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SEARCH FOR AN ETA-NUCLEAR BOUND STATE IN THE

DOuB~JE CHARGEE RWKIT1ON
Iso(m+, ~-)18Ne(D1AS)

by

John DoeppersJohnson

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 existenceof such a mesicnucleuswould lead to a resonance-like

structure in the DCXexcitationfunctionat fixedmomentumtransfer. LAMPF

Experiment 1140searched for an q-nucleusbound state in the DCX reaction

lsqz+, ~-)18~-e(D~AS)oAn excitation functionfor this reaction w= me~ur~

for energies ranging from 350 to 440 MeV and for momentum transfers of

g = O,105and 210MeV/c. The calculatedcrosssectionsagree favorablywith

previously published data. Theoretical calculationspredict that a resonance

structure will be evidencedby an enhancedcrosssectionat the eta production

threshold for this reaction. The measuredexcitation function has found some

evidenceof structure in this region.
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Chapter 1

Introduction

In the search for new forms of nuclear matter it has become com-

monplaceto study bound state systems. By observingsharp resonancesin the

neutron capture reaction, nuclear levelsat high excitation energy were found

to be much denser than first suspected IBo-69j.Studies of the neutron bound

state also helped in the understandingof the compoundnucleus. The possibil-

ity of the formation of q–nucleus bound states have been studied recently by

Haider and Liu [Ha-87].R has been shown[Ha-86,Bh-86]that tlie low-energy

qN interaction is attractive for A>1O. Since the q is neutral, the Coulomb

effect does not contribute to this potential, and the q is bound to nucleonsin

the nucleusby the strong force. In a similarmanner to neutron capture, which

leads to the formation of a compound xmcleus,it is believedthat resonances

correspondingto an q bound state willbe observedin pion double charge ex-

change (DCX) reactions. The q production threshold for most nuclei occurs

above an incident pion kinetic energyof TX~ 400 MeV.At this threshold the

q can be bound into the first nuclearorbital and a resonanceeffect should be

evidencedin the energy dependenceof the crosssection [Ha-87].
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1.1 I?ion Double Charge Exchange Reactions

There are severalreasonsthat the pion is an ideal nuclearprobe. 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. Someproperties of the pion are listed below[Pr-90].

T* M*s = 139.5675*0.0004MeV
Mean Lifer = (2.6030* 0.0024)x 10-6s
cr = 7.804m
IsospinT = I, Tz(n+,r) = (1,–1)
Spin J“ = 0-, pseudoscalar

Z“ MtISS= 134.9739+0.0006MeV
Mean Lifer = (8.4* 0.6) x 10-17S
CT = 2.5 X 10-6 m

IsospinT = 1, T..(rr”)= (0)
Spin J“ = 0-, pseudoscalar

Pion double chargeexchange(DCX) reactions involvethe transition

from an initial state with (Z,N) nuc!eonsto a final state with (Z*2,N%2)

nucleons.

# ~Nz ~ x* ‘Nz~2 (1..1)

The finalstate is the dmble isobaricanalogstate (DIAS)of the initial state and

has an identical wavefunctionexcept for the 2’,componentof isospin. Fig. 1.1

showsgraphicallythe isospinrulesforpion-nucleusscattering reactions. Double

chargeexchangereactions can be consideredto be two sequentialsinglecharge

exchange (SC.X)reactions. Each SCXstep can be considereda generalization

of the quasifreer~-+ T’N’process [Wi-91].
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1.2 Eta-hTuclearBound States in 13CX reactions

The two primary channelsfor pion doublechargeexch~ngereactions

above T.. a 400 MeV are n+ ~ n“ ~ n- and fi+ ~ q ~ n-. The

n“ is in the continuum for this process, whereas the q can exist in the con-

tinuum or in a strongly bound nuclear state. Fig. 1.2 shows the analog and

non-analogtransition diagramand reactionmechanisms[Ha-87]for the channel

r+ + lr” ~ T-. Fig. 1.3 showsthe analog and non-analogtransition dia-

grams and reaction mechanisms[Ha-87]for the channeln+ ~ q ~ fi-. The

excitation function for continuummesonsshouldbe smoothlyvarying,whereas

for a nuclearbound state the excitation functionshouldshowan enhancement.

Calculationshave been made whichpredict a resonanceat 419 MeVfor a nm-

mentum transfer of q = 210 MeV/c for the reaction *4C(x+-,n-)140@IAS)

[Ha-87].This resonanceshould occur with a width of approximately 10 MeV

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

R = ((.Ymz– ~min)/~cwercage. (1.2)

Fig, 1.4 showsthe theoreticallypredicted excitation functions for momentum

transfers of q = O~id 210 MeV/c for DCXon *4CIwith the smoothly varying

background represented by a dashed line. Becausethe shell configuration for

ISOh~ twoneutrons outsideof the closedlp shell, the leveldensitiesfor higher

excitation states is greater than that for 14Cand thereforeit is predicted that a

resonanceeffectwouldhavea largerwidth and smallerfluctuation ratio [Li-92].

Fig 1.5 compares the 14Cand IBOshellstructures.

Experiment 1140 ISd the P3-East energetic pion channel at the

Clinton P. Anderson Meson Physics Facility (LAMPF) for measurements of
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Figure 1.2: Analogandnon-analogtransition diagramand reaction mechanisms
for 180(m+,n-)18Ne(DIAS)[HaA7].
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of a mesicmucleus[Ha-87].
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the excitation function for the reaction 180(~+,n-)~8Ne(DIAS).Measurements

were made at momentum transfers of g = O, 105 and 210 MeVic over an

energy range of T. =350 to 44(JMeV.The accelerator, spectrometer and the

various hardware and softwarecomponentsof this experiment arc discussed

in Chapter 2. The data reduction is discussed in Chapter 3. The results

and implications of experiment 1140are presented in Chapter 4, and some

theoretical considerationsof the q bound state,

resonanceshapes are coveredin Chapter 5.

the compound nucleus and



Chapter

Experimental

2

Set-up

2.1 The LAMPF Accelerator

The Clinton F. AndersonMesonPhysics Facility (LAMPF) consists

of a linear acceieliltor whichfeedsseveralexperimentalareas with H+, E and

H- b-. Fig. 2.1 showsthe layout of the LAMPFexperimental areas.

The LAMPF accelerator [La-84]has two main sections, a 100 MeV

drift tube linac and a side coupledlinac whichcan acceleratethe beam to 800

MeV. A 50 mA ion source along with a 750 keV Cockroft-Waltonaccelerator

inject positiveionsinto the 201.25MHzdrift tube linac. The same thing is done

with negative and polarized ions. The accelerator is then able to provide H+,

R and H- to differentexperimentalareas by choppingthe beam into bunches

with a t-ypicdlength of 500ps. Beamgates for the H+ bean-dinehavea typical

microstructure of 120Hz. The acceleratorprovidesa variableenergy H+ beam

with currents deliveredto area A of 100to 1000PA. Typical beam currents for

experiment 1140wereabout 500pA.

Before the beam arrives at P3 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 EnergeticPion Channel and Spec-

trometer (EPICS) and the Low-EnergyPion (LEP) channel. These targets

10
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degrade the beam by = 23%in intensity [La-841before it reaches the A2 pro-

duction target, whichproducespions for the P3 channel. The AT, Al and A2

beamlinesare shownin Fig. 2.2. The A2production target is a graphite target

4 cm thick which providespions with a maximumenergy of 625 MeV to the

P3 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, 3PCL1E1, which

is used to reduce the horizontalwidth and improvethe momentum redution

of the lxwm as it passes through the transport system to P3. The A2 target

collimator, 3PCL1E1, is controlledby 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 collimatorwas moved. In 1991the

collimator was set at 6.75cm. Fig. 2.3 showsthe results of the 1991collimator

scan. Becauseof the low beam current deliveredto area A, and in order to

maximize pion flux, 3PCL1E1 was not used during 1992. This reduced the

momentum resolution somewhat for 1992runs. Fig. 2.4 shows both the A2

target and the collimatorjaws, 3PCL1E1at the entrance to the P3 channel.

2.2 The P3 Channel

The High-EnergyPion Channel (P3) uses the A2 graphite target to

produce high intensity pions for de!ivery to one of two experimental areas.

‘I%eP3 trans~rt channel can be set-up to deliver positive or negative pion

beams to P3–East or P3–West. Fig. 2.5 showsthe path that pions take after

the A“ m: ‘l’heP3 C}annel has low backgroundcontamination modera~

resolution ,. u.li]~~~phase space ~LaA34].In order to improve the

energy readution a dispersedbeam tune wasused. This tune delivereda beam
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Figure 2.1: The Clinton P. AndersonMesonPhysicsFacility (LAMPF).
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Table 2.1: P3–East channelmagnet control voltagesfor
a dispersedbeam tune of x+ at 400 MeV.

