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SEARCH FOR AN ETA-NUCLEAR BOUND STATE IN THE

DOUBLE CHARGE EXCHANGE REACTION
| BO(nt, 77)8Ne(DIAS)

by
John Doeppers Johnson

ABSTRACT

Recent calculations have predicted that a bound state between an eta and a
nucleus may occur as an intermediate state in pion double charge exchange
(DCX). The existence of such a mesic nucleus would lead to a resonance-like
structure in the DCX excitation function at fixed momentum transfer. LAMPF
Experiment 1140 searched for an 7-nucleus bound state in the DCX reaction
BO(x+, 7~)8Ne(DIAS). An excitation function for this reaction was measured
for energies ranging from 350 to 440 MeV and for momentum transfers of
g = 0, 105 and 210 MeV/c. The calculated cross sections agree favorably with
previdusly published data. Theoretical calculations predict that a resonance
structure will be evidenced by an enhanced cross section at the eta production
threshold for this reaction. The measured excitatioh function has found some

evidence of structure in this region.
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Chapter 1

Introduction

In the search for new forms of nuclear matter it has become com-
monplace to study bound state systems. By observing sharp resonances in the
neutron capture reaction, nuclear levels at high excitation energy were found
to be much denser than first suspected [Bo-69]. Studies of the neutron bound
state also helped in the understanding of the compound nucleus. The possibil-
ity of the formation of n—nucleus bound states have been studied recently by
Haider and Liu {Ha-87]. It has been shown [Ha-86, Bh-86] that the low-energy
7N interaction is attractive for A>10. Since the 7 is neutral, the Coulomb
effect does not contribute to this potential, and the 5 is bound to nucleons in
the nucleus by the strong force. In a similar manner to neutron capture, which
leads to the formation of a compound nucleus, it is believed that resonances
corresponding to an 7 bound state will be observed in pion double charge ex-
change (DCX) reactions. The 5 production threshold for most nuclei occurs
above an incident pion kinetic energy of T, =~ 400 MeV. At this threshold the
7 can be bound in%o the first nuclear orbital and a resonance effect should be

evidenced in the energy dependence of the cross section [Ha-87).



1.1 Pion Double Charge Exchange Reactions

There are several reasons that the pion is an ideal nuclear probe. The
pion is the lightest meson and is therefore the mediator of the strong nuclear
force [Yu-35|. To first order, the pion is assumed to interact with individual
nucleons [Gi-85a]. The pion can be absorbed in nuclei and comes in three
charge states, this makes the pion ideal for scattering and charge exchange

reactions. Some properties of the pion are listed below [Pr-90].

7% Mass = 139.5675 £ 0.0004 MeV
Mean Life 7 = (2.6030 £ 0.0024) x 10-8s
cr = 7.804 m
Isospin T = 1, T, (n*,n~) = (1,-1)
Spin J™ = 0™, pseudoscalar

7° Mass = 134.9739 % 0.0006 MeV
Mean Life 7 = (8.4 £ 0.6) x 10~ '7s
cr=25x%x10"%m
Isospin T = 1, T,(n°) = (0)
Spin J* = 0™, pseudoscalar
Pion double charge exchange (DCX) reactions involve the transition
from an initial state with (Z,N) nucleons to a final state with (Z+2,N¥2)

nucleons.

‘K*"Nz —*ﬂ*ANz*g (1.1)

The final state is the double isobaric analog state (DIAS) of the initial state and
has an identical wavefunction except for the T, component of isospin. Fig. 1.1
shows graphically the isospin rules for pion-nucleus scattering reactions. Double
charge exchange reactions can be considered to be two sequential single charge
exchange (SCX) reactions. Each SCX step can be considered a generalization

of the quasifree TN— 7/ N’ process [Wi-91].



Pion - Nucleus Scatterin

(.. m% (n,tn")

DIAS

Figure 1.1: Isospin selection rules for pion-nucleus scattering.



1.2 Eta-Nuclear Bound States in DCX reactions

The two primary channels for pion double charge exchenge reactions
above T, ~ 400 MeV are 7t — 7° — #n-andn* — 5 — =#~. The
#° is in the continuum for this process, whereas the 7 can exist in the con-
tinuum or in a strongly bound nuclear state. Fig. 1.2 shows the analog and
non-analog transition diagram and reaction mechanisms [Ha-87} for the channc!
7t — 7° — x~. Fig. 1.3 shows the analog and non-analog transition dia-
grams and reaction mechanisms [Ha-87] for the channel #* — 5 — #~. The
excitation function for contiruum mesons should be smoothly varying, whereas
for a nuclear bound state the excitation function should show an enhancement.
Calculations have been made which predict a resonance at 419 MeV for a mo-
mentum transfer of § = 210 MeV/c for the reaction “C(nt,n~)4O(DIAS)
[Ha-87]. This resonance should occur with a width of approximately 10 MeV

and a fluctuation ratio, R ~ 79%, where,

R= (Umaz - Umin)/aavcragc- (12)

Fig. 1.4 shows the theoretically predicted excitation functions for momentum
transfers of ¢ = 0 arid 210 MeV/c for DCX on C, with the smoothly varying
background represented by a dashed line. Because the shell configuration for
180 has two neutrons outside of the closed 1p shell, the level densities for higher
excitation states is greater than that for 4C and therefore it is predicted that a
resonance effect would have a larger width and smaller fluctuation ratio {Li-92].

Fig 1.5 compares the *C and '®0 shell structures.

Experiment 1140 w.sed the P3—East energe’ic pion channel at the
Clinton P. Anderson Meson Physics Facility (LAMPF) for measurements of



Analog and Non-analog Transitions
for *0(r*,n")'*Ne(DIAS)

(n,*n°) (r, )

Figure 1.2: Analog and non-analog transition diagram and reaction mechanisms
for 8O(n*, 7~)!8Ne(DIAS) [Ha-87].



Transitions to Mesic Nucleus
for 180(n* ") Ne(DIAS)

n K]BF 419.853 MoV

Figure 1.3: Transitions in the '*0(x+, 7~)'Ne(DIAS) reaction to the interme-
diate bound state 7 ®'°F, and reaction mechanisms leading to the formation
of a mesic nucleus [Ha-87].
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Figure 1.4: The calculated DCX excitation function for “C(n*, 7~)*O’DIAS).
The dashed and solid curves represent the non-resonant background and full
calculation by Haider and Liu [Ha-87].
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the excitation function for the reaction 8O(n*,7~)'8Ne(DIAS). Measurements
were made ai momentum transfers of ¢ = 0, 105 and 210 MeV/,c over an
energy range of T, =350 to 440 MeV. The accelerator, spectrometer and the
various hardware and software components of this experiment are discussed
in Chapter 2. The data reduction is discussed in Chapter 3. The results
and implications of experiment 1140 are presented in Chapter 4, and some
theoretical considerations of the 7 bound state, the compound nucleus and

cesonance shapes are covered in Chapter 5.



Chapter 2

Experimental Set-up

2.1 The LAMPF Accelerator

The Clinton F. Anderson Meson Physics Facility (LAMPF) consists
of a linear accelerntor which feeds several experimental areas with HY, H and

H~ beams. Fig. 2.1 shows the layout of the LAMPF experimental areas.

The LAMPF accelerator |La-84] has two main sections, a 100 MeV
drift tube linac and a side coupled linac which can accelerate the beam to 800
MeV. A 50 mA ion source along with a 750 keV Cockroft-Walton accelerator
inject positive ions into the 201.25 MHz drift tube linac. The same thing is done
with negative and polarized ions. The accelerator is then able to provide H*,
H and H- to different experimental areas by chopping the beam into bunches
with a typical length of 500 us. Beam gates for the H* beamline have a typical
macrostructure of 120 Hz. The accelerator provides a variable energy H* beam
with currents delivered to area A of 100 to 1000 uA. Typical beam currents for
experiment 1140 were about 500 uA.

Before the beam arrives at P? there are two targets that it goes
through. The beam first passes through the Thin Target station (AT) for
the Time of Flight Isochronous (TOFI) spectrometer, then it passes through
the Al 'target, the production target for the Energetic Pion Channel and Spec-
trometer (EPICS) and the Low-Energy Pion (LEP) channel. These targets

10



1

degrade the beam by ~ 23% in intensity [La-84] before it reaches the A2 pro-
duction target, which produces pions for the P* channel. The AT, Al and A2
beamlines are siiown in Fig. 2.2. The A2 production target is a graphite target
4 cm thick which provides pions with a maximum energy of 625 MeV to the
P? experimental areas. The beam spot size is approximately 5 mm x 5 mm
at the A2 target. After the A2 target there is a collimator, 3PCL1El, which
is used to reduce the hcrizontal width and improve the momentum resolution
of the beam as it passes through the transport system to P3. The A2 target
collimator, 3PCL1E]l, is controlled by the central control room and must be
calibrated before it is used. A scan was made comparing the pion beam cur-
rent with the proton beam current as the collimator was moved. In 1991 the
collimator was set at 6.75 cm. Fig. 2.3 shows the results of the 1991 collimator
scan. Because of the low beam current delivered to area A, and in order to
maximize pion flux, 3PCL1E1 was not used during 1992. This reduced the
momentum resolution somewhat for 1992 runs. Fig. 2.4 shows both the A2

target and the collimator jaws, 3PCL1E]1 at the entrance to the P? channel.

