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I I. INTRODUCTION 

In this Final Technical Report, we summarize the research activities of the three 
Principal Investigators (Professors Ernst, Oberacker, and Umar) at Vanderbilt University 
since the last reporting period through the subject award expiration date (Dec. 31, 
1996) under contract number DE-FG0587ER40376 with the Department of Energy. 

PHYSICS BEING ADDRESSED / GOALS 

The Vanderbilt nuclear theory group is performing research in low-energy, intermediate- 
energy, and high-energy nuclear physics. Almost all of this research is related to the 
experimental nuclear physics facilities and future initiatives in the US and in Europe. 

0 NUCLEAR STRUCTURE AND ASTROPHYSICS (microscopic nuclear structure 
studies and properties of exotic nuclei at HRIBF, supernovae calculations in 
connection with nuclear astrophysics, and nuclear viscosity studies via muon- 
induced fission at PSI). 

0 PION AND KAON INTERACTIONS WITH THE NUCLEUS AT HIGH ENERGIES 
(interaction of pions and kaons with nuclei from low energies to 1 GeV, 
propagation of excited hadrons in the nuclear medium as probed by pion and 
electron induced reactions) 

0 NUCLEAR PHYSICS AT HIGH ENERGIES (dynamical string-parton model 
to study multi-particle production at RHIC, electromagnetic lepton pair 
production at RHIC). 

MAIN ACCOMPLISHMENTS / HIGHLIGHTS 

As part of Russell Kegley’s recently completed Ph.D. thesis, we have developed a 
new 2D Hartree-Fock+BCS code based on both the B-Spline-Galerkin and the B- 
Spline collocation method. The code will be used to study exotic nuclei far from 
stability, and in particular for fitting new effective N-N forces. A deformed Woods- 
Saxon shell model code has also been developed, for studies of proton- 
radioactivity. Both new codes have been written in Fortran 90 and make extensive 
use of new data concepts, dynamic memory allocation and pointer variables. We 
are planning to use these codes in addition to our existing 3D Hartree- 
Fock+BCS+Lipkin-Nogami code. We are in the process of extending these 20 and 
3D codes to include self-consistent pairing forces (HFB). 
Developed a momentum-space, microscopic description of the pion-nucleus 
interaction in the resonance region which includes a covariant, fully microscopic 
first-order optical potential supplemented by second order true-absorption, Pauli, 
and short range correlation corrections. 
Demonstrated that the kaon-nucleus total cross section measurements indicate an 
increased in the medium two-body scattering that is nearly energy and target 
independent. 
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0 We have developed perturbative and nonperturbative methods for studying the 
lepton pair production problem. The nonperturbative approach is a large scale 
numerical undertaking whereas the perturbative approach is used to study impact 
parameter dependence in the two-photon limit. 

0 We have developed codes to study core-collapse supernovae coupled to neutrino 
transport. The results show that the proper inclusion of neutrinos strongly alter the 
previous understanding of supernovae driven by convection. Our student Alan 
Calder will defend his thesis on this topic and he has already accepted a 
postdoctoral position at the University of Illinois, NCSA, astrophysics group. 

CURRENT NUCLEAR THEORY GROUP MEMBERS 

Facultv Members Students 
D.J. Ernst Denis Malov 
V.E. Oberacker 
A.S. Umar Alan Calder 

Russ Kegley (Ph.D. November 1996) 



111. SUMMARY OF RESEARCH PROJECTS 
A. NUCLEAR STRUCTURE AND ASTROPHYSICS 

1. Microscopic nuclear structure studies in connection with HRIBF 

Our group has a long history of involvement in large-scale mean-field calculations. The 
calculations mentioned below involve Profs. Umar and Oberacker and graduate student 
Russell Kegley who received his Ph.D. degree in November 1996. Some of the work is 
also done in collaboration with Dr. Strayer and Dr. Nazarewicz of ORNUUT. The 
Holifield Radioactive Ion-Beam Facility (HRIBF) at ORNL will be the center for nuclear 
structure and nuclear astrophysics studies in the US. This facility will study a large 
number of nuclei far from the valley of stability and will serve as a testing ground for the 
effective N-N forces and many-body calculations. In addition, the properties of these 
nuclei are crucial for the astrophysical nucleosynthesis process and determines the 
formation of the elements in the universe. Problems such as supernovae explosions 
and the subsequent evolution are intimately related to the nuclear equation of state. 
Our program involves state-of-the-art many-body calculations of such properties 
coupling both nuclear structure and astrophysics. 