—.— ——
Magnet Control VoltW~ Polarity

whhol 24620 Reverse
BM02 28064 Reverse
BM03 29499 Normal
QMO1 23674 Reveme
QMC2 17055 Reverse
QM03 15857 Normal
QM04 22968 Normal
QM05 16990 Reverse
QM06 20422 Ileverse
cjMo? 32976 Rew?rse
QM08 31981 Reverse
Qivl13 3561 Reverse
QM14 14630 .%?verse
QM15 9552 Normal
QM16 8171 Normal
QXO1 26298 Reverse
QX02 46745 Normal

— ——

spot of about 2.5 cm(horizontal) x 3.5 cm(vertical)with an energy resolution

of 0.15?70to the LAS spectrometer. The channel magnets were set by the

computer code MON90[M090],whichdeterminesthe correct ~umtrolvoltages

for BM02and BM03werevariedto maximizethe current in a thin ioli&mber

immediately upstream of the target chamber. Typical dispersed beam control

voltage for incident n+ at 400 MeVare listed in Table 2.1. In the P3–East

experimental area, the quadruple doublet QXO1and QX02providefinal 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 1077r+/s at

T%= 400 MeV.

0
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A series of jaws we used h define the phase

The features of these jaws is listed below[P3E87].

18

space of the channel.

MSO1 Determines the horizontal anglesof the beam after the A2

target. Alongwith MS02,it definesthe solid angleof the beam af-

ter A2, MSO1definesthe depth of focusin the dispersiondirection

at the scattering target.

MS02 Determinesthe verticalanglesof the beam after the A2 tar-

get. Provides mediumresolutionwith YTGT cut.

MS03E Thisjaw providesa slightmomentumcutalongwith MS03W,

but it mostly reducesspills at QM07.

MS03W This jaw provides a slight momentum cut along with

MS03E,but it mostly reducesspillsat QM07.

MS04 These are vertical collimatorjaws positioned near the mo-

mentum jaw, used to reduce vertical beam spot size.

MS05 These are another set of vertical jaws upstream of BM02.

They help set the beam intensity, and have little correlationwith

vertical beam spot sin.

2.3 The Large Acceptance Spectrometer

The Argonne Large AcceptanceSpectrometer (LAS) is a 45 degree

dipole, whichhaa been modifiedto includea C-magnet, a quadruple doublet

(QLO1and QL02), two pairs of drift chambers (used for particle tracking),

a Cherenkov det%ctor(used to reject electron events), and two scintillates



(used to determine tim~of-flight for particle identification). Fig. 2.6 shows a

schematicof the spectrometerin its fullconfiguration.The LASdipolehas a 45o

bend, a momentumbite of * 10%,and subtendsa maximumsolidangleof x12

rnsr IOd-91].The C-magnetwasusedto sweepawayprotons and positivepions

and gave a 10°horkmntalbend to particles with the correct momentum. The

general properties of the spectrometer is given in Table 2.2. The LAS dipole

and the quadruple doublet are also set using the computer code MON90in

a similar manner to the channel magnets. The C-magnet shunt voltage is set

by htmd, scaling J@. 2.1 to put it in the correct units. Typical spectrometer

magnet settings for x- at 7’s = 400 MeV are listed in Table 2.3. All of the

magnets were set up for 6 = 5%. The central momentumof the spectrometer

can be written,

(1+ ;;100))
(2.1)

wherepc k the momentumof the outgoingn-. By lookingat the acceptanceof

the spectrometer, a median value6 waschosen. As shownin Fig. 2.7, 6 =5%

is near the centzr of the spectrometer acceptanm and will allow the greatest

range of magnet settings without having to correct for the acceptance of an

individual run.

Heliumbags, installedbeginningafter the targetchamberand contin-

uing through to the rear chamber,wereusedto minimizemultiplescattering.

2.4 Detectors andElectronics

There wasonepairofdelay-linereadoutdriftchambersbeforeandone

pairafterthe dipoleusedforparticletracking.Thesechamberswerenumbered
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Table 2,2: Properties of the ArgonneLarge Acceptance
Spectrometer IOd-91].

with C-magnet without C-magnet
Solid Angle(msr) 12 15
Flight Path (m) 7 6
MomentumBite (%) *lo *1O
HorizontalAngular

Acceptance(cieg) +4.5 -2.3 *3
HorizontalAngular

Resolution (deg) 0.25 c ‘!j
Vertical Angular

Acceptance(deg) *2.5 &4
VerticalAngular

Resolution(deg) 0.5 0.5
VerticalTarget

Position Resolution(mm) 3 3
HorizontalTarget

Position Resolutionhnm) 1.5 1.5

Table 2.3: P3–Esst spectrometercontrol voltagesfor z-
at 400MeV.The C-magnetshunt is listedin volts, all the
other spectrometer ma-wetsare listed in terms of DAC
units.

Magnet Control Voltage Polarity
C-magnet 48.22(V) Reverse

QLO1 16474 Reverse
QL02 34781 Normal
LAS 41385 Reverse
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1,2,5,6 respectively.Fora givenevent, the charrdxmprovideparticle pmtions

which arr traced back to the scattering target. This inforn’ation is combined

with the time-of-flightinformation from the scintillators to identify the ~

tion. A good event is defined as a coincidencebetween the t~o w“ill~illators

and one front chamber. The wire chambersand scintillators (~]lloto~]~ultil~lier

tubes) wereindividuallyplateamxl,usingbeam particles, to find tlwir optimal

operating regions. The wirechambersweremaintaineda! 2050V and the scin-

tillators S2N, S2P, S3N, and S3P were set at 1805, 1800,

respectively. The chambersused the nlixture of gases, 65%

tane and 0.5% isopropylalcohol, whichwas kept at a slow

1650, and 1725V

argon, 35$Z0isobu-

flowrate, keeping

the chambers at approximately 1 atmosphereof pressure [At-tll, Mo-781.

A gas threshold Cherenkovdetector containing isobutane was used

to eliminate electron events. The Cherenkovdetector has been found to be

z 99.7%effective[Wi-91].The Cherenkovdetector was operated at 2300V.

Signalsfrom the wirechambersare convertedto digital signalsusing

analog-to-digital converters (ADC) and timetd.igital converters (TDC) and

are then transmitted to the CAMACcontroller in the counting house using

cables. Variouslogicmodules,scaler modulesand the LAMPF gate generator

(LGG) are used in the experiment electronics. Figs. 2.8-2.10show the elec-

tronics set-up for this experiment. Thesesignalsare sent to the counting house

MicroVaxcomputer wheresomeeventsare analyzedon-line,and all of the raw

event signals are written to ma~letic tape for replay off-line. The CAMAC

system ICI-82]exchangesdata with the computer via a Micro Branch Driver

(MBD) [Sh-74].

correspondingto

The LGG generates a RUN gate. Beam gate (BG) signals

the microstructure of the accelerator and the RUN gate are
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u t s a o w u b p d t

experhmmtal area. By using the LCG in conjunction with the ion chamber,

data is accumulatedonly whena current is registeredin 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 dipolepole facewhereit wouldnot 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 u~edfor beam

normalization. The chamber, shownin Fig. 2.11,used an aluminum container

with about an 8.5 inch x 2.25inch window.The windowsweremade from 1/4

mil aluminized mylar. The chamber contained two DC high voltage planes,

which were kept at 100Volts, and a central signal plane, all composedof 1/4

mil aluminizedmylar. The gas mixture used was8070argon, 20%C02 and the

chamberwasoperated at 1atmosphereofpressure. The chamberwasplateaued

after completionof the experiment, the reds are shownin Figure 2.12.

The ion chamber was used in normalizingruns by collectingions on

the central signal plane. At high beam currents, it is possible that the ion

chamber would become saturated, or unable to refhsh itself fast enough to

accurately monitor the beam flux. The beamlinejaw MSO1and 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 chamberagainst the scakr ratio
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IC/hour for incident pion energiesof T. = 390,400, 420 MeV.The fits to the

data are to help g t e a i t t a linear relation exists

between these two variables. It is also shownthat as the energy increases the

yield decreases. Fig. 2.14plots the MSO1slit openingagainst yield at 420 hfev

and alsogivesa linear relationship. Sinceneither of theseplots showsa drop off

correspondingto chamber saturation, the ion chamber should be a consistent

beam monitor and provide a robust means of beam normalization.

