
since about 10% of the p’s were penetrating the source
because of the momentum spread in the beam. Approxi-
mately one-third of the data were taken at the 520-MeV/c
setting. Data were collected in approximately equal
amounts with target full and empty conditions. A total of
~2x 10° triggers were acquired and analyzed.
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VI. DATA ANALYSIS

Cross sections were measured by the “‘transmission”
method, which involved measuring the antineutron flux in
the calorimeter with the target full and empty. The ratio
of these yields, normalized to the total beam exposure for
each, is directly related to the total and annihilation cross
sections. Furthermore, since the calorimeter was used to
measure both yields, corrections due to inefficiences relat-
ed to the calorimeter cancel out in this ratio. This greatly
reduced sources of systematic error in the absolute cross-
section determination.

A. Counter calibrations

Calibration of the time and pulse-height information
from all scintillators was done with beam pions. The ve-
locity spread of these pions was negligible despite the
large momentum spread of the beam. Since the beam
pions used in the timing calibration were minimum ioniz-
ing particles, they were also used to calibrate the pulse
heights. This was done by calculating a “gain” factor
which normalized the observed pulse height of minimum
ionization energy to 100 units.

B. Antineutron identification in the source

The conditions required to identify an antineutron pro-
duced by charge exchange in the source began with identi-
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FIG. 9. Antiproton annihilation profile in the antineutron
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fying an incoming antiproton, described earlier. The
source T counters were then examined. In general, a p in-
teraction in the source had the characteristics of large
pulse heights (> 200 units) in successive T" counters up to
some counter T,, and then either no subsequent hits
(charge exchange), or subsequent hits with low pulse
heights (<200 units) from annihilation secondaries. An
interaction profile, defined as the distribution of counters
in which the p disappears, is shown in Fig. 9. The large
peak centered at T¢ corresponds to p annihilations at
rest.

The signature of a charged-exchange event in the source
corresponded to having no subsequent 7 counters fire
after the p disappeared. In addition, it was required that
there be no veto box hits with times correlated with the
incoming p. As mentioned previously, the hardware
trigger did allow for a single veto box hit in case the neu-
tron from charge exchange fired one of the counters.
However, it was found that events with this topology were
also produced by various background mechanisms, and
the condition 3B =0 was rigorously imposed off line. Fi-
nally, the downstream veto counter ¥'1 was examined for
a hit. If this counter had a very large pulse height (> 350
units) or had timing consistent with the incoming p, the
event was rejected. The large pulse height was used to
eliminate events in which the p penetrated the source.
Figure 10 shows the profile of charge-exchange events in
the source. The rapid fall-off of events toward the down-
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FIG. 10. Profile of charge-exchange events in the antineutron
source.
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FIG. 11. Time difference between all pairs of counters hit in
the antineutron source.

stream end of the source is due to the attenuation of an-
tiprotons stopping in the source.

The time for the 7 production in the source was ob-
tained by averaging the times for 7, and T,_; (n > 1).
The error in the T-counter times was measured by exam-
ining time differences between all possible pairs of
counters that were hit, corrected for the p flight time be-
tween them. These differences are plotted in Fig. 11. The
rms width of this distribution is a measure of the timing
error for a pair of counters, and was found to be 0.16 ns
per counter. The position of the # production was as-
sumed to be at the center of the counter. The error in the
position is at most half the counter thickness, or 0.3 cm.

C. Calorimeter event analysis

Calorimeter (CA) events were defined at the trigger lev-
el as

CA=r- |3C>0|-[TOF(VI-C)<10 ns], (2)

where the TOF requirement rejected events in which a
beam pion triggered the system.

