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Preface

SummarizedinthisreportistheprogressachievedduringtheperiodfromNovemberI,1992

toOctober31,1993 underContractNumber DE-FG05-88ER40459.The experimentalwork

describedinthisreportisinelectromagneticand heavy-ionnuclearphysics.The effortin

electromagneticnuclearphysicsisinpreparationfortheresearchprogramattheContinuous

ElectronBeam AcceleratorFacility(CEBAF) andisfocussedon theconstructionanduseofthe

CEBAF LargeAcceptanceSpectrometer(CLAS).The heavy-ionexperimentswereperformedat

theArgonneNationalLaboratoryATLAS facilityandtheUniversityofPennsylvania.Seventeen

undergraduatestudents,S.E.Atencio,A.Anderson,C.Cardounel,J.F.Crurn,G.Kline,M. M.

Mawicke,M. McGhee,B.M. McKccver,M. Nimcheck,R.G. Ohl,J.H. Rollinson,B.Sabloff,

S.Sigworth,C.Smith,A. S.Snyder,R.S.Trotter,andP.Woods participatedintheseprojects.

Inaddition,nurncrouscollaboratorsarcassociatedwiththiswork andarclistedattheendofthe

report.The PrincipalInvestigatorswould liketoexpresstheirsincereappreciationforthe

hospitalityandsupporttheyhavereceivedfromalloftheircollaborators.

M. F.Vineyard,G.P.Gilfoyle,andR.W. Major

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Governmentnor any agency thereof, norany of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus,product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Governmentor any agency thereof.
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Abstract

We propose to measure inclusive rI photoproduction in nuclei (2H, 3He, 4He, 12C, 58Ni,

208pb) over the photon energy range k = 0.8-1.5 GeV. The experiment will be performed with the

CEBAF Large Acceptance Spectrometer (CLAS) and the bremsstrahlung photon tagging system in

Hall B. The neutral mesons will be detected via the 2_,decay mode. These measurements will

provide important information on the T1Ninteraction and nuclear-medium modifications of N*

resonances.



I. Scientific Motivation

Over the last fifteen years, significant progress has been made in understanding the pion-

nucleus interaction. However, very little information exists on the interaction of the next simplest

meson, the eta, with nucleons, and almost nothing is known about its interaction with nuclei. The

study of the 11meson shares many of the motivations of the study of the pion. Just as the pion

studies have provided extensive information on the A(1232) and its dynamics within the nuclear

medium, the investigation of the ¢1,with its isospin selectivity, should enable us to obtain a similar

understanding of the Sl1(1535) and other isospin-1/2 N* resonances. In addition, due to the lack

of rt beams, the production of 11mesons in nuclei will provide important information on the TI-

nucleon and Tl-nucleus interactions. Reactions induced with photons are particularly suitable for

these studies because photons probe the entire nuclear volume.

The current understanding of the photoproduetion of 11mesons is based on a rather sparse

data set. Most of this data is 20 years old [1], with the exception of two more re.centmeasurements

[2,3]. The data base will soon improve, however, as extensive photoproduction measurements [4]

are planned at CEBAF. These measurements will be complemented by an electroproduction

experiment [5] at CEBAF to study the Sl1(1535) and Pll(1710) resonances which are the only

nucleon resonances of mass less than 2 GeV with significant ¢1decay branches. The results of

these upcoming experiments should improve our knowledge of the elementary (%TI)process

significantly.

Attempts to describe the elementary amplitudes involved in the ('lf,TI)reaction have focussed

on several different theoretical approaches. In one approach [2,6,7], the process is described in

terms of known nucleon resonances and a phenomenological background. This model contains a

large number of parameters which must be determined from fits to the available data.

An effective Lagrangian method has been used by Benmerrouche and Mukhopadhyay [8].

This approach has fewer parameters to be fitted to the data. They found that the reaction was

dominated by the excitation of the S11(1535) resonance, and they extracted a value for the helicity

amplitude A1/2 which is compatible with quark-model estimates [9-12].

Bennhold and Tanabe [13] developed an isobar model for ¢1photoproduction on nucleons by

using the gN --->gN, gN --> gxN, and xN --_ TINreactions to determine the hadronic vertices, and

the pion photoproduction reactions to parameterize the electromagnetic vertices. The 11



photoproduction amplitude was then used to estimate the cross sections for coherent and incoherent

rl production on several nuclei. The model was later extended [14] to include Born terms in the

elementary production amplitude. The results of these studies indicate that coherent and incoherent

nuclear cross sections are on the order of several 10 nb.

In a series of papers by Liu and eoUaborators [15-17], an isobar model was used to study the

11interaction with hadrons. This model predicted an attractive )IN interaction and indicated the

possible existence of bound tiN states in nuclei with A > 12. In the most recent of these papers

[17], the authors conclude that the widths of these bound states may be rather large.

Very recently, Carrasco [18] performed a theoretical study of inclusive 11photoproduction in

nuclei. In this work the many-body calculations of the N*(1535) width of Ref. [17] for the case of

bound 11states was extended to the problem of rl propagation through nuclei. The inclusive 11

photoproduction cross sections through the excitation of the N*(1535) resonance were calculated

with a model which incorporates nuclear-medium modifications of the N*(1535) decay width,

Fermi sea effects, and final-state interactions. The photon energy dependence of the cross sections

per nucleon on 160 and 208pb are shown in Fig. 1. The dot-dashed curves shown in the figure are

the results of calculations with the impulse approximation. The dashed curves are the nuclear cross

sections which were calculated taking into account changes in the N* width, Fermi motion, and

Pauli blocking effects. The solid curves are the results of the full calculations which also include

final-state interactions. As can be seen in the figure, rl mesons can be produced below the

production threshold on the free nucleon (k = 709 MeV) due to the Fermi motion of the nucleons in

the nucleus.

The target mass dependence of the cross sections at k = 800 MeV calculated with this model

is shown in Fig. 2. The cross section is found to increase as Aa with a = 0.6. This behavior is

similar to that found for n0 photoproduction on nuclei in the A-resonance region where the A-

dependence was described by (_A*_A0'66 [19], and indicates that particles produced in the interior

of the nucleus have a small chance of escaping. In fact, Carrasco reported [18] that, according to

his calculations, about 40% of the 11mesons are absorbed before leaving the 160 nucleus, and

about 65% are absorbed in the case of 208pb. The number of _ mesons which are rescattered

before leaving the nucleus is calculated to be about 9% for 160 and 13% for 208pb.

Shown in Fig. 3 are the differential cross sections (d2¢_/dDAPrl)calculated by Carrasco [18]

for 160 and 208pb at k = 800 MeV and 0 = 25" before (dashed curves) and after (solid curves)



final-state interactions. The inclusion of the final-state interactionshas a greatereffect on the

magnitudeof the cross sections than it does on the shapeof the distributions.

Thecalculations discussedabove show that both final-state interactionsand nuclear-medium

modifications are important in inclusive 11photoproduction in nuclei at energies around the

$11(1535) resonance. Additional theoretical work must be performed on the role of other

resonances and background terms in order to have a complete description of the reaction.

However,it is clear that measurementsof the inclusive (y,11)crosssection will provide important

informationon the TINinteractionand the nuclear-mediummodificationsof the S11response. In

fact, since the cross sections for coherent and incoherent photoproduction of 11mesons are

predicted [13,14] to be quite small (several 10 nb), inclusive measurements may be the only

feasible way to study the dynamicsof the N*(1535) in the nuclear medium. These measurements

arc necessary if furthertheoreticalprogress is to be madein this area.

At present thereis verylittle dataavailable on inclusive _ productionin nuclei.Most of these

experiments have been performed with pion beams [20-24]. Some of the results of this work are

illustrated in Figs. 4-6 taken from Ref. [20]. Shown in Fig. 4 is an inclusive (g+,T_)spectrum

taken on 12C at a beam momentum of 680 MeV/c. Energy-integrated (_+,TI) inclusive cross

sections plotted as a function of target mass are shown in Fig. 5 for three values of beam

momentum.The dotted curves shown in the figure are the results of Glauber model calculations

[25]. The TINtotal crosssection, which is the only unknown input in this calculation, was adjusted

to obtain the best fit to the data. A good descriptionof the mass dependence at all three beam

momenta is obtained with o(TIN)= 15 mb.This should be comparedto the lrN total cross section

of 34 mb at this energy. The 11Ntotal cross sections are displayed as a function of pion beam

momentum in Fig. 6. The solid curveshown in the figure is the predictionof the additivequark

model [26]. The resultsof this calculationare in rathergood agreementwith the data. The gN total

cross section, shown as the dashed curve for comparison, is clearly larger than the 11Ncross

sections over a wide momentumrange. The 11momentumrange of the proposed experiment is

indicatedabove Fig. 6.

It is importantto point out a disadvantagein using pion beams to makethese measurements.

Pion absorptionand scattering in the initial stateintroducesan uncertaintyin the extractedrlN cross

section which is not present in the photoproduction reaction. The effect of the pion initial-state

interactions is illustrated in Fig. 5. We have added the solid line to the figure to show the A

dependence of the cross section without initial-state or final-state interactions. This cross section



scales linearly with A. The difference between this line and the dotted curve for Oll N - 0 mb is due

to the _ interaction in the initial state. In the case of the photoproduction reaction, any deviation

from the linear dependence will be due to 11absorption in the final state.

The inclusive (p,_) reaction on nuclei has been investigated in recent experimental [27] and

theoretical [28] papers. The A dependence of the differential cross section measured [27] at a

proton bombarding energy of 1 GeV is shown in Fig. 7. The solid and dashed curves are the

predictions of a folding model [28] with and without 11absorption, respectively. The result of the

folding model calculation without 11absorption (dashed curve) has a gceater slope than the data.

This suggests significant TIabsorption in the nucleus. However, the. calculation with absorption

(solid curve) underpredicts the data, and the fact that it increases more slowly with increasing A

than the data indicates that _ absorption is overestimated by the model. It has been suggested [27]

that this is due to the fact that T!absorption is evaluated with the assumption that all TImesons are

produced at the center of the nucleus. The TINabsorption cross section used in the folding model

calculations was estimated by detailed balance from the _t-p --, Tinreaction assuming that both

reactions proceeds through the N*(1535) resonance. The resulting TIN total cross section (solid

curve) is shown as a function of the kinetic energy of the 11meson in the nucleon rest frame in Fig.

8. The dashed curve is the result of a couplexi-channel analysis of Bhalerao and Liu [15]. The two

results are in good agreement.

Recendy, experiments were performed at the Mainz microu'on (MAMI) to measure the

photoproduction of 11mesons from 1H,2H, 12C, 40Ca, 93Zr, and natpb in the photon energy range

600-790 MeV [29]. In these experiments the neutral mesons were detected with the Two Arm

Photon Spectrometer (TAPS), which consists of BaF2 arrays. The data are still being analyzed,

and only very preliminary results are available. Shown in Fig. 9 are raw mass spectra taken on

several of the targets. The hatched areas in the the figure are the _0 and T1peaks which stand well

above the background.

This brief discussion of inclusive _ production, though incomplete, shows that both the 11

energy spectrum and target mass dependence of the inclusive cross section are strongly influenced

by final-state interactions, and are therefore sensitive to the features of the tIN interaction. Further

progress in understanding the TIN interaction is impossible without much more extensive and

precise data on inclusive 1"1production in nuclei. The (Y,rl) reaction is particularly well suited for

these studies due to the absence of initial-state interactions.



We propose to measure differential cross sections for the inclusive (y,T1)reaction on 2H,

3He, 4He, 12C, 58Ni, and 208pb over the photon energy range k = 0.8-1.5 GcV. The

momentum distributions and the target mass dependence of the inclusive cross section will provide

information on the 11-nucleon interaction. Comparisons with the data on 11production from the

proton [4] will yield information on the nuclear-medium modifications of the I = 1/2 N*

resonances.

2. Experimental Procedure

The measurements will be performed with the CEBAF Large Acceptance Spectrometer

(CLAS) in Hall B. The data on the 2H target can be taken concurrently with experiment PR-89-045

[30]. The measurements on the 3He, 4He, and 12C targets can be performed concurrently with

experiment PR-91-014 [31]. Additional beam time is requested for the 58Ni and 208pb target. The

main features of the experiment will described in the following sections.

2.1 Beam

The reactions will be induced with tagged photons produced with the Hall B bremsstrahlung

tagging system. Using an incident electron energy of 1.6 GeV, the tagged photons will have an

energy range cf 0.8 to 1.5 GeV. This energy range will span from the Sl1(1535) resonance to

above the Pll(1710) resonance. For the counting rate estimates, the tagged photon rate has been

assumed to be 107 photons/s.

2.2 Kinematics

The momentum as a function of laboratory angle for 11mesons produced by photons with

energies between 0.75 and 1.55 GeV is shown in Fig. 10. The dashed curves correspond to

constant center-of-mass angles. It can be seen from this figure that the magic photon energy which

produces recoilless rl's is t_tween 0.9 and 0.95 GeV. This is the energy range which one might

expect to be most favorable for the production of bound states of the rl meson in nuclei.

2.3 Neutral Meson Analysis

The neutral mesons will be detected with the CLAS via the two-photon decay. A typical event



is shown in Fig. 11. The energy Ey, polar angle 0y, and azimuthal angle 0_,will be measured for

each photon. From this one gets the opening angle _ between the two photons and the asymmetry

parameter X, defined as

+ •

The 1] mesons will be identified from the 7Yinvariant mass

while the kinetic energy F_ and the polar production angle 011of the rl are given by the

expressions:

E_I= MII (1 - cos V}(1- X2) '

E_,1 cos Oyi+ E_ cos O_
COSO_ = +% +2 cos"

2.4 Acceptance

Since the 2y decay mode will be used to detect the rl mesons, the only detector components

of the CLAS involved in the measurements are the shower calorimeters. Monte Carlo calculations

were performed to determine the CLAS acceptance for these events. In the calculations discussed

here we have assumed that the shower counter coverage will be from 8" to 45" in six sectors, with

two additional calorimeter modules extending the coverage from 45" to 75" in two opposite sectors.

We will consider the advantages of additional shower counter coverage in a later section.

Shown in Fig. 12 is the r Imomentum versus 1 .ooratory angle for events accepted by CLAS

from a uniform distribution. The detection efficiency as a function of rl production angle at P_I=

1.0 GeV/c and as a function of 11 momentum at 011 = 0" are shown in Figs. 13 and 14,

respectively. The detection efficiency peaks at about 30% at 0rl = 0" and P_I - 1.0 GeV/c, and

decreases as the production angle increases or the 11momentum decreases until it vanishes at about

011= 70" or Prl - 0.2 GeV/c.
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The detection efficiency as a function of photon beam energy for photoproduction on a free

proton is shown in Fig. 15. The efficiency increases from about 4% at threshold (k = 0.709 GeV)

to almost 10% at k = 1.5 GeV.