2 Targets and Scattering Chamber

The DCX target used wasliquid H20 with an isotopicpurity for 180

of 94Y0.The active area of the target.measured6.66cm (horizontal)x 7.56cm

(vertical) and the target windowsweren~de of CHZ,0.159cm thick. The target

had a width of 1.50cm whichbulgedshghtly in the center. By using both CH2

and 180 targets with hydrogenkinematics, it was pomible to cross-normalize

and experimentallydetermine the areal density for this target. The 1sOtarget

areal density wasmeasuredto be 1.62g/cm2. Tocorrect for the isotopicpurity,

divide through by the isotopicpurity of 94%,to get the effecti’~eareal density

of 1.72 g/cm2. The CH2 areal density was measured to be 0.294 and 0.288

g/cm2 for 1991and 1992respectively.The beam was found to fully intersect

all of these targets.

The scattering chamber was filledwith helium at atmospheric pres-

sure for both DCXruns, with the 180target, and CH2normalization runs. To

minimizemultiplescatteringand energyloss in the target, it wasdetermined

that the target should be kept at half of the scattering angle. Therefore, when
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the s pw set to a floorangle, t?lf~, this correspondedto a scatter-

ing angle of O- = ~~f- - 1 subtracting off the 10°bend of the C-magnet.

The scattering chamber wouldthen be set to 0~~/2.

2 Software

The data acquisitionsoftwareused used to acquire and analyze data

for this experiment was the Q softwarepackage. This discussionis intended

to familiarize the reader with the Q package, especially in relation to this

experiment. Some basic Q commancbare listed in Table 2.4. For a more in

depth discussionof the Q paclmgerefer to the ‘Q System - Programmer’s

Information Manual” [Q-89].

The most important part of the data acquisitionsoftware is the an-

alyzer, QLAS87.EXE.This program coordinates the acquisition of data from

CAMACvia the MBD. It also processesgoodeventsand writes them to tape.

When the data is taken, only a fractionof the eventsmay actually be analyzed,

since writing the events w tape takes precedence. During replay of the data,

the analyzer will process every event. CAiMACdelivers these events as data

words to the analyzer. The file BLKOO1.TXT is used to tell the analyzer the

location of each data wordin terms of crate, slot and input location. When the

analyzer is initialized, by an @QSTARTcommand, the computer looks at the

file~ANS.COM to definethe locationand name of the analyzer, the events to

analyze and whether the mode is data acquisitionor replay. The QANS.COM

fileused for data acquisitionis shownin Table2.5.

One featureof the analyzeris that it will call a kinematicssubrou-
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tine, CALKIN,to determine particle momentum,missingmass and scattering

angle. Together with polynomialsthat have been written to describe particle

trajectory through the spectrometer, it is possibleto trace the particie back to

the scattering target. This allowsthe experimenkr to extract a large number

of variables from the given scaler inputs. These variables include information

in x, y, 0, and @which are used with relative tim~f-fl.ight information and

summed pulse heights for various calculations. These calculated quantities,

a w s p ai b t e a s i t d

n p aarray(PRM) database.Thevariousscalerscanbe listedwith

SLR.

S s e h a g t hardware cuts, for ex-

ample, the proton veto, in hardware,rejectsprotoneventsby setting the dis-

c rl t r e w p h a a certain level. This

is donebecauseprotons deposit moreenergy than pions and have correspond-

ingly larger pulse heights. Mat of the cuts and tests, however,are made with

the software. This allowsthe most flexibilityfor analyzing the data. The ex-

perimenter u the Q test packageto eliminate undesirable events, such as

muons, electrons and cosmicrays. Most tests are defined with the program

TSU. When the Q analyzer is initializedthis program is run and it sets up the

tests which are defined in an experiment specificfile. This experiment used

the file E1140.TST,a portion of whichis shownin Table 2.6, to set gates and

to make logkd tests on the data. Indirectgates may be set up interactively

in the histogrammingpackage HPL. In HPL it is possible to view the data

in termsof histogramsand thvn set gates, or boocm.The indirectgates and

boxes are then savedin the file TSTDAT.DAT.Fig. 2.15 shows an indirect
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box around the data correspondingto particlesthat may be from the correct

reaction. This box specificallyexcludesprotons, but is likely to inc!udesome

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-flightfmm S2 to S3 is plotted along the y-axis.

easy, using this type of a histogram,to set up a test whichexcludesevents

survive the less stringent hardwarecuts.

It is

that

The histogrammingpackage,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 use’ to check that various experimental

components are calibrated properly. For example, it is possibleto look at the

pulse heights and time signals to determine if chambers are calibrated. HPL

also allowsthe user to observeraw and analyzedevents as they are processed

by the analyzer. Some basic HPL commands are listed in Table 2.7. The

histograms used by HPL are setup in HSUfrom the fileE1140.HSTwhen the

analyzer is initialized. An exampleof part of this file is given in Table 2.8.

2.S Experimental Set-up and Calibrations

Beforedata is taken,it is necessaryto calibrateand test the various

experimentalequipment,to set-up the electronic, and to set-up the experi-

mentspecificsoftware.First, the Q softwarepackagediscussedin the previous

section is irwtalledand the detectorsand otherequipmentare set-up. Next,

high voltagecablesandsignalcablesareconnectedbetweenthe experimental

areaand the countinghouse. Gas is flowedthroughthe variouschambersfor
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about a day and high voltageis applied. If the chambersare able to maintain

typical operating voltages for a day, anode and cathode signals are looked at

with the HPL histogrammingpackage,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

wouldbe a coincidencein both scintillatorsand oneof the front chambers. The

first scintillator, S2, wouldthen definethe start times for the TDC channels.

Each wirechamberconsistsof alternating anode and cathode wire planes. The

anode wiresare kept at high voltageand there is a TDC converter at each end

of an anode delay line, as shownin Fig 2.16. In order to removethe ambiguity

as to whether a particle passed on the left or right of thleanode, the cathode

wiresare a lbussedas left or right signalsand the differenceof 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-rightambiguity. Indirectgates are set around the left

and right signals for each plane, using HPL. Correlationsbetweenpairs of wire

phnes, suchas Xl and X2,can be removedby varyingcertain parameters in the

dynamic parameter array (PRM) and observingthe effixts in the dotplotting

routine HDO.

TheTDC signalsfromeachendof the anodedelaylineare subtracted,
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and the difference,t~, can u d t p p

(2.2)

I Drifi time histograms are accumulatedand the code DRT is run to calibrate

the drift characteristicsof each wireplane.

Target calibrations in x, y, @and 8, and other calibrations, such as,

PHICHK, THTCHK and DELTAare 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 polynomialsthat are used for tracking particles through the

spxtrometer.

2.9 Run Procedures

For every run where the scattering angle changed, the spectrometer

was raised on air pads and movedt.aa floorangle 10°greater than the scatter-

ing angle, becauseof the - bendaddedby the C-magnet.Thespectrometer

was then Ievekdwith motorizedkgs. The scatteringanglefor hydrogennor-

malizationrunswas alwaysW’ in orderto reducebackgroundevents and to

operateat an anglewherethe hydrogencrosssectionwasstrongandconstant.

Fora fixedmomentumtransfer,the followingformulawas used to determine

the correctscatteringangie,

q = 2p~ sin0/2 (2.3).

wherep~ was the incidentpionmomentum.Aftermovingthe spectrom-

eter, the target ladderwasset to the correcttarget,and the target chamber

wasrotatedto halfof the scatteringangle.
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It was necessary to determine the kinematics for each energy and

target. The program KINREL [Kin]was used to do this. For the DCX runs,

the kinematics for q = 210 MeV/c wereused for all angles. This was possible

because the spectrometerwasset at a 6 valueof 5%and the momentuinchange

between the lab anglesof 5° Andz 22° wu small. This was ahw done to save

time by not having to cyclemagnets betweenev:~ryrun. Appendix A lists the

IH ~d 180 kinematim used for this experi~nt,

The magnet and jaws wereset using MON90and MAG [Mag],and

then verifiedbeforeeach run. The magnets wereset followingtheir hysteresis

curve, so that the fieldsettings wereconsistenteachtime a certain shunt voltage

was applied.

A current digitizer was used to read the ion chamber current. The

current digitizer was set ta the scale appropriate for each measurement. This

was necessarysince the flux changed with energy. Becausethe digitizer scale

affectsthe accumulatedscaler, IC, it cannot bechanged during a run A digital

voltmeter (DVM) was used to measure the shunt voltage on the LAS dipole.