The configuration space Hartree-Fock approach, based on density dependent effective 
N-N interactions (e.g. Skyrme forces) has had great successes in predicting systematic 
trends in the global properties of nuclei, in particular the mass, radii, and deformations 
across large regions of the periodic table. Such studies have a dual purpose: one is to 
use the code to tabulate various properties of these nuclei and learn about the new and 
interesting features. The second purpose is to utilize the data obtained by HRIBF to 
provide a better parameterization of the effective nucleon-nucleon interaction. This 
involves the reproduction of binding energies, charge radii, fission barriers, giant- 
resonance energies, and other observables for several isotope chains. 

As part of Russell Kegley's recently completed Ph.D. thesis, we have developed a new 
2D Hartree-Fock+BCS code in cylindrical coordinates for axially symmetric nuclei, 
based on both the B-Spline-Galerkin and the B-Spline collocation method. The code is 
being used to study exotic nuclei far from stability, and in particular for fitting new 
effective N-N forces. A deformed Woods-Saxon shell model code has also been 
developed, for studies of proton-radioactivity. Both new codes have been written in 
Fortran 90 and make extensive use of new data concepts, dynamic memory allocation 
and pointer variables. We are planning to use these codes in addition to our existing 
3D Hartree-Fock+BCS+Lipkin-Nogami code. The 2D codes run on our local IBWRS- 
6000 workstation; they will be most useful for "survey studies" across large portions of 
the periodic table. In this context, we are also extending our previous B-spline work to 
include nonlinear grids. Use of a nonlinear lattice should be most useful for loosely 
bound systems near the proton or neutron drip lines. Non-Cartesian coordinates 
necessitate the use of fixed endpoint boundary conditions; much effort has been 
directed toward improving the treatment of these boundaries. 

In the following two figures we display some results of the recent 2D code 
developments. The left part of the figure shows a test calculation for the single-particle 
energy levels for 40Ca within the deformed Woods-Saxon shell model potential at very 
large deformation. Here, the quadrupole deformation parameter has been varied from 
extremely oblate deformations (p2 = -1.5) to extremely prolate configurations (p2= +2.2). 
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The latter corresponds to a deformation that goes way beyond the hyperdeformed 
region (PT +1 .O) and represents essentially two well-separated fission products. This is 
also evident from the single-particle levels which clearly become doublets at this large 
prolate deformation. It would be impossible to describe such configurations in the 
traditional deformed-oscillator basis expansion method used by Nazarewicz et al. We 
believe therefore that our approach will be very useful for the study of wavefunctions 
not only in the super- and hyperdeformed region but also in the study of proton 
radioactivity where one needs to know the tail of the wavefunction at very large 
distances. 

W110*301*16;%1%96 

Normalized-Proton-Density 
8.871 

N O  

-8.871 

The right hand side of the figure shows the proton density for a heavy nucleus, '"Gd, 
calculated with the 2D HF+BCS code. The theoretical charge density looks very similar 
to the experimental result depicted in the latest DOE/NSF Long Range Plan. We have 
also compared total binding energies predicted by the 2D code to those of Prof. P.G. 
Reinhard's 1D radial code for spherical nuclei and also to our 3D code; in all cases 
studied we found good agreement. 

We are in the process of extending these 2D and 3D codes to include self-consistent 
pairing forces (Hartree-Fock-Bogoliubov method). Unrestricted HFB calculations was 
one of the important challenges mentioned in the Nuclear Theory '95 report. These 
calculations are performed in collaboration with Dr. Nazarewicz, Dr. Dobaczewski and 
Dr. Strayer of ORNL. At the same time a time-dependent version of this code is being 
used to perform time-dependent response studies of nuclear excitation properties. 
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References: 
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and M.R. Stra er, (in preparation). 
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2. Core collapse supernovae simulations 

One of our graduate students, Alan Calder, and Prof. Umar are working on 
hydrodynamical aspects of supernovae explosions in collaboration with Dr. 
Mezzacappa of ORNL. Calder is expected to defend his thesis this Summer and he has 
accepted a postdoctoral position at the University of Illinois, NCSA, astrophysics group. 