2.5 Momentum Resolution

We have investigated the 1]momentum resolution expected in this experiment. This was clone

with Monte Carlo calculations which take into account the expected energy and angular resolutions

of the calorimeters. The momentum resolution for 1-GeV 1] mesons is found to be approximately

6% (Ol,/P). A cut on the asymmetry parameter X < 0.3 improves the resolution to about 4% at the

expense of 47% of the events.

2.6 Particle Identification

Monte Carlo calculations were also performedto investigate the particle identification which

can be achieved with the CLAS. A simulated mass spectrum calculated for two coincident photons

from photoproduction on a free proton at an incident energy of 1.2 GeV is shown in Fig. 16. The

_0 and 1] peaks are clearly discernible above the background which is shown as the dashed

histogram in the figure. The main contribution to the background is from the detection of two

coincident photons from different _s produced in the yN -->_%0N reaction. Other contributions

to the background are from the detection of two coincident photons from different _s from the

3_0 decay of the 1] (=,32%),and from coincidences between the y and one of the photons from the

n0 produced in the to -_ nOTdecay (--9%). The a) decay produces the background at large mass.

The background has been suppressed in the m_s spectrum displayed in Fig. 16 by excluding

events in which more than two photons were de_ected in coincidence. The different processes

contributing to the mass spectrum were weighted according to the cross sections [1] and branching

ratios [32].

Two simulated mass distributions with different cuts to suppress the background are

compared at incident photon energies of 0.8, 1.0, 1.2, and 1.4 GeV in Figs. 17, 18, 19, and 20,

respectively. The upper panel of each figure shows a mass spectrum generated with a simple static

cut on the opening angle between the two detected photons. The distribution jr. the lower panel of

each figure was produced with the additional condition that only two photons are accepted. It can

be seen from the figures that the two cuts together are quite effective at reducing the background at

10



all four energies. However, discriminating against events with more than two photons in

coincidence may bias the data by excluding processes such as yN ---)%l_0N.We will be able to

check this by analyzing both distributions. Also, it should be pointed out that a dynamical opening

angle cut can be applied to the data in the off-line analysis which should help to further suppress

the background. The contributions to the background at large mass are not present in the spectra at

incident photon energies of 0.8 and 1.0 GeV since the a) threshold is at I. 11 GeV.

2.7 Count Rate and Beam Time Estimates

.'P,,erl mesons produced wi,h monochromatic photons of energy k will be detected at a rate

given by:

NA
R(k) -- -_-. o_k), N_k)-(pt). _{k)-BR

where NA is Avogadro's number (6.022 x 1023), A is the mass number of the nucleus, if(k) is the

TIphotoproduction cross section, N_,is the number of incident photons per second, (P0 is the

target thickness, e(k) is the detection efficiency, and BR is the branching ratio for the 27 decay of

the 11(0.39).

In estimating the count rates, we have assumed a total tagged photon flux of l07 photons/s

with an energy distribution which decreases as 1/k. Using energy bins of approximately 100 MeV

resuks in seven energy bins going from 0.8 to 1.5 GeV for the 1.6-GcV incident electron energy.

With these assumptions we arrive at about 1.g x l05 photons/s in the 0.8-0.9-GeV bin and 1.1 x

l06 photons/s in the 1.4-1.5-GeV bin.

The elementary TIphotoproduction cross section decreases from approximately 15 }_bat 0.8

GeV to 1.2 _tbat 1.5 GeV [1], and we have assumed that the total cross section scales as A0.8. The

results of our simulations shown in Fig. 15 indicate that the detection efficiency increases from

about 4% at 0.8 GeV to 9% at 1.5 GeV. Also, we have assumed a target thickness of 1 gm/cm 2 for

each of the targets.

Listed in Table 1 arc the rates for the 0.8-0.9-GeV and 1.4-1.5-GeV energy bins for each of

the targets calculated with the above assumptions. The counting rates decrease by a factor of about

10 as the photon energy is increased from 0.8 GeV to 1.S GeV. At the calculated rates for the

deuterium target, we would detect more than 4.1 x l05 _'s at 0.8-0.9 GeV and 4.3 x l04 Tl's at

ll



1.4-1.5 GeV in the 500 hours previously approved for running on this target [30]. In the 150

hours previously approved for each of the 3He, 4He, and 12C targets [31], we will obtain a

maximum of 120,000 (y,ti) counts at 0.8-0.9 GeV on 3He and a minimum of 9200 at 1.4-1.5 GeV

on 12C. We request an additional 150 hours on each of the 58Ni and 208pb targets in which we will

acquire approximately 65,000 (¥,rl) events in the low-energy bin on 58Ni and about 5200 counts in

the high-energy bin on 208Pb.

2.8 Triggering

Since the rl mesons will be detected via the 2_/decay mode, a neutral trigger will be needed

for this experiment. The minimum opening angle between the two photons from the decay of ti

mesons in this experiment is 45". Therefore, the two photons from an ri decay will never hit the

same calorimeter module, and neutral hits in two different modules can be used as the trigger in

this experiment. It is worth pointing out here that this trigger will serve to suppress much of the

background from _ events since the decay photons from these neutral mesons have much smaller

opening angles.

The two other experiments [30,31] with which this one might run concurrently both request a

single charged particle trigger. We estimate that the inclusion of this neutral trigger will increase the

trigger rate by less than 10% and should have little effect on the other experiments.

2.9 Potential Future Development: Extended Shower Counter Coverage

We have investigated the effect that extended shower counter coverage would have on these

measurements_ The results are illustrated in Fig. 21 where the detection and background-

suppression efficienc_es, calculated for a photon beam energy of 1.2 GeV, are displayed as a

function of the number of sectors extended from 45" to 75".The detection efficiency (solid curve)

increases from about 4% to 20% as the number of sectors extended to 75* increases from 0 to 6,

while the background-suppression efficiency (dashed curve) increases from 47% to 73%.

3. Intranuclear Monte Carlo Calculations

We have performed intranuclear Monte Carlo calculations to predict the sensitivity of the

differential cross sections to the tiN interactions. In these calculations, the rl is created in a

12



quasifree production process, and the subsequent interaction of the 11with the nuclear system is

treated by a Monte Carlo calculation which follows the 11through the nucleus. The momentum

distribution of the bound nucleons is described by a density-dependent Fermi gas with a density

distribution taken from electron scattering. The total 11photoproduction cross section is taken from

a parametrization of experimental data, and is assumed t,5ee the same for production on the proton

and neutron. The total scattering (TIN --_ 11N) cross section is assumed to be 15 rob. The total

absorption cross section is taken from a calculation by Bennhold andTanabe [13].

The main features of the results of these calculations for inclusive 11photoproduction are

illustrated in Fig. 22 which shows 11momentum distributions produced on 208pb by 1.2-GeV

photons at 30 to 40" in the laboratory under various physical effects. Without final-state

interactions the momentum distribution (dotted histogram) is dominated by the quasifree peak.

Scattering of the outgoing 11mesons (dot-dashed histogram) reduces the height of the quasielastic

peak considerably and increases the yield at lower momentum. Turning on the 11absorption (solid

histogram) furtherreduces the quasifi_e peak and damps the scattering yield at low momentum.

The A dependence of the total cross section for inclusive 11photoproduction at an incident

photon energy of 1.2 GeV predicted by this model is shown in Fig. 23. The cross section scales as

A0.8. This scaling was found to be essentially independent of the incident photon energy over the

range of interest in this experiment. The A dependence predicted by these calculations has a greater

slope than the results of Carrasco's calculations at k = 0.8 GeV where the cross section was found

to scale as A0.6[18]. The results reported by Carrasco are somewhat surprising when compared to

the R0 photoproduction measurements [19] where it was found that the cross section scales as

A0.66which indicates surface production. This comparison suggests that the absorption is stronger

for 11mesons than for pions. However, earlier measurements of the TINcross section with pion

beams [20-24] indicate that it may be as much as a factor of two smaller than the _N cross section

(see Fig. 6). Therefore, it appears that the 11absorption may be overestimated in Carrasco's model.

Shown in Fig. 24 is the momentum distribution expected after 150 hours of nmning time on

12C at k = 1.4 GeV and e_l = 20-30". The solid histogram shows the events generated with an

intranuclear Monte Carlo calculation and the dashed histogram represents the events accepted and

reconstructedbythe CLAS.

The expected sensitivity of the proposed measurements to the 11Ncross section is illustrated

in Fig. 25. Shown in this figure is the A dependence of the ratio of the nuclear cross section per

13



nucleon to the deuteron cross section per nucleon calculated at k = 1.2 GeV and 0" < 011< 40".

Analyzing the data in this way will remove any dependence on the elementary production

amplitudes. Also, many of the systematic errors associated with the cross section measurements

will cancel. For the points shown in the figure, we have assumed that the remaining systematic

uncertainty is :t:3% and the statistical uncertainties have been calculated from the count rate

estimates. In the calculations shown in this figure, we have assumed that the scattering cross

section Oscarand the absorptioncross section Oabsare constantand that Oabs/ascat- 2. Calculations

were then performed for different values of C_N ffiCrabs + (_scat-The data points were calculated

with _TIN= 45 mb and the solid, dashed, and dot-dashed curves show the results for aTIN = 0, 42,

and 48 rob, respectively. It can be seen from the figure that we should be able to determine (_N to

about + 3 rob.

4. Relation to Other Experiments

4.1 Experiments at CEBAF

This proposal can be thought of as an extension of two other experiments planned at CEBAF

to study the photoproduction [4] and electropmduction [5] of Vlmesons from the proton. Indeed,

theresultsoftheseexperimentswillbcimportantintheanalysisofourdata.As pointedoutearlier,

acomparisonofourresultswiththoseobtainedontheprotc,nwillallowustoextractinformation

onthetINinteractionandnuclear-mediummodificationsoftheN* resonances.

We haveindicatedseveraltimesinthediscussionoftheexperimentaltechniquethatthe

measurementsproposedherearecompatiblewiththekaonphotoproductionexperimentson

deuterium[30]and 3He,4He,and 12C [31].The onlycomponentoftheexperimentaldesign

whichwillbcaffectedbythisexperimentisthetrigger,asdiscussedabove.

4.2 Experiment at MAMI

The quasifree photoproduction of TI mesons from 2H, 12C, 40Ca, 93Zr, and natpb has

recently been measured at MAMI over the photon energy range from 600 to 790 MeV [29]. The

experimentproposed hcrc will complementthesemeastrernentsat MAMI andextendthemto much

higherenergies.

14



5. Theoretical Support

A couple of theorists have already expressed interest in this experiment. Prof. C. Bennhold at

George Washington University has done extensive work on the photoproduction of TImesons off

nucleons and the coherent and incoherent production on nuclei and is interested in extending this

work to the inclusive process.

Prof. J. B. Seaborn at the University of Richmond, with a background in pion

photoproduction, has already assisted in the development of this proposal and will continue to

work closely with the experimental group. He is currently on sabbatical leave at Mainz and has

begun work on 11photoproduction.

6. Future Directions

A naturalextensionofthisproposalwouldbetoperformsimilarmeasurementsforthe_I'

mesonstoextractinformationonthe¢l'-nucleoninteraction.InthechirallimitofQCD, the11and

Vl'mesons are predicted to have very different properties. One might therefore expect the behavior

of these two mesons to be distinct. It has been suggested [33] that a comparison of the interactions

of the TIN and TI'N systems may provide a test of QCD and our understanding of these mesons.

We have not investigated the feasibility of this experiment in detail, but will begin soon to do so.
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Table 1. Count rate estimates.

Target R (0.8-0.9 GeV) R (1.4-1.5 GeV)

[s-q [s-q

2H 0.23 0.024

3He 0.22 0.022

4He 0.20 0.021

12C 0.16 0.017

58Ni 0.12 0.012

2°8pb 0.092 0.0096
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Fig. 1. Inclusive 11photoproduction cross section per nucleon on 160 and 208pb as a function of

incident photon energy• The dot-dashed curves are the impulse approximation results. The dashed

curves are the results of calculations which include Fermi sea effects and nuclear-medium

modifications of the Sll width. The solid curves are the results of the complete calculations which

also include final-state interactions. Figure reproduced from Ref. [18].
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Fig. 2. Dependenceof the totalcrosssectionfor inclusive)! photoproductionatk = 800 McV on

' thenuclearmassnumberA. Figuretakenfrom Rcf. [18].
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Fig.3.Differentialcrosssectionsforthephotoproductionof11mesonsin160 and208pbata

photonenergyk= 800MeV andalaboratoryangle0 =25".Thesolidanddashedcurvesarethe

resultsofcalculationswithandwithoutfinal-stateinteractions,respectively.Figurereproduced

formRef.[18].
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Fig. 4. Inclusive (;r+,H)energy spectrum on 12Cat a beam momentum of 680 MeV/c taken from

Ref. [20]. The solid curve is a preliminary attempt to z_produce the specu'um.
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Fig.5. Targetmassdependenceofinclusive(_+,Tl)crosssectionstakenfromRef.[20].The

dashedcurvesaretheresultsofGlaubercalculations[25]usingvariousTINtotalcrosssections.

We haveaddedthesolidcurvetothefiguretorepresentthecrosssectionwithoutfinal-stateor

initial-stateinteractions.
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Fig. 6. Eta-nucleon total cross sections as a function of the pion beam momentum taken from Ref.

[20]. The solid curve is the prediction of the additive quark model [26] for the ¢lN total cross

sections. The _N total cross section is shown as the dashed curve for comparison. The T1

momentum range of the proposed experiment is indicated above the figure.
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Fig. 8. The total cross section O.qN (solid curve) as a function of the kinetic energy of the _ meson

in the nucleon rest frame. The dashed curve is the result of a coupled-channel analysis of Bhalerao

and Liu [15]. The figure is taken from Ref. [28].
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Fig. 9. Invariant mass spectra for photoproduction on IH, 2H, 40Ca, and natpb targets with

incident photons in the energy range 600-790 McV taken from Rcf. [29].
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Fig. 10. Eta photoproductionkinematics for incident photon energies between 0.75 and 1.55

GeV.
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Fig. 11. A typical TIphotoproduction event in the CLAS. Track 1 is a proton, and tracks 2 and 3

are photons from the 2Tdecay of the T1meson. The incident photon energy is 1.2 GeV.

29



Eta Detection (Calorimeters to 45 + 2 opp. to 75)
0 0 0 0 o 0 • = = • . . ....

_Oo°°ooDoOOOOOOODODDDOoooaooo ...._ ......
14 _OO°°OOOODOOOOODOOODOooooooo. . ..........

' oDO°°oDDODDDODDDDDODOOooooo°. ... ........
OOooooQoDOOOODODDOoOooooooo. ,..
O_O_ooooOODOODDOOoOO0Ooooooooo ..._.
-JOOOOOOOODODOOOOOOoooooooooo ..........
_;_l_Ooooo_ooOODO0oooooooooooo . .........
iLOOOoDDODOODDDOODOOoooooQo,. , .........
lOOOOODOEI]OOOOOOOoOOooooo,oo ...........