During the run5 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 1992runs, an NMR probe was attached to the interior of the LAS

dipole, providingan accurate measurementof its magnetic field.

A personnelsafetysweep(PSS) wasperbrrned beforethe experimen-

tal area could receivebeam. This was to ensurethat no one was left in the

experimentalarea. With all the safetyinterlocksmade,the beamplugsodd

be *n out. It wasneassary to closelymonitorchambercurrents,especially
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f s ca that the chambemwre not damaged. Once

this was done, a run was started.
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Table 2,4: BasicQ commands,

Q Command Definition
@QSTART command file to initialize

@QSTOP

QCM

QCOPY

QCT
QDT
QEN

Q

QF1
QKI
QNAMCR
QNAMDE
QNAMLI
QNT
QPA

Q
QRU

QST

QSU
QTR

the Q system
command file to shut down
the Q system
logscmmmentto consoleand
tape (if enabled)
copies a Q tape t@rom a
disk file
clcmeaout a tape
disabka output taping
enables/disat)le events in
trigger module
re-enablesoutput taping af-
ter QDT command
finishesa run
kills the Q system
create a Qname
delete a Qname
list definedQnarnes
starts a new tape
changesanalyzer processing
status of events
resumesa suspendedrun
to start a run format: QRU
run# ,comments
reports Q system status
information
suspendsa run
triggersan event in the trig-
mr module .
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Table 2.5: QANS.COM

$QNAHE:== E1140
$HYANL:== [mlom.mllM.MMyzmlQ~s87
$UYHsr:== 250000
$HYDIR:== SY:
$HFNAH:== E1140.HST
$TFrun :== E1140.TST
$HODE :== DATAACQUISITION
mm :== IIH
$BDO :== QLAS87
$TRIGC:== 2
$llUON :== 21
$HBDBU:== 1500
$- :== 6,8,9
$HYPRO:= 6,?8

.
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Tab’: 2.6: Selectedportions of E1140.TSI’test file.

;P3-Eaat -- Large AcceptanceSpectrometer Hi@ energy DCX
.

h: 150/BL:3/IC:22/IB:10
.
;Loa( ,1
.
b

; PID (Particlo ID) bOX

i
19,1BOX,1,
24,10R,1,-1,
.

iLOC2(,2,
.
&,AND,26,26,
34,AKD,29,30,
35,AMD,27,28,
3&,AKD,31,32,
.
;7,AIUD,33,34,
38,AKD,35,36,
.#
;TARCETTESTS
65,CAT,233,-600,500,
66,CAT,234,-1500,MO0,
67,CAT,23S,-800,2000
68,CAT,236,-1500,1500, ;68
.$
;CATESANDBO~
.

~9,1Box,6,
80,1BOX,7,

& ,IGATB,1,
M,ICATE,4,
86,1CATE,6,

;19
;24

;33
;34
;35
;36

;37
;38

;65
;66
;67
;PHITOT

;BOX1 -> PID
;LOOPICOURTER

;front x’s OK
;front y’s OK
; roar XDS OK
; rear yso OK

;all front OK
;all rearOK

;XTOT
;Iln7cr
;VmT

;79 ;BOX6
;m ;BOX7

;81 ;ICATE1
;84 ;MATE4
;86 ;IOATE6
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Table 2.7: BaaicHPL commands,
HPLCommand Definition

/AU carriagereturnsame as /SH
]BO:#m:xmin:xmax:ymin:yrnax
/CL[:n][:ail]
/DE[:n][:all]
/Ex
/FI:tak
/HC

/LI
/MA
/MA:xl:x2:...:xlo
/M.\:#m:x
/MA:CU
/-MA:ml:m2:...:mlO
1-MA
/SQ
/ST
/ST:CU:n

/-ST:nl:n2:...:nm
/-ST
/WAwal
/AD:iaddx:hiddy
/AN:xl:x2:yl:y2
/AN:CUraor
/BP
/D1
/-DI
/ER
/LO
/-LO
/NE
/ov
/SH
/vP
/X:low:high
/Y:)ow:high

to set-markerbox
ciearhistograms
deietehistograms
examine disp]ayparameters
fit data with programts!,
makehardcopyof screenon iaser
printer
list histogramparameters
listset upmarkers(1-P histoniy)
put markersat x=x1,x2,..,xIo
put markerm at x
set up markerswith cursor
deietemarkersml,m2,...,mlO
deleteall markers
squarevectors(also /SV)
iist indirectgates or boxea
set up indirectgate or boxn with
cursor
delete indirectgat~ or boxes
deieteallindirectgates or boxes
waitVIIIseconds
rebinoutput
caic areas,moments
usecursorto definelimits
barpio~
get histogramhorndisk file
get histqram fromcore
erasescreenbeforeplot
logarithmicz scale
linearz Sc81e
shownext plot
overlayplots
drawplot
Va%orplot
selectx data valuesto plot
selecty data valuesto plot

/Z:low:high set z scaleto givenvtdues
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Table 2.8: Szlected portions of El 140.HSTfile used to define
experiment histogram.
; [HP1OREP.EXP1MOIOXPMO.Ilxt
;P3-EaDt -- LASHi8henergyDCX

;VE:NO
/DE:ALL
/BL:l/OV:-l/DF

jvE:BR
/DE:ALL
/BL:l/OV: -1/DF
;
XTOT/XP:233:-1600:1500:5/TE:46
T~CT/XP:234:-2000:2000:10 /TE:46
YTCT/XP:235:-1000:1000:6/TE:46
PHITCT/XP:236:-1006:1000:10 /TE:46

&CHK/XP:237:-1000:1000:2 /TE:46
PHIClfK/XP:238:-200:200:2/TE:46
THTS~/XP:247:-2000:2000:10/TE:46
TNSC4/XP:247”-2000:2000:10/TE:84
THSC5/XP:247:-2000:2000:lWTE:9S
.

k /TE:94/XP:246:-5000:10000:10

kl /Xp:23:-100:1200:4/TE:44/bl:1
LRX2/Xp:24:-100:1200:4/TE:44/bl:1
LRyl/Xp:25:-100:1200:4/TE:44/bl:1
LR@/Xp:26:-100:1200:4/TE:44/bl:1
LRX5/Xp:27:-100:1200:4/TE:45/bl:1
LRX6/Xp:29:-100:1200:4/TE:45/bl:1
LUy5/Xp:28:-100:1200:4/TE:45/bl:1
LRy6/X~:30:-100:1200:4/TE:46/bl:1

&ER/XP:258:-100:1000:10/TE:93
RF /TE:93/XP:44:600:800:l

&XP:17:O:4000:10/TE:O/BL:1
s2N/xP:18:o:4000:lo/TE:o/BL:1
s3P/xP:19:o:4000:iom:o/BL:l
s3N/xP:20:o:4000:lo/TE:o/BL:l
Pm/w:m:o:m:40/w:m:-tw:m:m/m:l/m:o
TOF/XP:260:-100:2000:S/BL:i/TE:O
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Chapter 3

Data Analysis

3.1 Replay Procedures

Muchof the same methodologyused in softwarecalibration beforean

experiment starts is used during the replayof the data. Off-linereplay of data

allows the experimenter to fine tune the calibrations run by run. Chamber

calibrations can change duting an experiment. As the incident pion energy

changes, certain timing signals will shift. It is newssary to replay each run

carefullyand notice when these changesoccur. The solution to these problems

usually involvesm-calibratingdrift timesor movingan indirect gate cx box. In

this experiment, it was possibleb replay the delta scan to improve the delta

polynomialand consequentlyimprovethe energy resolutionof the spectrome-

ter. The delta polynomial is used for calculatinghow particles track through

the spectrometer when it is set for differentb values.

Another term that is lookedat during replay is MMYT,missingmass

plotted against YTGT. The MMYThistogram should show a linear, vertical

correlation, u shown in Fig. 3.1. The first calibration is made by correcting

for the horizontal momentum dispersionacross the target. This is done using

a heavy target and adjusting the dispersionterm, R78, in PRM. UsingaPb,

the horizontal momentum dispersionwas found to be,

= o.5%/m (3.1)

47
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where ph~ is the momentum of the beam, measuredat a horizontal (y) p(>

sition on the target. To do this, in software, the trajectory of the scattered

particle is projected back to find whereit intersects the target, this position is

?fTGT. The scattered particlemomentumis foundby measuringthe bend angle

in the spectrometer, With the beam and swttered particle momentums,along

with the scattered particle angle, the kinematicsfor the tw-body interaction

in the target can be reconstructed.