Core collapse supernovae occur at the end of the life of a massive star when the iron 
core of the star collapses due to the force of gravity. The collapse stops when the iron 
nuclei and nucleons in the core come together to form a dense phase of nuclear 
matter that cannot be further compressed. This causes the pressure in the core to 
increase, and pressure waves generated in the center of the core propagate outward. 
At the sonic point, the point at which the velocity of the infalling material exceeds the 
velocity of sound, the pressure waves become a shock wave, and the shock wave 
propagates toward the surface of the iron core. A shock generated by this process, 
collapse and bounce, lacks the energy needed to overcome dissipation due to iron 
dissociation and neutrino losses and will stall before reaching this surface. What is 
needed for the star to explode is a shock reheatingkeenergizing mechanism, and 
convection is an integral part of this mechanism. 
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Our approach to the study of convection begins with one-dimensional models of the 
collapse of massive stars that implement multigroup flux-limited diffusion. We convert 
these one-dimensional models to two-dimensional input for our hydrodynamics code 
and seed convection with a small velocity perturbation. The hydrodynamics code then 
evolves the particular model in time, allowing convection to develop, and we study the 
effects of convection. Our hydrodynamics code is an extended version of the code VH- 
1 developed by John Blondin and colleagues at the Virginia Institute for Theoretical 
Astrophysics. VH-1 is a Lagrange remap implementation of the piecewise parabolic 
method which has been used extensively in astrophysical simulations, including studies 
of supernova remnants, binary accretion, and circumstellar. Our code is an extended 
version of VH-1 in that it is able to simulate a gas with a variable polytropic index, or 
more generally, a realistic nuclear equation of state. For both prompt and neutrino- 
driven convection we see vigorous convection. We conclude that convection certainly 
exists in supernovae, and that the modes of convection we have observed develop 
over the expected time scales. Further, we have observed that convection moves the 
shock out, which is beneficial for shock reheating because it creates a bigger gain 
region. 

References: 
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A.C. Calder, A. Mezzacappa, S.W. Bruenn, J.M. Blondin, M.W. Guidry, M.R. 
Strayer, and A.S. Umar, (in preparation for Astrophysical Journal). 

2. Deciphering Core Collapse Supernovae: Is Convection the Key? 1. Prompt 
Convection, A. Mezzacappa, A.C. Calder, S.W. Bruenn, J.M. Blondin, M.W. Guidry, 
M.R. Strayer, and A.S. Umar, (submitted to ApJ. Letters). 

3. Core Collapse Supernovae: Neutrino-Driven Convection in Two and Three 
Dimensions, A.C. Calder, A. Mezzacappa, S.W. Bruenn, J.M. Blondin, M.W. Guidry, 
M.R. Strayer, and A.S. Umar, (in preparation for Astrophysical Journal). 

4. An Investigation of Neutrino-Driven Convection and the Core Collapse Supernovae, 
A. Mezzacappa, A.C. Calder, S.W. Bruenn, J.M. Blondin, M.W. Guidry, M.R. 
Strayer, and A.S. Umar, (submitted to ApJ. Letters). 

3. Nuclear viscosity information from muon-induced fission 

This research project involves Professors Oberacker and Umar, Dr. Jack Wells at 
Harvard (a former student) and Dr. Strayer at ORNL; recently, the collaboration has 
been joined by J. Maruhn (Univ. Frankfurt) and P.G. Reinhard (Univ. Erlangen). 