1.2 looooooDoOOOOODOoOooooooooo. ...........
-llOOOoDOOOOOOODOOoooaoooooo ............
.._pQOOODl-l"lOOOOOOoooooooooo.. ...........
J_LO_OODCIC]DDODODoooooooDoo..°. ..........
JL]OOODOOCI]OODOOoOOoooo.ooo...

J_DOOOOOOOC]C]DOOoooooooo....... .. '1 J_OOOOOOODOOOOOOoooooDoo.. o..
._OOOODODDOODOOOooooooo , ...........

_-, -_::_oooooooooooooooooo.ol.I.

;_O_OOOOOOOOooooooooooo...i!! .......
-l-'IODOOOoDOOOOooonooooo . . ...........

=_IJOOOOOOOOODoooooooo o,, . .OODODDDOOOOOooOooooooo .............
0.8 _ODDOOOOoooooooooo,oo o. ...............

© ]ooooooooooooooo; :::o...............OOOOOOOoOoooooo . . .............
_OOOOOoooooooooo o a a _ , _ . ...............
_OOOO0000ooooooOaoa _ o ...................
_OOOOOOoooooooo o ao a a . .................

06 aOOOOOooaoaooaoaoo, ,, .................
• _OOOOOO0ooo-ooooooo a _ . .............

_OOOOOO0000 o o 0 o o o a _ o , . . . ............

_000000o000ooooo , . = , = .... . ..........

=OOOOOOOOOOOOOm.==..=... ............

_O000000OO00oooo.......,.. ......

_O000000000OO00emooeo.,,._. e .....

0_. "O0oOoOoo=o ,,. _ .................

_ 0 :_0 0 a : a . . . . : : . . : ..............0 0o0 OOeoo .o • .... , .....

J 0 0 • • _ • • m • • • o • • . ,co=.....,.....

wmm0mge'oeee.m.o.e..o. ..

IlOel.llow_.eee¢,e ....

%..¢m.......... ...

0.2 _ ................
. . .

-''''l''''l'*'ll,,,,l,i,,l,,, ,l,,,,l,,,il,,,i
70

@, (degrees)

Fig. 12. Eta momentum versus laboratory angle for eventsacceptedby 0,4,5 from a uniform

distribution in a Monte Carlo simulation assuming calorimeter coverage from 8" to 45" in six

sectors with two additional 30" modules extending the coverage to 75" in two opposite sectors.
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Detection Efficiencyvs. Eta Scattering Angle
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Fig. 13. Dctecdon efficiency as a function of 11laboratory angle at PTI= 1.0 GeV/c assuming

calorimeter coverage from 8" to 45" in six sectors with two additional 30" modules extending the,

coverage to 75" in two opposite sectors.
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Detection Efficiency vs. Eta Momentum
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Fig. 14. Detection efficiency as a function of 11momentum at 011 = O" assuming calorimeter

coverage from 8"to 45"in six sectors with two additional 30"modules extending the coverage to

75" in two opposite sectors.
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Detection Efficiency vs. Photon Energy

Fig. 15. Detection efficiency as a function of incident photon energy for production on the free

proton assuming calorimeter coverage from 8" to 45" in six sectors with two additional 30"

modules extending the coverage to 75' in two opposite sectors.
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Mass Distributionfor 7-7 Events at k=l.2 GeV

Iooooo__-,,, '"I " "'' ....i''' "_' I '....... ", ,"
/TO -1 -

50000 . _

I
" " V
c_ 10000

5000

I II000 , A, i, , '. ' '......' , i __ ,,,,, , , , , ,

0 0.2 04 0.6 08

Mass (GeV)

Fig. 16. Simulatedmassspectrumfor ¥-y eventsfrom photoproductionat k = 1.2 GeV. Most of

thebackground(dashedhistogram)is from thedetectionof two coincidentphotonsfromdifferent

ROsproducedin theyN _ _r0R'0Nreactionandthe 3R0 decayof the11meson.The backgroundat

largemassis from coincidencesbetweenthe7 andone of thephotonsproducedin the m -.+ _07

decay.Thebackgroundhasbeensuppressedbydiscriminatingagainsteventswith more than two

photonsdetectedincoincidence.
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Mass Distributionsfor 7-')'Events at k=0.8 GeV
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Fig. 17. Simulated mass distributions for ?-? events from photoproduction at k = 0.8 GeV. The

upper distribution was generated with a simple cut on the opening angle to suppress the

background. The lower distribution was produced with the additional condition that only two

photons are detected.
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Mass Distributionsfor 7-Y Events at k= 1.2 GeV
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Fig. 19. Same as Fig. 17 except at k = 1.2 GeV.
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Mass Distributions for 7-')'Events at k---l.4GeV
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Fig. 20. Same as Fig. 17 except at k : 1.4 GeV.
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Detection and Background-Suppression Efficiencies
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Fig.21. Detectionand background-suppressionefficienciesasa functionofthenumber ofCLAS

sectorswithcalorimetercoverageextendedfrom45"to75".The efficiencicsweredeterminedfrom

Monte Carlocalculationsforphotoproductionon thefreeprotonatk = 1.2GcV.
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Eta Photoproduct:on on Pb-28B
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Fig. 22. Momentum distributions for T1photoproduction on 208pb at k = 1.2 GeV and 011= 30-

40" simulated with intranuclear Monte Carlo calculations. The dotted histogram represents

quasifree production with no final-state interactions. The dashed histogram shows the effect of TI

scattering in the nucleus. The solid histogram is the expected distribution taking into account

mattering and absorption.
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Inclusive A('y,W) at k=l.2 GeV
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Fig. 23. The A dependence of the total 11photoproduction cross sections calculated with an

intranuclear Monte Carlo code at k = 1.2 GeV. The cross section scales as A0-8.
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Fig. 24. Simulated momentum distributions expected after 150 hours of running time on 12Cat k

= 1.4 GeV and 011= 20-30". The solid histogram shows the events generated with an intranuclear

Monte Carlocalculation. The dashed histogram representsthe events accepted and reconstructed by

the CLAS.
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Inclusive A(7,r/) k=l.2 GeV O°<On<40 °
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Fig. 25. The A dependence of the ratio of the nuclear cross section per nucleon to the deuteron

cross section per nucleon calculated with an intranuclearMonte Carlo cascade code for inclusive T!

photoproduction at k = 1.2 GeV and 0" < 0H < 40". The solid, dashed, and dot-dashed curves

show the results obtained with total TINcross sections of 0, 42, and 48 rob,respectively.
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I

Photoproduction of 1]' Mesons in Nuclei

Vineyard, McKeever, Sabloff, Gflfoyle, Major, Mecking, Rubin, and Seaborn

1. Scientific Motivation

Since the 1]' is a member of the pseudoscalar meson nonet, one might expect that the

properties of the1]' meson should be well understood within quark models as simple qq systems.

However, there is significant evidence thatsuggests that theTI"meson is not a simple qq state. As

pointed out by Lenz [1], theprimary problem is to understandthe mass of the 1]'.

The 1]and 1]' mesons are usually considered to be mixed SU(3) states

I1]>=cos011] s>+sinel1]]>

111'> --sin e 1118> +cosO 11]I >

wherethequarkcontentof the singletandoctetstatesaregivenby

1111>=_31u_+_.si>

1118> = _661ufi + dd- 2s_>.

The mixing angle0 hasbeendetem_ed from theGell-Mann-Okubomassformula[2] to be about

-I0 °. However, measurements of the yy decay widths of the 11and 11'mesons yield a mixing

angle of- 18.4"± 2" [3], nearly twice the value obtained from thequadraticmass formula.

Another problem has to do with the octet mass sum rule [4]. When this sum rule is applied to

the I] and11'masses it is violated by almost 50%. On the other hand, when the sum rule is applied

to the masses of the co and _, the vector meson honer counterparts of the pseudoscalar eras, it is

satisfied to about the one percent level.

These discrepancies have led to the suggestion that there are exotic components in the 1]'

wavefunction. The most convincing experimental evidence for this has come from a study of J/V

decays into vector and pseudoscalar mesons [5]. In this work, measured branching ratios were fit

to a simple model of JAI/decays which was then used to calculate the strange- and nonstrange-
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quark content of the _ and _' mesons. The authors concluded that (35 ± 18) % of the _'

wavefunctioncan be attributedto an additionalcomponent.Othertheoretical investigationshave

come to sinfilarconclusionsaboutgluonium admixturesin theTl-_'system [6,7].

It has been suggested [1,8] that this problem with the _' is connected to fundamental

propertiesof the stronginteraction,andthat a comparisonof theinteractionparametersof the TI'N

systemwith those of the other membersof the pseudoscalarnonet,in particularthe TI,is important

to search for signals of this unusualstructure.WE plan to use the CLAS to measuredifferential

cross sections for the (¥,_') reactionon 2H, 12(3,58Ni,and _SPb at photon energies beween 1.45

and 2.25 GeV. The _' momentumdistributionsandthe targetmassdependenceof the cross section

will provide informationon the TI'Ninteraction.These measurementswill complement the (T,TI)

experiments [9] to be performedat CEBAF and a comparisonof the two data sets should shed

some fighton theTl'puzzle.

2. Experimental Procedure

2.1 Beam

The reactionswill be inducedwith tagged photonsproducedwith the Hall B bremsstrahlung

tagging system. Using an incidentelectron energy of 2.4 GeV, the tagged photonswill have an

energyrange of 1.45 to 2.25 GeV. The thresholdfor Tl'photoproductionon a free protonis 1.44

GeV. For the counting rate estimates, the tagged photon rate has been assumed to be 10"1

photons/s.

2.2 Acceptance

The Tl'mesons will be detectedwith the O.AS via the Tl'_ pOT-o _.'+_'Tdecay (branching

ratio = 20%). A typical event is shown in Fig. 1. Tracks 1, 2, and 3 are the photon, x+, and _-,

respectively, fromthe decayof the Tl',andtrack4 is the recoilproton.

MonteCarlocalculationswere performedto determinethe CLASacceptanceforthese events.
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In the calculations discussed here we have assumed that the magnet will be at one-half the full

operating field and that the shower counter coverage will be from 8"to 45' in six sectors, with two

additional calorimeter modules extending the coverage from 45" to 75" in two opposite sectors.

Shown in Fig. 2 is the acceptance as a function of 11'momentum and production angle in the

laboratory for events accepted by CLAS from a uniform distribution. The acceptance peaks at

about 16% at forward angles and high momentum, and decreases as the production angle increases

or the 11' momentum decreases. The acceptance as a function of photon beam energy for

photoproduction on a free proton is shown as the solid histogram in Fig. 3. The acceptance

decreases slowly as the energy increases over the range of interest. The average acceptance is

12.6%. For comparison, the results obtained with calorimeter coverage from 8" to 45" in all six

sectors is shown as the dashed histogram in Fig. 3. In this case, the average acceptance is 10.7%.

2.3 Particle Identification

Monte Carlo calculations were also performed to investigate the particle identification the can

be achieved with the CLAS. A simulated 7c+1c'_, mass spectrum for photoproduction on a free

proton at an incident energy of 1.6 GeV is shown in Fig. 4. The region of the spectrum around the

11'peak is relatively free of background. The broad background at lower mass is due to the decay

of lighter mesons. The only meson heavier than the_' produced in this experiment that can decay

into n'+_ , is the _. However, because the _ photoproduction cross section is smaller than that of

the TI'[10], and because it decays into _+_'TYonly about 5% of the time, it introduces a relatively

small background under the 11'peak.

2.7 Count Rate and Beam Time Estimates

The 11'mesons produced with monochromatic photons of energy k will oe detected at a rate

given by:

NA
R(k)-T o(k). (pt)e(k).BR
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where NA is Avogadro's number (6.022 x 1023), A is the mass number of the nucleus, o0c) is the

11'photoproduction cross section, Ny is the number of incident photons per second, (pt) is the

target thickness, e(k) is the detection efficiency, andBR is the branchingratio for the _I' _ p0y .._

_+_"y decay (0.20).

In estimating the count rates, we have assurn_ a total tagged photon flux of 107 photons/s.

The elementary 11'photoproduction cross section is approximately 1 _b over the energy range of

1.45 to 2.25 GeV [I0], and we have assumed that the total cross section scales as A0.8. The results

of our simulations shown in Fig. 3 indicate that the acceptance is approximately 12% over the

entire energy range. Also, we have assumed a targetthickness of I gm/cm2 for each of the targets.

Listed in Table 1 arc the total count rates for each of the targets calculated with the above

assumptions. Also listed in the table are the number of 11'mesons we would expect to detect in 150

hours of beam for each target.These numbers seem to be sufficient for this expexhnent.
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Mass Spectrum for lr+Tr-7 Events at k=1.6 OeV
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Fig. 4. Simulatedx+x'y mass spectrum forphotopmductionat k = 1.6OeV.



Photoproduction of the fo Scalar Meson

Gilfoyle, Major, Rubin, Seaborn, and Vineyard

The s_ucture of the f0(975) scalar meson has been a continuing source of conlroversy for more

than two decades now[I-7]. The standardmodel predicts the existence of a honer of qq objects, the

3P0 nonet, that is complementary to the observed 3P2 honer The f0 is a candidate for the sS

member of the 3P0 nonet and can be viewed as an l=l od_tal excitation of the co.However, there

are a number of flaws with this classification. The width of the f0 differs dramatically from

expectations. A variety of models predict F(fo-+W_)-500-1000 MeV whereas the meatsuredvalue

is about 30 MeV[5]. The f0 is also a partner to the nearly degenerate a0(980) in the 3P0 nonet. The

naive classification of the these particles implies a difference in mass of about 200 MeV while their

observed masses are nearly identical (974 MeV for the f0 versus 983 MeV for thea0). Treattingthe

f0 and a0 as a (p,m)-like doublet (where the a0 is the 1=1 orbitalexcitation of the p) can resolve the

problem of the mass difference between the f0 and the a0, but it leads to other contradictions. This

approach predicts the ratio F(f0---_m_)/T'(a0---_rl_)should have a value of 4. The observed value is

close to 1/215]. In addition this model does not explain the coupling of the f0 to the K_ decay

channel. If the f0 and a0 were truly a (p,ce)-like doublet then the ratio F(fo--,Kl_)/I'(fo--,w_ ) would

be approximately equal to PK/3Pw In reality the f0 is so strongly coupled to the KI_ decay channel

that the xx mass distribution from the f0 decay displays a typical Breit-Wigner shape with a

dramaticcutoff at the KI_ mass threshold[5]. The comparison of the f0 with its pre_ partner

in the 3P2 nonet, the f2(1270), also leads to consistencies. The coupling to the y), decay channel

can be calculated on the basis of the f2(1270) data, but the result is not consistent with the observed

Yl Coupling of the f0- The decay widths of the JPIs into various channels also show the f0 does not

behave as the analog to the f2(1270)[5].