There is alsoan angu)ardispersionacrossthe target, dE/&j. By look-

ing at MMYT for a light target, such as ‘H, term 235 (PHIBM) in POL.DAT

is varied to removeany further correlations.

The backgroundlevelsfor this experimentare verylow. Proton, muon

and.electroneventsare easilyeliminatedwith hardwareand with softwarecuts.

The IH normalization runs have a fairly oonstant background which can be

easily approximated. After these calibrations, all of the events are replayed

and the histogram filesare summed.

It is important ta watch for systematicerrors. The digital voltmeter

(DVM)that wasused to set the LASdipoleshunt voltagewasonly accurate to

twodecimalplacesduringsomeruns. Forthismason, only rum wherethere had

been no change in the LASdipole fieldweresummed tqether. Normalization

runs were taken before and after each serk of DCX runs so that the beam

conditions wouldnot changeappreciably.
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3.2 Normalization and Calculations

The DCX differential cross section measured in this experiment is

basically a measureof the probability of the reaction ls~(n+, ~-)I~Nc(DIAS)

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

(3.2)

where N~is the number of incident particles in the beam, N&is the number of

target centersper unit area, fl is the solidangleseenby the detector, and dcr/d42

is the differentialcross section. The basic geometryused in this description is

shown in Fig 3.2. We can solvethis equation,

duN.
~ = Nb● Nc● ~

(3.3)

where,

Nt = n x h/m2)—— X6.02X IOm(mof-*)X 10-n(mn2/m4)
A4(g/mof)

(3.4)

with p being the target denaity, A4, the atomic mass of the target material,

and n, the number of target atoms in enchmoleculeof target material. For an

H2160target, used in the reaction lsO[z+,fi-)18Ne(D1AS),the total *mic

mass is M = 20 and since there is one 180fm every H2180molecule,n = 1.

In thi:~experiment,the DCXruns werenormalizedto hydrogen,which

has wellknowncrosssections. The thin ion chamberwasused to normalizethe

DCX runs. It assured that changesin the beam conditionscould be factored

out. For each run a NORMwas calculated,where

NORA4=~ (3.5)
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(3.6)

t9c@t=

CE =

LE =

LT =

SF =

em=

Angleof target to beam

Chamberefficiency

Numberof loopsper event

Computer livetime

Survivalfhction of pions

Solidangleof spectrome@r.

The calculated NORMcontains informationon solid angle, as wellas incident

pion flux. It alsocuntains informationon the charnberefficiencies,whichrelate

charged particle rates in a chamberwith the ability of the chrnber to process

information. Therefore, by taking the ratio of NORM valueain the normal-

ization procedure, it is not nemssaryto qxcifically calcuk the solid angle of

the spectrometer, sinoethey cancelout.

The differentialcroaasection (in the lab krne) is therefore,

du ()b = Yiddw~ ~ pH/~H—— x on x lo@Zib G Yiddn @80/hfIq) mb
(3.7)

where,

Yield = NORJU Y;(peak counts)
9

(3.8)



7kff/MH = 2/14(g/mof)

nl%/Ma~o= l/20(g/d)
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(3.9)

(3.10)

therefore,
do

()

@ = Yzefdt%~ 40PH 3*
~-fab W y2eidH

— x ~Jj X 10 —
14plq) ?nb”

(3.11)

The peak countsare taken fromthe ground state peak in the missing-

mass histogram. Missingmass is also called the –Q of the reaction and is

determined from the kinematics. Since this experiment could not resolvethe

ground state (DIAS)peak fromother low-lyingstates, a 7 MeVgate wasplaced

around the prominent DIAS peak for q = O,summing the 0+ and 2+ states.

The 0+ and 2+ states are smoothly varyingand it has been assumed that any

enhancementof the crosssectionwouldbe evidencedin the sum of these states.

There is also a possiblecontribution 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 nurrdxr 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 q = O case. Fig. 3.3 shows how this

was done. The hydrogenmissing-masspeak was very prominent, as shown in

Fig. 3.4. The background level was small and constant, therefore a linear fit

to the background was sufikient and the background were subtracted. With

the NORM valuesand the numberof counts in the hydrogenand DCX peaks,

and using Amdt’s valuesfor aH from the phase shift analysis progmrn SAID

[Ar-83],the last step in extracting the eras sectionswas to measure the areal

densities of the taqy%s. The valuesof UHhorn SAID are given in Table 3.1,

_ the SM92solutions.
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The 199] CHZtarget had an areal density of pH = 0.294g/cm2. The

CH2 target, used in 1992, had an a.realdensity of plf = 0.288g/cm2. The

IH(fi+,~+)lH rWtion WMm~ured for both the CHZand H20 targets in

1591. With the yields from these reactions, and knowing the areal density

of the CH2 target was 0.294 g/cm2, it was possible to cross-normalizeand

determine the areal density of the H20 target. Taking into account that there

were two windowson the 1-120target, each composedof & inch thick CI-12,the

yiekis can be written as,

yieldHz~ == 2 (~ in x 2.54(%)) x 6“0~~m1023(3.12);~l~ + fi 32( )

Yiel&H, =
2 6,02 X 10=

{pJj x l&7 “ (3.13)

Plugging Y = 0.294g/cm2 in(o the ratio of the yields, and setting this equal

to the measured ratio,

(3.14)

we then find, -

p,q)= 1.62(g/cw?)o (3.15)

Dividingthrough by the isotopicpurity of the J-IaO,the effectiveand density

becomes,

plso= L72(g/an~). (3.16)

To convert the crosssectionsto the oenter<~fwxw frame, the lab crosssection,

as givenin EqrI.3.11, is multipliedby the Jacob;kn. The Jacobian is calcdated

—



from the kincrmitics,whichare listed in

extract center-of-masscrosssections is,

do

()

pb Yaeld180 40/2/./
X2- G“ = yie!dH x 1fip18~
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AppendixA. The final form used to

~ pb
x UHx 10 —

mb
x JAC. (3.17)

1norder to determine whether the ion chamber was a good method

of normalization, comparisonwas made betweenthe ion chamber and various

beamline monitors. The ratio of IC/2ACM02is shownin Fig. 3.5 for 1991 and

in Fig. 3.6 for 1992. Runswith the same MSO1jaw settin~ are grouped with a

solid line in each figure. Only the data taken for 9 = Oat 350 MeVshowsany

problem. It was determined that all of the magnet and jaw settings were the

same for these runs and that the beam microstructure had changed. The thin

ion chamber was used as the most reliablemethod of normalizingthe beam for

these runs.

The statistical uncertainty is

counts in the DCXand hydrogenpeaks.

uncertainty in the crosssection is,

calculated using only the number of

The formulaused to find the statistical

—.

(3.18)

I%rther dkussion of the propagation of errors in functions is given

in Appendix B.

— —
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Figure 3.2: Crosssectiongeometry.

Table 3.1: Hydrogenmom sectionsfrom Amdt’s SAID,
using SM92solutions, for incident x+.

390 56.310 4.498 40.00 7.571
400 56.540 4.258 40.00 7.207
410 56.780 4.034 40.00 6.864
425 56.890 3.930 40.00 6.704
4m 57.010 3.827 40.00 6.547
430 57.240 3.634 40.00 6.249
440 57.470 3.453 40.00 5.968

—
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420 MeV.A 7-MeVgate wasset around the centroidof the g = OMeV/c DIAS
peak and the same gate was used for the other momentum transfers.
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Chapter 4

Fbsults

This experiment measured the excitation function for the reaction

s?..f,=‘-,n-)lsNe(DIAS) overan energyrangeof T%= 350+ 440 MeVfor fixed... ,i

woriltmtumtransfers of q=O, 105,and 210 MeV/c. Table 4.1 lists the center-

of-rrsss differenti~ cross sectionsand statistical errors, which were extracted

using Eqn. 3.17. Thk data tends to agr= with previouscross sections for this

energy regionwithin absoluteerrors of up h 20% [Gr-82,Wi-89],

The 180(r+, n-)18Ne(DIAS)center-of-massdifferentialcrosssections

from this experiment are plotted in Fig. 4.1. These results are plotted along

with previousdata [Gr-82,Wi-89]in Fig. 4.2.

The existence of an q-nucleusbound state should be evidenced by

a resonance structure in the excitation function. For this reaction, a peak

should be -n for the q = 210 MeV/c cross sections at 420 MeV. There is,

however,somediscussionabout the fluctuationratio and width of such a state.