Prompt fission in the presence of a muon provides a unique tool to study the dynamics 
of nuclear fission. Muons bound to actinide nuclei may induce fission by nonradiative 
transitions (inverse internal conversion). The muon attachment to the light fission 
fragment depends upon the nuclear friction between the outer fission barrier and the 
scission point. Through muon-induced fission one expects to gain a deeper 
understanding of the energy dissipation mechanism in large-amplitude nuclear 
collective motion. A very important and still unresolved question in nuclear many-body 
theory is to what extent the dissipation mechanism can be understood in terms of "one- 
body friction" (collisions of the nucleons with the moving walls of the self-consistent 
mean field) and the role played by "two-body friction" (two-body collisions between the 
nucleons). The muon dynamics is determined by the electromagnetic interaction which 
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is precisely known; our main task is the solution of the Dirac equation for the muon in 
the presence of a time-dependent external Coulomb field which is generated by the 
fission fragments in motion. 

During the reporting period, only a few additional calculations have been carried out at 
the Cray-C90 at NERSC, primarily testing the convergence of earlier results on larger 
3D lattices; no new experimental results have been reported from PSI. Prof. Oberacker 
will be giving an invited talk on muon-induced fission at the International Conference on 
'I Fission and Properties of Neutron-Rich Nuclei", Sanibel Island, Florida (Nov. 1997). 

B. PION AND KAON INTERACTIONS WITH THE NUCLEUS AT HIGH ENERGIES 

This work involves Prof. Emst; a Taiwan collaborator, Jasson Chen; a Los Alamos 
collaborator, Mikkel Johnson; an Australian collaborator, R. J. McLeod. 

Conventional nuclear physics assumes that the intrinsic properties of the nucleon 
remain unchanged when the nucleon is embedded in a nucleus. A good probe to 
address this question would be a short-ranged and weakly (in the sense of 'strength' 
not 'type') interacting projectile. In the limit of a very weak interaction, the total cross 
section on a nucleus would become just A times the spin-isospin averaged two-body 
total cross section. Deviations would imply a modification of the two-body interaction 
by the nuclear medium. The closest nature comes to this ideal situation is the K'. The 
K'-nucleon total cross section is in the 10 to 20 mb range. Pions above the b3 are the 
second weakest of the strongly interacting particles. Although there are broad 
resonance peaks, the total cross section is relatively independent of energy and has a 
typical total cross section in the range of 20 to 30 mb. The weak two-body interaction 
has two additional advantages. First, the probe will penetrate into the nucleus and 
encounter nucleons in a region of typical nuclear density. A simple estimate [l] 
indicates that the K' makes it [2] to the center of a Ca nucleus while the high-energy 
pion will penetrate to near the center of a '*C nucleus. Secondly, the conventional 
second-order corrections to multiple scattering theory [3] will be smaller for high- 
energies and a weak two-body interaction: an estimate gives that these would be at 
most a few percent corrections for the interactions under consideration. 

We have applied the covariant momentum-space optical potential to the complete set 
of kaon-nucleus data. Previous work [4] indicated that theories would consistently 
under predict the data. The theoretical approach we brought to bear had significant 
advantages over previous calculations. The theory includes covariant kinematics [5], a 
complete integration over the Fermi motion of the struck nucleon (also known as 
resonance propagation in the delta region), recoil of the target nucleus, the use of 
invariant amplitudes and phase space, and a formalism [6] that provides a systematic 
definition of the optical potential which does not require an underlying potential 
interaction and allows for the treatment of the Pauli blocking corrections as second and 
higher-order corrections. The computer code [7] makes use of [8] 'relativistic three- 
body recoupling coefficients' to both handle the covariant kinematics and the Fermi- 
averaging integral. We have used this theory to provide predictions to the 
experimentalists for designing their experiments as well as for analyzing the results. 



The first order calculations are found [9] to under predict the data by about fifteen 
percent. 

We have assisted with an experimental proposal to measure differential cross sections 
on 6Li and '*C. These two nuclei have nearly identical radii and thus, to simplest 
approximation, the densities differ by a factor of two. The original proposal was to 
measure these cross sections with absolute norms determined to better than five 
percent. This proved not to be feasible. However, we argue that the ratio of the 
differential cross sections in the forward direction contains reliable information. These 
results are published in [lo]. 