2.2 The P? Channel

The High-Energy Pion Channel (P3) uses the A2 graphite target to
produce high intensity pions for delivery to one of two experimental areas.
The P3 transport channel can be set-up to deliver positive or negative pion
beams to P3—East or P2—~West. Fig. 2.5 shows the path that pions take after
the A" are.  The P3 ¢t annel has low background contemination moderate
resolution. « . uunned phase space {La-84]. In order to improve the

energy resolution a dispersed beam tune was used. This tune delivered a beam
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Figure 2.1: The Clinton P. Anderson Meson Physics Facility (LAMPF).
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Table 2.1: P3—East channel magnet control voltages for
a dispersed beam tune of 7t at 400 MeV.

Magnet Control Voltage PoT-Erity

BMO1 24620 Reverse
BM02 28064 Reverse
BMO03 29499 Normal
QMO1 23674 Reverse
QM2 17055 Reverse
QMO03 15857 Normael
QMO04 22968 Normal
QMO05 16990 Reverse
QMO06 20422 Reverse
AN (Vg 32976 Reverse
QM08 31981 Reverse
QM12 3561 Reverse
QM14 14630 Reverse
QM15 93552 Normal
QM16 8171 Normal
QXo01 26298 Reverse
QX02 46745 Normal

spot of about 2.5 cm(horizontal) x 3.5 cm(vertical) with an energy resolution
of 0.15% to the LAS spectrometer. The channel magnets were set by the
computer code MON90 [Mo-90], which determines the correct control voltages
for BM02 and BM03 were varied to maximize the current in a thin ion cnamber
immediately upstream of the target chamber. Typical dispersed beam control
voltages for incident 7+ at 400 MeV are listed in Table 2.1. In the P3—East
experimental area, the quadrupole doublet QX01 and QX(2 provide final beam
focusing, and vertical and horizontal steering are done with SMV and SMH.
The pion flux incident on the target was approximately 1 — 2 x 107 n*/s at
T, = 400 MeV.
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A series of jaws are used to define the phase space of the channel.

The features of these jaws is listed below [P3E-87].

MS01 D:termines the horizontal angles of the beam after the A2
target. Along with MS02, it defines the solid angle of the beam af-
ter A2. MS01 defines the depth of focus in the dispersion direction
at the scattering target.

MS02 Determines the vertical angles of the beam after the A2 tar-
get. Provides medium resolution with YTGT cut.

MSO03E This jaw provides a slight momentum cut along with MS03W,
but it mostly reduces spills at QMO07.

MS03W This jaw provides a slight momentum cut along with
MSO03E, but it mostly reduces spills at QMO07.

MSO04 These are vertical collimator jaws positioned near the mo-
mentum jaw, used to reduce vertical beam spot size.

MSO05 These are another set of vertical jaws upstream of BM02.
They help set the beam intensity, and have little correlation with
vertical beam spot size.

2.3 The Large Acceptance Spectrometer

The Argonne Large Acceptance Spectrometer (LAS) is a 45 degree
dipole, which has been modified to include a C-magnet, a quadrupole doublet
(JL01 and QLO2), two pairs of drift chambers (used for particle tracking),

a Cherenkov detector (used to reject electron events), and two scintillators
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(used to determine time-of-flight for particle identification). Fig. 2.6 shows a
schematic of the spectrometer in its full configuration. The LAS dipole has a 45°
bend, 2 momentum bite of & 10%, and subtends a maximum solid angle of ~12
msr {0d-91]. The C-magnet was used to sweep away protons and positive pions
and gave a 10° horizontal bend to particles with the correct momentum. The
general properties of the spectrometer is given in Table 2.2. The LAS dipole
and the quadrupole doublet are also set using the computer code MON90 in
a similar manner to the channel magnets. The C-magnet shunt voltage is set
by hand, scaling Eqn. 2.1 to put it in the correct units. Typical spectrometer
magnet settings for 7~ at T, = 400 MeV are listed in Table 2.3. All of the
magnets were set up for § = 5%. The central momentum of the spectrometer

can be written,

R
Pe = (T ¥ (6/100)) (21)

where p, i the momentum of the outgoing 7~. By looking at the acceptance of
the spectrometer, a median value § was chosen. As shown in Fig. 2.7, 6 = 5%
is near the center of the spectrometer acceptance and will allow the greatest
range of magnet settings without having to correct for the acceptance of an

individual run.

Helium bags, installed beginning after the target chamber and contin-
uing through to the rear chamber, were used to minimize multiple scattering.

2.4 Detectors and Electronics

There was one pair of delay-line readout drift chambers before and one
pair after the dipole used for particle tracking. These chambers were numbered



Table 2.2: Properties of the Argonne Large Acceptance
Spectrometer [Od-91].

with C-n'i_;gnet without C-maETet

Solid Angle (msr) 12 15
Flight Path (m) 7 6
Momentum Bite (%) +10 +10
Horizontal Angular

Acceptance (deg) +4.5 -2.3 +3
Horizontal Angular

Resolution (deg) 0.25 €5
Vertica!l Angular .

Acceptance (deg) +2.5 +4
Vertical Angular

Resolution (deg) 0.5 0.5
Vertical Target

Position Resolution (mm) 3 3
Horizontal Target

Position Resolution (mm) 1.5 1.5

Table 2.3: P3—East spectrometer control voltages for 7~
at 400 MeV. The C-magnet shunt is listed in volts, all the
other spectrometer magnets are listed in terms of DAC
units.

Magnet Control Voltage Polarity
C-magnet 48.22(V) Reverse
QLO1 16474 Reverse
QLO2 34781 Normal
LAS 41385 Reverse

—
—
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1,2, 5, 6 tespectively. For a given event, the chambers provide particle positions
which are traced back to the scattering target. This information ix combined
with the time-of-flight information from the scintillators to identify the reac-
tion. A good event is defined as a coincidence between the two scintillators
and one front chamber. The wire chambers and scintillators (photomultiplier
tubes) were individually plateaned, using beamn particles, to find their optimal
operating regions. The wire chambers were maintained at 2050 V and the scin-
tillators S2N, S2P, S3N, and S3P were set at 1805, 1800, 1650, and 1725 V
respectively. The chambers used the mixture of gases, 65% argon, 35% isobu-
tane and 0.5% isopropy! alcohol, which was kept at a slow flow rate, keeping

the chambers at approximately 1 atmosphere of pressure |[At-81, Mo-78|.

A gas threshold Cherenkov detector containing isobutane was used
to eliminate electron events. The Cherenkov detector has been found to be

~ 99.7% effective (Wi-91]. The Cherenkov detector was operated at 2300 V.

Signals from the wire chambers are converted to digital signals using
analog-to-digital converters (ADC) and time-to-digital converters (TDC) and
are then transmitted to the CAMAC controller in the counting house using
cables. Various logic modules, scaler modules and the LAMPF gate generator
(LGG) are used in the experiment electronics. Figs. 2.8-2.10 show the elec-
tronics set-up for this experiment. These signals are sent to the counting house
MicroVax computer where some events are analyzed on-line, and all of the raw
event signals are written to maguetic tape for replay off-line. The CAMAC
system [Cl-82] exchanges data with the computer via a Micro Branch Driver
(MBD) [Sh-74]. The LGG generates a RUN gate. Bean gate (BG) signals
corresponding to the macrostructure of the accelerator and the RUN gate are
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used so that scalers accumulate only when a beam pulse is delivered to the
experimental area. By using the LGG in conjunction with the ion chamber,

data is accumulated only when a current is registered in the ion chamber.

The LAS dipole current is monitored by a digital muiti-meter. In
order to accurately monitor the LAS dipole magnetic field, an NMR probe
was attached to the dipole pole face where it would not interfere with particle

transport.

2.5 Thin Ion Chamber

The incident pion flux was monitored by a thin ion chamber imme-
diately upstream of the target chamber. This ion chamber was used for beam
normalization. The chamber, shown in Fig. 2.11, used an aluminum container
with about an 8.5 inch x 2.25 inch window. The windows were made from 1/4
mil aluminized mylar. The chamber contained two DC high voltage planes,
which were kept at 100 Volts, and a central signal plane, all composed of 1/4
mil aluminized mylar. The gas mixture used was 80% argon, 20% CO; and the
chamber was operated at 1 atmosphere of pressure. The chamber was plateaued

after completion of the experiment, the results are shown in Figure 2.12.

