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Preface

Summarized in this report is the progress achieved during the period from November 1, 1992
to October 31, 1993 under Contract Number DE-FG05-88ER40459. The experimental work
described in this report is in electromagnetic and heavy-ion nuclear physics. The effort in
electromagnetic nuclear physics is in preparation for the research program at the Continuous
Electron Beam Accelerator Facility (CEBAF) and is focussed on the construction and use of the
CEBAF Large Acceptance Spectrometer (CLAS). The heavy-ion experiments were performed at
the Argonne National Laboratory ATLAS facility and the University of Pennsylvania. Seventeen
undergraduate students, S. E. Atencio, A. Anderson, C. Cardounel, J. F. Crum, G. Kline, M. M.
Mawicke, M. McGhee, B. M. McKeever, M. Nimcheck, R. G. Ohl, J. H. Rollinson, B. Sabloff,
S. Sigworth, C. Smith, A. S. Snyder, R. S. Trotter, and P. Woods participated in these projects.
In addition, numerous collaborators are associated with this work and are listed at the end of the
report. The Principal Investigators would like to express their sincere appreciation for the

hospitality and support they have received from all of their collaborators.

M. F. Vineyard, G. P. Gilfoyle, and R. 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 Government nor any agency thereof, nor any 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 thercof. The views
and opinions of authors expressed hercin do not necessarily state or reflect those of the
United States Government or any agency thercof.
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Abstract

We propose to measure inclusive 1 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 (CL.AS) and the bremsstrahlung photon tagging system in
Hall B. The neutral mesons will be detected via the 2y decay mode. These measurements will
provide important information on the N interaction and nuclear-medium modifications of N*

resonances.



1. 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 1 meson 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 S;1(1535) and other isospin-1/2 N* resonances. In addition, due to the lack
of 1; beams, the production of 1 mesons in nuclei will provide important information on the -
nucleon and 1-nucleus interactions. Reactions induced with photons are particularly suitable for
these studies because photons probe the entire nuclear volume.

The current understanding of the photoproduction of 1 mesons is based on a rather sparse
data set. Most of this data is 20 years old [1], with the exception of two more recent measurements
[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 S$11(1535) and P;1(1710) resonances which are the only
nucleon resonances of mass less than 2 GeV with significant 1| decay branches. The results of
these upcoming experiments should improve our knowledge of the elementary (y,m) process
significantly.

Attempts to describe the elementary amplitudes involved in the (y,n) 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 Ay, which is compatible with quark-model estimates [9-12].

Bennhold and Tanabe [13] developed an isobar model for | photoproduction on nucleons by
using the TN — zN, 7N — nnN, and 7N — 1N reactions to determine the hadronic vertices, and

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



photoproduction amplitude was then used to estimate the cross sections for coherent and incoherent
1 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 collaborators [15-17], an isobar model was used to study the
7 interaction with hadrons. This model predicted an attractive NN interaction and indicated the
p;)ssible existence of bound NN states in nuclei with A 2 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 | photoproduction in
nuclei. In this work the many-body calculations of the N*(1535) width of Ref. [17] for the case of
bound 1 states was extended to the problem of 1| propagation through nuclei. The inclusive 1
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, 1 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 A® with & = 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 6 o« 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 1 mesons 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 (d20/dePn) calculated by Carrasco [18]
for 160 and 208Pb at k = 800 MeV and 8 = 25° before (dashed curves) and after (solid curves)



final-state interactions. The inclusion of the final-state interactions has a greater effect on the
magnitude of the cross sections than it does on the shape of the distributions.

The calculations discussed above show that both final-state interactions and nuclear-medium
modifications are important in inclusive 1 photoproduction in nuclei at energies around the
S11(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 measurements of the inclusive (y,n) cross section will provide important
information on the 1N interaction and the nuclear-medium modifications of the S;; response. In
fact, since the cross sections for coherent and incoherent photoproduction of 1 mesons are
predicted [13,14] to be quite small (several 10 nb), inclusive measurements may be the only
feasible way to study the dynamics of the N*(1535) in the nuclear medium. These measurements
are necessary if further theoretical progress is to be made in this area.

At present there is very little data available on inclusive N} production in 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 (nt+,n) spectrum
taken on 12C at a beam momentum of 680 MeV/c. Energy-integrated (x*,n) 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 NN total cross section, which is the only unknown input in this calculation, was adjusted
to obtain the best fit to the data. A good description of the mass dependence at all three beam

momenta is obtained with (N) = 15 mb. This should be compared to the ®N total cross section
of 34 mb at this energy. The N total cross sections are displayed as a function of pion beam
momentum in Fig. 6. The solid curve shown in the figure is the prediction of the additive quark
model [26]. The results of this calculation are in rather good agreement with the data. The nN total
cross section, shown as the dashed curve for comparison, is clearly larger than the NN cross

sections over a wide momentum range. The 1 momentum range of the proposed experiment is
indicated above Fig. 6.

It is important to point out a disadvantage in using pion beams to make these measurements.
Pion absorption and scattering in the initial state introduces an uncertainty in the extracted NN 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 Gy = 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 1 absorption in the final state.

The inclusive (p,n) reaction on nuclei has becn 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 | absorption, respectively. The result of the
folding model calculation without 1 absorption (dashed curve) has a greater slope than the data.

This suggests significant n| absorption 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 1 absorption is overestimated by the model. It has been suggested [27]
that this is due to the fact that 1| absorption is evaluatecl with the assumption that all 1 mesons are
produced at the center of the nucleus. The NN absorption cross section used in the folding model
calculations was estimated by detailed balance from the n"p — Mn reaction assuming that both
reactions proceeds through the N*(1535) resonance. The resulting N total cross section (solid
curve) is shown as a function of the kinetic energy of the 1 meson in the nucleon rest frame in Fig.
8. The dashed curve is the result of a coupled-channel analysis of Bhalerao and Liu [15]. The two
results are in good agreement.

Recently, experiments were performed at the Mainz microtron (MAMI) to measure the
photoproduction of 1| mesons from 1H, 2H, 12C, 40Ca, 93Zr, and M@'Pb 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 BaF; 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 1 peaks which stand well
above the background.

This brief discussion of inclusive 1 production, though incomplete, shows that both the 1
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 NN interaction. Further
progress in understanding the MN interaction is impossible without much more extensive and
precise data on inclusive 1 production in nuclei. The (yn) 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,n) reaction on 2H,

3He, 4He, 12C, 58Ni, and 208Pb over the photon energy range k = 0.8-1.5 GeV. The n
momentum distributions and the target mass dependence of the inclusive cross section will provide

information on the N-nucleon interaction. Comparisons with the data on n production 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 S;;(1535) resonance to
above the P1;(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 1 mesons 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 1’s is between 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 N 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 E,, polar angle 8,, and azimuthal angle ¢, will be measured for

each photon. From this one gets the opening angle y between the two photons and the asymmetry
parameter X, defined as

The 1 mesons will be identified from the Yy invariant mass
= (Y
My =2 ,/EyEy sin [5—)

while the kinetic energy E, and the polar production angle 6,‘ of the  are given by the

expressions:

E =M 2 :
n “\/(1-cos\y)(1-x2)

Ey, cos 8, +E, cos 0

cos 0, =
" :
VE4 +E%+2EuEpcos g

2.4 Acceptance

Since the 2y decay mode will be used to detect the | 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 N momentum versus ' .ooratory angle for events accepted by CLAS
from a uniform distribution. The detection efficiency as a function of 1 production angle at Py =
1.0 GeV/c and as a function of N momentum at 6, = 0° are shown in Figs. 13 and 14,
respectively. The detection efficiency peaks at about 30% at 6y = 0" and Py, = 1.0 GeV/c, and
decreases as the production angle increases or the 1| momentum decreases until it vanishes at about
8y =70" or PT\ =0.2 GeV/c.