1. Time and vertex reconstruction

The algorithm required to locate the 7 annihilation ver-
tex relied solely on drift-tube hit information. Drift-tube

planes were oriented in X,y pairs approximately every 6
cm along the beam direction. The effective spacing be-
tween wires in a plane was 2.5 cm since adjacent wires
were ganged together electronically. An initial guess at
the vertex location was made by averaging the coordinates
of the hits. After determining this initial trial vertex, the
hits were decoupled into two two-dimensional views, x-z
and y-z, where the z coordinate is along the beam direc-
tion. In each view, the area around the trial vertex was
divided into grids. The center of each grid would then in
turn be tried as a trial vertex. Emanating from each of
these trial vertices, tracks were constructed at discrete an-
gular steps, initially 45°. For each of these trial tracks, a
quality parameter was calculated which measured how
well the wire hits lined up with the track.
The general form for this parameter was
Ny
Cix=3d,*+a*>)"'(r,2+b»)~", (3)
n

where i, j, k, and n are track, grid, view, and wire hit in-
dices, respectively, Ny is the number of hits in that view,
d is the perpendicular distance from the hit to the track,
is the radial distance from the trial vertex to the hit, and
a,b are adjustable parameters. The first factor measures
the closeness of the hits to the trial track, and the parame-
ter Cyj increases as d decreases. The second factor en-
sures that less weight is given to a hit that is far away
from the vertex and served to localized the vertex search.
In each view, the grids corresponding to the two largest
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FIG. 12. z-coordinate vertex residuals in the calorimeter.
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Cix were averaged to give a new vertex location, which
was then used as the initial vertex for the next iteration of
the algorithm. This whole process was iterated a total of
three more times using increasingly smaller grid sizes and
angular steps. The resulting final vertex was taken as the
annihilation point.

The accuracy of the vertex algorithm was measured us-
ing a detailed Monte Carlo simulation of annihilations in
the calorimeter. Events from this simulation were fed
into the analysis program and the resulting vertex was
compared to the (known) annihilation point. Figure 12
shows the difference (residual) in the z coordinates of the
two. The z-coordinate resolution dominates the uncer-
tainty in the flight path of the antineutron. The rms
width of the distribution is ~5 cm, and is a measure of
the position resolution in the calorimeter.

The annihilation time was obtained from C-counter in-
formation. For each counter hit in a event, nearby drift
tube hits were used to reconstruct the hit location. This
information was used to make corrections to the counter
time. The first was to correct for variations in transit
TOF in the scintillator. Because of the large size of the
counters (61 X 15 cm?), this correction could be up to 2 ns
for a given counter. The second correction involved the
distance from the calculated vertex to the counter hit lo-
cation. Using a secondary particle velocity of 0.9¢, the
TOF between the vertex and the counter was calculated
and subtracted from the observed time. This adjustment
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FIG. 13. Time difference between all pairs of C counters hit
in an event.

could be up to 3 ns. With the addition of these correc-
tions, the time at the annihilation point was obtained as
the average of the counter times in an event. Figure 13
shows the distribution of time differences between all pairs
of counters hit for selected annihilation events. This mea-
sured how well the counters agreed on the annihilation
time, and its width is consistent with a single counter rms
resolution of 0.39 ns.

Given the time and location of the 7 annihilation in the
calorimeter, and similar information on its production in
the source, the momentum (and associated errors) of the
antineutron were calculated. The resultant uncertainty in
the 7ip c.m. mass determination is plotted in Fig. 14. We
note that above 1900 MeV (300 MeV/c) these errors are
comparable to typical values from previous pp measure-
ments,'~%2 and below 1900 MeV reach as low as ~ 100
keV, values far superior to those achieved before in NN
formation measurements. This result has been exploited
to great advantage in the search for narrow states.’

2. Antineutron identification in the calorimeter

The large rate of pions (~5Xx 10° 77 /s) coupled with
the long event sampling time (~ 100 ns) in the calorimeter
lead to an appreciable number of CA triggers due to pion
accidentals. To eliminate this background, the following
set of software criteria were devised. The first criterion
was a charge-exchange signature in the source/veto box as
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FIG. 14. rms mass resolution for calorimeter events.
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defined previously. Next, a lower limit was placed on the
amount of energy deposited in the C counters for an
event. Specifically, the normalized pulse heights of all
counters were summed (3 .) and required to be larger
than the equivalent of twenty minimum-ionizing particles
(2000 units). This limit stemmed from observations on
how pions behaved in the calorimeter. In general, they
leave behind drift tube hits which lie in a straight line and
hit one C counter in each module. Since they are
minimum ionizing particles, they deposit on the average
1200 units of energy. This is shown in Fig. 15, where ¥,
is plotted for known pion events. The high-energy tail in
the distribution is due to Landau fluctuations in the ener-
gy loss plus interactions in the counters. The peak at zero
in ¥, is attributed to pions interacting in the source and
target, producing neutrons and photons which deposit a
small amount of energy in the calorimeter. A cut at 20
minimum ionizing (2000 units) was sufficient to eliminate
91% of the pions.