The ion chamber was used in normalizing runs by collecting ions on
the central signal plane. At high beam currents, it is possible that the ion
chamber would become saturated, or unable to refresh itself fast enough to
accurately monitor the beam flux. The beamline jaw MS01 and the incident
pion energy were varied and the results are shown in Figures 2.13 and 2.14.
Fig. 2.13 graphs the yield given by the ion chamber against the scaler ratio
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IC/hour for incident pion energies of 7> = 390, 400, 420 MeV. The fits io the
data are to help guide the eye and indicate that that a linear relation exists
between these two variables. It is also shown that as the energy increases the
yield decreases. Fig. 2.14 plots the MSO01 slit opening against yield at 420 MeV
and also gives a linear relationship. Since neither of these plots shows a drop off
corresponding to chamber saturation, the ion chamber should be a consistent

beam monitor and provide a robust means of beam normalizaiion.

2.6 Targets and Scattering Chamber

The DCX target used was liquid H,O with an isotopic purity for 0
of 94%. The active area of the target measured 6.66 cm (horizontal)x 7.56 cm
(vertical) and the target windows were n.ade of CH;,0.159 cm thick. The target
had a width of 1.50 cm which bulged shightly in the center. By using both CH»
and 80 targets with hydrogen kinematics, it was possible to cross-normalize
and experimentally determine the areal density for this target. The 20O target
areal density was measured to be 1.62 g/cm?. To correct for the isotopic purity,
divide through by the isotopic purity of 94%, to get the effectie areal density
of 1.72 g/cm®. The CH; areal density was measured to be 0.294 and 0.288
g/cm? for 1991 and 1992 respectively. The beam was found to fully intersect
all of these targets.

The scattering chamber was filled with helium at atmospheric pres-
sure for both DCX runs, with the !80 target, and CH, normalization runs. To
minimize multiple scattering and energy loss in the target, it was determined

that the target should be kept at half of the scattering angle. Therefore, when
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the spectrometer was set to a floor angle, 0yj00r, this corresponded to a scatter-
ing angle of Osca: = O100r — 10°, subtracting off the 10° bend of the C-magnet.
The scattering chamber would then be set to Gy /2.

2.7 Software

The data acquisition software used used to gcquire and analyze data
for this experiment was the Q software package. This discussion is intended
to familiarize the reader with the Q package, especially in relation to this
experiment. Some basic Q commands are listed in Table 2.4. For a more in
depth discussion of the Q package refer to the “Q System - Programmer’s
Information Manual” [Q-89)].

The most important part of the data acquisition software is the an-
alyzer, QLAS87.EXE. This program coordinates the acquisition of data from
CAMAC via the MBD. 1% also processes good events and writes them to tape.
When the data is taken, only a fraction of the events may actually be analyzed,
since writing the events to tape takes precedence. During replay of the data,
the analyzer will process every event. CAMAC delivers these events as data
words to the analyzer. The file BLK001.TXT is used to tell the analyzer the
location of each data word in terms of crate, slot and input location. When the
analyzer is initialized, by ar @QSTART command, the computer looks at the
file C ANS.COM to define the location and name of the analyzer, the events to
analyze and whether the mode is data acquisition or replay. The QANS.COM
file used for data acquisition is shown in Table 2.5.

One feature of the analyzer is that it will call a kinematics subrou-
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tine, CALKIN, to determine particle momentum, missing mass and scattering
angle. Together with polynomials that have been written to describe particle
trajectory through the spectrometer, it is possible to trace the particie back to
the scattering target. This allows the experimenter to extract a large number
of variables from the given scaler inputs. These variables include information
in x, y, 8, and ¢ which are used with relative time-of-flight information and
summed pulse heights for various calculations. These calculated quantities,
along with some parameters input by the experimenter, are stored in the dy-

namic parameter array (PRM) database. The various scalers can be listed with
SLR.

Some scaler events have already gone through hardware cuts, for ex-
ample, the proton veto, in hardware, rejects proton events by setting the dis-
criminator level to reject events with pulse heights above a certain level. This
is done because protons deposit more energy than pions and have correspond-
ingly larger pulse heights. Most of the cuts and tests, however, are made with
the software. This allows the most flexibility for analyzing the data. The ex-
perimenter uses the Q test package to eliminate undesirable events, such as
muons, electrons and cosmic rays. Most tests are defined with the program
TSU. When the Q analyzer is initialized this program is run and it sets up the
tests which are defined in an experiment specific file. This experiment used
the file E1140.TST, a portion of which is shown in Table 2.6, to set gates and
to make logical tests on the data. Indirect gates may be set up interactively
in the histogramming package HPL. In HPL it is possible to view the data
in terms of histograms and then set gates, or boxes. The indirect gates and
boxes are then saved in the file TSTDAT.DAT. Fig. 2.15 shows an indirect
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box around ihe data éorresponding to particles that may be from the correct
reaction. This box specifically excludes protons, but is likely to include some
muons and electrons. These particles can be eliminated using other software
tests. The geometric mean of S2 and S3 pulse heights is plotted along the
x-axis and the time-of-flight from S2 to S3 is plotted along the y-axis. It is
easy, using this type of a histogram, to set up a test which excludes events that

survive the less stringent hardware cuts.

The histogramming package, HPL, is the graphical interface for Q.
HPL not only allows the user to place indirect gates or boxes on the data
interactively, but it also allows the user to check that various experimental
components are calibrated properly. For example, it is possible to look at the
pulse heights and time signals to determine if chambers are calibrated. HPL
also allows the user to observe raw and analyzed events as they are processed
by the analyzer. Some basic HPL commands are listed in Table 2.7. The
histograms used by HPL are set up in HSU from the file E1140.HST when the
analyzer is initialized. An example of part of this file is given in Table 2.8.

2.8 Experimental Set-up and Calibrations

Before data is taken, it is necessary to calibrate and test the various
experimental equipment, to set-up the electronics, and to set-up the experi-
ment specific software. First, the Q software package discussed in the previous
section is installed and the detectors and other equipment are set-up. Next,
high voltage cables and signal cables are connected between the experimental

area and the counting house. Gas is flowed through the various chambers for
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about a day and high voltage is applied. If the chambers are able to maintain
typical operating voltages for a day, anode and cathode signals are looked at
with the HPL histogramming package, or by oscilloscope. At this point, the
experimenter knows that the hardware is essentially set-up and proceeds to

calibrate it.

For this experiment, the first calibration was to determine the delay
necessary so that the two scintillators, S2 and S3, would fire in coincidence
when a pion passed through. This was very important, since the trigger event
would be a coincidence in both scintillators and one of the front chambers. The
first scintillator, S2, would then define the start times for the TDC channels.
Each wire chamber consists of alternating anode and cathode wire planes. The
anode wires are kept at high voltage and there is a TDC converter at each end
of an anode delay line, as showa in Fig 2.16. In order to remove the ambiguity
as to whether a particle passed on the left or right of the anode, the cathode
wires are alternatively bussed as left or right signals and the difference of these
two signals is sent to an ADC converter. By having an associated positive or
negative pulse with each TDC signal, it is possible to determine the particle
position without this left-right ambiguity. Indirect gates are set around the left
and right signals for each plane, using HPL. Correlations between pairs of wire
pianes, such as X1 and X2, can be removed by varying certain parameters in the
dynamic parameter array (PRM) and observing the effects in the dotplotting
routine HDO.

The TDC signals from each end of the anode delay line are subtracted,
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and the difference, t4, can be used to determine the particle position, x.
ta=1t; —tax =a, + a)tg + agt:‘; + a;;tf} (2.2)

Drift time histograms are accumulated and the code DRT is run to calibrate

the drift characteristics of each wire plane.

Target calibrations in x, y, ¢ and 6, and other calibrations, such as,
PHICHK, THTCHK and DELTA are made. In each case, rays are written to
tape, using the program FPO. These rays are then used by the program RAY
to optimize the polynomials that are used for tracking particles through the

spectrometer.

2.9 Run Procedures

For every run where the scattering angle changed, the spectrometer
was raised on air pads and moved to a floor angle 10° greater than the scatter-
ing angle, because of the —10° bend added by the C-magnet. The spectrometer
was then leveled with motorized legs. The scattering angle for hydrogen nor-
malization runs was always 40° in order to reduce background events and to
operate at an angle where the hydrogen cross section was strong and constant.
For a fixed momentum transfer, the following formula was used to determine

the correct scatcering angle,
q= 2pm sin 0/2 (23\

where perannet Was the incident pion momentum. After moving the spectrom-
eter, the target ladder was set to the correct target, and the target chamber
was rotated to half of the scattering angle.
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It was necessary to determine the kinematics for each energy and
target. Tic program KINREL [Kin] was used to do this. For the DCX runs,
the kinematics for ¢ = 210 MeV/c were used for all angles. This was possible
because the spectrometer was set at a & value of 5% and the momentuvin change
between the lab angles of 5° and ~ 22° was small. This was alsu done to save
time by not having 1o cycle magnets between every run. Appendix A lists the

'H and '80 kinematics used for this experiment.