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% atk = 1.5 GeV.

2.5 Momentum Resolution

We have investigated the 1| momentum resolution expected in this experiment. This was done
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% (op/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 performed to 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
n0 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 0s produced in the YN — nOrON reaction. Other contributions
to the background are from the detection of two coincident photons from different n0s from the
3n0 decay of the 1 (=32%), and from coincidences between the y and one of the photons from the
70 produced in the @ — n0y decay (=9%). The ® decay produces the background at large mass.
The background has been suppressed in the mass spectrum displayed in Fig. 16 by excluding
events in which more than two photons were detected 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 ir 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 — NON. 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 o threshold is at 1.11 GeV.

2.7 Count Rate and Beam Time Estimates

The 7] mesons produced wich monochromatic photons of energy k will be detected at a rate
given by:

R =T o) NK)- (01 o) BR

where N is Avogadro’s number (6.022 x 1023), A is the mass number of the nucleus, 6(k) is the
n photoproduction cross section, Ny is the number of incident photons per second, (pt) is the
target thickness, £(k) is the detection efficiency, and BR is the branching ratio for the 2y decay of
the n (0.39).

In estimating the count rates, we have assumed a total tagged photon flux of 107 photons/s
with an energy distribution which decreases as 1/k. Using energy bins of approximately 100 MeV
results in seven energy bins going from 0.8 to 1.5 GeV for the 1.6-GeV incident electron energy.
With these assumptions we arrive at about 1.9 x 105 photons/s in the 0.8-0.9-GeV bin and 1.1 x
106 photons/s in the 1.4-1.5-GeV bin.

The elementary 1| photoproduction cross section decreases from approximately 15 pb at 0.8
GeV to 1.2 ub at 1.5 GeV [1], and we have assumed that the total cross section scales as AO8, 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? for
each of the targets.

Listed in Table 1 are 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 1.5 GeV. At the calculated rates for the
deuterium target, we would detect more than 4.1 x 1057’s at 0.8-0.9 GeV and 4.3 x 104 1’s at

11



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 (yn) 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 (Y,n) events in the low-energy bin on 58Ni and about 5200 counts in
the high-energy bin on 208Pb.

2.8 Triggering

Since the 1| mesons will be detected via the 2y decay mode, a neutral trigger will be needed
for this experiment. The minimum opening angle between the two photons from the decay of 1
mesons in this experiment is 45°. Therefore, the two photons from an 1 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 0 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 efficiencies, 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 TN interactions. In these calculations, the 1 is created in a

12



quasifree production process, and the subsequent interaction of the | with the nuclear system is
treated by a Monte Carlo calculation which follows the 1} through 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 11 photoproduction cross section is taken from
a parametrization of experimental data, and is assumed - pe the same for production on the proton
and neutron. The total scattering (NN — 1|N) cross section is assumed to be 15 mb. The total
absorption cross section is taken from a calculation by Bennhold and Tanabe [13].

The main features of the results of these calculations for inclusive 1 photoproduction are
illustrated in Fig. 22 which shows 1| momentum 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 1| mesons (dot-dashed histogram) reduces the height of the quasielastic
peak considerably and increases the yield at lower momentum. Turning on the | absorption (solid
histogram) further reduces the quasifree peak and damps the scattering yield at low momentum.

The A dependence of the total cross section for inclusive I photoproduction at an incident
photon energy of 1.2 GeV predicted by this model is shown in Fig. 23. The cross section scales as
A08, 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 70 photoproduction measurements [19] where it was found that the cross section scales as
A0:66 which indicates surface production. This comparison suggests that the absorption is stronger
for 1 mesons than for pions. However, earlier measurements of the N cross section with pion
beams [20-24] indicate that it may be as much as a factor of two smaller than the ntN cross section
(see Fig. 6). Therefore, it appears that the 1 absorption may be overestimated in Carrasco’s model.

Shown in Fig. 24 is the momentum distribution expected after 150 hours of running time on
12C atk = 1.4 GeV and 0y = 20-30°. The solid histogram shows the events generated with an
intranuclear Monte Carlo calculation and the dashed histogram represents the events accepted and
reconstructed by the CLAS.

The expected sensitivity of the proposed measurements to the 1|N cross 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" < 6, < 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 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 O, and the absorption Cross section Gy are constant and that Gape/Og.q; = 2. Calculations
were then performed for different values of OpN = Gabg + Ogcqe- The data points were calculated
with oy = 45 mb and the solid, dashed, and dot-dashed curves show the results for oy =0, 42,
and 48 mb, respectively. It can be seen from the figure that we should be able to determine oy to
about £ 3 mb.

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 electroproduction [5] of 1 mesons from the proton. Indeed,
the results of these experiments will be important in the analysis of our data. As pointed out earlier,
a comparison of our results with those obtained on the protcon will allow us to extract information
on the NN interaction and nuclear-medium modifications of the N* resonances.

We have indicated several times in the discussion of the experimental technique that the
measurements proposed here are compatible with the kaon photoproduction experiments on
deuterium [30] and 3He, 4He, and 12C [31]. The only component of the experimental design
which will be affected by this experiment is the trigger, as discussed above.

4.2 Experiment at MAMI

The quasifree photoproduction of 1 mesons from 2H, 12C, 40Ca, 93Zr, and MatPb has
recently been measured at MAMI over the photon energy range from 600 to 790 MeV [29]. The
experiment proposed here will complement these measurements at MAMI and extend them to much
higher energies.

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 N mesons 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 1 photoproduction.

6. Future Directions

A natural extension of this proposal would be to perform similar measurements for the n’
mesons to extract information on the 1n’-nucleon interaction. In the chiral limit of QCD, the 1| and
1)’ 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 NN and n'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-1] [s1]

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
208py 0.092 0.0096
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Fig. 1. Inclusive 1 photoproduction 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 S;; 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. 5. Target mass dependence of inclusive (nt,n) cross sections taken from Ref. [20]. The
dashed curves are the results of Glauber calculations [25] using various TN total cross sections.
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inidal-state interactions.
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[20]. The solid curve is the prediction of the additive quark model [26] for the NN total cross
sections. The nN total cross section is shown as the dashed curve for comparison. The n
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Fig. 10. Eta photoproduction kinematics for incident photon energies between 0.75 and 1.55
GeV.
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Fig. 11. A typical 1| photoproduction event in the CLAS. Track 1 is a proton, and tracks 2 and 3
are photons from the 2 decay of the  meson. The incident photon energy is 1.2 GeV.
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Fig. 13. Detection efficiency as a function of n laboratory angle at Py, = 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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Fig. 14. Detection efficiency as a function of 1 momentum at 64 = 0° 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 Distribution for y—y Events at k=1.2 GeV
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Fig. 16. Simulated mass spectrum for y-y events from photoproduction at k = 1.2 GeV. Most of
the background (dashed histogram) is from the detection of two coincident photons from different
0s produced in the YN — xOnON reaction and the 3n0 decay of the 1 meson. The background at
large mass is from coincidences between the ¥ and one of the photons produced in the @ — =0y
decay. The background has been suppressed by discriminating against events with more than two
photons detected in coincidence.
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Mass Distributions for y—y Events at k=0.8 GeV
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Fig. 17. Simulated mass distributions for y-y 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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Fig. 19. Same as Fig. 17 except at k = 1.2 GeV.
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Fig. 20. Same as Fig. 17 except atk = 1.4 GeV.
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Fig. 22. Momentum distributions for 1 photoproduction on 208Pb at k = 1.2 GeV and 6y = 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 1|
scattering in the nucleus. The solid histogram is the expected distribution taking into account
scattering and absorption.
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Inclusive A(y,n) at k=1.2 GeV
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Fig. 23. The A dependence of the total | photoproduction cross sections calculated with an
intranuclear Monte Carlo code at k = 1.2 GeV. The cross section scales as A08,
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Fig. 24. Simulated momentum distributions expected after 150 hours of running time on 12C atk
= 1.4 GeV and 6, = 20-30". The solid histogram shows the events generated with an intranuclear
Monte Carlo calculation. The dashed histogram represents the events accepted and reconstructed by
the CLAS.
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Photoproduction of n' Mesons in Nuclei
Vineyard, McKeever, Sabloff, Gilfoyle, 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 the N” meson should be well understood within quark models as simple qq systems.
However, there is significant evidence that suggests that the " meson is not a simple qq state. As
pointed out by Lenz [1], the primary problem is to understand the mass of the n)’.