As a further criterion, a straight-line fit was made to all
hits from the drift tubes. A pion track should give a good
X? (Gy) for this hypothesis, while an annihilation event
will not. Figure 16 shows the distribution of G, for
known pion events. The requirement Gy >3 eliminated
92% of these events. The overall effect of the 3. and G,
requirements on pion events can be seen in the scatter plot
of Fig. 17, where only 4% of the tracks pass both cuts.

We can estimate an upper limit on beam pion-induced

4.5 -

10° Events

4.0+

3.5

—

2.5+

20+

I

L .
0.0 L ‘M

0 10 20 30 40 50

ZC (Number of Minimum-lonizing Porticies)

FIG. 15. Pulse-height sum (3.) for beam pions in the
calorimeter.
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FIG. 18. (a) Uncorrected CA (target full) yield (505 MeV/c);
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corrected CA (target full) yield (520 MeV/c¢); (d) uncorrected CA
(target empty) yield (520 MeV/c).

contamination in the antineutron event sample. A CA
trigger would be formed by an accidental pion during the
100-ns gate interval which followed a charge exchange in
the source. The observed charge-exchange rate was 30/s.
Assuming a lower-limit efficiency of 99%, this give a
upper limit on the pion-induced event rate of (5x10°
7 /s)X (1077 s)x(30/s) X 1072=0.015/s. Applying the
> ./Gy cut described above, the limit becomes 6 10~%/s,
to be compared with a final 7 events rate of 0.2/s. We
conclude that pion accidental background in the final
event sample is negligible.

Antineutron events selected by the above criteria were
then plotted as momentum distributions for both target
empty and target full data (Fig. 18), from which cross sec-
tion distributions were obtained as discussed below.

3. Corrections to calorimeter yields

First, a correction factor (¢,) was needed for the CA
(target full) data to account for antineutrons which hit the
calorimeter but did not traverse the full length of the tar-
get because of the finite radius of the target. Numerical
values for €, are given in Table I. Details may be found
in the Appendix. These corrections are on the average
7% and insensitive to momentum.

Second, a correction factor was required to account for

TABLE I. Target length correction factors to be applied to
CA (target full) yields. The error is statistical only. See the Ap-
pendix for details.

Momentum (GeV/c) €
0.125 0.882+0.022
0.175 0.920£0.013
0.225 0.939+0.011
0.275 0.936+0.009
0.325 0.947+0.007
0.375 0.954+0.006
0.425 0.959+0.005
0.475 0.967+0.006

elastic scatters in hydrogen. Because of the finite size of
the calorimeter and its distance from the LH target, about
82% of the antineutrons which elastically scattered in the
hydrogen subsequently missed the calorimeter. Therefore,
in order to measure the total (annihilation) cross section
by the transmission method, elastically scattered antineut-
rons which hit (miss) the calorimeter had to be taken into
account. The total cross section is corrected by subtract-
ing away the scattered antineutrons which subsequently
hit the calorimeter. This correction (eI) is described in
the Appendix and given in Table II. It is 3% on the
average and insensitive to momentum.

The major source of background is antineutrons which
elastically scatter into the calorimeter from material sur-
rounding the target and from the walls and floor. Such
events would be characterized by longer TOF’s as com-
pared to direct antineutrons. Also, antineutrons which
annihilate outside the calorimeter may send pions and y
rays into the calorimeter. Such events are largely
suppressed by cuts on Gy and Y., as well as TOF
(M <CA). The latter cut removes those antineutrons
which annihilate near the target and send pions into both
the M counters and the calorimeter.