The magnet and jaws were set using MON90 and MAG [Mag]|, and
then verified before each run. The magnets were set following their hysteresis
curve, so that the field settings were consistent each time a certain shunt voltage

was applied.

A current digitizer was used to read the ion chamber current. The
current digitizer was set to the scale appropriate for each measurement. This
was necessary since the flux changed with energy. Because the digitizer scale
affects the accumulated scaler, IC, it cannot be changed during a run A digital
voltmeter (DVM) was used to measure the shunt voltage on the LAS dipole.
During the runs taken in 1991, the DVM was only accurate to two decimal
places. Therefore, during the second half of the experiment in 1991, and for
all of the 1992 runs, an NMR probe was attached to the interior of the LAS

dipole, providing an accurate measurement of its magnetic field.

A personnel safety sweep (PSS) was performed before the experimen-
tal area could receive beam. This was to ensure that no one was left in the
experimental area. With all the safety interlocks made, the beam plugs could
be taken out. It was necessary to closely monitor chamber currents, especially
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at forward scattering angles, so that the chambers were not damaged. Once

this was done, a run was started.



Table 2.4: Basic Q commands.

_Q Command Definition
@QSTART command file to initialize
the Q system
@QSTOP command file to shut down
the Q system
QCM logs comment to console and
tape (if enabled)

QCOPY copies & Q tape to/from a
disk file

QCT closes out a tape

QDT disables output taping

QEN enables/disable events in
trigger module

QET re-enables output taping af-
ter QDT command

QFl finishes a run

QKI kills the Q system

QNAMCR  create a Qname

QNAMDE  delete a Qname

QNAMLI list defined Qnames

QNT starts a new tape

QPA changes analyzer processing
status of events

QRE resumes a suspended run

QRU to start a run format: QRU
run#,comments

QST reports Q system status
information

QSU suspends a run

QTR

triggers an event in the trig-
ger module :

40



$ONAME :
$MYANL :
$MYHST
$MYDIR
$HFNAM :
$TFNAM :
$MODE
$TPFNT
$BDO

$TRIGC
$TRIGN :
$MBDBU :
$MYEVT
$MYPRO :

Table 2.5: QANS.COM

E1140

[MP10OREP .EXP1140.ANALYZER]QLAS87
250000

SY:

E1140.HST
E1140.TST

DATA ACQUISITION
11M

QLAS87

2

21

1500

6,8,9

6,78

41
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Tab'c 2.6: Selected portions of E1140.TST test file.
iP3-East -- Large Acceptance Spectrometer High energy DCX

/TE:150/BL:3/1G:22/1B: 10

BLOCK, 1

; PID (Particle ID) box

19,1IB0X,t,
24,I0R,1,-1,

BLOCK, 2,

33,AND, 25,26,
34,AND, 29,30,
35,AND, 27,28,
36,AND, 31,32,

37,AND, 33,34,
38,AND, 35,36,

; TARGET TESTS
65,GAT,233,-500,500,
66,GAT,234,-1500,1500,
67,GAT,235,-800,200,
68,GAT,236,-16500,1600, ;68

:GATES AND BOXES

79,1B0X,6,
80,1BOX,7,

81,IGATE, 1,
84,1IGATE, 4,
86,ICGATE,6,

;19 ;BOX 1 ==> PID

124 ;LOOP1 COUNTER

;33 ;front x’s 0K

34 ;front y’s OK

;35 ; Tear x's 0K

+36 ; rear y’s 0K

;37 ;all front 0K

;38 ;all rear 0K

;66 ;XTCT

;66 ;TRTTCT

;67 ;YIGT

;PHITGT

;79 ;BOX 6

;80 ;BOX 7

;81  ;;IGATE i1 CHERENKOV PI’s
;84 ;IGATE 4 Elastic Peak
;86  ;IGATE 6 El. Missing Mass
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Figure 2.15: Particle identification histogram (PID) for **C(nr*,7*)'2C at 400
MeV. The indirect box, labeled 1, excludes protons and some non-pion events.
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Table 2.7: Basic HPL commands.

HPL Command

Definition

/AU
/BO:#m:xmin:xmax:ymin:ymax
/CL[:n][:all]

/DE|[:n]:all]

/EX

/Fl:tsk

JHC

JLI
/MA

/M.#mix
/MA:CU

/-MA
/SQ
/ST
/ST:CU:n

/-ST:nl:n2:...nm
/-ST

JWA:val
/AD:iaddx:iaddy
JAN:x1:x2:y1:y2
/AN:CUrsor
/BP

/Dl

/-DI

/ER

/LO

/-LO

/NE

/OV

/SH

JVP

/X:low:high
/Y:low:high
/Z:low:high

carriage return same as /SH

to set marker box

clear histograms

delete histograms

examine display parameters

fit data with program ts',

make hardcopy of screen on laser
printer

list histogram parameters

list set up markers (1-P hist only)
put markers at x=x1,x2,...x10
put marker m at x

set up markers with cursor
delete markers m1,m2,...,m10
delete all markers

square vectors (also /SV)

list indirect gates or boxes

set up indirect gate or box n with
cursor

delete indirect gates or boxes
delete all indirect gates or boxes
wait val seconds

rebin output

calc areas, moments

use cursor to define limits

bar plots

get histogram from disk file

get histogram from core

erase screen before plot
logarithmic z scale -

linear z scale

show next plot

overlay plots

draw plot

vector plot

select x data values to plot
select y data values to plot

set z scale to given values

— TRl sttt
B ]



Table 2.8: S-lected portions of E1140.HST file used to define
experiment histograms.

; [MP1OREP. EXP1140) exp1140. hst
;P3~-East -- LAS High energy DCX

;VE:NO
/DE:ALL
/BL:1/0V:-1/DF

}VE:BR
/DE: ALL
/BL:1/0V:-1/DF

XTCT /XP:233:-1500:1600:5 /TE:46
THTTCT/XP:234:-2000:2000:10 /TE:46
YTCT /XP:235:-1000:1000:5 /TE:46

PHITCT/XP:236:-1000:1000:10 /TE:46

THTCHK/XP:237:-1000:1000:2 /TE:46
PHICHK/XP:238:-200:200:2 /TE:46
THTSCT /XP:247:~2000:2000:10/TE:46
THSC4 /XP:247°~2000:2000:19/TE:94
THSCS /XP:247:-2000:2000:1C/TE:95

MMP /TE:94/XP:246:-5090:10000:10

LRX! /Xp:23:~100:1200:4/TE:44/bl:
LRX2 /Xp:24:-100:1200:4/TE:44/b1:
LRy1 /Xp:25:-100:1200:4/TE:44/bl:
LRy2 /Xp:26:-100:1200:4/TE:44/bl:
LRXS /Xp:27:-100:1200:4/TE:45/bl:
LRX6 /Xp:29:-100:1200:4/TE:45/bl:
LRyS /Xp:28:-100:1200:4/TE:45/bl:
LRy6 /Xp:30:-100:1200:4/TE:46/bl:

O R T I Y

CHER/XP:258:-100:1000:10/TE: 93
RF /TE:93/XP:44:600:800:1

S2P/XP:17:0:4000:10/TE:0/BL: 1
S2N/XP:18:0:4000:10/TE: 0/BL: 1
S3P/XP:19:0:4000:10/TE:0/BL:1
83N/XP:20:0:4000:10/TE: 0/BL: 1
PID/XP:263:0:2000:40/YP:260: ~100:2000:20/BL:1/TE: 0
TOF/XP:260:~100:2000:5/BL:1/TE: 0

45
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O  cathode field wire

Figure 2.16: A typical MWDC wire chamber.



Chapter 3

Data Analysis

3.1 Replay Procedures

Much of the same methodology used in software calibration before an
experiment starts is used during the replay of the data. Off-line replay of data
allows the experimenter to fine tune the calibrations run by run. Chamber
calibrations can change during an experiment. As the incident pion energy
changes, certain timing signals will shift. It is necessary to replay each run
carefully and notice when these changes occur. The solution to these problems
usually involves re-calibrating drift times or moving an indirect gate or box. In
this experiment, it was possible to replay the delta scan to improve the delta
polynomial and consequently improve the energy resolution of the spectrome-
ter. The delta polynomial is used for calculating how particles track through
the spectrometer when it is set for different 6 values.