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

IN>=cos@Ing>+sinOin; >
In">=-5in@INg>+cos@in; >
where the quark content of the singlet and octet states are given by
In1>=7%luﬁ+c-ld+s§>
|n8>=~,—l§-luﬁ+dd—2s§>.
The mixing angle 0 has been determined from the Gell-Mann-Okubo mass formula [2] to be about
-10°. However, measurements of the yy decay widths of the 1| and " mesons yield a mixing
angle of -18.4° £ 2° [3], nearly twice the value obtained from the quadratic mass formula.

Another problem has to do with the octet mass sum rule [4]. When this sum rule is applied to
the 1 and " masses it is violated by almost 50%. On the other hand, when the sum rule is applied
to the masses of the ® and ¢, the vector meson nonet counterparts of the pseudoscalar etas, it is
satisfied to about the one percent level.

These discrepancies have led to the suggestion that there are exotic components in the n’
wavefunction. The most convincing experimental evidence for this has come from a study of JAy
decays into vector and pseudoscalar mesons [S]. In this work, measured branching ratios were fit

to a simple model of JAy decays which was then used to calculate the strange- and nonstrange-
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quark content of the n and i’ mesons. The authors concluded that (35 £ 18) % of the 1’
wavefunction can be attributed to an additional component. Other theoretical investigations have
come to similar conclusions about gluonium admixtures in the n-n’ system [6,7].

It has been suggested [1,8] that this problem with the n’ is connected to fundamental
properties of the strong interaction, and that a comparison of the interaction parameters of the n'N
system with those of the other members of the pseudoscalar nonet, in particular the 7, is important
to search for signals of this unusual structure. WE plan to use the CLAS to measure differential
cross sections for the (y,n") reaction on 2H, 12C, 58Ni, and 208Pb at photon energies beween 1.45
and 2.25 GeV. The ' momentum distributions and the target mass dependence of the cross section
will provide information on the 'N interaction. These measurements will complement the (Y,n)
experiments [9] to be performed at CEBAF and a comparison of the two data sets should shed
some light on the 1" puzzle.

2. Experimental Procedure
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 2.4 GeV, the tagged photons will have an
energy range of 1.45 to 2.25 GeV. The threshold for n’ photoproduction on a free proton is 1.44
GeV. For the counting rate estimates, the tagged photon rate has been assumed to be 107

photons/s.

2.2 Acceptance

The 1)’ mesons will be detected with the CLAS via the i’ = pOy — n+n-ydecay (branching
ratio = 20%). A typical event is shown in Fig. 1. Tracks 1, 2, and 3 are the photon, ©t*, and 7,
respectively, from the decay of the ", and track 4 is the recoil proton.

Monte Carlo calculations were performed to determine the CLAS acceptance for these 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 " 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 " 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 n+n-y 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
1’ 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 1" produced in this experiment that can decay
into w*r-y is the ¢. However, because the ¢ photoproduction cross section is smaller than that of
the n’ [10], and because it decays into T*nyy only about 5% of the time, it introduces a relatively
small background under the n’ peak.

2.7 Count Rate and Beam Time Estimates

The " mesons produced with monochromatic photons of energy k will ve detected at a rate
given by:

R =32 - o) NfK)- () ek)- BR
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where N, is Avogadro’s number (6.022 x 1023), A is the mass number of the nucleus, 6(k) is the
N’ photoproduction cross section, Ny is the number of incident photons per second, (pt) is the
target thickness, e(k) is the detection efficiency, and BR is the branching ratio for then’ — pOy —
wtr-y decay (0.20).

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

The elementary 1’ photoproduction cross section is approximately 1 ub over the energy range of
1.45 to 2.25 GeV [10], 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 target thickness of 1 gm/cm? for each of the targets.

Listed in Table 1 are the total count rates for each of the targets calculated with the above
assumptions. Also listed in the table are the number of " mesons we would expect to detect in 150
hours of beam for each target. These numbers seem to be sufficient for this experiment.
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Table 1. Count rate estimates.,

Target R (1.45-2.25 GeV) Counts in
[s1] 150 hours
2H 0.13 70,200
12¢ 0.088 47,520
38Ni 0.064 34,560
208pp 0.050 27,000
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6y

SDA Progrom Middie Plone View of the CLAS Detactor

Fig. 1. A typical n’ photoproduction event in the CLAS. Tracks 1, 2, and 3 are the photoa, x*,
and x-, respectively, from the 11’ decay, and track 4 is the recoil proton.




1]
.l. : 0
e
. ——— ..l!..v!....‘...l..ﬂ. ; =
() e = | e | SR 2 o
.I’. !llrr..,.l,.ll'w.m.l..uu.m — oalll!.....l‘.illl.' —
..|Il.,l_lio|lu .  § am— M -
b — (e LU
=) MU TTS
l:ﬂ)l.:ll“...&ﬂh-llﬁ.ﬂ.wﬂ.!lr'm..ﬁ talmm,y
: l..,ul..,.t.ﬂu.l,l:.“m Hm...«..\,.w........
: S et
i g
N iosovnb

-y

’ =K%
==
) —" - B
| ——— | -
"Mnn-.ll.d- V. =y l..ﬂ,luvm. .
- I )
03 .ln..ﬂ“.n.-.-...wh.u.u....l..v..w.ulﬂ.. v
O RO
m— )~y ,..s
v ia'vln

(]
U
N
LR

N e m—"
[ T ISt
7 :.:.!.m.
o nll.
et LTI
[P N ddl Iy e
g —
4 :L-..WII. >
A —r )
[ e ] iy Yyt TN
N = =)
l.. ih.?“.'.l B
Sl 't a
R AL )
= U -t
S5T)

X
| (il
.l.‘.l"..".l-
=l | . i
=
T .u...'l.
e B
B, Bm e

K]
: T
R i
et N [
u...h.d..um‘.,nm.u.u.mm.,...n.:.bi
O S
ﬁ...ll,ql

. 5.
1 %...
'— q.‘.'. .l.
™ r.....ll.“.l.'..,lr..,.. ==
l:lull.l’ll.v..\sn‘nlhllon
.....“ll...l._,‘..l!. n
“na— ,~l.lll - lllll-ln'."
Kk “m3~. 1o | —
= —
. —

.
.
.
.
LS

. . . . . Q‘.
. ' ."u....
. . . Q %4.. =
. .P.-..mlll.:.ﬁ.l =2
ety Yo e, 05 M
- ..LI
| e—————

.
.
\
.
. .
.
!
. S—
OO ! oy gy, e ¥
.

. ' . — Ty
" ' | e %
R . 7
LN 1—\ LI qllﬁ L _ L
~ v ] <

__
©
(%) 29uv3daroy

00—

50

1
1.2
1.4

of n’ momentum and ion angle in the laboratory.