The most serious background comes from antineutrons
which scatter or annihilate in material near the target.
We have experimentally estimated such background by
comparing normal target empty calorimeter yields with
the yield obtained with the target, M counters, drift
chambers, and their support structure removed. From

TABLE II. Correction factors to be applied to CA (target
full) yields due to elastic scattering in the hydrogen. The first er-
ror is statistical, the second systematic. See the Appendix for

details.

Momentum (GeV/c) el
0.125 0.983+0.008+0.01
0.175 0.985+0.004+0.01
0.225 0.9754+0.004+0.01
0.275 0.982+0.003+0.01
0.325 0.982+0.003+0.01
0.375 0.977+0.003+0.01
0.425 0.967+0.003+0.01
0.475 0.970+0.003+0.01
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TABLE III. Ratio of antineutrons scattered from materials
which surround the target to antineutrons directly from the
source (3/Y.).

Momentum (GeV/c) B/Y,
0.125 0.196+0.098
0.175 0.166+0.083
0.225 0.137+0.068
0.275 0.109+0.054
0.325 0.083+0.042
0.375 0.058+0.029
0.425 0.0344-0.017
0.475 0.011+0.005

these data we find the ratio of scattered to direct antineut-
rons varies from a maximum of (20+10)% (100 MeV/c)
down to 0% (500 MeV/c). Values of this ratio are given
in Table III. The data are corrected for this background
as explained in the next section. The remaining, unmea-
sured background from antineutron scattering and annihi-
lations in the floor and walls were crudely estimated from
Monte Carlo calculations. These were found to be about
10% at 100 MeV/c and decrease rapidly to 0% at 350
MeV/c. Since this correction is poorly known, but ap-
pears to be within the error bars already applied, it was
not taken into account.

VII. METHOD OF CROSS-SECTION CALCULATIONS

This section gives details on the actual formalism used
in obtaining cross sections from the transmission method.
Since data were taken at two different beam momenta, the
expressions given here were applied to each data set,
which were than combined and weighted according to sta-
tistical error.

The total cross section (o 7) is given by

or(p)=ogn[ly(p)/1,(p)], oco=m/pL =480+t6 mb,
(4)

where I is the incident antineutron intensity, I, is the
transmitted intensity, m is the proton mass, p is the densi-
ty of hydrogen (0.070 g/cm?), and L is the maximum tar-
get length (50 cm). The error in oy arises from uncertain-
ties in both the density and target length. The quantities
Iy and I, are given by

Io(p)=Y,.(p)/n.—B(p) , (5)
and
L(p)=Y (pel(ple,(p)/n;—Bp) , (6)

where Y,.(p) and Y (p) are the yields of antineutrons

T. ARMSTRONG et al. 36

500 +
‘xi
|
“ o This Experiment
|
i __ Ap (PR i) Ref. 15
400 F [ o np (PARIS) Ref. 16 '
jg \' ____ &p (NIJMEGEN)Ref. 26|
5 Lp B np (HELSINKD) Ref. 27
o :
o
300 -
|
| !
200 - ‘
|
100 t

|

L S|
300 400 500

Antineutron Momentum in MeV/c

1 1
100 200

FIG. 19. Total cross sections as measured by this experiment,
compared with theoretical model predictions from Refs. 15, 16,
26, and 27.

detected in the calorimeter for target empty and full, re-
spectively, n, and ny are the numbers of antiprotons in-
cident on the source for target empty and full, respective-
ly, and B(p) is a correction for antineutrons which scatter
into the calorimeter from materials which surround the
target. A summary of the Y and n data integrated over p
is given in Table IV. The annihilation cross section can
be obtained by simply subtracting the elastic cross section
(see the Appendix) from o 7.