We have attached a phenomenological second order term and adjusted it to fit the 
world's data. We find that all of the total cross section measurements are consistent 
with a second order term that is consistent with a density to the 2.7k0.3 power. We 
have some very speculative thoughts as to why this is greater than 2, but have yet to 
understand these results at a level that allows us to even tentatively propose an 
underlying mechanism. We apply this result to the differential cross sections. We find 
we are consistent with the ratios although the individual cross sections must be 
renormalized by an amount slightly greater than the quoted systematic errors. This 
analysis is presently be written and will be submitted for publication soon. The results 
are being extended to high-energy pion scattering, where a similar discrepancy [l 11 has 
been pointed out by us. 

We have also developed a technique for extracting total cross sections from measured 
forward-angle differential cross sections if there is sufficient nuclear-Coulomb 
interference. The approach is model independent, requiring little or no input from 
theory. Applications to high-energy pion-nucleus scattering yields results which 
contradict a model analysis [12] and produce results slightly smaller than, but quite 
close to, the experimentally measured numbers. The combination of large statistical 
and systematic errors for the kaon data do not permit a clean analysis. Assuming the 
ratio of the real to imaginary part of the strong amplitude is correctly given by theory, 
we can apply the method to the kaon data. We are examining these results and writing 
a manuscript. The technique put forth is of particular use in checking for internal 
consistency in the data. The consistency of total, total reaction, total elastic, and 
differential elastic scattering data can be checked in a model independent way. For 
measurements where there is some uncertainty in the normalization, this is a valuable 
internal check. 

There has been a long standing question concerning the off-shell behavior of the pion- 
nucleon pole part of the two-body amplitude when doing many-body calculations. The 
question was first posed [13] in 1979. We have investigated this question utilizing the 
field theoretic many-body formalism of [6] and found a resolution. The direct S-channel 
pole goes off-shell as was proposed in [13]. The Fermi integration encounters a 
singularity which yields an imaginary contribution to the optical potential. This 
contribution represents the physical contribution of the true absorption of a pion on a 
single nucleon, a small but real channel. The crossed U-channel pole, however, has a 
novel off-shell behavior. There is no singularity in the Fermi integration and thus this 
pole does not contribute to true absorption. This formal development resolves the 
conundrum put forth in [13] and has been submitted for publication in Physics Letters. 
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Work continues on the modeling of conventional higher-order processes to meson- 
nucleus scattering and to extending the work to include inclusive cross sections. An 
underlying dynamical model of the phenomenological results is being sought. Such a 
model would allow predictions for additional experiments, such as charge exchange 
experiments, and provide a method of experimentally determining the missing piece of 
physics. 
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C. HEAVY-ION PHYSICS AT ULTRA-RELATIVISTIC ENERGIES 

1. EM lepton-pair production 

This research program involves all three principal investigators (Oberacker, Umar, 
Ernst), Jack Wells (a former student, now a postdoc at Haward), and Michael Strayer at 
the Oak Ridge National Laboratory. 

The main goal of the Relativistic Heavy-Ion Collider (RHIC) currently under construction 
at Brookhaven National Laboratory is to create the quark-gluon plasma phase of matter 
and to study the physics associated with it. It is expected that ultra-relativistic heavy- 
ions can provide this form of matter in central or near-central collisions where the 
thermodynamic conditions are sufficient to deconfine the constituent quarks and gluons 
of baryons and mesons in a short-lived plasma state. Lepton pairs, especially electron 
and muon-pairs produced from hadronic interactions, can help us understand the 
formation and decay of the quark-gluon plasma phase of matter. Lepton-hadron final 
state interactions in a such collisions are generally small; therefore, leptons carry direct 
information on the space-time region of creation. 