0.8
‘ (Gg‘//c)

0.4
0.6
A

0.2

Fig. 2. The acceptance as a



-K310u3 uoioyd yusprout Jo uonduny € se ouerdaooe oqy, ¢ S
(A®D) £8asuy uojoyd jusplou]

(e (4 8’1 91 0
! — I ! I 4 . 1 I I L _ ] | ¥ L — I | i

| .. 07} s10j09s ajisoddo g reuoljippy — weddolsty plios — G

u .C¥ 07 2Felaa0d Jojawilio[e) — Wed3O)sTH payseq -

51

N e J-l.—]ll

_‘
L r._.—a..,.: )

__'J. | A

l
=
(%) @oueidsooy

£319uq uojoyd juapiou] ‘sa aoue}dadoy U

PR




[49

10°

104

103

Events/Channel

10°

101

Mass Spectrum for n*n”y Events at k=1.6 GeV

LR

|

T Tlﬁllll

| lllllll|

1 llllllll

1 I I T 1 I 1 l R LA l 1 1 1 1 ] 1

,.Il...l....lll[.l.

]

1

L il

1

i i Lllilll i lL_ll]llI

| I | lllllll

0.25 0.5 0.75 1
Mass (GeV)

Fig. 4. Simulated x+xy mass spectrum for photoproduction at k = 1.6 GeV.

1.25



Photoproduction of the fo Scalar Meson
Gilfoyle, Major, Rubin, Seaborn, and Vineyard

The structure of the £y(975) scalar meson has been a continuing source of controversy for more
than two decades now[1-7]. The standard model predicts the existence of a nonet of qq objects, the
3Po nonet, that is complementary to the observed 3P2 nonet. The fj is a candidate for the s§
member of the 3P nonet and can be viewed as an I=1 orbital excitation of the . However, there
are a number of flaws with this classification. The width of the f differs dramatically from
expectations. A variety of models predict I'(fy—nr)=500-1000 MeV whereas the measured value
is about 30 MeV[S5]. The f; is also a partner to the nearly degenerate a(980) in the 3Pgnonet. 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 f versus 983 MeV for the ag). Treating the
fo and ao as a (p,w)-like doublet (where the a is the /=1 orbital excitation of the p) can resolve the
problem of the mass difference between the f( and the ag, but it leads to other contradictions. This
approach predicts the ratio I'(f,—nn)/T"(ag—nx) should have a value of 4. The observed value is
close to 1/2[5]. In addition this model does not explain the coupling of the f; to the KK decay
channel. If the f and ag were truly a (p,w)-like doublet then the ratio I'(f,—KK)/T'(f,—nx) would
be approximately equal to px/3p,. In reality the f; is so strongly coupled to the KK decay channel
that the nr mass distribution from the f decay displays a typical Breit-Wigner shape with a
dramatic cutoff at the KK mass threshold[5]. The comparison of the fy with its presumed partner
in the 3P, nonet, the £,(1270), also leads to consistencies. The coupling to the yy decay channel
can be calculated on the basis of the f5(1270) data, but the result is not consistent with the observed
¥y coupling of the fo- The decay widths of the J/¥ into various channels also show the fp does not
behave as the analog to the f3(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 f; is KK molecule. Weinstein and Isgur have used a
non-relativistic potential model to investigate the qq{] system{S]. 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 smeller than the intercluster separation. They form a weakly bound ‘meson
molecule’. The best candidates for such a configuration are the fy and the ag. 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 f is itself a weakly bound KK state
in this model. One consequence of this model that will become important later is that the f is
considerably larger in size than the usual qd system.

Another theoretical investigation of the g2 system by Jaffe uses the MIT bag model to predict
the existence of such states in the particle spectrum(2]. This approach predicts a different spectrum
ofstat&sandthmtheqzq2 system will be comparable in size to the usual q system.

Other workers have tried to reconcile the discrepancies in the q picture of the f by including
the effect of the nearby KK mass threshold in their modcls 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 q{ system.

With the array of alternative explanations for the anomalous behavior of the fo cited above, the
question becomes one of distinguishing among these choices. One experiment at the Continuous
Electron Beam Accelerator Facility (CEBAF) has already been approved to address these questions
by examining the electroproduction of the fy using a proton target and measuring the f,—KK decay
channel{9]. Presumably by determining the Q? and t dependence of the cross section one can
distinguish between the large, weakly-bound ‘meson molecule’ and the more compact qf
configuration. However, the direct production of KK pairs may make it difficult to extract the f
cross section from the background and even if successful, the experiment does not discriminate
between the qq and the q%J2 pictures.
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A different experimental signature has been proposed by Alexandrou and Sato using the
production of the fo from a nuclear target[10]. This technique relies on geometric arguments to
differentiate between the three alternatives described above (KK,qq, and q242). They calculate the
total cross section and the inelastic cross section, Gy, and Gipelastic, respectively, for the fgN
scattering process using the three hypotheses. If the f; is either a KK molecule or a q242 state the
total cross section should be about twice the expectation for a q state. Furthermore, the ratio of the
inelastic to total cross section or r=Cjpelastic/Ctotal Will be large compared to the qf expectation for
the KK molecule. If the fg is a q2g?2 state then r will be much smaller than the qf expectation.
Hence, a determination of Oyoe) And Ojpelaesic Will 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—fpX and the exclusive reaction
YA—foN(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 2[10]. In Figure 1 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 KK molecular picture with different assumptions about the amounts of
Gotal AN Oipelastic- The curve labelled C is for the q2q2 hypothesis. The last two curves (labelled
D and E) are produced using the g hypothesis with different assumptions about the amounts of
Oiotal And Oipelastic- The inclusive cross section is strongly dependent on the amount of Gipejastic:
but only weakly dependent on the size of Gyq1. Hence, one can extract the foN 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 q32 and KK molecule
hypotheses is shown in curves A and B, respectively. This exclusive cross section is only weakly
dependent on Gjpejastic» DUt 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 photoproduction of the
fo and detecting its decay with the CEBAF Large Acceptance Spectrometer (CLAS). The invariant
mass spectrum extracted from the KK decay channel of the f provides a comparatively clean signal
with few background processes to interfere. However, the amount of direct production of KK
pairs is largely unknown and the peak in the invariant mass spectrum is distorted because the
centroid of the f mass distribution lies below the KK mass threshold. This effect is demonstrated
in Figure 3 where the invariant mass spectrum for decay via the KK channel is compared with
decay via the nr mode[5]. The *r mode clearly shows a more prominent peak whose cross
section will be easier to extract. These difficulties have lead us to consider the nx decay channel of

the fy. That investigation is underway.
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Figure 1. The inclusive cross section versus A is shown for the reaction YA—fpX. The cross

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

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

represents the 242 model, and curves D and E were calculated using the ¢ model.
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Figure 2. The exclusive cross section versus A is shown for the reaction YA—fgN(A-1). The

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

Curve A represents the A-dependence of the q232 model, curve B represents the KK

molecular picture, and curve C was calculated using the qq 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/sec, it filters, mixes and delivers to a 1m3 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 éhoices; 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 actuated valves. 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
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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
reduced to 10 ppm with a DeOxo catalytic device which uses Hydrogen to preduce water which is
then trapped. In other tests at CEBAF, a DO muon drift chamber with a total drift time of 1000 ns
displayed a 45% change in pulse height with 3200 ppm of O, in the gas. To keep such effects to
1% and maintain high efficiency for long drift paths (consistent with a 9% resolution on dE/dx) we
conclude that Oy 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 referred to above
indicates that we can achieve this.

This prototype serves as the basis for the conceptual design, now essentially completed, of
the full scale CLAS gas system. Combined input flow will be 16 - 20 liter/min, assuming two
volume changes per day of the 60,000 liter (~ 2000 ft3) detector and recirculation of 80% of the
chamber throughput. A 20 x 30 ft metal building to serve as a gas shed will be located on the
graded area between experimental Halls B and C and close to the former. Present plans include at
least nine gas lines connecting this shed with Hall B; six for input and return from the three
detector regions, one for exhaust, and one 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
recirculation and exhaust. Some copper or 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 partitioned for housing
electronics and instrumentation, including the monitor for a cctv camera located in the experimental
hall. The remaining 20 ft x 20 ft space will house mixing, metering, and monitoring equipment and
transducers. Groups other than the drift chamber group may wish to use space in this facility.
Potential needs include a Freon cleaning and recirculation system, a Nitrogen system, and a
cryogenics target gas system.