Another term that is looked at during replay is MMYT, missing mass
plotted against YTGT. The MMYT histogram should show a linear, vertical
correlation, as shown in Fig. 3.1. The first calibration is made by correcting
for the horizontal momentum dispersion across the target. This is done using
a heavy target and adjusting the dispersion term, R78, in PRM. Using 2°®Pb,

the horizontal momentum dispersfon was found to be,

_ Ap/p __ Pveam — Pchannel __ .
Dy = Ay = . = 0.5%/cm (3.1)

47
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where poeam is the momentum of the beam, measured at a horizontal (y) po-
sition on the target. To do this, in software, the trajectory of the scattered
particle is projected back to find where it intersects the target, this position is
YTGT. The scattered particle momentum is found by measuring the bend angle
in the spectrometer. With the beam and scattered particle morentums, along
with the scattered particle angle, the kinematics for the two-body interaction

in the target can be reconstructed.

There is also an angular dispersion across the target, dE/d¢. By look-
ing at MMYT for a light target, such as 'H, term 235 (PHIBM) in POL.DAT

is varied to remove any further correlations.

The background levels for this experiment are very low. Proton, muon
and electron events are easily eliminated with hardware and with software cuts.
The 'H normalization runs have a fairly constant background which can be
easily approximated. After these calibrations, all of the events are replayed

and the histogram files are summed.

It is important to watch for systematic errors. The digital voltmeter
(DVM) that was used to set the LAS dipole shunt voltage was only accurate to
two decimal places during sore runs. For this reason, only runs where there had
been no change in the LAS dipole field were summed together. Normalization
runs were taken before and after each seriee of DCX runs so that the beam
conditions would not change appreciably.
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3.2 Normalization and Calculations

The DCX differential cross section measured in this experiment is
basically a measure of the probability of the reaction *O(rt,n~)'®Ne(DIAS)

occurring. The number of scattered particles can be written as,

do
No=Np-Q-Np- == (3.2)

where N, is the number of incident particles in the beam, N, is the number of
target centers per unit area, 2 is the solid angle seen by the detector, and do /d2
is the differential cross section. The basic geometry used in this description is

shown in Fig 3.2. We can solve this equation,

do N,

a0 Ny N0 (3.3)

where,

N =" ;{9(7'{::;,) x 6.02 x 108(mol-!) x 10~ (cm?/mb)  (3.4)

with p being the target density, M, the atomic mass of the target material,
and n, the number of target atoms in each molecule of target material. For an
H,'80 target, used in the reaction '*0{n*,7~)'®Ne(DIAS), the total atomic

mass is M = 20 and since there is one 20 for every H,'*O molecule, n = 1.

In this experiment, the DCX runs were normalized to hydrogen, which
has well known cross sections. The thin ion chamber was used to normalize the
DCX runs. It assured that changes in the beam conditions could be factored
out. For each run a NORM was calculated, where

CF
NORM = 7~ (3.5)



and,
__lcos eyl

CF = 1= GE.LE.SF.d0

(3.6)

and,

0t = Angle of target to beam
CE = Chamber efficiency

LE = Number of loops per event
LT = Computer live time

SF = Survival fraction of pions
dQ = Solid angle of spectrometer.

The calculated NORM contains information on solid angle, as well as incident
pion flux. It also contains information on the chamber efficiencies, which relate
charged particle rates in a chamber with the ability of the chamber to process
information. Therefore, by taking the ratio of NORM values in the normal-
ization procedure, it is not necessary to specifically calculate the solid angle of

the spectrometer, since they cancel out.

The differential cross section (in the lab frame) is therefore,

;‘g ib _ Yieldv?o py/M” 3L12
dQia» (81’) ~ Yieldy X prsg/Misg X on %10 (3.7)

mb

where,

Yield = NORM ». (peak counts) (3.8)
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ny/Mu = 2/14(g/mol) (3.9)
nieg /Mg = 1/20{g/mol) (3.10)

therefore,

do  (ub) _ 3 kb
dQuab \ sT Yieldy 14piep xon x 10 mb’ (311)

do (pb) _ Yields « 40py

The peak counts are taken from the ground state peak in the missing-
mass histogram. Missing mass is also called the —Q of the reaction and is
determined from the kinematics. Since this experiment could not resolve the
ground state (DIAS) peak from other low-lying states, a 7 MeV gate was placed
around the prominent DIAS peak for ¢ = 0, summing the 0* and 2* states.
The 0% and 2t states are smoothly varying and it has been assumed that any
enhancement of the cross section would be evidenced in the sum of these states.
There is also a possible contribution from a (0*,2*%,4%) triplet near 3.6 MeV,
but this contribution should be small and non-varying. As the scattering angle
increases, the number of counts in the 0* and 2+ states drops off significantly.
Therefore, the number of counts in these states was summed using a 7 MeV
gate with the same limits as for the ¢ = 0 case. Fig. 3.3 shows how this
was done. The hydrogen missing-mass peak was very prominent, as shown in
Fig. 3.4. The background level was small and constant, therefore a linear fit
to the background was sufficient and the background were subtracted. With
the NORM values and the number of counts in the hydrogen and DCX peaks,
and using Arndt’s values for o4 from the phase shift analysis program SAID
[Ar-83], the last step in extracting the cross sections was to measure the areal
densities of the targets. The values of oy from SAID are given in Table 3.1,
using the SM92 solutions.
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The 1991 CH, target had an areal density of py = 0.294g/cm?. The
CH; target, used in 1992, had an areal density of py = 0.288g/cin?. The
'H(n*,n*)'H reaction was measured for both the CH, and H,O targets in
1991. With the yields from these reactions, and knowing the areal density
of the CH; target was 0.294 g/cm?, it was possible to cross-normalize and
determine the areal density of the H;O target. Taking into account that there
were two windows on the H,0 target, each composed of 3; inch thick CHz, the

yields can be written as,

, 2 2 (2. cm.\ _ 6.02 x 10*
Yield”,o = 2—0'p180 + '12 (5’5("1) X 2.54(;;‘)) X —I-W— (312)
. 2 6.02 x 108
Y‘leldc};, = ﬁp}[ X ——16;.,—— (313)

Plugging Y = 0.294 g/cm? into the ratio of the yields, and setting this equal
to the measured ratio,

Yieldp,o (%pl'o + 4 (% X 254))

Yieldow, —_a_ (0.294) =441 (3.14)
we then find,
pug = 1.62(g/cm?). (3.15)

Dividing through by the isotopic purity of the H0, the effective areal density
becomes,
puo = 1.72(g/cm?). (3.16)

To convert the cross sections to the center-of-m.ss frame, the lab cross section,
as given in Eqn. 3.11, is multiplied by the Jacobian. The Jacobian ir calculated
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from the kinematics, which are listed in Appendix A. The final form used to

extract center-of-mass cross sections is,

do pb\  Yieldisy  40py 3 ub
Eﬁcm (-;r) = Yteld” X l4plco X oy X 10 m x JAC. (3.17)

In order to determine whether the ion chamber was a good method
of normalization, comparison was made between the ion chamber and various
beamline monitors. The ratio of IC/2ACMO02 is shown in Fig. 3.5 for 1991 and
in Fig. 3.6 for 1992. Runs with the same MS01 jaw settings are grouped with a
solid line in each figure. Only the data taken for ¢ = 0 at 350 MeV shows any
problem. It was determined that all of the magnet and jaw settings were the
same for these runs and that the beam macrostructure had changed. The thin

ion chataber was used as the most reliable method of normalizing the beam for

these runs.

The statistical uncertainty is calculated using only the number of
counts in the DCX and hydrogen peaks. The formula used to find the statistical

uncertainty in the cross section is,

1 1 do
6'—{ FI;+FD-C—X}XE (3.18)

Further discussion of the propagation of errors in functions is given
in Appendix B.
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Figure 3.2: Cross section geometry.

Table 3.1: Hydrogen cross sections from Arndt’s SAID,

using SM92 solutions, for incident n+.
T (MeV) 05, o7 (Z0) 69, oi(Z)
350 55350 5.683 40.00 9.351
390 56.310 4.498 40.00 7.571
400 56.540 4.2568 40.00 7.207
410 56.780 4034 40.00 6.864
415 56.890 3930 40.00 6.704
420 57010 3827 4000 6.547
430 57240 3634 40.00 6.249
440 57470 3453 40.00 5.968
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Chapter 4

Results

This experiment measured the excitation function for the reaction
#0002t 1) 8Ne(DIAS) over an energy range of T, = 350 — 440 MeV for fixed
nomientum transfers of ¢=0, 105, and 210 MeV/c. Table 4.1 lists the center-
of--ss differential cross sections and statistical errors, which were extracted
usiug Eqn. 3.17. This data tends to agree with previous cross sections for this

energy region within absolute errors of up to 20% [Gr-82, Wi-89].