No explicit calculations have been performed for the ‘80(rr+,x-)18Ne(DIAS)

reaction. Calculationshavebeen made for the ~4C(n+,x-)~40(DIAS) reaction,

and predict a width of s1O MeVand a fluctuation ratio of x79 %. Noeffectof

this order is seenin the crosssectionsmeasuredby this experiment. !3ecauseof

the higher density of states for 160than for “C, a width greater than 10 MeV

is expected. Chiang et al., predict that the width of the qN bound state for

60
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Table 4.1: lsO(x+,r-)]sNe(DIAS) center-of-massdiffer-
ential cross sections (pb/sr) using a 7 MeVgate.*

T. du)dfl

(MeV) q=O 9=105 q=210 MeV/c
350 3.76A 0.30 0.47 * 0.04
390 2.2740.20 0.44 * 0.04
400 2.32* 0.16 0.41 * 0.05
410 2.19* 0.17 1.28* 0.13 0.40 + 0.03
~1~ 2.21* 0.36 0.37 * 0.06
420 2.63~ 0.20 1.01A 0.14 0.38 * 0.03
430 2.81~ 0.31 1.15* 0.13 0.50 * 0.06
440 1.97* 0.32 0.38 * 0.06

a For absolute error add 10%in quadrature

a nucleus like oxygenwiIlbe around 30 MeVor larger [Ch-91]. It is expected

that the inability to resolvethe 0+, 2+ and possibly 4+ states could lead to

further wideningof a possibleqN bound state [Li-92].

A smoothly varying function is expected for the g = OMeV/c exci-

tation function, and there seems ta be nearly as much structure observed in

the g = OMeV/c cross sectionsas there is in the q = 210 MeV/c data. Pre-

viouslymeasuredcrosssectionsin this energyregionshowedno such structure

[Gr-W, Wi-89]. The previousdata for this region, however,was taken in 50

MeV steps, and may have missedsome structure. Most of the experimental

errors have ken discussedto this point. Although the chamber efficienciesfor

thp wire ch~bem have been taken into account, the chamberefficiencyof the

...... ~onchamber, from run to run, has not been included. Fig. 4.3 showsthe

ratio of the calculated yields from hydrogen normalization,runs for jaw set-

tings of MS(H= 4 and 6 cm (1991data). Severalof these points vary from the
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expected value of 1 by more than the statistical error. The systematic beam

normalizat~onerrors can be eliminated by taking the ratio of the q = Oand

q = 210 MeV/c cross sections, This ratio is shownin Fig. 4.4.

Fig. 4.4 seemsto showsomestructure at the q production thresholdof

420 MeVas wellas at 350MeV.The data has been fit with a straight line with

X2/d.~.= 3.44, indicating the possibilityof structure in the region. A checkon

this method is to look at the ratios of the higherexcitation, continuum states.

This is done by taking a

ground state. A line fit ta

agreement with a straight

missingenergy bitt: of 23 Me? above the 7 MeV

this coninuumdata giveaX2/cL~.= 1.45. This chwe

line tends to confirmthat we are seeingcontinuum

events from a tw~step processas expected. This flat energy dependencealso

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

There has been somediscussionas to why the 350 MeVground state

data is higher than the other points. One suggestionis that as you go down

in energy to 350 MeV, you are getting closer to the (3,3) resonance energy,

and the pion-nucleuspotential growsstronger as the pion absorption radius

increases. Suchan energydependenceshould,howewx,showup in the ratio of

the continuum states. Becausethem is no such dependencein the amtinuum

states, there is no evidenceto suppor~this assumption.

There seemsto be no rwaon for rejecting the 350 MeVdata. Careful

comparisonbetwtxmbeamlinemonitorsand scalerstends to support including

this data as long as it is normalizedto the thin ion chamber.

One other suggestion,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 crosssectiondue to the openingof a newreaction channel,

in this case the q channel. This effectmay possiblycontribute to the observed

structure, howeverthere is no wayto determine the extent of its contribution

from this data set. k is doubtful that a cusp effectcan explain the enhanced

q = Ocross section at 350 MeV.

There is evidenceof somestructure in the ratio of the q = Oand q =

2i0 MeV/c crosssectionsnear the q production threshold. There is insufficient

evidence to attribute this structure to an qN bound state for this reaction.

Because of the statistical precisionof this measurement, only a qualitative

characterization of this structure is possible. The structure centered at 420

MeV has a maximum fluctuation ratio of N 60%and a width on the order of

25 MeV.

—
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Chapter s

Theoretical Cmsiderazkxw

5.1 Eta-Nucleus Bound State Z:& r I

TheqN intemctionhas beenshowntc)ktrm:veforni~~s 4>10.

It is predicted that this interaction could havr J i!np(h~t efkct on DCX

reactions for energiesabove350MeV.Tkm am -WOprimary channelsfor pion

DCX reactions in this energy range, T+ ~ # -+ x- and r+ ~ q ~ n-.

The x“ is in the continuum for this prncess,anL the q can exist either in the-

Continuumor in a strongly bound nuckr- state The mntinuum states have

a smoothly varying energy dependence.w&reaEthe bound state is predicted

to have a narrow width approximatelym urdel }fmagnitude smaller than an

unbound rN resonancelike the A resmumce,

An qN bound state is a doommystat{’-mid?* an -rgy depen-

dence to the cross section. An e~t .C -he mnss sections should be

evidencedin the excitation function rrmrthe TImxhuzzon thrcudd, which is

Tx s 420MeVfor the 180(n+,n-)19NeCl&lq)~

68
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section for DCX reactions can be written as (Ha-87],

~ = (2m)4/@)/@ l(~j lum(w)l&y (5.1)

where,

k - ,, ;tid pion momentum(Cm.)

k’ == final pion momentum (cm.)

(EX(k)EA(ti)
p(k) =

E.(k) + EA(W))
c = distorted waveoperators in channelsa and c.

Becausethe q has zeroisospinand becausethere are an equalnumberofprotons

and neutrons in the intermediatestate, *SF,wecan take, ~~i~= ~i~ = O.The

DCX transition operator becomes,

Here @+)= (W – Jffj - ~J -+it)-’ is the Green’sfunction in some channel j,

where W = E.(k) + lil~(ti) is the total energy and Kj is the channel kinetic

energy operator for the channel. The ordy ~ space contribution in our energy

range is due to true meson absorption, which is small. Also, the a and c

chanxielsdifferby two uni= of charge,so I&s Oand the many-bodyoperator,

v. = v= + v~(w - I(Q - VW+ ic)-’v~ -0. (5.3)



70

Therefore,
~ ~d,~b+)n,o + V+G:)Vbo

Ua– , (5.4)

where ~~jare the meson-nuchmnt-matrices The Green’s functions can be

demmposed,

In these equations, a represents the extra quantum numbers needed to for the

intermediate states with energiesE&,and P represents the qN bound states

with energiesEfl, and widths r;. The secondterm in ~~) is used describe the

formation of the qN state. And, I@)(Vi and 1#)(*I are projectors constructed

from the scattering and bound state wavefimctions.

In order to estimate the widthofan qNstate it is neoessaryto evaluate

the q-nucleusoptical potential. The lowest-ordernN optical potential results

from interutions with a singlenucleon[Gi-85a].Thispotential is proportional

to the density, p.

and proportional

interaction is not

sinoeMv~ 4MU)

Higher-ordereffectsare caused by two-nucleoninteractions

to ~. Unlike the low-energynN optical potential, the #

important for the qN optical potential [Ha46]. This is true

makingq absorption less kinernaticallylikely.

The@ optical potential bemcalcuiatedfor the “C(fi+,z-)140(DIAS)

reaction. The predicted resonanm effect has a width of* 11 MeV centered



at Ts = 419 MeV with a fluctuation ratio of z 79%for a momentum transfer

of q = 210MeV/c. The solution of the qN optical potential becomes much

more complicated for the 160(rr+,rr-)~8Ne(DIAS)reaction. Measurementsof

the width and fluctuation ratio of the ONresonancefor this reaction should

,yieldinfo~ation on the qN interaction and lead to a better understanding of

the qN potential. The results of this experiment estimate the width of this

resonanceas N 25 MeVand the fluctuation ratio as z 60Y0.

This sectionisonly interhi as a brief introduction to the formulation

of the DCXcrosssectionand the qNinteraction. Muchof this workcomesfrom

the reference [H&87]. Additional sourcx.sof information can be found in the

references[Ha-86,Ch-91].

5.2 The Compound Nucleus and

Early n-oq .wattering experiments

Resonance Effects

showed empirically that the
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referred to ss dummy stutcs, whichdecaypartly into open channelsand partly

through coupling to the internal degreesof freedomin the compound nucleus

[BA9].