Efforts to estimate yearly gas costs, and to control this operating expense, are hindered by the

difficulty in locating a reasonably priced source of 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 FTE during the
first year of operation, and 1/2 to 3/4 FTE thereafter.
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U.R. Prototype Gas System For CLAS

Legend:

Flow Metering Transducer
or Controller

-

Trap or Filter

Transducer for Water (W)
Pressure (P)
Temperature (T)

O

prose

Laae

Bypass Line
(3 Way valve at each end
not shown)

@ Valve

DPT.
DPC

Differential Pressure
Transducer or Controller

Oxygen (O)
4 Recirculation Return
.
Bleed
Rota
Mag. S M  Sammmm—
DP Pump D gg
P S Valve
z Buffer A Buifer B
[] [] )
[ ] []
| IS ]
EF _ — “:J ;_J
Overpress Underpress
Safety Bubblers Ex.

63

MFT




CLAS Slow Controls System

Vineyard and Bonneau

Part of the UR group’s contribution to the CLAS collaboration is the development of the
slow controls system. This system is being constructed within the framework of the CEBAF
Online Data Acquisition (CODA) system. CODA is designed to run on an Ultrix (DEC/RISC) host,
connected via ethernet to multiple intelligent front end crates, FASTBUS and VME. CAMAC
crates are interfaced through VME. Slow controls is defined to include everything necessary to
control and/or monitor the detectors, magnets, beamline, power supplies, etc. Following the
experience of large high energy physics experiments, slow controls and data acquisition will be
kept as separate as possible, operating as separate processes using separate CPU’s and 1/O crates.
The CODA slow controls system passes information to and from the user through a graphical user
interface. Currently this user interface is created with a software system called DataViews.

The initial work on the slow controls system has been focussed on the prototype gas system
for the drift chambers which has been developed by the UR group. The instruments included in the
gas system are listed in Table 1 along with the quantities measured and the type of interface or
output information available. A VME crate with a Motorola 167 single-board computer and an
Xycom 64-channel ADC is used to interface with the gas system instrumentation. A real-time
operating system, VxWorks, is run on the crate CPU to provide the basis for real-time control. 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 graphical user interface have been created with DataViews
to display this information. A black and white version of the main view which shows the location
of the various transducers is shown in Fig. 1. Selecting the icon of one of the transducers will
display another view through which information is presented. A software driver is also being

developed to communicate with the MKS 147 Gas Flow Controller through an RS-232 interface.
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During the next year, this system will be converted to the Experimental Physics and
Industrial Control System (EPICS) which is currently being incorporated into the CODA system.
EPICS is a state-of-the-art distributed real-time data acquisition and process control software
package developed and maintained by a collaboration between Los Alamos Laboratory, Argonne
National Laboratory, CEBAF, and several industrial partners. It supports a large number of
channels conveniently and efficiently and is based on open-system concepts. The EPICS operator
interface includes one or more UNIX workstations which communicate over ethernet with one or
more intelligent I/O controllers, called IOCs. EPICS supports VME, VXI, and CAMAC 10Cs.
This software package also includes logic and alarm handling.

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

other CLAS components.
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Table 1. Prototype Gas System Instrumentation

« MKS 147 Gas Flow Controller

only active control in system

]

controls and reads flow rate in liters/min
4 channels

RS-232 interface

0-2 V analog output

¢ GOW-MAC Thermal Conductivity Gas Analyzer
- measures % ethane (by volume)

- 0-1V analog output

¢ Panadry Hygrometer
- measures dew point in °C which is converted to
ppm H,0
- 0-2V analog output

 Illinois Instruments 2550 Oxygen Analyzer
- measures ppm oxygen

- 0-100 mV analog output

+ MKS PDR-5B Power Supply and Readout
- reads pressure
- 5channels

- 0-1V analog each channel
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CLAS Drift Chamber Software Development
Gilfoyle and Mestayer

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 1). This
nosecone prototype is the first 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. It will 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 VMS 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 timc
of this writing) we have decided to modify this existing code (entitled ‘TRACK’) for use with the
nosecone prototype.

At this time the modification 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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electronics-channel-to-wire-number and the associated electronics parameters (pedestals, gains,
etc.) are now consistent with the nosecone prototype geometry. Various and sundry parameters
and software ‘cuts’ that were ‘hardwired’ into the code have been removed or adapted to the new
configuration. The capability to write out events read in by TRACK into a file in the CLAS 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 approach to the wire by the track
and were used to generate simulated the drift times that will be the quantities measured during the
cperation of the drift chambers. These drift times were then written into an event file that could be
read by TRACK and analyzed. 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 software
has not begun because there is currently no testing equipment available. These tests will be done
during the winter of 1993-1994.

References
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particle is shown.
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closest approach of the particle to the wires that have fired after its passage.
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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 pre-equilibrium
emission of both protons and o particles from the 12C target. However, there is conflicting

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

The study of linear-momentum transfer in relatively-light, heavy-ion systems
(Aprojectile+Atarger<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 transferred to 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 that some 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-equilibrium particles. This behavior
is qualitatively consistent with the picture that particle emission from (or breakup of) the projectile
and/or target occurs (some fraction of the time) prior to fusion, and that the emission from the
lighter reaction partner is dominant.

The origin of the pre-equilibrium emission of light particles associated with incomplete fusion
is unknown and one of the interesting questions is whether the incomplete momentum transfer is
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 o emission plays an important role. In a study of the 20Ne+27Al reaction at
E(20Ne'=19.2 MeV/nucleon, a pre-equilibrium o 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-particle correlations and energy spectra consistent with evaporation [15].

In recent years, considerable progress has been made in the development of various
theoretical descriptions of pre-equilibrium emission. 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 appropriate only to explain nucleon
emission and it is possible that pre-equilibrium emission of composite particles is important (for
which there are nc 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
and future efforts in the description of pre-equilibrium particle emission. It is important to develop
a quantitative understanding of pre-equilibrium 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 o particles emitted in
coincidence with evaporation residues for the 40Ca+12C system at E(40Ca)=450 MeV. 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 procedure is described in Section II. 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 40Ca beam from the Argonne
National Laboratory ATLAS facility. The time resolution of the beam pulses was better than 200 ps
(FWHM) with a period of 82.5 ns. The beam was incident on a 100 pg/cm? 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, time-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
scatterir g chamber at a distance of 1.00 m from the target and subtended a solid anle of 5.5 msr.
The timing information was used to aid in the separation of 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 from 0.577 msr
at the most forward angles to 10.75 msr at the backward angles. 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 228Th source and a precision pulser. The slopes of the time-to-amplitude converters (TACs)
used 1ur the TOF measurements of the light particles were determined using a time calibrator. The
pedestal (or ty) for each TAC was obtained using the protons and alpha particles that penetrated the
AE detectors. The energies of 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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ITII. 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 parameter of a
= A/8.5 MeV-! was used at higher excitation energy. An "event" file was created that contained the
history of 109 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
angular distributions 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 12 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 Morgenstern et al.
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(3] from the measurements of inclusive evaporation-residue velocity spectra,

C. a-Particle Correlations

The energy spectra of o particles measured at 8,=-7°, -27°, -45°, -65°, -95°, +15°, +25°,
+45°, +65°, and +75° in coincidence with evaporation residues with 12<Z ;<24 are shown in
Fig. 4. Negative and positive angles refer to the opposite and same side of the beam as the heavy-
ion detector, respectively. The vertical scale in the figure indicates the a-particle double-differential
multiplicity (d2M/dQ,dE ) defined by

3
g

-———-———-—-

d
d M dnmdBa
o
5 )

where (do/dﬂm)am is the differential cross section of the evaporation residues measured at

d

8y=4.5°. The solid curves shown in the figure are the results of the PACE calculation for
complete fusion and equilibrium decay. The agreement with the data at forward angles (10,,/<45°%)
is quite reasonable except at the most forward angles on the opposite side of the beam. The
experimental spectrum at -7° shows a large probability of o particles with energies between 25 and
65 MeV which is not predicted by the calculation. Also, the high-energy slope of the experimental
spectra at -7° and -27° are steeper than predicted. At angles larger than 45° the calculations
underpredict the experimental spectra.