The 8O(n*, 7~)!8Ne(DIAS) center-of-mass differential cross sections
from this experiment are plotted in Fig. 4.1. These results are plotted along
with previous data [Gr-82, Wi-89)] in Fig. 4.2.

The existence of an n-nucleus bound state should be evidenced by
a resonance structure in the excitation function. For this reaction, a peak
should be seen for the ¢ = 210 MeV/c cross sections at 420 MeV. There is,
however, some discussion about the fluctuation ratio and width of such a state.
No explicit calculations have been performed for the O(x*, 7~)!Ne(DIAS)
reaction. Calculations have been made for the ¥C(nt, 7~)¥O(DIAS) reaction,
and predict a width of ~10 MeV and a fluctuation ratio of ~79 %. No effect of
this order is seen in the cross sections measured by this experiment. Because of
the higher density of states for 80 than for !4C, a width greater than 10 MeV
is expected. Chiang et al., predict that the width of the N bound state for
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Table 4.1: 80(r*, 7~)"®Ne(DIAS) center-of-mass differ-

ential cross sections (ub/sr) using a 7 MeV gate.®

Ty do/d2
(MeV) q=0 q=105 g=210 MeV/c

350 3.76 £ 0.30 0.47 £ 0.04
390  2.27 4: 0.20 0.44 £+ 0.04
400 232 1+ 0.16 0.41 £ 0.05
410 219+0.17 1.28+0.13 0.40 £+ 0.03
416 2.21 £ 0.36 0.37 £ 0.06
420 2.63+0.20 1.01+£0.14 0.38 + 0.03
430 281 +031 1.15+0.13 0.50 £+ 0.06
440 1.97 £0.32 0.38 + 0.06
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2 For absolute error add 10% in quadrature

a nucleus like oxygen will be around 30 MeV or larger [Ch-91]. It is expected
that the inability to resolve the 0%, 2+ and possibly 4% states could lead to
further widening of a possible 7N bound state [Li-92].

A smoothly varying function is expected for the ¢ = 0 MeV/c exci-
tation function, and there seems to be nearly as much structure observed in
the ¢ = 0 MeV/c cross sections as there is in the ¢ = 210 MeV/c data. Pre-
viously measured cross sections in this energy region showed no such structure
[Gr-82, Wi-89]. The previous data for this region, however, was taken in 50
MeV steps, and may have missed some structure. Most of the experimental
errors have been discussed to this point. Although the chamber efficiencies for
the wire chambers have been taken into account, the chamber efficiency of the
...« 10n chamber, from run to run, has not been included. Fig. 4.3 shows the
ratio of the calculated yields from hydrogen normalization runs for jaw set-
tings of MS01 = 4 and 6 cm (1991 data). Several of these points vary from the
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expected value of 1 by more than the statisticel error. The systematic beam

normalization errors can be eliminated by taking the ratio of the ¢ = 0 and

g = 210 MeV/c cross sections. This ratio is shown in Fig. 4.4.

Fig. 4.4 seems to show some structure at the 5 production threshold of
420 MeV as well as at 350 MeV. The data has been fit with a straight line with
x2/d.f. = 3.44, indicating the possibility of structure in the region. A check on
this method is to look at the ratios of the higher excitation, continuum states.
This is done by taking a missing energy bit:: of 23 Me\ above the 7 MeV
ground state. A line fit to this coninuum data gives x2/d.f. == 1.45. This clrge
agreement with a straight line tends to confirm that we are seeing continuum
events from a two-step process as expezted. This flat energy dependence also

tends to validate the structure seen for the ground state ratios.

There has been some discussion as to why the 350 MeV ground state
data is higher than the other points. One suggestion is that as you go down
in energy to 350 MeV, you are getting closer to the (3,3) resonance energy,
and the pion-nucleus potential grows stronger as the pion absorption radius
increases. Such an energy dependence should, however, show up in the ratio of
the continuum states. Because ther~ is no such dependence in the continuum

states, there is no evidence to suppor: this assumption.

There seems to be no reeson for rejecting the 350 MeV data. Careful
comparison between beamline monitors and scalers tends to support including
this data as long as it is normalized to the thin ion chamber.

One other suggesiion, as to the nature of the structure in the ground

state data, was that we were observing a cusp effect. A cusp effect is an
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enhancement in the cross section due to the opening of a new reaction channel,
in this case the 7 channel. This effect may possibly contribute to the nbserved
structure, however there is no way to determine the extent of its contribution
from this data set. It is doubtful that a cusp effect can explain the enhanced

g = 0 cross section at 350 MeV.

There is evidence of some structure in the ratio of the ¢ = 0 and ¢ =
210 MeV/c cross sections near the 5 production threshold. There is insufficient
evidence to attribute this structure to an 7N bound state for this reaction.
Because of the statistical precision of this measurement, only a qualitative
characterization of this structure is possible. The structure centered at 420

MeV has a maximum fluctuation ratio of ~ 60% and a width on the order of
25 MeV.



Chapter 5

‘Theoretical Consideragioms

5.1 Eta-Nucleus Bound State Tk

The 7N interaction has been shown to ie-attract:ve for niasses 4 > 10.
It is predicted that this interaction could have a: impurtant effect on DCX
reactions for energies above 350 MeV. There are -wo primary channels for pion
DCX reactions in this energy range, 7t — 7 -~ r~ and #* — n — 7~
The #° is in the contiruum for this process, anr the 7 can exist either in the-
continuum or in a strongly bound nucl=ar stat= The continuum states have
a smoothly varying energy dependence. wheree: the bound state is predicted
to have a narrow width approximately sn orde: »f magnitude smaller than an

unbound #N resonance like the A rescnsmre.

An 7N bound state is a doorsay stat: snich cives an ez=rgy depen-
dence to the cross section. An enhemsememn: .c :he srmss sections should be
evidenced in the excitation function resstne 1 Jroducron thre:-mdd, which is

Ty =~ 420MeV for the 80(n*, ) !3Net11i89) Temrrics

We can consider this reaction t »» tave mmial and final - = imels repre-
sented by the subspaces a and <. The intermy:iiiate channels for - - .~ find the
7-nuclear states are represented by the subspaces by mad by e~ ufjyily [hin
states representing quasifree one-nucleon processes amd true me:.il Hligyirption

are represented by the subspace Q. With this formw.isin ir ~nind, Ljje cross

68
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section for DCX reactions can be written as [Ha-87),

92— em k) s (€ Wwaw &2 5.1
where,
k = . tial pion momentum (c.m.)
k' = final pion momentwu (c.m.)
_ [ _Ex(K)EA(K)
w0 = (Ziyrah)

€ = distorted wave operators in channels a and c.

Because the 7 has zero isospin and because there are an equal number of protons
and neutrons in the intermediate state, '8F, we can take, V3,5, = Vi,s, = 0. The
DCX transition operator becomes,

Uss = Veu + Vity G Wiy + Vity GLY Vi (5.2)

Here G\ = (W — K; — V;, + ie)™" is the Green’s function in some channel 7,
where W = E,(k) + E4(K') is the total energy and K is the channel kinetic
energy operator for the channel. The only Q space contribution in our energy
range is due to true meson absorption, which is small. Also, the a and c
channels differ by two uniw of charge, so Vs = 0 and the many-body operator,

Vo = Vo + Vog(W ~ Kg — Vgg + ‘I'G)-IVQ. — 0. (6.3)



70

Therefore,

U > ‘705‘0‘;)‘75,0 + V@Gg’ Vb;a (5.4)

where V;; are the meson-nucleon t-matrices. The Green’s functions can be

decomposed,

GPW) =% [dp |9t} )W - Eip) - Ea +id ™ (4,0 (55)
GPW) = X [dp[uitha )W - Ey(p) - Ea+ i ™' (¥ith,

+ S os )W - My + Ma- B3 - /213]) (2] (50

In these equations, a represents the extra quantum numbers needed to for the
intermediate states with energies E,,, and ( represents the N bound states
with energies Eg, and widths I'}. The second term in G‘J ) is used describe the
formation of the 7N state. And, |¢) (¥| and |¢) {®| are projectors constructed

from the scattering and bound state wave functions.

In order to estimate the width of an 7N state it is necessary to evaluate
the 7-nucleus optical potential. The lowest-order N optical potential results
from interactions with a single nucleon [Gi-85a]. This potential is proportional
to the density, p. Higher-order effects are caused by two-nucleon interactions
and proportional to p?. Unlike the low-energy #N optical potential, the p?
interaction is not important for the 7N optical potential [Ha-86]. This is true
since M, ~ 4M,, making 1 absorption less kinematically likely.