Resonanceeffectshavebeenstudies in nuclearphysicsfor many years.

Resonancesprovidea wayof studying intermediatenuclearstates and interac-

tions that cannot be studied directly. The wellknownp resonam.w,5r exam-

ple, has been studied by making measuremeritson the reaction n+ N-* 2x+N

[Ta-72]. The A~/z~/Q(1236)is another well studied resonance, A prominent,

peak is seen in the total cross section for n + p at an incident pion cnqy of

T’ FU190 Mel’. This resonancmis shown in Fig. 5.1 for incident z+ and n-

[Pr-90].

The measurementof a sharp variation in the cross section at a ~

name energy,ER, h evidenceof a nmrly boundmetastable state. For a simpie

scattering reaction the scattering matrix is written,

s= (p’ pip) (5.7)

where

In general, if the poleof the S-matrix existsin the upper halfplane, {Jm(p) > 0},

it correspondsto a bound state with angular momentum/. A pole in the lower

half plane, {Ire(p) < 0), corrtxponds to a resonancewith angular momentum

L As the entrance channelenergy increases,a pole, on the threshold betvwm

planes, goes from being a virtual state, or resonance, b a bound gtate. If we

make the assumption tb the &natrix has a simpleisolatedpole in the lower
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Figure 5.1: Total crosssectionsforZNscattering= a functionofenergy. Taken
from iPR-90]. The AaJut2 resonanceis shownat 190MeV.
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half plane, we can write it as [Ta-72],

s = 1– --
iA

h – ER+ iI’/2 (5.9)

the n x n open-channel~-matrix, where ER is the remnance energy, r is the

width of the resonance,and A is the residuematrix for this pole. This form of

the ~-matrix is also based on the assumption that the behaviorof the interac-

tion amplitude is similar to the Bttit- Wignerform,

(5.10)

for E near ER. Here o represents the entrance channel, d represents the exit

channel, and the residue, a~o, is constrained by the requirement that S be

unitary. The possibleresonanceshapes for this simple formulation are shown

in Fig. 5.2 for an isolated pole at ER– ir/2 for the entrance channel. The

solid lines represent total cross sections, ah, and the dashed lines represent

the elastic cross sections,u~lfor angular momentumL

At the thresholdenergy for the openingof a new reaction channel, it

is also possibleto see an enhancementto the partial crosssections in the shape

of a cusp or rounded step, as shownin Fig. 5.3. This occurs when the partial

cross sections are coupled to the nuclear *wave state by angular momentum

and parity conservation.

This section has been a brief introduction to the terminol~ used

to describe the compound nucleusand resonanceefkcts. A mm formal and

in-depth discussionof scattering theory and resonancescan be found in the

references[Ne-82,R067, Tw72].
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Figure 5.2: Possiblen330nanceshape8fbr an isolatedpde at ER- ir/2 for the
entran~ duumel (Tm72].
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Thre~l~old Effects
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Figure 5.3: Cusp androundedatep shapesdue ti theopeningof anew reaction
channel[Ne-82].
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Appendix A

Kinematics TWles

Table Al: *60DCX kinematicsused in E1140.

TX(MeV) ey ev ~(MeV) p~b & l/~c(ns/m) JAC
350.000 25.86 26.58 343.62 462.60 0.957 3.484 0.950
389.853 23.73 24.45 383.47 504.08 0.964 3.461 0.946
399.853 23.25 23.97 393.47 514045 0965 3.456 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 23.07 413.47 535.14 0.968 3.447 0.942
429.853 21.93 22.65 423.47 545.47 0.969 3.443 0.941
439.853 21.52 22.23 433.47 555.79 0.970 3.439 0.940

—

Table A.2:Hydrogenkinematicsused in E1140.

TX(MeV) &’ ~~ ~(MeV) p~- d. l/vc(ns/m) JAC
350.000 40.00 *.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 471000 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
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Appendix B

Error Propagation

This sectionis intendedas a briefsummaryon howerrors werepropa-

gated for this experimentand on howto prGpagateerrors in a generalfunction.

The onlyerrorsquotedforthis experimentare statistiad, Forabsoluteerrors,

it is necessary to add 10%in quadrature. Moreinformationon error analysis
●

can be found in the reference[Be-69].

In general,whenyou want topropagateerrors in a function (assuming ‘

that there is no covariancebetweenvariables)the varianceis givenby:

“’=U’(3+U%Y+””*
The followingare speciilcexamples.

Addition or Subtraction

Multiplication

Z=uv
.:= (.’+?+?

73

(B.1)

(B.2)

(B.3)

(B.4)
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Division

Powers

Elcponentilds

Logarithms

x == Ulv

~2
z= (O:jl? + (@?) 1?

z = ain(+k)
Uu

ff= = a—
u

(B.5)

(B.6)

(B.7)

(B.8j

(B.9)

(B.10)

(Btll)

(B,12)

(BS3)

(B.14)

@.15)



Appendix C

Dissertation Publications

Publicationsresultingfromthis workam:

Search foranqboundstateinpionDCX on180

(Thispaperwassuimittd to Phys.Rev.C on Nomnber5, 1992.)

..
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Searchforan q boundatatein pionDCX on 180

J. D. JohMor#J,G. R Burleaon~4J,C. EdWardEf5),M. E1-Ghoeadt#),

M. A. Eap#5),R. Garnett@), A. HuIxJr#), K. Johmon(l), C. F. Moordl),

C. L. Morris(s), J. M. O’Donnell@),M. Ptdarcayk(”l,M. kNVU01-StdliVar#3S41,

H. Wbd(l), D. Watu@, C. WidtIay(lJ,and A. L. WilhrmI(@

(I) me uniw~~ of‘1’ex~at Auatin,AIMin,~ ’712

01 Wg F’a&iuni~ty ofpetrole~nandMinera&,Dhahrart31261SaUdiArabia

(~)~ Al~oIIJN~iOn~Laboratory,Im Alarnoe,NewMexico87545

(4) NewMexicoStateUniwraityLaoCruaYI,NewMdCO~

0) univmi~ofMirtnalo@Mb~lis, MiIUMSOW~

W wvcmityt)f I%ttrteyhuti%PbIladelpi@I%nruyhmth~gl~

(fl u~=ity~yo~ yorkYoMDI), Urhd Klrtgdom

Thoaauchform eta bundtite intbeLXX n-., WY T+ )“ %(I)IAS) hul

beencurkdoutu MMPF- tbeF CIIMMIIAIIII.,= L& qmtrumter. Anex-

citationfuxtionb ;hhreactionvfmrrBUId forenagiurmglngfmm220MeVto

440MeVandfarmmenturntmnsfmof0,105ard210MeV/c.TIMnmumneda

S40rJlltendtoegreowitbprehlMrraulbfmDcw51 ~o.’nte UrSad memtknt

fumcwrlSllOummom~ brdzIIcMm- tltaam produabatbrahru

PACS~ “2&#l.c?&27.20+rl
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Coupled-channelcalculationsbyIll@~c I “~- !WWIIthal thet)N interuxionis

attractivefornucleiwithA~12(i\. Itaw.: SU.AAEE c.- daiderand Lh@jhavepredicted‘,.,. .-

that a boundstate betweenanetAIUIUantsmu:my uc r an an internwdlatestateinpion

doubledmrgeexchange(DCX).SudIane&ecLwtm= aopetewith #1 andq channelnin the

continuum.Theexistenceofeuch* mesicnucleuawouldleadto a reeonancelikestructure

h theDCXexeitationfunctbnatfixedmomectumtmnefer,dueto theirterferemxbetween

theeechannels.Calculationmadeforthereaction‘QC(Z+,X-)~60(DlAS)predictthatthin

structureshouldoccurwith B fluctuationratioof (a- - ~*)/a-* * 70%for lxx

reactioneata momentumtranakrofq = 2:OMeV/c[2J.Itahouidoocurattheeta prcxhdon

threaholdwithawidthon theorderof 10MeVandW totheemoothlyvaryingeontimtum

amplitude.It ehouldbe notedthatbecaueaof the greaterIevddeneitymm~ to W,

the fluctuationratiofor1~0~ beemalkr.Cb&ngd cf.,pn?dictthatthewidthof the

etaboundetate!br anucleuelikemygenwINk around30 MeVorlar#ex13).If thewkith

ielargerthan the10MeVpraflctadfor IWthenthefluctuationratiowillafaobeerndkr.