VIII. FINAL CROSS SECTIONS AND DISCUSSION

Annihilation cross sections are given in Table V. Using
the simple parametrization form (A4 +B/p), an excellent
fit (x>/DF=29/38) was obtained with 4 =41.4+9.0 mb
and B=29.01+2.9 mbGeV/c. The total cross sections are
also given in Table V and plotted in Fig. 19. Again, an
excellent fit (x>/DF=29/38) was obtained using the form

TABLE IV. Antineutron calorimeter yields and antiproton normalization factors.

Data type

Event data yield (Y)

Antiprotons (n)

505 MeV/c CA Empty
505 MeV/c CA Full
520 MeV/c CA Empty
520 MeV/c CA Full

38840 3.962 % 10%
32668 4.500< 10?
15131 1.453 % 108
18568 2.461x 108
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TABLE V. Antineutron-proton cross sections as measured in
this experiment. The first error is statistical, the second sys-

tematic.

Momentum (MeV/c) Oann (mMb) O (mb)
105 258+68+65 377+68+65
115 321+66+57 435+66+57
125 304+62+50 413+62+60
135 233+£52+45 338+52+45
145 197+48+40 298+48+40
155 244+42+37 342+42+37
165 202+40+33 2974+40+33
175 173+36+30 266+36+30
185 213+34+29 304+34+29
195 198+32+26 287+32+26
205 174+29+24 261+29+24
215 226+28+23 312+£28+23
225 141+26+21 225+26+21
235 151+25+19 233+25+19
245 200%+24+18 282+24+18
255 184+23+17 265+23+17
265 140+21+16 220+21£16
275 167+21+£15 246+21+£15
285 134+20+14 212+20+14
295 111£19+£13 188+19+13
305 147+18+12 222+18+12
315 125+18+11 200+18+11
325 128+17+11 202+17+11
335 134+16£10 208+16+10
345 130+16+10 204+16+10
355 113£16+ 9 186+16+ 9
365 124+16+ 9 196+16+ 9
375 116+15+ 8 188+15+ 8
385 13615+ 8 207+15+ 8
395 137+£15+ 8 207+15+ 8
405 85+14+ 6 155+14+ 6
415 113+14+ 6 183+14+ 6
425 100+14+ 6 169+14+ 6
435 102+14+ 6 17114+ 6
445 119114+ 6 188+14+ 6
455 115£14+ 5 183t14+ 5
465 92+14t 5 160+14+ 5
475 99+14+ 5 167£14+ 5
485 92+14+ 5 159+£14x 5
495 105+15+ 5 17215t 5

A+B/p, with 4=94.4+9.0 mb and B =36.0%2.9
mb GeV/c.

Comparison of the annihilation cross sections with pre-
vious 7ip (Ref. 1) and pn (Ref. 2) measurements have been
made. In the former case, the large error bars preclude a
meaningful quantitative comparison, although the data are
obviously in good agreement. In the latter case, we have
fit the E-767 (Ref. 2) values to the form of 4 +B /p in the
region of overlap (270-455 MeV/c) with the following re-
sults: A=51£25 (27£17) mb, B=26%t9 (30%6)
mb GeV/c, respectively. We note a 1-2-standard-
deviation difference in 4. However, after taking into ac-
count systematic errors (see Table V) which were not in-
cluded in these fits, we conclude that this difference is not
significant.

Figure 19 compares the 7ip total cross sections with pre-
dictions from four models. The X2/point values for the
DR 1, Paris, and Nijmegen?® potential models are 33/40,
48/40, and 88/40, respectively, indicating a clear prefer-
ence for the DR I model, although the Paris model can-
not be ruled out. The Helsinki microscopic model?’ gives
the least satisfactory comparison with the data of all four
models. The flattening of the cross section below ~ 200
MeV/c is due to the decrease in the P-wave contribution
at low momenta.?’” Above ~250 MeV/c the model is also
too high. The Helsinki group notes that this may be due
to insufficient repulsion, which would decrease in the
I =1 wave function and, hence, the cross section.?’” We
have recently received a microscopic model calculation
from the Tiibingen group.?® At 500 MeV/c it reproduced
only about 30% of the total cross section compared with
our measurement. The authors note that this discrepancy
may be due to the relative amount of three-meson quark
rearrangement to two-meson quark annihilation processes
assumed in their calculation.