A number of models have been put forward to resolve these paradoxes. One that has received
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considerable attention is the notion that the fo is I¢_ molecule. Weinstein and Isgur have used a

non-relativistic potential model to investigate the qq_ system[5]. Their results show the formation

of such states to rare in general and when they do form the quarks form clusters of color singlets

which are considerably smaller than the interclusterseparation. They from a weakly bound 'meson

molecule'. The best candidates for such a configuration are the f0 and the a0. The narrow decay

width of each scalar meson can be accounted for since the weakly-bound mesons seldom come

close enough to one another to exchange or annihilate quarks and hence decay. The strong

coupling to the KK decay channel is also no surprise since the fo is itself a weakly bound I¢_ state

in this model. One consequence of this model that will become important later is that the f0 is

considerably larger in size than the usual qq system.

Another theoretical investigation of the q2q2system by Jaffe uses the MIT bag model to predict

the existence of such states in the particle _[2]. This approachpredicts a different

of states andthat the q2q2 system will be comparable in size to the usual qq system.

Other workers have tried to reconcile the discrepancies in the qq picture of the f0 by including

theeffect of the nearby KI_ mass threshold in their models and analyses[6,8]. These investigations

predict a different spectrum of states than either approach cited above and, of course, a size

consistent with the usual qq system.

With the arrayof alternative explanations for the anomalous behavior of the f0 cited above, the

question becomes one of distinguishing among these choices. One experiment at the Continuous

Electron Beam Accelerator Facility (CEBAF) has already been aPlXOVedto addressthese questions

by examining the electroproductionof the f0 using a prown targetand measuring the fo--+Kl_decay

channel[9]. Presumably by determining the Q2 and t dependence of the cross section one can

distinguish between the large, weakly-bound 'meson molecule' and the more compact qq

•configuration. However, the direct production of KI_ pairs may make it difficult to extract the f0

cross section from the background and even if successful, the experiment does not discriminate

between the qq and the q2q2 pictures.
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A different experimental signature has been proposed by Alexandrou and Saw using the

production of the f0 from a nuclear target[ I0]. This technique relies on geonzu'ic arsuments to

differentiate between the three alternatives described above (K_qq, and q2q2). They calmilale the

total cross section and the inelastic cross section, ototaI and oinelutic, respectively, for the f0N

scattering process using the three hypotheses. If the f0 is either a I_ molecule or a q2q2 stale the

total cross section should be about twice the expectation for a qq state. Furthermore, theratio of the

inelastic to total cross section or r--o'melas_omtal will be large compared to the q_Iexpectation for

the I_ molecule. If the f0 is a q2q2 state then r will be much smaller than the qq expectation.

Hence, a determination of oto_ and oinebmicwill discriminate among the different models. The

authors propose using the nucleus as a 'laboratory' to determine the total and inelastic cross

sections. The A-dependence of the inclusive reaction yA--,f0X and the exclusive reaction

yA--)f0N(A-1) will enable one to extract the desired cross sections. This A-dependance for the

inclusive and exclusive cross sections is shown in Figures 1 and 2110]. In Figure I the ratio of the

inclusive cross section is normalized to the corresponding cross section in the impulse

approximation and plotted versus A. The curves labelled A and B in the figure are a product of a

calculation assuming a KI_ molecular picture with different assumptions about the amounts of

OtotaI and Oinelastic.The curve labelled C is for the q2q2 hypothesis. The last two curves (labelled

D and E) are produced using the qq hypothesis with different assumptions about the amounts of

OtotaI and Oinelastic. The inclusive cross section is strongly dependent on the amount of Oinelastic,

but only weakly dependent on the size of OtotaI. Hence, one can extract the f0N inelastic cross

section. In Figure 2 the ratio of the exclusive cross section to the appropriate impulse

approximation cross section is plotted versus A. The A dependence of the q2q2 and KK molecule

hypotheses is shown in curves A and B, respectively. This exclusive cross section is only weakly

dependent on Oinelas,ic, but is sensitive to the size of the total cross section. Hence, the total cross

section can be extracted here and one would have the means to distinguish among the different

models.
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To test the feasibility of this approach we have begun investigating the phomproduction of the

f0 and detecting its decay with the CEBAF Large Acceptance S_ter (CLAS). The invariant

mass spectrum extmctal from the K]_decay channel of the f0 _s a companuively clean signal

with few background processes to interfere. However, the amount of direct production of IC_

pairs is largely unknown and the peak in the invariant mass specmun is distorted because the

centroid of the f0 mass distribution lies below the K_ mass threshold. This effect is demonstrated

in Figure 3 where the invariant mass spectrum for decay via the K_ channel is compared with

decay via the xz mode[5]. The xx mode clearly shows a more prominent peak whose cross

section will be easier to extract.These difficulties have lead us to consider the n decay channel of

the f0. That investigation is underway.
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Figure 1. The inclusive cross section versus A is shown for the reaction 7A_f0 X. The cross

section is normalized to the cross section calculated in the impulse approximation.

Curves A and B represent the A-dependence of the KI_ molecular picture, curve C

representsthe q2q2 model, andcurves D andE were calculated using the _ model.

Figure 2. The exclusive cross section versus A is shown for the reaction yA-of0N(A-I ). The

cross section is normalized to the cross section calculated in the impulse spprc__'on.

Curve A represents the A-dependence of the q2q2 model, curve B represents the IG_

molecular picture, and curve C was calculated using theqq model.
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CLAS Drift Chamber Gas System Progress

Major, Christo, Kline, Mawicke, Woods, Anderson, and Mestayer

A prototype system for the CLAS (CEBAF Hall B) detector was completed and tested during

1992-1993. At an input rate of up to 2 liter/see, it filters, mixes and delivers to a lm 3 dummy

chamber a 50:50% combination of Argon and Ethane at a pressure of 0.5 Torr above atmospheric.

Neither the hardware nor specific design features are limited to those gas choices; e.g Helium

may be used rather than Argon. The mass ratio may also be changed arbitrarily. This prototype

also recirculates any desired fraction of the mix which has passed through the drift chamber, using

electronic mass flow controllers and buffer tanks to provide fresh gas as replacement for the

fraction exhausted from the system. Control of the recirculation loop is achieved by using a

differential pressure transducer and proportioning solenoid valve to maintain constant pressure

excess inside the chamber, with respect to ambient atmospheric pressure.The flow rate through the

upstream mass flow controllers only determines the average net flow through the chambers; it is

decoupled from the main pressure control system by a mixed gas buffer volume.

Figure 1 is a schematic of the working prototype, displayed to correspond to the reality that

all filtering, mixing and metering hardware is located on one instrument rack (left page), while all

recirculation equipment is on a second rack (right page).While the diagram is intended for use by

the gas system operator and is not an engineering blueprint, it displays all essential components

and implies those not shown (see Fig. 1 Legend). The prototype operates as intended, with a

characteristic response time to a step function pressure overload of about 10 seconds. Out-of-limit

pressure changes, excessive concentrations of Oxygen, or temperature excursions beyond preset

(+/- 5C) limits trigger automatic isolation of the chamber via electrically actuatedvalves. Protection

of the chamber's gas bag during such an episode is ensured by over-and under-pressure bubblers.

Upon chamber isolation, the recirculation pump also stops and a status light is activated. Manual

59



flow control is provided as an option in case of power loss. Oxygen and water vapor

concentrations are limited to 50 ppm by passive traps and filters, and Oxygen has been further

reducedto 10 ppm with a DeOxo catalytic device whichuses Hydrogento producewaterwhichis

then trapped. In other tests at CEBAF,a DO muondriftchamberwith a total drifttime of 1000 ns

displayeda 45% change in pulse height with 3200 ppmof 0 2 in the gas. To keep such effects to

1%andmaintain high efficiency for long driftpaths (consistent with a 9%resolution on dE/dx)we

conclude that 0 2 content must be kept below 70 ppm. Although the full scale detector will

certainly have more and larger gas leaks than the prototype, the experience referredto above

indicates thatwe canachieve this.

This prototypeserves as the basis for the conceptualdesign, now essentially completed,of

the full scale CLAS gas system. Combined input flow will be 16- 20 liter/min, assuming two

volume changes perdayof the 60,000 liter (- 2000 ft3) detectorandrecirculationof 80% of the

chamber throughput.A 20 x 30 ft metal building to serve as a gas shed will be located on the

gradedareabetween experimentalHallsB andC and close to the former.Present plans includeat

least nine gas lines connecting this shed with Hall B; six for input and returnfrom the three

detectorregions, one for exhaust, andone each for Nitrogen flow and Helium bags. One - half

inch stainless lines are specified for delivery of gas to the hall, and 1 - inch diameter lines for

recirculationand exhaust. Some copperor Nylon may be used in the gas shed on mixing panels,

and for exhaust lines. A 10 ft x 20 ft section of the gas shed will be partitionedfor housing

electronicsand instrumentation,includingthe monitorfor a cctv camera locatedinthe experimental

hall.The remaining20 ft x 20 ft spacewill housemixing, metering,andmonitoringequipmentand

transducers. Groupsother than the drift chambergroupmay wish to use space in this facility.

Potential needs include a Freon cleaning and recirculation system, a Nitrogen system, and a

cryogenics targetgas system.

Effortsto estimate yearly gascosts, and to control thisoperating expense,arehinderedby the

difficulty in locating a reasonablypriced sourceof Ethane. Our best estimate (December 1993) is
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that gas costs will be $49,000 per year. Operating manpower is expected to be 1 FIE during the

first year of operation, and 1/2 to 3/4 FIE thereafter.
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CLAS Slow Controls System

VineyardandBonneau

i Pan of the UR group's contributionto the CLAS collaborationis the development of the

slow controls This is constructedwithin the of
system. system being framework the CEBAF

OnlineDataAcquisition(CODA)system.CODAis designedto runonanUllrix(DE_SC) host,

connected via ethernet to multiple intelligent front end crates, FASTBUS and VME. CAMAC

crates are interfacedthroughVME. Slow controlsis definedto include everythingnecessaryto

control and/or monitor the detectors, magnets, beamline, power supplies, etc. Following the

experienceof largehigh energy physics experiments,slow controls and dataacquisition will be

keptas separateaspossible, operatingas separateprocesses using separateCPU's and I/O crates.

The CODA slow controlssystempassesinformationto andfromthe userthrougha graphicaluser

interface.Ctmenflythisuserinterfaceis createdwitha softwaresystemcalledDataViews.

The initial workon the slow controlssystemhas beenfocussed on the prototypegas system

for the driftchamberswhichhas been developedby the UP,group.The instrumentsincludedin the

gas system arelisted in Table 1 along with the quantifies measuredand the type of interfaceor

outputinformationavailable. A VME cratewith a Motorola 167 single-boardcomputerand an

Xycom 64-channel ADC is used to interface with the gas system instrumentation.A real-time

operatingsystem,VxWorks, is runon the crateCPU to providethe basis for real-timecontrol.A

driver has been written for the Xycom ADC to read all the analog signals provided by the

instruments(see Table 1).Views for the graphicaluserinterfacehave beencreatedwith DataViews

to displaythis information.A blackandwhite versionof the main view which shows the location

of the various transducersis shown in Fig. 1. Selecting the icon of one of the transducerswill

display anotherview throughwhich information is presented. A software driveris also being

developedto communicatewith the MKS 147GasFlow ControllerthroughanRS-232 interface.
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During the next year, this system will be convened to the Experimental Physics and

IndustrialControlSystem (EPICS)whichis c_ntly being incorporatedinto the CODA system.

EPICS is a state-of-the-art distributedreal-time data acquisition and process control software

package developed and maintainedby a collaborationbetween Los Alamos Laboratory,Argonne

National Laboratory, CEBAF, and several industrial partners.It supportsa large numberof

channels convenientlyandefficiently andis basedon opcn-systemconcepts.The EPICSoperator

interfaceincludes one or more UNIX workstationswhich communicateover ethernetwith one or

more intelligent I/O controllers, called IOCs. EPICS supportsVME, VXI, and CAMAC IOCs.

This softwarepackagealso includeslogic andalarmhandling.

Over the next three years, the slow controls system will be expanded to include the many

other CIAS components.
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Table I. Prototype Gas System Instrumentation

• MKS 147Gas Flow Controller

- only activecontrolin system

- controlsandreadsflow rate in liters/rain

- 4 channels

- RS-232interface

- 0.2 V analogoutput

• GOW-MACThermalConductivityGasAnalyzer

- measures% ethaneCoyvolume)

- 0.1 V analogoutput

• PanadryHygrometer

- measuresdew pointin "Cwhichis convertedto

ppmH20
- 0-2 V analogoutput

• RUnoisInstruments2550 OxygenAnalyzer

- measuresppmoxygen

- 0-100 mVanalog output

• MKSPDR-5B PowerSupplyand Readout

- readspressure

- 5 channels

- 0-1Vanalogeachchannel
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CLAS Drift Chamber Software Development

GilfoyleandMestayer

The software demands of the CEBAF Large Acceptance Spectrometer (CLAS) are

considerable. It is expected to generate more than 5000 bytes/event at a data rate of up to 1500

events/s. The disposition of these events will be determined by a triggering system based on hits in

the scintillation counters and the outermost drift chambers, the energy deposited in the shower

counters, and by identifying desirable track candidates in the drift chambers. Higher level trigger

decisions can be made after further analysis of the events. Thus, the data acquisition System must

be capable of pattern recognition to identify a track candidate from the hit pattern in the drift

chambers and scintillators and to quickly fit the track to enable the users to separate true events

from any background. Both topics are the subject of current work [1,2,3].

To provide a testing ground for both software and hardware we are currently building a

prototype of the most forward angle portion of the Region 3 drift chambers (see Figure I). This

nosecone prototype is the Rrst of its kind that reproduces the geometry of the drift chambers that

will be part of the final detector and will be one of the last steps in the drift chamber development

before construction of the final drift chambers begins. It will consist of the sixteen most forward

angle sense wires in the twelve layers of wires that make of the region 3 drift chambers. Itwill also

contain the associated sense and guard wires. It is anticipated that the nosecone prototype will be

ready for testing in the winter of 1993-1994.

One of the essential needs of the nosecone prototype is a data acquisition and analysis system

for the cosmic rays that will provide ionizing radiation needed to test the detectors components.

There exists now a software package at CEBAF that runs under VM$ that has been used for

several years for these same purposes, but with other drift chambers. Because of the impending

need for a function data acquisition and analysis package (i.e., in the next few months at the tim_

of this writing) we have decided to modify this existing code (entitled 'TRACK') for use with the

nosecone prototype.