The nN optical potential been calculated for the 4C(x*,x~)4O(DIAS)
reaction. The predicted resonance effect has a width of ~ 11 MeV centered
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at 7> = 419 MeV with a fluctuation ratio of ~ 79% for a momentum transfer
of ¢ = 210MeV/c. The solution of the nN optical potential becomes much
more complicated for the ®O(n*, 7~)8Ne(DIAS) reaction. Measurements of
the width and fluctuation ratio of the N resonance for this reaction should
yield information on the 9N interaction and lead to a better understanding of
the nN potential. The results of this experiment estimate the width of this

resonance as ~ 25 MeV and the fluctuation ratio as ~ 60%.

This section is only inter ded as a brief introduction to the formulation
of the DCX cross section and the nN interaction. Much of this work coines from
the reference (Ha-87]. Additional sourc.s of information can be found in the

references [Ha-86, Ch-91].

5.2 The Compound Nucleus and Resonance Effects

Early netron scattering experiments showed empirically that the
aemsity af states fis- the sww ncutson ¢ npture reaction on targets with A ~ 100,
wny sty ovdars of - -gpjjade greater than predicted for single-particle motion
[Bo-89|. ‘L hi: thsbruest taycl i piitive were attributed to a complex nuclear state
vihere the neutsin whinies 1ts eunrgy with the many possible configurations in-
si'de the nulens. The mixing of stationary and resonance states leads to a
etmmipicx st f«Med the compound nucleus. In a similar manner to the low-
energy i+~ “n-iinjuced resonance, interference between channels in the DCX
reaction can lead to the formation of a mesic compound nucleus for incident
pion energies of T, > 400 MeV [Ha-87). These resonances are due to the decay
of metastable states, formed in the initial stage of the reaction. They can be
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referred to as doorway states, which decay partly into open channels and partly
through coupling to the internal degrees of freedom in the compound nucleus
[Bo-69).

Resonance effects have been studies in nuclear physics for many years.
Resonances provide a way of studying intermediate nuclear states and interac-
tions that cannot be studied directly. The well known p resonance, “r exam-
ple, has been studied by making measurements on the reaction 7+N-+ 27 +N
[Ta-72]. The Asj2,3/2(1236) is another well studied resonance. A prominent
peak is seen in the total cross section for 7 + p at an incident pion encrgy of
T« ~ 190 MeV. This resonance is shown in Fig. 5.1 for incident =+ and n~

{Pr-90].

The measurement of a sharp variation in the cross section at a reso-
nance energy, ERg, is evidence of a nearly bound metastable state. For a simpie

scattering reaction the scattering matrix is written,

S = (p'I3]p) (5.7)

where

S|¥in) = [Wour) (5.8)

In general, if the pole of the S-matrix exists in the upper half plane, {Im(p) > 0},
it corresponds tv a bound state with angular momentum [. A pole iz the lower
half plane, {Im(p) < 0}, corresponds to a resonance with angular momentum
I. As the entrance channel energy increases, a pole, on the threshold betwzen
planes, goes from being a virtual state, or resonance, to a bound state. If we
make the assumption thet the S-matrix has a simple isolated pole in the lower
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Figure 5.1: Total cross sections for 7N scattering as a function of energy. Taken
from {PR-90]. The A3/23/; resonance is shown at 190 MeV.
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half plane, we can write it as [Ta-72],
iA

S=l-s—F.7ip

(5.9)

the n x n open-channel S-matrix, where Ep is the resonance energy, I is the
width of the resonance, and A is the residue matrix for this pole. This form of
the S-matrix is also based on the assumption that the behavior of the interac-

tion amplitude is similar to the Breit- Wigner form,

_ -1 Go'a
Jora = 2(PorPa)/? E — Eg + iI'/2 (5.10)

for E near Ep. Here a represents ihe entrance channel, o’ represents the exit
channel, and the residue, an,, is constrained by the requirement that S be
unitary. The possible resonance shapes for this simple formulation are shown
in Fig. 5.2 for an isolated pole at Eg — iI'/2 for the entrance channel. The
solid lines represent total cross sections, o},, and the dashed lines represent

the elastic cross sections, 0!, for angular momentum I.

At the threshold energy for the opening of a new reaction channel, it
is also possible to see an enhancement to the partial cross sections in the shape
of a cusp or rounded step, as shown in Fig. 5.3. This occurs when the partial
cross sections are coupled to the nuclear s-wave state by angular momentum

and parity conservation.

This section has been a brief introduction to the terminology used
to describe the compound nucleus and resonance effects. A more formal and
in-depth discussion of scattering theory and resonances can be found in the
references [Ne-82, Ro-67, Ta-72).
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Figure 5.2: Possible resonance shapes for an isolated pole at Eg —iI'/2 for the
entrance channel [Ta-72). -
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Figure 5.3: Cusp and rounded step shapes due tc the opening of a new reaction
channel [Ne-82}.



Kinematics Tables

Appendix A

Table A.1: '¥0 DCX kinematics used in E1140.

T,(MeV) O ©7 T@(MeV) p>  f. 1jvc(ns/m) JAC
350.000 25.86 26.58 343.62 462.60 0.957 3.484 0.950
380.853 23.73 24.45 383.47 504.08 0.964 3.461 0.946
399.853 23.25 23.97 393.47 514.45 0.965 3456 0.944
409.853 22.79 23.52 403.47 524.80 0.966 3.452 0.943
414.853 22.57 23.29 408.47 529.97 0.967 3.449 0.943
419.853 22.35 23.07 41347 535.14 0.968 3.447 0.942
429.853 21.93 22.65 423.47 54547 0.969 3.443 0.941
439.853 21.52 22.23 433.47 55579 0.970 3439 0.940

Table A.2: Hydrogen kinematics used in E1140.

“T«(MeV) 6@ @ T(MeV) p*® B 1/vc(ns/m) JAC
350.000 40.00 55.35 300.98 417.86 0.948 3.517 0.608
389.853 40.00 56.31 332.30 450.76 0.955 3.492 0.594
399.853 40.00 56.54 340.08 458.89 0.957 3.487 0.591
409.853 40.00 56.78 347.82 466.97 0.958 3.481 0.588
414.853 40.00 56.89 351.67 471.00 0.959 3.479 0.586
419.853 40.00 57.01 355.52 475.01 0.959 3.477 0.585
429.853 40.00 57.24 363.19 483.00 0.961 3.472 0.582
439.853 40.00 57.47 370.83 490.95 0.962 3.468 0.579




Appendix B

Error Propagation

This section is intended as a brief summary on how errors were prupa-
gated for this experiment and on how to prcpagate errors in a general function.
The only errors quoted for this experiment are statistical. For absolute errors,

it is necessary to add 10% in quadrature. More information on error analysis
can be found in the reference [Be-69]. |

In general, when you want to propagate errors in a function (assuming ’

that there is no covariance between variables) the variance is given by:

2 2
03~ o3 (%) +a§(g) 4

The following are specific examples.

Addition or Subtraction

z = utv (B.1)
0; = os+a, (B.2)
Multiplication
z = w (B.3)
o} = (v’a.’, + u’a?,)z’ (B.4)



Division
z = ufv
0 = (a?,/u’-l-o,’,/v")a:2
Powers
r = o
o = zb e
u
Exponentials
r = i
Oy = zbau
z = g™
o = z(blna)o,
Logaﬁthms
z = aln(xbu)
e. = a2
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(B.5)
(B6)

(B.7)
(B.8)

(B.9)
(B.10)
(B.11)
(B.12)
(B.13)

(B.14)
(B.15)



Appendix C

Dissertation Publications

Publications resulting from this work are:

Search for an 7 bound state in pion DCX on %0
{This paper was suvmitted to Phys. Rev. C on November §, 1992.)



Search for an 5 bound state in pion DCX on 80

J. D. Johnson!"), G. R. Burleson'¥), C. Edwards®), M. El-Ghossain(*,
M. A. Espy®), R. Garnett®), A. Husseinl?, K. Johnson(¥), C. F. Moore"),
C. L. Morris®, J. M. O’'Donnell®, M. Palarcayk®, M. Rawool-Sullivan®4,
H. Ward{!), D. Watson'”, C. Whitley("), and A. L. Williams(®

() The University of Texas at Austin, Austin, Texas 78712
(M King Fahd University of Petroleu:a and Minerals, Dhahran 31261 Ssudi Arabia
( Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(9 New Mexico State University, Las Cruces, New Mexico 88003
(® University of Minnesota, Minneapolis, Minnesota 55455
(%) University of Pennsylvanis, Philadelphia, Pennsylvania 19104
(M University of York, York Y01-5DD, United Kingdom

The search for an eta bound state in the DCX r>rtowr )V Ne(DIAS) has
been carried out at LAMPF using the P3 cliannel ant: ... LAS spectrometes. An ex-
citation furction for this reaction v/as msayired for energics ranging from 350 MeV to
440 MeV and for momentum transfers of 0, 105 and 210 MeV/c. The messured cross
sections tend to agree with previous results for DCX on 0. The mrasured excitation
function shows some evidence for structure near the eta production threshold.