Other processes also occur during peripheral collisions because of the strong, long- 
range electromagnetic forces between heavy ions. At ultrarelativistic velocities, Lorentz- 
contracted electromagnetic fields in the space-time region near the collision are 
sufficiently intense to create large numbers of lepton pairs. Single- and multiple- EM 
lepton pair production is the dominant background to the lepton pairs created by 
hadronic processes, and several authors suggested that the EM lepton pairs may 
distort the leptonic signals coming from the quark-gluon plasma phase. There are also 
electromagnetic processes that can lead to beam loss of RHIC. In particular, electron 
and muon pair production with subsequent atomic capture of the negatively charged 
lepton changes the charge state of a participant heavy ion, leading to beam loss of the 
collider. 

a) Perturbative Fevnman-Monte Carlo calculations of free lepton pair production 

These lowest-order Feynman diagrams have been evaluated exactly using Monte Carlo 
and analytical techniques and predict cross sections consistent with experiments for 
free electron-positron production performed by two independent groups using collisions 
of S + Au and S + Pt respectively, at fixed-target energies of 200 GeV. 

In the present work, we generalized the Monte Carlo methods to calculate the impact- 
parameter dependence of the two-photon diagrams, the cross-sections for multi lepton- 
pair production, and the study of the validity of the equivalent-photon approximation. 
Our results show that the N-pair production probability has a finite value at impact 
parameter b=O and is continuous everywhere. We also see that one-pair production 
completely dominates both the S + Au and Pb + Pb collisions. The two- and three-pair 
probability distributions are small and, as expected, decrease rapidly for impact 
parameter values larger than the Compton wavelength, although for the Pb + Pb case 
the two-pair cross section has an appreciable 95b value. We also point out that while 
the equivalent photon method gives total cross-section results in agreement with the 
present method the impact parameter dependence is radically different since the 
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equivalent photon method is only defined within a limited range of impact parameters. 
This work was the Ph.D. thesis project of Cem Guclu, who is currently an assistant 
professor in Turkey. A new derivation of the multi-pair cross-section that results from a 
direct summation of a subset of Feynman diagrams and an extensive application of the 
above methods to new data is being prepared for submission to Annals of Physics. 

b) Nonperturbative lattice calculations of lepton pair production with capture 

The EM production of lepton pairs in ultrarelativistic collisions of very heavy ions (e.g. 
7 9 A ~  + 7 9 A ~ )  is fundamentally different from the nonperturbative production with light 
ions because the coupling constant is strongly enhanced ( Z ~ 0 . 6 ) .  Applying 
perturbation theory to this process at high energies and small impact parameters 
results in probabilities which violate unitarity. This suggests that higher-order QED 
effects (e.g. the creation of multiple pairs) will be important at RHIC. 

In our nonperturbative approach, we treat the external radiation field classically which is 
reasonable because EM field strengths of order E,el 025 V/m at RHIC energies imply 
a large number of exchanged photons. The problem is thus reduced to the solution of 
the Dirac equation for the lepton field operator, interacting with an external classical 
four-vector potential which is strongly space- and time-dependent. By expanding the 
lepton field operator in a complete set of basis states, the main problem to be solved is 
the time-dependent Dirac equation for the single particle states. The solution of the free 
pairproduction problem requires the propagation in time of a large number of perturbed 
Dirac continuum states. We have deferred a direct attack on this problem for the 
present. Rather, we have focused on the more tractable problem of rnuon-pair 
production with capture of the negative muon into the isll2 ground state which requires 
that only one bound state be propagated in time. 

We implement the solution of the time-dependent Dirac equation using the lattice basis- 
spline collocation method. This method is very efficient and allows us to avoid notorious 
pathologies such as the fermion-doubling problem and to preserve the basic 
conservation laws on the lattice. All of the numerical procedures reduce to a series of 
matrix * vector operations which can be executed with high efficiency on vector or 
parallel supercomputers without explicitly storing the matrix in memory. The production 
runs have been carried out at Cray-2 supercomputers at NERSC and on the Intel 
Paragon supercomputer at ORNL. Our lept3d code is one of the benchmark codes at 
the parallel supercomputers at ORNL. Recently, we obtained a new speed record for 
lept3d: on the Intel Paragon-MP distributed-memory computer we achieved a sustained 
floating-point performance of 12 Gflop/s on 256 nodes. 