At this time the moddi"cation of 'TRACK' is well underway. Figure 2 is plot of the new sense

wire positions and the hex-cell geometry associated with each wire along the midplane of the drift

chamber. The various parts of TRACK's rudimentary database has been modified so that the
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I

electronics-channel-to-wire-number and the associated electronics parameters (pedestals, gains, _,
i

etc.) are now consistent with the nosecone prototype geometry. Various and sundry parameters {
!

and software 'cuts' that were 'hardwired' into the code have been renmved or adapted to the new

configuration. The capability to write out events read in by TRACK into a file in the C[_S event

format has been added. This will enable other software developers to test their analysis packages

with real events once the nosecone prototype begins operation. The code compiles without error,

links with the correct libraries, and runs.

The initial testing of the code is demonstrated in Figures 2 and 3. In Figure 2 is shown a single

track from a computer-generated event that moves along the midplane of the detector. The circles

centered on different sense wires represent the distance of closest _h to the wire by the track

and were used to generate simulated the drift times that will be the quantifies measured during the

operation of the drift chambers. These drift times were then written into an event file that could be

read by TRACK and analyzeA. Figure 3 is the output of TRACK after it has analyzed one of the

simulated events. One sees that the geometry is faithfully reproduced as is the track through the

detector. Upon close examination one may also observe there is a small discrepancy between the

size of the distance-of-closest-approach circles in Figure 2 and Figure 3. The source of this

inconsistency is under investigation.

Before the nosecone prototype begins operation a number of goals must be accomplished.

Several minor bugs like the one mentioned above must be fixed. More complete testing using

simulated events must be performed. Finally, testing the data acquisition portion of the softwme

has not begun because there is currently no testing equipment available. These tests will be done

during the winter of 1993-1994.
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Figure I. Midplane slice of the CLAS detection system (viewed from the top). The dotted lines

show the projection of the magnet coil contours on the midplanc. The Cerenkov

counters and theelectromagnetic calorimeter extend to 45°. The trajectoryof a 1 OcV/c

particle is shown.
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fromasimulatedeventusedfortestingpurposes.Thecirclesrepresentthedistanceof

closest approachof the particleto _e wires thathave fired after its passage.
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Figure 3. Event plot generated with TRACK. The simulated event shown in Figure 2 was read

from a file by TRACK and analyzed to produce the reproduction of the event shown

here.
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ABSTRACT

Proton and a-particle correlations with evaporation residues were measured over the

complete angular range in the interaction of a 450-MeV 40Ca beam with a 12C target. Comparisons

of the data with predictions of the statistical model and expectations for complete fusion from the

kinematics provide clear and consistent evidence of incomplete fusion due to lyre-equilibrium

emission of both protons and ¢xparticles from the 12C target. However, there is conflicting

evidence both for and against pre-equilibrium emission from the projectile.

PACS number(s): 25.70.Jj

*Present address: Division of Nuclear Physics, Department of Energy, Washington, D.C. 20585.
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I. INTRODUCTION

The study of linear-momentum transfer in relatively-light, heavy-ion systems

(Aprojectile+Atarget<60)at bombarding energies around and above 10 MeV/nucleon has received

considerable attention in recent years [1-10]. In these studies, the velocity distributions of

evaporation residues are compared to that expected for a complete-fusion reaction in which the full

linear momentum of the projectile is transferredto the compound nucleus. In studies of reactions

involving asymmetric systems in which the projectile is lighter than the target, the velocity

centroids of the heavy residues are found to be shifted to lower velocities than expected for full

linear-momentum transfer. When the projectile is heavier than the target, the distributions are

shifted to higher velocities than expected. For symmetric systems, a broadening of the velocity

distributions rather than a shift in the centroids is observed. These results have been interpreted as

evidence thatsome fraction of the evaporation residues arise from a composite nucleus, formed in a

pre-equilibrium or incomplete-fusion process, that is moving at a different velocity than the

complete-fusion compound nucleus due to the emission of pre-equilibfium particles. This behavior

is qualitatively consistent with the picture that particle emission from (or breakupof) the projectile

and/or target occurs (some fraction of the time) prior to fusion, and that the emission from the

lighter reaction partneris dominant.

The origin of thepre-equilibriumemission of light particles associated with incomplete fusion

is unknown and one of the interesting questions is whether the incomplete momentum transferis

the result of the emission of predominantly nucleons or of heavier particles. Several coincidence

experiments [11-15] have been performed to investigate pre-equilibrium emission in these

relatively-light systems. The results of three studies of rather asymmetric systems [11-13] indicate

that pre-equilibrium a emission plays an important role. In a study of the 20Ne+27AI reaction at

E(20Ne_=19.2 MeV/nucleon, a pre-equilibrium a component was identified, however it was

determined that it accounted for at most 1/3 of the momentum lost in the incomplete fusion process

[14]. On the other hand, measurements for the 14N+12C system at E(14N)=12.9 MeV/nucleon
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yielded results for a-panicle correlations andenergy specu'aconsistent with evaporation [15].

In recent years, considerable progress has been made in the development of various

theoretical descriptions of pre-equiUbriumemission. Most of these models are based on either the

Fermi jet approach [16-18], the Boltzmann master equation [19], or the Landou-Vlasov equation

[20]. In general these models have provided reasonable descriptions of the rather sparse pre-

equilibrium nucleon data that exist. However, these models are appropriateonly to explain nucleon

emission and it is possible that pre-equiUbriumemission of composite particles is important (for

which there are no promising models proposed). A much broader range of nucleon and cluster

emission spectra gated on central collisions are needed to provide more severe tests of these models

andfuture efforts in the description of pre-equilibfium particle emission. It is important to develop

a quantitative understanding of pre-cquilibrium particle emission so that it can be used to probe the

very early stages of heavy-ion collisions.

In this paper we report on a detailed measurement of protons and a particles emitted in

coincidence with evaporation residues for the 40Ca+12Csystem at E(4OCa)=450MeV. The energy

spectra of the evaporation residues and the energy and angular distributions of the light particles are

compared with predictions of the statistical model for complete fusion and equilibrium decay. The

proton energy spectra are also compared with the predictions of a pre-equilibrium emission model

[18].

The experimental proced,areis described in Section IT.In Section III the experimental results

are presented. The results are discussed in the context of previous measurements and existing

models in Section IV, and a summary is presented in Section V.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with a pulsed, 450-MeV 4°Ca beam from the Argonne

National Laboratory ATLAS facility. The time resolution of the beam pulses was better than 200 ps

q,r'FWHM)with a period of 82.5 ns. The beam was incident on a 100 p.g/cm2 carbon target mounted
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in the ATLAS 91-cm scattering chamber. The heavy ions were detected at 4.5° in a large.solid-

angle, thnc-of-flight detector system. This system consists of a parallel-plate avalanche counter for

timing and position information and a Bragg-Curve Spectrometer [21] to obtain the energy and Z

identification of the heavy ions. The detector was mounted on the vacuum extension box of the

scattericg chamber at a distance of 1.00 m from the target and subtended a solid an61eof 5.5 msr.

The timing information was used to aid in the separationof heavy ions from quasielastic and fusion

events. An example of the Z resolution attained is shown in Fig. 1 where the energy is plotted as a

function of the range of the heavy ions detected in the Bragg-Curve Spectrometer.

The light particles were measured at 23 in-plane angles with twelve telescopes consisting of

surface-barrier AE detectors and lithium-drifted silicon E detectors. The distance of these

telescopes from the target ranged from 19.5 to 41.0 cm and the solid angles varied f_om 0.577 msr

at the most forward angles to 10.75 msr at the backwardangles. Identification of the light particles

was achieved using the rf beam timing of ATLAS and is illustrated in Fig 2. Shown in Fig. 2 is a

two-dimensional spectrum of energy deposited in the AE detector versus time-of-flight (TOF) for

light particles detected at -55 ° in coincidence with evaporation residues. The negative angle refers

to the opposite side of the beam from the heavy-ion detector.

The energy calibration of the Bragg-Curve Spectrometer was derived using the alpha groups

from a 228Thsource and a precision pulser. The slopes of the time-to-amplitude converters (TACs)

used 1_,rthe TOF measurements of the light particles were determined using a time calibrator.The

pedestal (or t0) for each TAC was obtained using the protons and alphaparticles thatpenetratedthe

AEdetectors. The energies ef the light particles were then calculated from the TOF calibrations and

the measured flight paths.

Signals from the AE detectors were used to trigger the electronics. As a result there are high-

energy cut-offs in the proton spectra due to the fact that high-energy protons do not lose enough

energy in the AE detectors to produce signals above the discriminator thresholds. The high-energy

cut-off depends on the thickness of the AE detector and the discriminator threshold level, but is

typically about 30 MeV.
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III. EXPERIMENTAL RESULTS

A. Statistical.Model Calculations

The complete-fusion and equilibrium-decay process has been modeled with the Monte Carlo

computer code PACE [22] to aid in the interpretation of the data. This calculation was performed

with a total fusion cross section of 900 mb obtained from a surface-friction-model calculation by

Frobrich [23] for the 160+40Ca system. Discrete energy levels were used for the low excitation-

energy region of each nucleus involved in the evaporation cascades. A level density parameterof a

= A/8.5 MeV"1was used at higher excitation energy. An "event" file was created that contained the

history of 106 cascades. The history includes the mass, charge, and energy of the evaporation

residues as well as the energies and angular momenta of the emitted light particles. The file was

then scanned with the experimental detector positions and solid-angles to construct the energy and

angulardistributions of the evaporation residues and light particles.

For comparison, the calculation was also performed with the statistical-model code LILITA

[24] for fewer cascades. The results of the two calculations were in good agreement.

B. Evaporation Residues

Approximately 75% of the evaporation residues detected were isotopes of K, Ca, or Sc. An

energy spectrum of Sc residues is shown in Fig. 3. The solid curve is the PACE prediction for

complete fusion normalized to the maximum value consistent with the data. The experimental

energy distribution is shifted to higher energy than predicted by the PACE calculation indicating

significant incomplete fusion due to pre-equilibrium emission from the 12C target. This was

observed for all residue Z groups. The shape of the spectra were found to be consistent with the

assumption that contributions to incomplete fusion corresponding to pre-equilibrium emission from

the 40Ca projectile are negligible. By normalizing the PACE predictions to the maximum value

consistent with the data, it is estimated that at most 35% of the evaporation residues arise from

complete fusion. These results are consistent with the systematics established by Morgenstem et al.
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[3] from the measurements of inclusive evaporation.residue velocity spectra.

C. a-Particle Correlations
i

The energy spectra of a pmicles measured at Oa=-7 °, -27°, -45°, -65°, -95°, +15°, +25 °,

+45 °, +65 °, and +75 ° in coincidence with evaporation residues with 12<ZER<24 are shown in

Fig. 4. Negative and positive angles refer to the opposite and same side of the beam as the heavy-

ion demctor, respectively. The vertical scale in the figure indicates the a-particle double-differential

multiplicity (d2M_d.GadEa) def'med by

d3¢y

d2Ma d_aaamdEa

d_adEa = (d-'_)d°- -
0m

where (d_/d_Hi)0H I is the differential cross section of the evaporation residues measured at

0HI=4.5°. The solid curves shown in the figure are the results of the PACE calculation for

completefusionandequilibriumdecay.The agreementwiththedataatforwardangles(I0aI._45")

isquitereasonableexceptatthemostforwardangleson theoppositesideofthebeam.The

experimentalspectrumat-7"showsalargeprobabilityofc_particleswithenergiesbetween25and

65MeV whichisnotpredictedbythecalculation.Also,thehigh-energyslopeoftheexperimental

spectra_t.7° and -27"aresteeperthanpredicted.At angleslargerthan45"thecalculations

underprcdicttheexperimentalspectra.

Integratingoverthea-particleenergyspectra,wc obtaintheangularcorrelation(squares)

shown inFig.5.The solidcurveisthestatistical-modelpredictionforcompletefusionand

equilibriumdecay.Thecalculationprovidesagooddescriptionofthedataatanglesaround45"on

bothsidesofthebeam,howeveritundcrpredictsthedataatthemore forwardand backward

angles.

The angularcorrelationsofa particleswithresiduesofK,Ca,andScareshowninFig.6.

Thesolidcurvesshowninthefigurearetheresultsofthestatistical-modelcalculationforcomplete
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fusion and equilibriumdecay. Fromthis figure it can be seen that the discrepancies between the

damand the calculationbecomemorepronouncedwithincreasins Z of the evaporationresidues.

D. Proton Correlations

Although the experimentswere primarilydesigned for co-particlecorrelationswith heavy

ions,protonswerealso detectedin thesemeasurements.The energy spectraof protonsmeasuredat

0p=-7 °, -45°, -95°, -140°, -170°, +25°, +45°, +75°, +120°, and +150° in coincidence with

evaporationresidueswith 12£ZER_2_4areshownin Fig. 7. The solid curvesare the results of the

PACEcalculationforcompletefusion andequilibriumdecay.The agreementbetweenthe data and

the predictions at forwardangles is poor. The experimentalspectra at -7" and +25" show an

enhanced yield at low energies. Also, the high-energy slopes of the forward-angle spectraare

steeperthan predicted.The agreementbetween the data and the calculationsimprovesat larger

angles and is fairly good at -95° and +75° as shown in the figure.However, at backwardangles

the statisticalmodelunde_redictstheexperimentalspectra.

The angular correlation obtained by integrating the proton energy spectra (squares) is

comparedwith the PACEpredictionfor completefusion and equilibriumdecay (solid curve) in

Fig. 8. "mecalculationoverpredictsmostof the dataat forwardanglesand underpredictsthedataat

backwardangles. The overpredictionof the data at forwardanglesmay, atleast in part,be dueto

thehigh-energycut-offsin the protonenergyspectra.

The angularcorrelationsof protonswith residuesof K, Ca,and Sc areshownin Fig. 9. The

solid curves shownin the figurearethe resultsof the statistical-modelcalculationfor complete

fusion and equilibriumdecay. As in the case of the a correlations,the discrepanciesbetween the

dataandthe calculationbecomemore pronouncedwithincreasingZ of the evaporationresidues.

IV. DISCUSSION

There is clear andconsistentevidence from thedata of pre-equilibriumemission of both a

79



particlesandprotonsfromthe target.Theevaporation-residueenergyspectra(Fig. 3) areshiftedto

higherenergy thanpredictedby PACEandexpected from the reactionkinematicsfor complete

fusion. This indicatesthat there is significantincompletefusion due to pre-equilibriumemission

from the target.Also, the a-particle and protonyields at backwardangles aremuchlargerthan

predictedby thestatisticalmodel.Onewouldexpectthat any pre-equUibriumparticlesemittedfrom

the targetwill be detectedat largeangles. In fact, dueto _e reverse kinematicsemployedin this

reaction,nearlyall of the statisticallightparticlesfall in the forwardhemisphereand, therefore,the

light particles detected at backwardangles in coincidence with evaporationresiduesare almost

exclusively pre-equilibrium.It should also be pointed out that light particlesevaporatedfrom a

reduced compound nucleus formed in an incomplete-fusion reaction due to pre-equilibrium

emission fromthe targetwill be even moreforwardfocussedsince the reducedcompoundnucleus

will be movingwith a highervelocitythan thecomplete-fusioncompoundnucleus.