We next compare our 7ip cross sections with previous
pp measurements. In Fig. 20 we show E-767 annihilation
cross sections with pp values from Ref. 24. This particu-
lar data set has been chosen among all of those displayed
in Fig. 3 because it overlaps in momentum with the E-767
measurements and has good statistics (on these grounds
the data of Ref. 18 were not selected). In the limited
range over which the comparison can be made, the pp
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FIG. 20. Comparison of 7ip annihilation cross sections with
pp data from Ref. 24.
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data are in excellent agreement with the 7p data. We
note that this is consistent with the predictions of the DR
I (Fig. 1) and Paris (Fig. 2) models in this momentum re-
gion.

In Fig. 21 we show E-767 total cross sections with pp
values from Ref. 29 which quotes exceptionally small sta-
tistical (£0.4%) and systematic (£0.7%) errors. Here we
see the pp values are systematically larger (~20 mb) than
the nip values. Again, in the limited range over which the
comparison can be made, this result is consistent with the
predictions of the DR I (Fig. 1) and Paris (Fig. 2) models,
which show differences of ~15 and 30 mb, respectively.
As new data become available at lower momenta it will be
interesting to see if these observations in both our annihi-
lation and total-cross-section data continue. Finally, from
these data we find R =0u(7ip)/0(pp)=0.8410.07
+0.05 at 300 MeV/c, where we have extrapolated the
data of Clough et al.? to a value of ~245 mb at 300
MeV/c. This value is in good agreement with 0.76+0.06
given by Balestra et al.,”® based on p-neon data and
Glauber theory.
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APPENDIX: SIMULATION OF ANTINEUTRON
INTERACTIONS IN THE LIQUID-HYDROGEN
TARGET

In order to obtain corrections to the data involving the
finite geometry of the target and elastic scattering in the
target, a Monte Carlo simulation was performed.

Antineutrons were generated in the source from charge
exchange of an incoming p beam with transport momen-
tum 520 MeV/c and 4% rms spread. Charge-exchange
cross sections were obtained from Ref. 30. From kine-
matics, the # momentum and trajectory was calculated
and used to project it toward the hydrogen target. If the
7 entered the target, it was propagated through the hydro-
gen and allowed to interact. If the 7 survived the hydro-
gen, it was then projected to the calorimeter.

Antineutron-proton interaction probabilities in the
momentum range 100-500 MeV/c were determined from
cross sections obtained from the optical potential model of
Ref. 14. The annihilation, elastic, and differential elastic
cross sections were parametrized in the following
forms: o 4(mb)=58 +22/p, op(mb)=53 + 7/p, and
do g /dt(mb/GeV?) = A exp(bt), where p is the 7 laborato-
ry momentum in GeV/c, ¢t is the square of the momentum
transfer in (GeV/c)?, A is the forward elastic cross sec-
tion, and b (p) is the elastic-scattering slope parameter in
(GeV/c)™2 The slope parameter is represented by
b(p)=36.8—33.8p (GeV/c) 2.

To obtain the target-length correction factor (¢,), the
path length traveled by the 7 in hydrogen was recorded
for each event. The factor €,(p) is then given by the ratio
of observed path lengths averaged over intervals in p di-
vided by the maximum path length (50 cm). Numerical
results are given in Table I. The slight momentum depen-
dence arises from elastic scattering corrections to the path
length.

The elastic-scattering correction €/ needed to correct
the CA (target full) yield was obtained from antineutrons
which were initially headed for the calorimeter and scat-
tered in the liquid hydrogen. The total number of such
antineutrons is designated n;. The correction for the total
cross section (€]) depends on the number of scattered an-
tineutrons which hit the calorimeter, since they must be
subtracted from the target full yield. If n. is the total
number of antineutrons available to hit the calorimeter
(i.e., those that do not annihilate in the hydrogen), then
the correction can be expressed as

T

€ =(n.—ng)/(n.—npy) . (A1)

Numerical results are given in Table II.
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