The first direct measurement of electron-positron pair production with capture has been 
performed at Lawrence Berkeley Laboratory’s Bevalac accelerator using Ug2+ beams at 
a kinetic energy of approximately 1 GeV per nucleon on targets as heavy as gold. 
Various perturbative and nonperturbative predictions for the cross section are within a 
factor of 2 or 3, but no published theoretical calculation reproduces these 
measurements more accurately. Recently, new experiments have been performed 
using 160 GeV per nucleon Pba2+ beams with gold targets at CERN. In addition, 
experiments are planned at the AGS using 12 GeV per nucleon Au7’+ ions on targets 
as heavy as gold. With these new experimental efforts, the measured cross sections 
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will span more than two orders of magnitude in the target-frame collision energy. As 
such, a reasonable extrapolation of these measurements to RHlC energies should be 
possible, due to the moderate energy dependence of the cross section in the high- 
energy regime. 

> . . . . . . . . I .  ........F....'. I . . . . . . . . . * .  "7 In the figure on the left we present 
results for muon-pair production with K- 
shell capture. These most recent lattice 

j calculations for the system U + U at a 
1 fixed-target energy of 31 GeVh and at 

grazing impact parameter demonstrate : convergence with respect to the lattice 
: spacing in the z-direction at dz=0.125 

muon Compton wavelengths. This 
corresponds to one-half of the width of 
the EM pulse. The figure shows that 

. transient probabilities of the order l o 3  
are reached in these collisions near the 
distance of closest approach before the 
probabilities relax to much smaller values 

. -  

2o -20 -10 0 10 
Pft @J 

at asymptotic times. The converged result is an asymptotic K-shell capture probability 
Pwt = 4*106. 

Oberacker and Wells are working with members of the Oak Ridge National Lab 
(Strayer, Datz, Vane and Wu) on a review article on lepton-pair production to be 
published in Rev. Mod. Phys. 
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The expectation that a new phase of matter, called the quark gluon plasma, might be 
formed in relativistic heavy-ion collisions has lead to intense experimental and 
theoretical interest. Whether the plasma state has already been formed in the present 
round of experiments at CERN is unclear. This is principally due to the lack of a clear 
experimental signal which would indicate that a plasma has been formed. It is 
necessary to understand the ordinary hadronic interactions, so that one can distinguish 
between some unique signal for the plasma formation, and ordinary hadronic matter 
observables. It is widely believed that quantum chromodynamics (QCD) is the proper 
theory which describes strong hadronic interactions. Although hadronic processes 
should evantually be understood through QCD calculations, at the present time we still 
have to appeal to models based on some QCD considerations in order to carry out 
calculations. Lattice QCD calculations indicate that color fields are confined in flux 
tubes. It also has been shown that classical Nambu-Goto string theory can be obtained 
from dual long distance QCD in the large N limit. Therefore, a classical relativistic string 
model based on QCD might be a good candidate for a model of hadrons. Further 
considerations concerning how hadrons interact must also be applied to the string 
model in order to obtain an interacting model for heavy ion collisions. It is our purpose 
to study the dynamical evolution of hadronic matter in relativistic heavy ion collisions 
using the 3+1 dimensional string model. 

In the recent past we have developed the string-parton model which incorporates the 
basic features of QCD phenomenology in to the dynamical string picture. In this model 
all interactions take place via the partons at the ends of strings. The details of the 
model is given in Refs. [l-51. The model has been very successful in reproducing many 
of the observed data of the time (1992). Our current goal is to improve the model to 
include particle identification in hadronization, tool the model for an accurate 
description of the elementary particle data, and apply it to the new AGS and CERN 
data and make predictions for RHIC. We will also write a completely new version of the 
code in Fortran 90, which would be more portable and easier to improve in the future. 
Currently, we are reproducing the previous elementary particle data with some 
improvements and extensions. We expect to have a code ready for application to A-A 
systems within the year. 

References: 

1. 

2. 

3. 

4. 

5. 