Integrating over the a-particle energy spectra, we obtain the angular correlation (squares)
shown in Fig. 5. The solid curve is the statistical-model prediction for complete fusion and
equilibrium decay. The calculation provides a good description of the data at angles around 45° on
both sides of the beam, however it underpredicts the data at the more forward and backward
angles.

The angular correlations of o particles with residues of K, Ca, and Sc are shown in Fig. 6.

The solid curves shown in the figure are the results of the statistical-model calculation for complete
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fusion and equilibrium decay. From this figure it can be seen that the discrepancies between the
data and the calculation become more pronounced with increasing Z of the evaporation residues.

D. Proton Correlations

Although the experiments were primarily designed for a.-particle correlations with heavy
ions, protons were also detected in these measurements. The energy spectra of protons measured at
0p=-7°, -45°, -95°, -140°, -170°, +25°, +45°, +75°, +120°, and +150° in coincidence with
evaporation residues with 12<Zp <24 are shown in Fig. 7. The solid curves are the results of the
PACE calculation for complete fusion and equilibrium decay. The agreement between the data and
the predictions at forward angles is poor. The experimental spectra at -7° and +25° show an
enhanced yield at low energies. Also, the high-energy slopes of the forward-angle spectra are
steeper than predicted. The agreement between the data and the calculations improves at larger
angles and is fairly good at -95° and +75° as shown in the figure. However, at backward angles
the statistical model underpredicts the experimental spectra.

The angular correlation obtained by integrating the proton energy spectra (squares) is
compared with the PACE prediction for complete fusion and equilibrium decay (solid curve) in
Fig. 8. The calculation overpredicts most of the data at forward angles and underpredicts the data at
backward angles. The overprediction of the data at forward angles may, at least in part, be due to
the high-energy cut-offs in the proton energy spectra.

The angular correlations of protons with residues of K, Ca, and Sc are shown in Fig. 9. The
solid curves shown in the figure are the results of the statistical-model calculation for complete
fusion and equilibrium decay. As in the case of the & correlations, the discrepancies between the

data and the calculation become more pronounced with increasing Z of the evaporation residues.

IV. DISCUSSION

There is clear and consistent evidence from the data of pre-equilibrium emission of both o
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particles and protons from the target. The evaporation-residue energy spectra (Fig. 3) are shifted to
higher energy than predicted by PACE and expected from the reaction kinematics for complete
fusion. This indicates that there is significant incomplete fusion due to pre-equilibrium emission
from the target. Also, the a-particle and proton yields at backward angles are much larger than
predicted by the statistical model. One would expect that any pre-equilibrium particles emitted from
the target will be detected at large angles. In fact, due to the reverse kinematics employed in this
reaction, nearly all of the statistical light particles fall in the forward hemisphere and, therefore, the
light particles detected at backward angles in coincidence with evaporation residues are almost
exclusively pre-equilibrium. It should also be pointed out that light particles evaporated from a
reduced compound nucleus formed in an incomplete-fusion reaction due to pre-equilibrium
emission from the target will be even more forward focussed since the reduced compound nucleus
will be moving with a higher velocity than the complete-fusion compound nucleus.

From the comparisons of the PACE predictions for complete fusion with the data, there is
conflicting evidence both for and against significant pre-equilibrium emission from the projectile.
The shapes of the energy spectra of the evaporation residues are consistent with the assumption
that pre-equilibrium emission from the projectile is negligible. These observations are compatible
with the results of earlier inclusive measurements [1-10] of evaporation-residue velocity
distributions which indicate that emission from the lighter reaction partner is dominant. The
estimate that an upper limit of 35% of the evaporation residues arise from complete fusion is also in
agreement with the systematics established by Morgenstern et al. [3] and supported by recent
measurements [6-9]. This estimate was obtained by normalizing the PACE predictions for
complete fusion to the maximum value consistent with the data with the assumption that pre-
equilibrium emission from the projectile is negligible.

On the other hand, comparisons of the statistical-model predictions for complete fusion and
equilibrium decay with the light-particle data suggests that there may be pre-equilibrium emission
from the projectile. There appears to be beam-velocity components in the energy spectra at forward

angles for both a particles (Fig. 4) and protons (Fig. 7). An « particle traveling with 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) a.-particle angular 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 o
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+197Ay, 160Gd, and 120Sn reactions 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 (squares) shown 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 renormalized
calculation from the data and is shown as the diamonds in Fig. 8. As with the a 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 be 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 (6>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-equilibrium-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 a. particles and protons emitted in coincidence
with evaporation residues produced in the 40Ca+12C reaction 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

‘asion indicating the presence of significant incomplete fusion due to pre-equilibrium emission

82



from the 12C target. The shape of the evaporation-residue energy spectra are consistent with the
assumption that incomplete fusion due to emission from the projectile is negligible. Comparisons
of the evaporation-residue energy spectra with statistical-model predictions for complete fusion
suggest that at most 35% of the evaporation residues arise from complete fusion.

Energy and angular distributions were generated for a particles and protons in coincidence
with each evaporation-residue Z group. The light-particle yields at backward angles are much
larger than predicted by the statistical model and expected from reaction kinematics for complete
fusion and equilibrium decay, indicating the presence of considerable pre-equilibrium emission of
both o particles and protons from the 12C target. Comparisons of the forward-angle, light-particle
data with statistical-model predictions for complete fusion also suggest that there may be pre-
equilibrium emission from the projectile in contradiction with the results from the evaporation-
residue energy spectra.

We have also compared the averaged proton energy spectra with the predictions of the
nucleon-exchange-transport model for pre-equilibrium emission [18]. While the agreement
between the calculation and the data is reasonable at 75°, the calculated proton spectra are harder

than the data at forw» +1 angles and overpredict the yields at backward angles.
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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+!2C at E(40Ca)=450 MeV and 6y;=4.5°. A gate on the two-
dimensional energy versus iime-of-flight spectrum was used to exclude quasielastic events from
this spectrum.

FIG. 2. 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 detected at 4.5°
for 40Ca+12C 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+12C at 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 a particles detected in coincidence with evaporation residues
(12<Zggr<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 o particles with evaporation residues (125Zpp<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 distribution of
pre-equilibrium (PE) o particles obtained by subtracting the calculation from the data.

FIG. 6. Angular correlations of o particles with residues of K, Ca, and Sc detected at 4.5°. The
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solid curves are 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€ZpRr<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<Zpp <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 dashed curve is the calculation normalized to the data at
6p=-55°. The diamonds indicate the angular distribution of pre-equilibrium (PE) protons obtained
by subtracting the 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<ZR<24) observed at 4.5°. The spectra were 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-equilibrium emission [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
288i + Mg reaction at E(38Si) = 315 and 400 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 barrier as 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 ug/cm2 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-resolution 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 barrier AE detectors and lithium-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 o 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 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 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(*0Ca)=400 MeV and 8;;;=6°. A gate on

the two-dimensional energy versus time-of-flight spectrum was used to exclude quasielastic
events from this spectrum.