PACS numbers: 25.80.Gn, 27.20+n
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Coupled-channe! calculations by Blialemsa - (usnn--: ;iown that the N interaction Is
attractive for nuclei with A>12{i]. Revet.: =micuicons =~ daider and Liu(2] have predicted
that a bound state between an eta uud anusesc_may w r as an intermediate state in pion
double charge exchange (DCX). Such an effect wou.- =.upete with #° and 5 channeln in the
continuum. The existence of such a mesic nucleus would lead to a resonance-like structure

in the DCX excitation function at fixed momertum transfer, due to the interference hetween
these channels. Calculations made for the reaction 4C(x *,x -)'*O(DIAS) predict that this
structure should occur with & Buctuation r8tio of (O gy — Tyn)/Teperag ~ 79% for NCX
reactions ata momentum transter of ¢ = 210 MeV/c{2]. It shouid occur at the eta production
threshold with a width on the order of 10 MeV and 2dd to thesmoothly varying continuum
amplitude. It should be noted that because of the greater level density compared to “C,
the fluctuation ratio for *O may be smaller. Chisng et al., predict that the width of the
eta bound state for a nucleus like axygen will be around 30 MeV or larger(3]. If the width
is larger than the 10 MeV predicted for !“C then the fuctuation ratio wifl also be smalier.

Haider and Liu(2] note that if the width is a factor of four greater than the factor of 10 MeV
expected, the fluctuation ratio should still be ~ 20% at ¢ = 210 MeV/c. For the reaction
80(x* ™ )'®Ne the eta threshold o ccurs when the eta is bound in the first nuclear orbital
of ®F(2]. Taking irto account the excitstion energy to the IAS (T=1) state in “°F, the
resonance effect should be seen at 420 MeV.

Lieb et al{4], have seen possible evidence of an eta bound state from studies of the
reaction A(x*,pjnA—1. However, Chrien et al[5], found no evidence of the creation of an
ets bound state with width ~ 9 MeV, but their upper limit, for & Buctuation ratio § of

the predicted size, is lasger than thet estimated by Liu. This peper reports an attempt to
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conflrm this new type of miclear matier with an experiment at LAMPF devised to search
for an n-nucleus bound state in the DCX reaction O(x*,x ~)!®Ne. The ex~itation function
for this reaction was measured for momentum transfers of ¢ = 0, 105, and 210 MeV/c for
energices ranging from 7, = 350 to 440 MeV.

This experiment was carried out using the Large Acceptance Spectrometer (LAS) in the
P3 East channe} at LAMPF, as configured for DCX measurements(6,8]. The PS channel
was tuned for a dispersed beam with a beam spot of about 2.5 cm (horizontal) x 3.5 cm
(vertical) and an energy resolution of 0.15%, delivering approximately 1 — 2 x 10" pions/s
to the LAS spectrometer.

The LAS spectrometer consists of a C-magnet, a quadrupole doublet, a dipole magnet,
two pairs of drift chambers, a Cherenlov detector, and two scintillators. To minimize multiple
scattering, helium bags were installed after the target chamber and through to the rear
chamber. The C-magnet was used to sweep away protons and positive pions and gave a 10°
horizontal bend to particles with momentum mastched to the spectrometer. The LAS dipole
has a 45° bend, an acceptance of 3 10%, a dispersionof §p/p = 2 cm/%, and it subtends a
maximum solid angle of ~ 10 msr. There was one pair of delay-line readout drift chambers
located before and one pair after the dipole, which were used for particle tracking. The
gas threshold Cherenkov detector contained isobutane and was used to eliminate electron
events Two scintillators were used to determine time of figit for particle identification.
The hardware trigger required that both scintillators fire in coincidence with either of the
front chambers. The incident pion flux was monitored by a thin ion chamber immediately
upstream of the target chamber. Measurements were carried out both in 1991 and 1992.

The target was liquid H,0 with an isotopic purity for *O of 84%. The active ares of

4
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the target measured 6.66 cm (horizontal) x 7.56 cm (vertical), and the target windows were
made of 0.1588-cm CHa. By using both CH; and '*O targets with hydrogen kinematics, it
was Poesible to cross-normalize and experimentally determine the ‘50 target areal density.
After taking into acoount the isotopic purity, the '8O areal density was 1.72 g/cm3. The
CH; areal density was measured to be 0.284 and 0.288 g/cm? for the 1991 and 1992 runs
respectively. .

DCX runs for the reaction *O(x*,x~)'"®Ne were taken at 3° (g = 0) and for fixed mo-
mentum transfers of ¢ = 105 and 210 MeV/c. Normalization measurements were mede for
DCX runs uat each energy using the CHj target with hydrogen kinematics at 40°. Normal-
ization runs at a particular energy were taken before or after the DCX runs at that energy.
The only difference between DCX runs at a particular energy was the spectrometer and
target angles and beamline jaw settings. This should be a consistent and robust method of
determining yields and croes sections.

The cross section for the low-lying 2* state in #O increases significantly with angle
relative to the ground state, and there is also & possible contribution from a (0%, 2+,4+)
triplet near 3.6 MeV. With an experimental resolution of 2.3 MeV (FWHM), it is not possible
to resolve the ground state (DIAS) from the low-lying states, therefore no attempt toseparate
these states was made. The results reported here for ¢ = 0, wer» obtained by summing
counts inside of 7 MeV placed around the 0* and 2* states in the rissing-mass histogram.
For higher momentum transfers, the number of counts in the 0* and 2+ states drops off
significantly, therefore the number of counts in these states was determined by setting a 7-
MeV gatein the same position as for the g = Ocase. Fig. 1shows missing-mass histograms

for 10 for g = 0, 105, 210 MeV/c, with a 7-MeV gate set as described above. The ervor in
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using this method to determine the number of counts is less than 5%. Elastic ecattering of
=t on 'H was measured at each energy and absolute nuormalizations were obtained from the
phase-shift program of Amdt, SAID|7).

The calculated cross sections were found to agree with previously published data in this
energy range[8, 9], which also did not separate the ground state from adjacent states. The
croes sections determined in this experiment are listed in Thble I and plotted in Fig. 2 along
with praviously published resuits for the '*O(x * x~ )'"*Ne(DIAS) reaction.

Systematic normalization errors can be reduced by taking s ratio of the g =210t0 g=0
MeV /c cross sections. Beam normalization errors will cancel in this ratio. A check of this
assumption is provided by the data in the unbound region of *Ne. For these states there
should be no structure, as the mechanism involved is clearly a two-step process. The solid
circles in Fig. 3show this ratio for a missingenergy bite of 23 MeV above the ground state.
A fit to the data with a stzaight line gives x3/d./. = 1.45. Within errors this ratio is a
constant function of beam energy. The ratio for the bound-state region is shown by solid
aquares in Fig. 3. The fit to the data with a straight line gives x3/d.f. = 344, indicating
‘here may be structure in the eta threshold region. Unfortunately the statistical precision
€ the data is not sufficient to allow more than a jualitative characterization of this effect.
The maximum fluctuation ratio in the data is ~ 60% for a peak cenicred near 420 MeV and
with a width on the order of 25 MeV.

This work is supported by the U. S. Department of Energy, the Robert A. Welch Foun-
dation and the National Science Foundation.
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FIGURES

FIG. 1. Missing-Mass spectra in arbitrary units for the reaction 20(x*x~)1®Ne(DIAS) at
420 MeV. A 7-MeV gate was set around the certroid of the ¢ =0 MeV/c DIAS peak and the same

gate was used for the other momentum transfers.

FIG. 2. Differential croas sections fromthis experiment and previously published data for the

reaction 8O(x*,7) 18 Ne(DIAS).

FIG.3. Ratios of the ¢ = 0 and g = 210 MeV/c croes sections plotted with best straight line

fits for DIAS and continuum states.
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TABLES

TABLE 1. The center-of-mass differential cross sections (ub/sr) for %0(x+,x~)'®Ne(DIAS)

using a 7-MeV gate.®
L .- .- ... & ]

T, do/dQ
(MeV) q=0 ¢=105 ¢=210 MeV/c

350 3.76 £ 0.30 047 £ 0.04
390 227+ 0.20 0.44 + 0.04
400 2.3210.16 0.41 £ 0.05
410 2.19 £+ 0.17 1.28 + 0.13 0.40 £ 0.03
415 2.21 +£0.36 0.37 £ 0.06
420 263 +0.20 1.01 £0.14 0.38 + 0.03
430 2.81 +0.31 1.15+0.13 0.50 + 0.06
449 1.97 £ 0.32 0.38 + 0.06
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