From the comparisonsof the PACEpredictionsfor completefusion with the data,there is

conflicting evidence bothfor and againstsignificantpre-equilibriumemission from the projectile.

The shapesof the energy spectraof the evaporationresiduesareconsistentwith the assumption

thatpre-equilibriumemission fromthe projectileis negligible.These observationsarecompatible

with the results of earlier inclusive measurements [1-10] of evaporation-residuevelocity

distributionswhich indicate that emission from the lighter reactionpartneris dominant.The

estimatethat anupperlimit of 35%of theevaporationresiduesarisefromcomplete fusionis also in

agreementwith the systematicsestablished by Morgensternet al. [3] and supportedby recent

measurements [6-9]. This estimate was obtained by normalizing the PACE predictions for

complete fusion to the maximum value consistentwith the data with the assumptionthatpre-

equilibriumemissionfromthe projectileis negligible.

On the other hand,comparisonsof the statistical-modelpredictionsfor completefusion and

equilibriumdecay with thelight-particledata suggeststhat there may be pre-equilibriumemission

fromtheprojectile.Thereappearsto be beam-velocitycomponentsin the energyspectraatforward

angles for both ocparticles(Fig. 4) andprotons(Fig. 7). An a particletravelingwith the beam
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velocity would have an energy of 45 MeV, while a beam-velocity proton would have an energy of

11 MeV. Light particles traveling at the beam velocity are expected in the simplest pictures of

incomplete-fusion due to pre-equilibrium emission from the projectile. Also, from a comparison of

the experimental (squares) and calculated (solid curve) o_-particleangular correlations shown in

Fig. 5, it can be seen that the calculation underpredicts the data at forward angles as well as at

backward angles. After subtracting the calculation from the data, we obtain the angular distribution

of the apparent nonstatistical component shown as the diamonds in Fig. 5. This distribution is

forward peaked and roughly symmetric around the beam which is also expected in the simplest

pictures of incomplete-fusion due to pre-equilibrium emission from the projectile. There is also a

second peak in the distribution centered around -70" which might be taken as evidence that some tz

particles escape from the projectile with a substantial transverse velocity component and not simply

in the initial beam direction. Evidence for this type of process has been reported [25] for

12C+19?Au, 160Gd,and 120Snreactions at E(12C)-5.5 - 10 MeV/nucleon where it was found that

the angular distributions for incomplete fusion peaked at significantly larger angles than those for

complete fusion.

The proton differential multiplicities (square,,) s_own in Fig. 8 are overpredicted by the

PACE calculation for complete fusion and equilibrium decay (solid curve) at most of the forward

angles. As mentioned earlier, this may, at least in part, be due to the high-energy cut-offs in the

proton energy spectra. If we assume that the shape of the calculation is correct and normalize it to

the data at-55", we obtain the dashed curve shown in the figure. Comparing the shape of the

normalized calculation with the experimental distribution, an extra component is apparent. The

angular distribution of this extra component was obtained by subtracting the renorrnalizecl

calculation from the data and is shown as the diamonds in Fig. 8. As with the tz correlations, this

distribution is roughly symmetric around the beam direction and peaked at forward angles.

Another discrepancy between the data and the PACE calculation for complete fusion is that

the high-energy slopes of the proton spectra measured at forward angles are steeper than the
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predictions. A similar, although less dramatic, disagreement is seen for the a-particle spectra

measured at forward angles on the opposite side of the beam from the heavy-ion detector.

Statistical-model calculations for the formation of reduced compound nuclei that might _ formed

in a simple picture of incomplete fusion suggest that this is not a simple effect due to the presence

of incomplete fusion.

Since nearly all of the light particles observed at backward angles (0>65 ° for a particles and

0>120 ° for protons) in coincidence with evaporation residues are of pre-equilibrium origin, the

large-angle spectra should provide a good test for pre-e,quilibrium-emission models. Shown in Fig.

10 are averaged proton energy spectra compared with the predictions of the nucleon-exchange-

transport model for pre-equilibrium emission [18] (solid curves). The experimental distributions

were obtained by averaging energy spectra taken at the same angle on either side of the beam to

remove the experimental asymmetry and facilitate the comparison with the pre-equilibrium-

emission model. The model overpredicts the high-energy portion of the energy spectra at forward

angles. As one goes back in angle the agreement between the calculation and the data improves,

and at 75" it is quite good. However, at backward angles the calculation overpredicts the spectra.

Emission at backward angles is induced in the model by nucleons originating in the target and

propagating through the projectile. Similar discrepancies between the predictions and data at

backward angles have been observed previously [18].

V. SUMMARY

We have performed a detailed measurement of ct particles and protons emitted in coincidence

with evaporation residues produced in the 40Ca+12Creaction using a pulsed 450-MeV 40Ca beam

from the ATLAS facility. The evaporation residues were detected and Z-identified with a large-

solid-angle, time-of-flight detector system. Energy spectra were obtained for each evaporation-

residue Z group. These energy spectra are shifted to higher energy than expected for complete

fusion indicating the presence of significant incomplete fusion due to pre-equilibrium emission
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fromthe12C target.The shapeoftheevaporation-residueenergyspectraareconsistentwiththe

assumptionthatincompletefusionduetoemissionfromtheprojectileisnegligible.Comparisons

oftheevaporation-residueenergyspectrawithstatistical-modelpredictionsforcompletefusion

suggestthatatmost35% oftheevaporationresiduesarisefromcompletefusion.

Energyandangulardistributionsweregeneratedfora particlesandprotonsincoincidence

witheachevaporation-residueZ group.The light-particleyieldsatbackwardanglesaremuch

largerthanpredictedby thestatisticalmodelandexpectedfromreactionkinematicsforcomplete

fusionandequilibriumdecay,indicatingthepresenceofconsiderablepre-equihbriumemissionof

botha particlesandprotonsfromthe12C target.Comparisonsoftheforward-angle,light-particle

datawithstatistical-modelpredictionsforcompletefusionalsosuggestthattheremay bcpre-

equilibriumemissionfromtheprojectileincontradictionwiththeresultsfromtheevaporation-

residueenergyspectra.

We havealsocomparedtheaveragedprotonenergyspectrawiththepredictionsofthe

nucleon-exchange-transportmodel forpre-cquilibriumemission[18].While theagreement

betweenthecalculationandthedataisreasonableat75",thecalculatedprotonspectraareharder

thanthedataatfor,,'_"danglesandovcrpredicttheyieldsatbackwardangles.
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FIGURE CAPTIONS

FIG. 1. Two-dimensional spectrum of energy versus range of heavy ions detected in the Bragg-

Curve Spectrometer for 40Ca+12C at E(4°Ca)--.450 MeV and 0HXffi4.5°. A gate on the two-

dimensional energy versus time-of-flight spectrum was used to exclude quasielastic events from

this specumn.

FIG. 2. Two-dimensional specumn of energy deposited in the AE detector versus time-of-flight

(TOF) for light particles detected at -55° in coincidence with evaporation residues detected at 4.5°

for _Ca+I2c at E(40Ca)=450 MeV. The negative angle refers to the opposite side of the beam

from the heavy-ion detector. The fold-over exhibited in the spectrum is due to the fact that the

high-energy particles are not stopped in the AE detector.

FIG. 3. Energy spectrum of Sc residues detected at 4.5° for 40Ca+12Cat E(40Ca)=450 MeV. The

solid curve is the result of a PACE [22] calculation for the complete-fusion equilibrium-decay

process.

FIG. 4. Energy spectra of ct particles detected in coincidence with evaporation residues

(12g__R_<24) observed at 4.5°. Negative and positive angles refer to the opposite and same side of

the beam as the heavy-ion detector, respectively. The solid curves are the results of PACE [22]

calculations for the complete-fusion and equilibrium-decay process.

FIG. 5. Angular correlation of ¢xparticles with evaporation residues (12._._.R._24) detected at

4.5 ° (squares). The solid curve is the result of the complete-fusion and equilibrium-decay

calculation performed with the code PACE [22]. The diamonds indicate the angular distributionof

pre-equilibrium (PE) a particles obtained by subtracting the calculation from the data.

FIG. 6. Angular correlations of ¢zparticles with residues of K, Ca, and Sc detected at 4.5°. The
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solid curves arc the results of PACE [22] calculations for the complete-fusion and equilibrium-

decay process.

FIG. 7. Energy spectra of protons detected in coincidence with evaporation residues

(12_q_R_24) observed at 4.5°. Negative and positive angles refer to the opposite and same side of

the beam as the heavy-ion detector, respectively. The solid curves are the results of PACE [22]

calculations for the complete-fusion and equilibrium-decay process.

FIG. 8. Angular correlation of protons with evaporation residues (12__7,4) detected at 4.5°

(squares). The solid curve is the result of the complete-fusion and equilibrium-decay calculation

performed with the code PACE [22]. The dashed curve is the calculation normalized to the dam at

0p=-55°. The diamonds indicate the angulardistributionof pro-equilibrium (PE) protons obtained

by subtractingthe renormalized calculation from the data.

FIG. 9. Angular correlations of protons with residues of K, Ca, and Sc detected at 4.5°. The

solid curves are the results of PACE _22] calculations for the complete-fusion and equilibrium-

decay process.

Fig. 10. Averaged energy spectra of protons detected in coincidence with evaporation residues

(12_<ZER_<_)observed at 4.5°. The spectrawere obtained by averaging the energy spectra taken at

the same angle on either side of the beam. The solid curves are the results of calculations with the

nucleon-exchange transport model for pre-equilibriumemission [18].
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Coincidence Measurements of Light Particles and Heavy Ions

in the 28Si + 24Mg Reaction

Vineyard, Atencio, Cardounel, Gilfoyle, Glagola, Henderson,

Mateja, Ohl, Prosser, Snyder, and Wuosma

We have measured the charged, light particles in coincidence with heavy ions produced in the

28Si + _Mg reaction at E(28Si) = 315 and400 MeV. This system forms the same complete-fusion

compound nucleus (52Fe) as the 40Ca + 12C system studied in our earlier work [1]. The two sets

of data will enable us to investigate the mass-asymmetry dependence of the incomplete-fusion

process which has been suggested in previous studies of inclusive evaporation-residue velocity

spectra [2-11]. The 315-MeV bombarding energy permits the study of this system at the same

relative center-of-mass velocity at the Coulomb barrieras the 40Ca + 12C reaction at E(40Ca) = 450

MeV. The measurements at 400 MeV were made to investigate the energy dependence of the pre-

equilibrium emission process.

The experiment was performed with pulsed 28Si beams obtained from the Argonne National

Laboratory ATLAS facility. The time resolution of the beam pulses was approximately 300 ps

(FWHM) with a period of 82.5 ns. The beams were incident on a 227 _g/cm 2 24Mg target

mounted in the ATLAS 91-cm scattering chamber. The heavy ions were detected at 6° in a large

solid-angle time-of-flight detector system [12]. This system consists of a parallel-plate avalanche

counter for timing and position information and a Bragg-Curve Spectrometer [13] to obtain the

energy and Z-identification of the heavy ions. The detector was mounted on the vacuum extension

box of the scattering chamber at a distance of 1.00 m from the target and subtended a solid angle of

5.5 msr. The Z-res01ution is illustrated in Fig. 1 where the Bragg peak is plotted as a function of

the range of the heavy ions detected in the Bragg-Curve Spectrometer.

The light particles were measured at 20 in-plane angles and four out-of-plane angles with

twelve telescopes consisting of surface barrierAE detectors andlithium-drifted silicon E detectors.

The distance of these telescopes from the target ranged from 19.5 to 40.0 cm. Identification of the

light particles was achieved using the rf beam timing of ATLAS.

The data are being analyzed by undergraduate students at the University of Richmond. The

energy and time-of-flight calibrations have been determined and software gates have been
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constructed to isolate each of the heavy-ion Z groups and light-particle species. The data tapes are

being read to construct the energy and angular distributions of protons and a particles in

coincidence with each of the heavy-ion Z groups. These distributions will be compared with the

results of model calculations and the complimentary data for the 40Ca + 12C system in an attempt to

gain some insight on the apparent mass-asymmetry dependence of incomplete fusion.

Shown in Fig. 2 is an energy spectrum of evaporation residues with Z = 18 produced at a

bombarding energy of 315 MeV and detected at a laboratory angle of 6°. The solid line is the result

of a PACE [14] calculation for complete fusion and equilibrium decay. The exp_mental energy

distribution is shifted to higher energy than predicted by the PACE calculation indicating significant

incomplete fusion due to pre-equilibrium emission from the 28Si projectile.
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Figure Caption

Fig. 1 Two-dimensional spectrum of Bragg peak versus range of heavy ions detected in the

Bragg-Curve Spectrometer for 28Si+24Mg at E(a0Ca)=400 MeV and 0ili=6 °. A gate on

the two-dimensional energy versus time-of-flight spectrum was used to exclude quasielastic

events from thisspectrum.

Fig. 2. Energy spectrum of Z=18 residues detected at 6° for 28Si+24Mg at E(28Si)=315 MeV. The

solid curve is the result of a PACE [14] calculation for the complete-fusion equilibrium-

decay process.
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I. Introduction

The last three decades have witnessed a broad effort to understand a unique state of

matter, the nuclear 'molecule' or quasimolecular resonance [1-7] This state is formed when

two heavy ions collide and form a rotating dinuclear complex analogous to the dumbbell

molecule of atomic physics. Under the extreme conditions of temperature and density that

nuclei are subjected to in heavy-ion (HI) collisions one expects the many-body features of

the nucleus to come to the fore and produce relatively unstructured spectra. Even in the

most celebrated case, that of 12C +12 C, the density of states near the Coulomb barrier

is of the order of 10-100 levels per MeV - any interesting features should dissolve in a sea

of compound nucleus states. This is not what is seen. Instead, a rich array of structure

has been found in the excitation functions of a number of reactions whose understanding

is far from complete. Typically, these structures are of two kinds: broad, gross structure

peaks with widths in the several MeV range and intermediate structures with widths of

the order of hundreds of keV. A classic example of this phcnomenon is the 12C . 12C

system which exhibits a number of resonances that have been identified as quasimolecular

states in 24Mg (the compound nucleus form rl in the entrance channel_. 1

The gross structure associated with light heavy-ion systems can be olated to the nature

of the optical-model potentials that are used to fit the elastic scattering. For most light,

HI systems, the potentials are surface transparent. The deep interior of the nucleus is

black and any particle penetrating to this region forms a thermally equilibrated compound

nucleus. Near the periphery of each fragment, though, the ions can interact without fusing

(the density of high spin states that couple to the incoming channel at these excitations

energies is low). This surface transparency is responsible for the presence of an I window,

a region of low absorption lying between the yrast line and an area of strong absorption at

higher excitation energy in the compound nucleus. Most of the resonances experimenters
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have found lie in this I window.