Fig. 2. Energy spectrum of Z=18 residues detected at 6° for 28gi+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 witn&sséd 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 + 12¢
system which exhibits a number of resonances that have been identified as quasimolecular
states in Mg (the compound nucleus form 4 in the entrance channe)).!

The gross structure associated with light heavy-ion systems can be <lated 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 | 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 ! 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 configurations that couple to the doorway state is a critical component
of such theories. Some of the most spectacular resonances exist in systems in which the ions
consist of an integral number of « particles. Michaud and Vogt attributed the intermediate
structure in the 12C +12 C system to special configurations of Mg consisting of a 12C
core and three a particles [9]. Others have classified systems of a nuclei from 12C +12 C
to 160 428 i in an attempt to explain the features of heavy-ion reactions in these systerns
as excitations of a particles [10].

If the residual interaction does couple the 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 4+ 12C system. A fusion study by Frawley, et al [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 (2°Mg) produced ambiguous results [12-17]. Further evidence from
the 12C(13C, a)2!Ne 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 al [21] found strong evidence of
intermediate structure. The gross structure of the elastic and inelastic scattering of the
13¢413C system (a two valence nucleon system with no o nuclei) is consistent with the two
carbon nuclei orbiting around one another [22] and a global study of the 120(130,0)21Ne
reaction by us uncovered extensive intermediate structure [23-26]. Fusion 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 al 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(13C,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 each method applied
is characteristic of a large, non-statistical component. We also compare the angular distri-
butions at correlated peaks 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 collected at the University of Pennsylvania Tandem Accelerator Lab-
oratory with targets of self-supporting, isotopically-enriched 12¢ foils of areal density 20
pg/cm?. The beam lost about 100 keV (in the center-of-mass system) in the target. The
a 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 a’s from reaching 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 o spectra was eliminated 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 1a. The peaks correspond to the different
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slices across the face of the detector. Angular distributions were measured over the range
fcm = 10° —160° and contain data at about 160-180 points depending on the configuration
for that particular run. The ground and first excited states overlap one another so their
yields were extracted by fitting each spectrum with two Gaussian distributions. The second
excited state was resolved as were three multiplets, at Ex(?!Ne) = 2.786—2.866 MeV (three
states), Ex(2!Ne) = 3.662 — 3.883 MeV (three states), and Ex(?Ne) = 4.432 — 4.726 MeV
(four states). The final states in 2! Ne above 5 MeV were not resolvable because of the
large number of broad, overlapping peaks. A typical energy spectrum for a single slice is
shown in Figure 1b.

II. 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 esta;blish 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: 12¢c 413 C, p+24 Na,
n+2 Mg, o +2! Ne, 2p +23 Ne, and 2n +23 Mg, Transmission coefficients derived from
the optical model were used for the 12G 413 C and the a +2! Ne channels and the code’s
internal parameterization was used for the remaining channels that make up a small portion
of the total fusion cross section. The input parameters for STATIS and the optical model
parainéters used to calculate the transmission coefficients are displayed in Table 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 al [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 'y &~ 1.0 — 2.0 MeV which are fragmented into narrower
structures of width Tem ~ 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 from the noise of statistical fluctuations is critical as described above.
We calculate the auto-correlation function defined by the relation

<o(E)o(E+e¢) >
<u(E)><o(E+¢ >

R(T,e) =

where o(F) is the angle-integrated cross section at energy E, € is the energy interval,
and I 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

r2 1-Yj
[“4+e N

R(T,e) =

where Ny is the effective number of channels contributing to a particular exit channel k,
and Yp, is the ratio of the average direct cross section to the average total cross section.
The mean square deviation, R(T,0) for each state can be used to put limits on Yp, and
Ni. At 0°, N is one and it rises to a maximum at 90° of Ny, = g/2 (g even) or (g+1)/2(g
odd)-with
g=(2i+1)(2I+1)(2¢ +1)(2I' +1)

‘where i and I are the spins of the target and projectile and i’ and I’ are the spins of
the final fragments. The allowed ranges of Yp, and Ny obtained in the present work are
shown in Table II. 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

where N is the number of excitation functions and < ox(FE) > is a running average of
the angle integrated cross section with an averaging interval of AEqm = 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 “cdvmpound
nucleus the shape of D(FE) 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 eliminate any
kinematic effects on the average cross section, such as the presence of the Coulomb barrier
at Ecm = 6.5 MeV. The probability density p(Y}) for a given channel, Y;, is given by

Ne-1 | 1/2
N | Y k Yy +Yp, 2Nk(YkYD,,)
YD) = [YDJ exp [ Ny [ bt ]| e | R

where Iy 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, ®(t), of the original probability densities
for the different states, p(Y;). The characteristic unction for each channel is

o0 .
Pi(t) = /0 pi(Yr)e*Yedy;

The characteristic function of D (E) is then
N .

op(t) = [T e May 1]

k=1 Ny

The probability density of D(FE) is given by the Fourier transform of ®p,

p(D) = ?11; 7 ap(eiPas
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We can now calculate the probability or confidence level for D(E) using the parameters

from the autocorrelation analysis. The percentage of data points with a deviation greater
than 7 or less than z g is defined by

Qer) = [~ pD)D

Qp)= [ p(D)D

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, a)?2Ne.

One expects that the ground state transition at these correlated maxima should have
angular distributions dominated by a few 1 values. The angular distributions for transition
to the 2!Ne 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 has J* = %+). The contribution of different magnetic substates to the final angular
distribution tends to ‘wash out’ the structure. Nevertheless, one can still extract some
information about the angular momentum of the intermediate nucleus by examining the
angular distribution at the maximum in the angle-integrated cross section.

If the transition to the 2!Ne ground state were due to a single angular momentum
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quantum number the differential cross section could be expressed as

l‘% = |}, ¥21(0,8) + 1 Yi21(6, 92
= Idd_1¥L1(6,8) + el ¥k (6, 9
= 1f1Y21(0,8) + e, Y1 (6, $)
where the c[*'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 |Y51 (0, ¢)|2. The similarity 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 sufficient to resolve this ambiguity between the different possible [ values.

It is worthwhile at this point to compare the evidence for resonauces in this energy
range in the 12C +13 C system with the evidence in other C+C systems in which the
phenomenon has been observed. In the 12C+12C system a prominent 4* state is observed
at a bombarding energy of Eqm = 7.7 MeV that is correlated in several firnal states. The
spin assignment is based on the resemblance of the angular distribution at 7.7 MeV to a
pure | Py(cos8)|? [33]. A correlated 4t state has also been observed in the 13C4+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(mC,oz)mNe reaction for the
~ transitions to the # ground state, first and second excited states, and three multiplets at
Ex(?!Ne) = 2.786—2.866 MeV (three states), Ex(*!Ne) = 3.662—3.883 MeV (three states),
and Ex(?!Ne) = 4.432 — 4.726 MeV (four states). We have observed a correlated peaks in
the a.ngle-integréted cross section including one at 8.1 MeV whose measured cross section

exceeds a statistical model prediction. The differential cross section at the correlated peak
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is consistent with the formation of an ! = 4 resonance in the intermediate Mg nucleus.
The resonance is similar in character to ones observed in the 13C +13 C and 12C +12C
systems and hints at the possibility of a common mechanism among all three. If a common
mechanism did exist to explain the presence of the resonance is the three systems it would
call into question the exxplanation of the 12C +12 C nuclear molecular states in terms of a
particle degrees of freedom.
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Table I. Optical-model parameters for statistical model calculations.