HaiderandLht[2]notethat if thewidthlaa factorof fourgreaterthanthefactorof 10 MeV

e, thetluctmth ratioahouldstillbe * 20%at~= 210.MeV/c. Forthe r~im

MO(X+~- )UNGthe em th~~ occurawhentheetaisboundin the fit U*U mbl~9

of ‘eF[2].Takingti namuntthe exchtion energy@the 1A3 (T=l) state in **F, the

reeonancedkct shouldbeeeeu at 420MeV.

Liebetd.[4],h-waeuIpaeatbkevkkxeof an eta bound atate btn studh of the

reactionA(x+,p)?@-1. ~OWV15,~rien d d[6], tbundnoevidenceof the creationof an

eta boundatate withwidth-9 MGV,buttMr upperI&nlt,fors~uctuationratio~of

thepsedicted*, 4 largertbaathatathnatdIyL!U.me paperKepxteea attemptm

3
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confirmthisnewtypeof nuckarmatterwithanexperimentat LAMPFdevkedMIaeanh

foranq-nucleueboundstatein the DCXreaction‘80(z+,n-)We.‘f’heexcitationfunction

fm thiareactionw measuredformomentumtranefmof 9 = O,105, and210MeV/c for ●

energieerangingfromT== 350to 440MeV.

Thieexperim-weecarriedoutusingtheLargeAecqtrumSpectrometer(LAS)in the

F Eestchannelat LAMPF,aaconfiguredfor DCX meaauremente[6,8J.TIMP channel

was tunedfora cfieperaedbeamwitha beamapotof about2.5cm (horizontal)x 3.5 cm

(vertical)andan energyresolutionof O.15%,dekmringapproximatdy1 – 2 x 10’ pione/s

to theLASspectrometer.

The LASspatrometerconsbteofa Cmagnet,●quadrupokdoublet,a dipokmagnet,

tmmpairaofdriftchambem,aCherenkwdetector,andtm ecintillatom.Tornlnirnizernultiple

ecatteting,heliumbagewereinetal!d afterthe targetchanberand throughtotherear

chamber.TheGmegnet waaueedto ewep aweyprotonaandPoeitiwpionsandgaws 10°

horizontalbendtapartickawithmomentummatchedto theqsztrometer.The LASdipok

htu a 45° bend,an accqtanceof + 10%,a dkperaionof6p/p= 2 cm/%,anditsubtendsa

mmtimumaolidang)eof sw10mar.Therew one pairof delay-linereadoutdriftchnmbera

locatedbeforeand one pairafterthe dipok, whti were unedforpartkk tracking. The

gae threaholdCherenbv d~ amtainedkobutaneandme umd to dimhate dectron

eventII Tumecintilktorawre uaedto determinetime of 6gb forpartkk identifkatim.

The hardwaretriggarequiredthat bothadntiktomtirein coinddetn withdther of the

frmtdmrnbere.Theincidentpionfluxwumoniwai by ● thinionchamberimmediately

U@realnof tbe targetdlanber. Memuremertte ~~ outbothin 1991and IW.

The ~ wasIlqaidH@ withan ieotopkpttritykc ‘O of94%. T&eaeth aresof

4
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thetergetmeneured6.66cm(horizontal)x 7.56cm (verticel),and thetergetwindowswere

madeof O.ISS&cmCM. By ueingbothCHSend ’00 tergetswith hydrogenkinematics,it

was~ble to croemormdze endexperimentallydeterminethe‘SOterget ered deneity.

Aftertekingirlo accountthe isotopicpurity,the ‘COared dendty wae 1.72g/cm’. The

CH2rued deneitywee menuuredto be 0294 and0.2&lg/cmaforthe IW1 and 19$2rune

respectively.

DCXrunefor thereactionIW(fi,ir-)18Newre @kmet 5° (q= O)end forfixedme

mentumtrenafereof 9 = 105end210MeV/c. Nonnelhhn meesuremrnuweremedefor

DCXrtment eachenergyusingthe CH2terget with hydrogenkinematicset 40”. Normal-

izationruneeta perticuhuenergyweretekenbeforeor afterthe DCXruneet that energy.

The only diKerenczbetwenDCXrum

tergetengkaand beamlinejaweettingp.

determiningyielded mtiione.

et a pertkulerenergyme theelectrometerand

Thbshouldbeacodetentandrobuetmethodof

The craeeoectionforthelow-lyingV etetein 4) kreeeeseignifleedywithIL@

relativeto theground6tate,end thereb ebo ● Pomiblecontributionfrom● (0+,!8,4+)

tripletnear3.6MeV.Withenuqxdmentdredution of2.3 MeV(FWHM),it b notpoeeible

b reeolwthegroundetete (DIAS)km thelw-lyiugs-, thereforenoettempttoeepere&

threeet8* WMmede.Therwlte _ &e for q = O, mm obteined & eumming

oounte ineideof 7 MeVplaaederotmdthe0+ end2+etsteein the r.lesing-mu hietogram.

Forhighermomentumtrenefere,the munberofamnte in the@end2+ eteteedrop d

eignikntly,thereforethe numberofanmtein theseeteteeme determinedbyeettinga7-

MeVgeteirttheeemepmhbnwfortlwq= O-. Rg. 1S- mhln~mmehbtograme

fw ‘O fix q = 0,105,210 MeV/Gwiths ?-MeV@a eet es desdbed tie. Theerrmin

5
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uaingthiamethodtodeterminethe numberof countsis k than5%.Elasticscatteringof

%+on IHw= ~eWr~ at -h energyandabeo]utenwnwdizationswereobtainedfSOInthe

phaeeshiftprogmunofArndt,SAID[7J.

Thecalculatedcroeaeectionswerefouodto agreewithpreviouslypubliaheddatain this

energyrange[8,9],whichahmdidnotseparatethe groundstatefromadjamntstates. The

croaesectionsdeterndnedin thisexperimentarelistedin ‘IhMeI andplottedin Fig.2 along

withprtioualy publiahedremdtaforthe ‘00(%‘z- )“Ne(DIAS)reaction.

Systematicnormalizationerromcanbe reduced@ takingaratioofthe 9 = 210to 9 = O

MeV/ccrossaectiona.Beamnormalbationerroruwillcancelht thtaratio.A chedtof this

assumptionis providedby thedata in the unlmundregionof “Ne. Fortheeestates there

shouldbe no structure,aethe mechattbmitwolwdis clearlya twwstepprocess.The aol~d

circksin Fig.3ahowthisratiofora tnimingenergybiteof 23MeVabcwethe groundstate.

A fit to the data with a stmightline giwa Xa/d.\. = L45. Withinerromthinratio is a

mnetantfunctionof beamenergy.me ratiofor theboustd-etateregiofib shownIVsolid

~uareain Fig. 3. The fit to thedttta witha straightline g)vesx2/d.J.= 3.44,indicating

heremay & atructurein the eta threeholdregion.Unfortunatelythestatbtical precision

titthedataienot wd!kia$ to allowmorethana qualitatitccharacterizationofthkda%.

Themaximumfluctuationratiointhedata ia- 80%fw a peakcati.+wednar420MeVand

witha widthontheordaofZ5MeV.

ThbwxktisupportedbytheU. S. DepartmentofEnergy,tbekkt A. MkkltFoun-

datkn and theIUationalScienceRwn&tbnt.
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FIGURES

FIG.1. Mieai~-Masespectrain arbitraryunitaforthe reaction1~(x+,x-)18Ne(DfAS)at

420MeV.A 7-MeVgatewasnetaroundthe ax$roidofthe9 =0 MeV/cDIASpeakandthesame

gatewanumrifortheothermomontumtranafem.

FIG.2. Di&mtiial~ aectionafromthiaexpcrimemtaudpmvioualypublieheddata for the

reaction ‘O(%+,s-) 1sNe(DIAS).

8

FIG.3. Rationofthaq= Oad q= 210MeV/c aowaectbnaplotkd withbeatattaigbtline

fitaforDIASwxicontinuumotatea
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TABLBS

TABLEL Theux$er-of-rnamdiiTerentialcma sectbns (pb/er) for %(x+ ,x-)lsNe(DIAS)

wing a7-MeVgd.e,a

T= du/dfl

(MeV)

3s0

390

400

410

415

420

430

440

Q=O

3.76k O.W

2.27* 0.20

2.32+ 0.16

2.19i 0.17

2.21* 0.36

2.63* 0.20

2.81* 0.31

1.97* 0.32

q=los q=210MeV/c

0.47+ 0.04

0.44● 0.04-

0.41* 0.05

1.28* 0.13 0.40* 0.03

0.37* O.(M

1.01* 0.14 0.38* 0.02

1.15+ 0.13 0.50+ 0.06

0.33* 0.06
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