The narrow intermediate width structures are not so amenable to our understanding.

A variety of schemes have been proposed by theorists to explain various sets of data, but

no single prescription has been successful in describing a significant fraction of the data.

The common starting point for most of these theories is the doorway state mechanism

[8]. A simple eigenstate of some angular momentum, J, is fragmented by a weak residual

interaction that spreads the incoming flux over a set of more complex states. The choice of

these more complex co_ations that couple to the doorway state is a critical component

of _u_ theories. Some of the most spectacular resonances exist in systems in which the ions

consist of an integral number of a particles. Michaud and Vogt attributed the int_'mediate

structure in the 12C +12 C system to special configurations of 24Mg consisting of a 12C

core and three a particles [9]. Others have classified systems of a nuclei from 12C +12 C

to 160 +28 Si in an attempt to explain the features of heavy-ion reactions in these systems

as excitations of a particles [10].

If the residual interaction does couple t.he incoming channel to a-particle excitations

of the ions then one expects the addition of valence nucleons would disrupt this pattern as

the a-particle substructure disappears. However, a rich spectrum of resonance phenomena

has been observed in C+C systems which have one or more valence neutrons added to the

12C + 12C system. A fusion study by Frawley, et _ [11], of the 12C + 13C system (the

one valence neutron case) found it to be similar to the 12C + 12C system while other

studies of light-charged particle production from reactions that pass through the same

intermediate nucleus (25Mg) produced ambiguous results [12-17]. F_rther evidence from

the 12C(13C, a)21Ne reaction will be presented below which will resolve this ambiguity.

Investigations of the 12C + 14C system (a two valence neutron case) have produced

contradictory results [18-20], but a study by Konnerth, et _ [21] found strong evidence of

intermediate structure. The gross structure of the elastic and inelastic scattering of the

13C+13C system (a two valence nucleon system with no a nuclei) is consistent with the two

carbon nuclei orbiting around one another [22] and a global study of the 12C(13C,a)21Ne

reaction by us uncovered extensive intermediate structure [23-26]. ]_sion studies did not
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reveal resonant structure, but nevertheless the data were fitted with a surface transparent

optical potential similar to that of other resonant systems [27]. The 14C .14 C elastic,

inelastic, and transfer channels were also measured by Konnerth, et a/who observed gross

structure similar to that in 160 +16 O (a resonating system) in the 90° elastic scattering

excitation function [21]. The weight of evidence is tilting against the a-particle degrees of

freedom as the dominant source of intermediate structure.

In this paper we will present data for the 12c(lZc,a)21Ne reaction. The angle-

integrated cross sections over a broad energy range for the ground state, the first two

excited states, and three multiplets will be exhibited along with a variety of tests and

comparisons which establish the non-statistical nature of most of the cross section. We

have used autocorrelation analysis, searched for exit channel correlations, and made com-

parisons with the predictions of the statistical model. The outcome of ear_ method applied

is characteristic of a large, non-statistical component. We also compare the angular distri-

butions at correlated _ in the excitation function to draw conclusions about the angular

momentum of the interaction. We find the spin of the intermediate nuclear molecule is

consistent with the values observed in other carbon-carbon interactions in the same energy

range.

II. Experimental Details

The data were coUected at the University of Pennsylvania Tandem Accelerator Lab-

oratory with targets of self-supporting, isotopicaUy-enriched 12C foils of areal density 20

#g/cm 2. The beam lost about 100 keV (in the center-of-mass system) in the target. The

particles were measured with two large-solid-angle, position-sensitive, slice detectors de-

signed and built by Zurmiihle and Csihas [28]. The forward-angle detector had a nickel

foil placed in front of it to prevent ions heavier than the _'s from _ the detector,

thus reducing radiation damage to the device and reducing the rate of pileup events. At

back angles the presence of proton 'contamination' in the a spectra was e|imin_ted by

placing a AE gas counter in front of a second slice detector [28]. A position spectrum from

the back-angle slice detector is shown in Figure la. The _ correspond to the different
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slicesacrossthefaceofthedetector.Angulardistributionsweremeasuredovertherange

0cm - 10°- 160° and containdataatabout160-180pointsdependingon theconfiguration

forthatparticularrun.The groundand firstexcitedstatesoverlapone anothersotheir

yieldswereextractedby fittingeachspectrumwithtwoGaussiandistributions.The second

excitedstatewas resolvedaswerethreemultiplets,atEx(21Ne)ffi2.786-2.866MeV (three

states), F_,x(21Ne) = 3.662- 3.883 MeV (three states), and Ex(21Ne) = 4.432- 4.726 MeV

(four states). The final states in 21Ne above 5 MeV were not resolvable because of the

large number of broad, overlapping tmaks. A typical energy spectrum for a single slice is

shown in Figure lb.

HI. Results and Analysis

The excitation functions for the angle-integrated cross sections for the transitions men-

tioned above are shown in Figure 2. The data reveal a pronounced peak in each of the

excitation functions centered around 8.1 MeV and having a width of about 100-200 keV

depending on the exit channel. In this section we will subject the data to a series of tests

to establish the non-statistical, correlated nature of the reaction mechanism.

One test for the existence of resonances is to compare the data with the predictions

of the statistical model. If the average, angle-integrated cross section exceeds the model

prediction by a wide margin, then one must account for this extra yield with some other

explanation. Energy-averaged total cross sections were calculated with the computer code

STATIS [29]. The exit channels included in the calculation were: 12C .t.13 C, p .t.24 Na,

n +24 Mg, c_ .{.21 Ne, 2p %23 Ne, and 2n 4 23 Mg. 'I_r_msmission coefficients derived from

the optical model were used for the 12C +13 C and the a +21Ne channels and the code's

internal parameterization was used for the remaining c_els that make up a small portion

of the total fusion cross section. The input parameters for STATIS and the optical model
•

parameters used to calculate the transmission coefllcients are displayed in T_ble I. We

found three sets of optical model parameters for the entrance channel. The results of the

calculations using the sets from the work of Hallock, et al [30], and Delic, et a/[31] are

shown in Figure 1 as the solid curve and dashed figure, respectively. The parameters from
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the work of Westfall, et al produced a curve close to zero and we have not included it in the

figure [32]. The data exceed the statistical model prediction at all energies and the average,

angle-integrated cross section is typically a factor of 2-3 greater than the statistical model

prediction. A large portion of the cross section is produced by a mechanism other than

the formation of a thermally-equilibrated, compound nucleus.

The excitation functions exhibit gross structures of width which are fragmented into

narrower structures of width rcm _ 1.0- 2.0 MeV which are fragmented into narrower

structures of width I'cra _ 200- 400 keV. The magnitude of the fluctuations is con-

siderably more pronounced than what would be expected by the statistical model. This

observation will be put on a more quantitative basis below. The problem of separating the

resonant structure t_om the noise of statistical fluctuations is critical as described above.

We calculate the auto-correlation function defined by the relation

RCr,)= -1
< _(E) >< a(E + e) >

where _(E) is the angle-integrated cross section at energy E, e is the energy interval,

and r is the average width or coherence width of levels in the compound nucleus. The

autocorrelation function can also be described by a Lorentzian shape so that

r 2 1- y2
R(F,e) = F2+e2 Nk

where Nk is the effective number of channels contributing to a particular exit channel k,

and YD_ is the ratio of the average direct cross section to the average total cross section.

The mean square deviation, R(r, 0) for each state can be used to put limits on YD_ and

N&. At 0 ° , N k is one and it rises to a maximum at 90° of N k - g/2 (g even) or (g+ 1)/2(g

odd)-with

g -- (2i + 1)(2/+ 1)(2i' + 1)(2/' + 1)

whexe i and I are the spins of the target and projectile and i t and I t are the spins of

the final fragments. The allowed ranges of YDk and N k obtained in the present work are

shown in Table H. The results clearly show that the majority of the cross section is due to

non-statistical processes.
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The existence of correlations between different channels is usually a distinctive fea-

ture that separates resonances from a fluctuating background[3]. Consider the deviation

function

DCE)= _ _ >k--1

1 _ [Yk- 11
-- "N k--1

where N is the number of excitation functions and < crkCE) > is a running average of

the angle integrated cross section with an averaging i_ of A_ -- 1.50 MeV. The

size of the interval is determined by the behavior of D(E) as the interval is increased.

When it becomes sufficiently greater than the coherence width of levels in the compound

nucleus the shape of D(E) will remain essentially constant. The averaging interval we

obtained in this manner is consistent with the coherence width of 125 keV that we measured

with the autocorrelation function. We use the running average in order to e]i min&te any

kinematic effects on the average cross section, such as the presence of the Coulomb barrier

at Ecru _ 6.5 MeV. The probability density P(Yk) for a _ven channel, Yk,, is _ven by

rY,1 +Yo,
L1- YD. L ]

where IN is a modified Bessel function of order N. The probability distribution for the

deviation function, p(D), is given for statistically independent Y/_by the Fourier transform

of the product of the characteristic functions, _'k(t), of the o"mginalprobability densities

for the different states, p(Y_,). The characteristic unction for each channel is

_k(t) = f0°° pk(Yk)ei_Y'dYk .

The characteristic function of D (E) is then

eD(t) = 1"Ie-_tlN_o_ t
k--1

The probability density of D(E) is given by the Fourier transform of _D,

1 f__o e_D(t)e_iDtd t .
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We can now calculate the probability or confidence level for D(E) using the parameters

f_om the autocorrelation analysis. The percentage of data points with a deviation greater

than ZT or less than ZB is defined by

Q(XT) -'- p(D)dD ,

Q(XB) - ]_£ p(D)dD

In Fig. 3 we have plotted D(E) for the first three states and the next three multiplets in

21Ne along with the lines representing the 3Because we are using a running average the

points that are closer to the end of the data set than one-half the averaging interval cannot

be treated properly. Those points have not been included. Outside the 3containing three

data points out of a total of sixteen. Whereas statistical considerations would lead us to

expect at most a few events (maybe one), we find three. Thus, we observe evidence for

correlated structure in 13C(13C, _)22Ne.

One expects that the ground state transition at these correlated _ should have

angular distribLaions dominated by a few 1 values. The angular distributions for transition

to the 21Ne ground state are shown in Figure 4. They display the typical oscillatory be-

havior one expects in resonant reactions, but there are two points to note. The background

varies considerably with energy. The two minima on either side of the peak at 8.1 MeV

are at 7.92 MeV and 8.28 MeV and each has a considerably different angular distribution.

This rapidly changing background is similar to what is seen in other C+C reactions [23-26].

The second point is the angular distributions do not exhibit the deep minima and large

peak-to-valley ratios of reactions with zero-spin nuclei in the exit channel (in this case, the

21Ne hasJ_ - _+).The contributionofdifferentmagneticsubstatestothefinalangular

distributiontendsto 'washout'the structure.Nevertheless,one can stillextractsome

informationabout theangularmomentum oftheintermediatenucleusby examiningthe

angulardistributionatthemaximum intheangle-integratedcrosssection.

Ifthe transitionto the 21Ne ground stateweredue to a singleangularmomentum
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quantum number the differential cross section could be expressed as

d_ 2 2
d-_ = [_-1Y12-1(0' _)-I- Cl+lYl+l(0, _)[2

1 1 1 1
- + )12

= Ilc°lYl°l(O, ck)+C|+lY_l+l(O,ck)

where the/c_n's are are proportional to the scattering matrix. The angular distribution

at the 8.1-MeV peak in the excitation function is shown in Figure 5 with the curve one

expects for a transition arising from a pure IV1 (0, _)12. The similar/ty between the curves

implies this spherical harmonic is dominating the cross section and the angular momentum

of the intermediate nucleus is from either / - 4 or / -- 6. The differential cross section,

alone, is not sufBcient to resolve this ambiguity between the different possible / values.

It is worthwhile at this point to compare the evidence for resonanc_ in this energy

range in the 12C +13 C system with the evidence in other C+C systems in w)dch the

phenomenon has been o_. In the 12C+12 C system a prominent 44 state is,observed

at a bombarding energy of Ecru - 7.7 MeV that is correlated in several final states. The

spin assignment is based on the resemblance of the angular distribution at 7.7 MeV to a

pure IP4(co80)[ 2 [33]. A correlated 4+ state has also been observed in the 13C+13C system

[25]. Both resonances have similar widths and exceed the statistical model prediction of

the cross section by similar amounts [25]. Hence, ! -- 4 resonances exist at or near this

center-of-mass energy in the C+C systems for the zero- and two-valence-nucleon cases and

o," lata here are consistent with the same assignment in the one-valence-nucleon case.

We favor the assignment of an / - 4 to the resonance observed here.

IV. Conclusions

We have measured full angular distributions for the 12C(12C,c_)2°Ne reaction for the

transitions to the _ ground state, first and second excited states, and three multiplets at

Ex(21Ne) --- 2.786-2.866 MeV (three states), Ex(21Ne) - 3.662-3.883 MeV (three states),

and Ex(21Ne) - 4.432 - 4.726 MeV (four states). We have observed a correlated peaks in

the angle-integrated cross section including one at 8.1 MeV whose measured cross section

exceeds a statistical model prediction. The differential cross section at the correlated pea_
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is consistent with the formation of an I - 4 resonance in the intermediate 25Mg nucleus.

The resonance is similar in character to ones observed in the 13C +13 C and 12C +12 C

systems and hints at the possibility of a common mechanism among all three. If a common

mechanism did e_st to explain the presence of the resonance is the three systems it would

call into question the e_)lanation of the 12C +12 C nuclear molecular states in terms of a

particle degrees of freedom.
.
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T_ble I. Optical-model parameters for statistical model calculations.

Channel Ref. VR (MeV) RR (fm) aR (fm) VI (MeV) RI (fm) al (fro) V,o

12C +13 C 30 14.0 1.35 0.35 A a 1.40 0.35

+21 Ne 30 180.0 1.42 0.56 16.5 1.42 0.56

p +24.Na 30 B b 1.25 0.65 C¢ 1.25 0.47 D d

n +24 Mg 30 F e 1.306 0.66 G! 1.189 0.48

z2C +13 C 31 67.79 1.019 0.701 50.82 1.077 0.1002

12C 4-13 C 32 86.6 1.08 0.59 9.56 1.27 0.33

aA - 0.4 + 0.1E_m

bB -- 53.3 - 0.55Ecru + 27(N- Z)/A + 0.4Z/A 1/3

cc - 3A1/3
dD --- 8.5 for E >__17, 7.5 for E < 17

eF - 47.01 - 0.267Ecru - 0.00118E 2

SG - 9.52 - 0.053Ecru

Table H. Autocorrelation Analysis Results.