Channel Ref. Vi (MeV) Rp (fm) ag (fm) V;(MeV) R;(fm) a7 (fm) Vi
2ciBBc 30 14.0 1.35 0.35 A® 1.40 0.35
a+2'Ne 30 180.0 1.42 0.56 16.5 1.42 0.56
p+#ANa 30 BY 1.25 0.65 ce 1.25 047 D4
n+#Mg 30 Fe 1.306 0.66 Gf 1189  0.48
2c4BBc 31 67.79 1.019 0.701 50.82 1.077  0.1002
2c488¢c 32 86.6 1.08 0.59 9.56 1.27 0.33

GA = 0.4 + 0.1E¢m

bB = 53.3 — 0.55Ecm + 27(N — Z)/A + 0.4Z/Al/3

°C = 3A1/3

dp = 8.5 for E > 17, 7.5 for E < 17
F = 47.01 — 0.267Eqy, — 0.00118E2,,
fG =9.52 — 0.053Ecm

Table II. Autocorrelation Analysis Results.

N YD,
Channel Min Max Min Mean Max
0.0 1 4 090 094 098
0.351 1 6 08 094 098
1.4556 1 8 073 086 097
2.7885-2.8656 1 47 095 097 0.99
3.6621-3.8829 1 53 092 095 099
4.432-4.726 1 65 089 094 098
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FIGURE CAPTIONS

Fig. 1 Typical position and energy spectra for the 12C(13C, a)?INe 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
12¢(13C, a)?!Ne 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, )21 Ne(0.0) reaction in the range Ecm, =
7-9 MeV.

Fig. 5 The angular distribution for the transition to the 22Ne ground state at Eep =
8.10 MeV. The solid curve is from a pure |YZ (6, ¢) |2 corresponding to an I = 4

or | = 6 in the intermediate Mg nucleus.
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Neutron-neutron and neutron-deuteron correlations

Gilfoyle, Snyder, Nimchek, DeYoung, Peterson, Shaw,
Hinnefeld, Kolata, Glagola, and Kryger

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
N gfg'emely valuable information for assessing the role of the Pauli Exclusion Principle in two-
fa:rticle 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, systemati'c studies
of n-n correlations simply do not exist. In fact, only three experiments have been done to date.
The first, a study? of the proton + Pb reaction at 7.5 GeV/c, reported no Pauli anticorrelation and
concluded that the correlation is dominated by the attractive n-n singlet-state final state interaction
(FSI). The second group3, which investigated the 180 + 26Mg system at incident energies of 64
and 88 MeV, did identify Pauli repulsion in their data. They attributed their success to the fact that
the average neutron emission time from the 44Ca compound nucleus resulted in a mean distance
between successively emitted neutrons that was large compared with the 16 fm n-n singlet-state
scattering length. Finally, the most recent study?, an investigation of 20Ne+!2C and 20N + 39Co at
600 MeV, again reported domination by attractive FSI effects. Only in the latter work was a
comparison made with p-p correlation data from the same system.

We have measured n-n correlations resulting from the 160 + 27Al reaction at 216 MeV.

This is a very well-studied system for which many two-particle correlations have been measured
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56,7, including the first and to date the only measurement of neutron-charged particle correlations
(Ref. 7). From these data, it has been determined8 that the effective source size for neutron-proton
correlations is 50 fm, thus perhaps satisfying the emission-time requirement given in Ref. 3. In
addition, n-n coincidences were observed in this experiment, although insufficient statistics
coupled with problems due to scattering of neutrons from one detector to another (this experiment
was optimized for neutron-charged particle coincidence detection) prevented us from constructing a
believable correlation function. We therefore believe that this reaction provides an ideal testing
ground for the possible effects of Pauli repulsion on the n-n correlation. ‘

A further goal of the experiment is to extract a higher-statistics n-d correlation function. In
Ref. 7, we noted an intriguing anticorrelation at low relative momentum in this two- particle
correlation function (Fig. 1), which may result from the strongly repulsive nature of the J=3/2 s-
wave interaction. Interestingly enough, this repulsion appears to be due to Pauli effects between
the two neutrons’. If this is in fact the case, and if the n-n correlation proves to be nearly always
dominated by FSI effects, then the n-d correlation may well be the cleanest way to investigate Pauli
repulsion in two-particle correlations. Unfortunately, our data (Fig. 1), though strongly
suggestive of an effect, is of limited statistical significance. Thus, a second goal of the proposed
work will be to obtain a higher statistics n-d correlation function that can be analyzed with some
confidence. At the same time, we also be recorded other neutron-charged particle and charged
particle-charged particle correlations at higher statistics. All this information will be factored into
the analysis of the new experimental data. The result will be an exceptionally complete body of
information that will be very important for the study of Pauli repulsion and other effects in two-

particle correlations.
Experimental Configuration: The neutron charged-particle experiment’ in 1989 was primarily

focused on n-p coincidences but did have provisions in the electronic set up to measure both n-d

and n-n coincidences. As detailed above 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 rate information
and pointed out what changes need be made before attempting to measure either of these channels.
The improvements whicﬁ 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
séattcring”) was unacceptably large for n-n. The statistics problem was addressed by having more
detector pairs. Two parameters affect the lower limit for g; the opening angle and the 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 proposed 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 target to 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 the rate 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 separate arrays (one on each side of the beam 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 composed
of 16 neutron detectors (five inch diameter) where detectors with short flight paths (2 meter flight
path) alternate with those having larger distances (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 distance (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 error bars) will be on the order of 3 MeV/c; more than adequate based on either quantum
models or measurements. In the center of the squares formed 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 neutron detectors and 6 Csl detectors alternating at the
vertices of a square lattice. In this array the 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 Csl 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 array but this
arrangement gave 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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measurements would allow all n-n detector pairs to be used. To this end simulations of in-out
scattering were performed for the first array described above. After including geometrical solid
angle effects, angular distributions, kinematics, and neutron efficiencies the in-out probability was
found to be .06%. Unfortunately, the n-n coincidence to n singles ratio was 104 giving about §
rescattered events to every 1 real coincidence. This requires an unacceptably high correction
factor. (In the 1989 work with adjacent detectors the ratio was 20 scattered events for every real
coincidence.)

In addition to the changes in detector configuration, we also increased the target thickness
to 1.6 mg/cm? both to increase statistics and increase the real/background ratio (a concern with the
beam dump in the target room). We required a 250 ns beam pulse spacing (as in 1989) to
accommodate the long neutron flight paths.

The data were collected in the summer of 1993 in five days of running at ATLAS. The data
are currently being analyzed by our collaborators at Hope College 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
195~ experiment.)

Figure 2: Schematic representations of the detector geometry. The circles show the effective size
of the various detectors as projected onto a plane 2 meters from the target. The solid circles are the
Csl, the open circles are neutron detectors 2 m from the target and 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 '2C+!3C SYSTEM. A.Snyder,
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
Gilfoyle, Rubin, and Vineyard

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 Equipment
Corporalion (DEC) computers, a VAXstation 3100 and a VAXstation 3200. These machines form
a cluster communicating via an Ethernet connection with the VAXstation 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 LNO3+ 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 Department are part of a campus-wide ethernet network that also provides
access to Internet. The entire system is in an air-conditioned room in the Department 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 and are part of the ethernet network.
Another five are located in a teaching laboratory and have also been connected to the ethernet
network, Although primarily for teaching use these 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 part of 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 facilities compatible with those of our collaborators at CEBAF. To
take full advantage of the new resource we will also equip a number of the Department’s Macintosh
computers with software that will enable them to act as X-terminals for faculty and student use.

Internet
VAXstation 3100
] with
HP 715/75 | TK;OVmpe |
e
ELNI Terminal
LaserWriter IIG D I I Server
VAXstation 3200 |
. with
MacmtO§h/ o" tape
X-Terminal drive
Macintosh/
X-Terminal
Macintosh/
. X-Terminal
Macintosh/
X-Terminal

Fig. 1 A schematic view of the University of Richmond Physics Department computer system is
shown. The system is solely for the Department and to satisfy its research needs.
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