Nk YDh

Channel Min Max Min Mean Max

0.0 1 4 0.90 0.94 0.98

0.351 1 6 0.89 0.94 0.98

1.4556 1 8 0.73 0.86 0.97

2.7885-2.8656 1 4.7 0.95 0.97 0.99

3.6621-3.8829 1 5.3 0.92 0.95 0.99

4.432-4.726 1 6.5 0.89 0.94 0.98
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FIGURE CAPTIONS

Fig. 1 Typical position and energy spectra for the 12c(lZc, c_)21Ne reaction. The

position spectrum from the back-angle, position-sensitive, solid-state, surface-

barrier detector is shown in the upper panel. Each peak represents another slice

or scattering angle. The lower panel is a typical energy spectrum and shows the

overlapping ground and first excited states, the resolved second excited state,

and the three multiplets at higher excitation energy in 22Ne. Each peak is

labelled with the energy or energies of the states composing it.

Fig. 2 The excitation functions of the angle-integrated cross sections for the

12C(13C, _)21Ne reaction leading to the ground state, first two excited states,

and the three multiplets discussed in the text. The dashed curves are Hauser-

Feshbach calculations for each transition.

Fig. 3 Deviation function for the first three isolated states and the first three multiplets

in 21Ne. The solid lines represent the 3% confidence levels described in the text.

Fig. 4 Angular distributions for 12C(13C,_)21Ne(0.0) reaction in the range Ee.m. ---

7-9 MeV.

Fig. 5 The angular distribution for the transition to the 22Ne ground state at Ecru -

8.10 MeV. The solid curve is from a pure [yl(0, _b)[2 corresponding to an I = 4

or l -6 in the intermediate 25Mg nucleus.
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Neutron-neutron and neutron-deuteron correlations

Gilfoyle,$nyder,Nimchek,DeYoung,Peterson,Shaw,

Hinnefeld,Kolata,Glagola,andKryger

Physics Justification: The goal of the experiment is to make accurate measurements of the n-n and

n-d correlation functions for a well-characterized system. Such measurements can provide

extremely valuable information for assessing the role of the Pauli Exclusion Principle in two-

particle correlations. The proton-proton (p-p) correlation function in nuclear collisions has been

extensively studied over a wide range of energies, since it is sensitive to the space- time

characteristics of the emitting source (see, e.g., Ref. 1). The most striking feature of this

correlation function is the strong anti-correlation at low relative momentum that results primarily

from Coulomb repulsion but may have some contribution from Pauli effects. In principle, the

Pauli component might be evaluated by investigating n-n correlations however, systematic studies

of n-n correlations simply do not exist. In fact, only three experiments have been done to date.

The first, a study2 of the proton + Pb reaction st 7.5 GeV/c, p_yorted no Pauli anticorrelation and

concluded that the correlation is dominated by the attractive n-n singlet-state final state interaction

_SI'). The second group3, which investigated the 180 + 7-£_Vlgsystem at incident energies of 64

and 88 MeV, did identify Pauli repulsion in their data. They attributedtheir success to the fact that

the average neutron emission time from the _Ca compound nucleus resulted in a mean distance

between successively emitted neutrons that was large compared with the 16 fin n-n singlet-state

scattering length. Finally, the most recent study4, an investigation of 20Ne+12Cand _ + 59Co at

600 MeV, again reported domination by attractive FSI effects. Only in the latter work was a

comparison made with p-p correlation datafrom the same system.

We have measured n-n correlations resulting from the 160 + 27AI reaction at 216 MeV.

This is a very well-studied system for which many two-particle correlations have been measured
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5,6,7,includingthe firstandto date the only measurementof neutron-chargedparticlecorrelations

(Ref. 7). Fromthesedam,it has beendetermineds that theeffective sourcesizefor neutron-proton

correlationsis 50 fm, thus perhapssatisfying the emission-timerequirementgiven in Ref. 3. In

addition, n-n coincidences were observed in this experiment, although insufficient statistics

coupled with problemsdue to scatteringof neutronsfromonedetectorto another(thisexperiment

was optimizedforneutron-chargedparticlecoincidencedetection)preventedus frmnconstructinga

believable conelation function. We thereforebelieve thatthis reactionprovidesan ideal testing

groundforthe possibleeffectsof Paulirepulsiononthe n-ncorrelation.

A furthergoal of the experimentis to extracta higher-statisticsn-d correlationfunction. In

Ref. 7, we noted an intriguinganticorrelationat low relative momentumin this two- particle

correlationfunction(Fig. 1), whichmay result fromthe stronglyrepulsive natureof the J=3/2 s-

wave interaction. Interestinglyenough,this repulsion appearsto be dueto Paulieffects between

the two neutrons9. If this is in fact the case, and if the n-n correlationprovesto be nearlyalways

dominatedby FSIeffects, thenthe n-dcorrelationmaywell be thecleanestway to investigatePauli

repulsion in two-particle correlations. Unfortunately, our data (Fig. 1), though strongly

suggestive of aneffect, is of limited statisticalsignificance. Thus,a secondgoal of the proposed

workwill be to obtaina higher statistics n-d correlationfunctionthat can be analyzed with some

confidence. At the same time, we also be recordedother neutron-chargedparticleand charged

particle-chargedparticlecorrelationsat higherstatistics. All this informationwill be factoredinto

the analysis of the new expedn_ntal data. Theresult will be anexceptionallycomplete body of

informationthatwill be very importantfor the studyof Paulirepulsionand other effects in two-

particlecorrelations.

ExperimentalConfiguration: The neutroncharged-particleexperiment./in 1989 was primarily

focused on n-p coincidencesbut didhaveprovisions in the electronicset up to measureboth n-d

and n-n coincidences. As detailedabove an interesting result was found for the n-d but the n-n
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results were not reliable. However, this measurement did give us some very solid rateinformation

and pointed out what changes need be made before attempting to measure either of these channels.

The improvements which were made fall in several broad areas. For both the n-n and n-d

correlations the statistics were improved, the lower limit in q (relative momentum) was too high for

n-d, and the background (primarily neutrons scattering from one detector to another or "in-out

scattering") was unacceptably large for n-n. The statistics problem was addressed by having more

detector pairs. Two parameters affect the lower limit for q; the opening angle and ',he statistics.

The proposed configuration will have roughly the same opening angles as the 1989 work and will

yield an absolute lower limit of 2 MeV/c for n-d and 2.2 MeV/c for n-n. These are significantly

lower than the limit seen in figure 1 because of low statistics in that case. At any finite opening

angle the available phase space in the pn-pd space becomes ever smaller as q is lowered requiring

infinite statistics to realize the limit set by the opening angle. Of course a smaller opening angle

acts to increase the available phase space but simulations of the previous and Wo_sed geometries

show that the biggest gains are made by increasing the statistics rather than decreasing opening

angles (with associated smaller solid angles). The problem of in- out scattering required a radical

change in detector placement. The placement is driven by several competing effects. The simplest

way to reduce in-out scattering is to move the detectors farther apart thereby reducing the solid

angle for detecting the scattered neutron. Since we needed to preserve small opening angle this

means that the detectors were placed at different distances from the targetto achieve the solid angle

reduction. Unfortunately, this gain is partially offset by the increase in in-out scattering due to the

forward peaked laboratory angular distribution of the scattered neutron. A second order effect is

the fact that neutrons scattered at small angle usually produce little light (little energy lost) in the

first detector and so are not registered there. Certainly, aside from considerations of the size of the

reduction of the in-out scattering achieved with a staggered array, one can absolutely reject in-out

scatters with restrictions on the time of flight. By requiring that the forward n detector (closest to

the target) fire at a later time than the time at which the back neutron would have passed the
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forward detector, based on the energy measured by time of flight in the back detector, in-out

scattering is absolutely rejected. Unfortunately, this also eliminates half the statistics (which was

accounted for in therate estimates below). This procedure has been checked with simulations and

it was found that essentially all spurious events would be rejected for the geometry described

below.

We used two separatearrays (one on each side of the _ at 45"): one for n-n coincidence

measurements and the smallest angle n-d coincidences, and one primarily for n-d measurements

(higher solid angles but somewhat bigger opening angle). This array(figure 2a) will be conposed

of 16 neutron detectors (five inch diameter) wheredetectors with short flight paths (2 meter flight

path) alternate with those having largerdistances (2.9 meter flight). The distances were chosen as

a compromise between maximizing the in-out scatter and preserving solid angle. The center-to-

center d_istance (5.5 inches when projected onto a plane at 2 m) gives a 4" opening angle.

Simulations of the geometry indicate that with 50000 coincidences the minimum q (based on

acceptable errorbars) will be on the order of 3 MeV/c; more than adequatebased on either quantum

models or measuren_nts. 4 In the center of the squares framed by the neutron detectors we placed

9 Csl detectors (1.5 cm in diameter) at a distance of 90 cm from the target inside the vacuum

chamber (see figure 2a). These gave an opening angle of 2.8" for the n-d coincidences. The

second array(figure 2b) was composed of 8 neutrondetectors and 6 CsI detectors alternating at the

verticesof a square lattice. In this arraythe neutron detectors were placed 2 meters from the target

(no staggering) and so were not useful for n-n coincidences because of the high in-out scattering

anticipated for closely spaced detectors. The CsI detectors were located at a distance of 55 cm.

This configuration had a minimum opening angle of 3.3"which is larger than the first arraybut this

arrangementgave a large number of small angle pairs with relatively high solid angle. Having two

arrays allowed good measurements of the wide angle correlations.

In-out scattering is an insidious contaminant process as it registers as a n-n small-angle

coincidence. Even though it is relatively rare, it is still a small fraction of the huge singles rate in

comparison to the much lower coincidence rate. Initially, our hope was that shadow bar
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measurementswould allow all n-n detectorpairs to bc used. To this end simulationsof in-out

scatteringwerepcri'ormcdfor the firstarraydescribedabove. After including geometricalsolid

angle effects, angulardistributions,kinematics,andneutronefficiencies thein-outprobabilitywas

foundto be .06%. Unfortunately,then-n coincidence to n singles ratiowas 10.4 giving about5

rescatteredevents to every 1 real coincidence. This requires an unacceptably high correction

factor. (In the 1989 workwith adjacentdetectorsthe ratiowas 20 scatteredevents for everyreal

coincidence.)

In additionto the chanses in detector configuration,we also in_ the targetthickness

to 1.6 mg/cn_ bothto increasestatisticsandincreasethercal/bac_d ratio(a concernwith the

beam dump in the target room). Wc requix_ a 250 ns beam pulse spacins (as in 1989) to

accommodatethe long neutronflightpaths.

The datawere collected in the sunnncrof"1993 in five days of runningatATL,AS.The data

are currently bcins analyzed by our collaborators at Hope Coliege and at Michigan State

University.
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Figure Captions

Figure 1: The correlation functions from O+Al at 215 MeV involving neutrons. (Results from the

198_,experimeslt.)

Figure 2: Schematic rcln'cscntations of the detector geometry. The circles show the effective size

of the various dctcctors as projected onto a plane 2 mctcrs from thc target. The solid circlcs are thc

CsI, the open circlcs arc neutrondctcctors 2 m from the targetand the cross hatched circles are the

offset neutron detectors at a distance 2.9 m.
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Abstract Presented

to the National Conference on Undergraduate Research

University of Utah, Salt Lake City Utah

March 25-28, 1993

THE SEARCH FOR NUCLEAR MOLECULES IN THE 12C+1zC SYSTEM. _,
C.A. Cardounel, S.Sigworth, C. Smith, (G.P. Gilfoyle), University of Richmond, R. Zur-
muhle,H.T. Fortune, J. Arrison, M. McKenzie, M. Simpson, University of Pennsylvania.
When two nuclei collide they can form a dumbbell-like complex called a nuclear molecule,
analogous to molecules formed by atoms. We have studied the 12C + 13C system for
evidence of these di-nuclear complexes. The ground state and first excited state peaks in
the energy spectrum of this reaction are often not well seperated. A FORTRAN code was
written which fits these two peaks with a double gaussian. The best fit is determined by
minimizing the X2. This code allowed us to satisfactorily seperate the ground and first
excited states, and thus calculate the angular distributions for this reaction. This work
was supported by the Research Corporation and DOE.
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Computing Facilities

Gi!foyle, Rubin, end Yineyw*d

The University of Richmond Physics Department has a computer system dedicated to the

research needs of its faculty and students, The system is built around two Digital tklulpment

Corporation (DEC) computers, a VAXstation 3100 and a VAXstation 3200. These machines form

a cluster communicating via an Ethernet connection with the VAXstaflon 3100 acting as the boot

node (see Figure 1). The system is supported by 1.0 Gbyte of disk storage, a 9-track, 1/2-inch

tape drive, and a smaller TK-50 tape drive. A terminal server provides connections to all faculty

offices (five), to student terminals (four), and an LN03+ laser printer. We have been using a

DECstation 3100 for development of the computer interface to control the parameters of the gas

system of the CLAS (see section on slow controls for the CLAS drift chamber gas system). That

machine will be replaced with a new device in the fall of 1993 (see below). The Vaxes and some of

the other resources in the Deparunent are partof a campus-wide ethernetnetwork that also provides

access to Internet. The entire system is in an air-conditioned room in the Deparunent for easy

student and faculty access. The system is managed by one faculty member (G.P.Gilfoyle) and has

been up and running nearly continuously for three and a half years with few interruptions of

service.

As part of its teaching facilities the Department has an array of Macintosh computers with

software packages for mathematical analysis and data acquisition plus two PostScript laser

printers. Two of these computers are located in faculty offices andare partof the ethernet network.

Another five are located in a teaching laboratory and have also been connected to the ethernet

network. Although primarilyfor teaching use the_ machines are a resource for faculty and student

research. We have already begun using some of the software like Mathematica for the analysis of

the projects described in this report.

We have already ordered a new addition to our computing resources, a Hewlett-Packard
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(HP) 715/75 Unix-based machine with 1 Gbyte of disk space, 64 Mbytes of RAM, and an 86 MIP

processor. It will used to write code and will be partof a prototype data acquisition system that we

intend to build as part of the software development projects we are involved in at CEBAF. This

new machine will also make our facih'tiescompatible with those of our collab(rators at CEBAF. To

take full advantageof the new resource we will also equip a number of the Delm'tment's Macintosh

computers with software thatwill enable them to act as X-_ for faculty and student use.

lntenl¢_
i

VAXstation 3100
with

HP 715/75 TK.q) tape
drive

T_
LaserWriterHG DEI3ql Server

VAXstation 3200
with

Macintosh/ 9" tape
X-T_ drive

Macintosh/
X-Terminal

Macintosh/
X-Terminal

Ma_ntosh/
X-Terminal

Fig. 1 A schematic view of the University of Richmond Physics Deparunent computer system is

shown. The system is solely for theDepartment and to satisfy its research needs.
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F. W. Prosser Kansas B.G. Ritchie Arizona State

P. D. Rubin Richmond J.B. Seaborn Richmond

M. Simpson Pennsylvania H. Stroeher Giessen
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R. Zurmuhle Pennsylvania
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