A Dynamical String-Parton Model for Relativistic Heavy-Ion Collisions, Phys. Rev. 
C45,400 (1 992), D.J. Dean, AS.  Umar, J.-S. Wu, and M.R. Strayer. 
A Dynamical String-Parton Model for Relativistic Heavy-Ion Collisions, Nucl. Phys. 
A544,475 (1992), AS. Umar, D.J. Dean, J.-S. Wu, and M.R. Strayer. 
Multiparticle Production in Lepton-Nucleus Collisions and Relativistic String Models, 
Phys. Rev. C46,2066 (1992), D.J. Dean, M. Gyulassy, B. Muller, E.A. Remler, M.R. 
Strayer, AS. Umar, and J.-S. Wu. 
Dynamical Calculation of Central Energy Density in Relativistic Heavy-Ion 
Collisions, Int. J. Mod. Phys. E2, 565 (1993), D.J. Dean, AS. Umar, and M.R. 
Strayer. 
Dynamical Evolution of Hadronic Matter in Relativistic Collisions, Phys. Rev. C48 , 
2433 (1993), D.J. Dean, AS.  Umar, and M.R. Strayer. 

15 



v. LIST OF PUBLICATIONS DURING REPORTING PERIOD 

Refereed Journal Articles and Conference Proceedings 

1 . Spectral properties of derivative operators in the Basis- Spline Collocation Method, 
J.C. Wells, V.E. Oberacker, M.R. Strayer and A.S. Umar, Int. J. Mod. Phys. C, Vo1.6 

2. Convergence of a lattice calculation for bound-free muon-pair production in 
peripheral relativistic heavy-ion collisions, J.C. Wells, V.E. Oberacker, M.R. Strayer 
and A.S. Umar, Phys. Rev. A53 (1996) 1498-1504 

3. Lattice Calculation for Lepton Capture from Vacuum-Pair Production in Relativistic 
Heavy-ion Collisions, J.C. Wells, V.E. Oberacker, M.R. Strayer and A.S. Umar, 
Nucl. Instrum. Meth. B99 (1 995) 293-296 

4. Structure of 108,110,11*Ru: Identical Bands in 1o*,l10Ru, Q. H. Lu, Butler-Moore, 
S.J.Zhu, J.H. Hamilton, A.V. Ramayya, V.E. Oberacker, W.C. Ma, B.R.S. Babu, J.K. 
Deng, J. Kormicki, J.D. Cole, R. Aryaeinejad, Y.X. Dardenne, M. Drigert, L.K. Peker, 
J.O. Rasmussen, M.A. Stoyer, S.Y. Chu, K.E. Gregorich, I.Y. Lee, M. F. Mohar, J.M. 
Nitschke, N.R. Johnson, McGowan, G.M. Ter-Akopian,Yu. Ts. Oganessian and J.B. 
Gupta, Phys. Rev. C52 (1 995) 1348 - 1354 

5. Basis Spline Collocation Method for Solving the Schroedinger Equation in Axially 
Symmetric Systems, D.R. Kegley, V.E. Oberacker, M.R. Strayer, A.S. Umar, and 
J.C. Wells, Journal of Computational Physics 128 (1996) 197-208 

6. The 108, 110, 112Ru Isotopes in the Generalized Collective Model, D. Troltenier, 
J.P. Draayer, B.R.S. Babu, J.H. Hamilton, A.V. Ramayya and V.E. Oberacker, Nucl. 

7. Structure of neutron-rich even-even Pd isotopes, K. Butler-Moore, B.R.S. Babu, 
J.H. Hamilton, A.V. Ramayya, V.E. Oberacker, S.J. Zhu, L.K. Peker, R. 
Aryaeinejad, S. Asztalus, S.Y. Chu, J.D. Cole, Y. Dardenne, K.E. Gregorich, I.Y. 
Lee, R.W. Lougheed, W.C. Ma, M. F. Mohar, K.J. Moody, S.G. Prussin, J.O. 
Rasmussen, M.A. Stoyer, J.F. Wild, G.M. Ter-Akopian, Yu. Ts. Oganessian, and 
A.V. Daniel, submitted to Phys. Rev. C 

8. Structure of Proton Drip-Line Nuclei Around Doubly-Magic 48Ni, Phys. Rev. C53, 
740 (1996), W. Nazarewicz, J. Dobaczewski, T. Werner, J. Maruhn, P.-G. Reinhard, 
K. Rutz, C. Chinn, S. Umar, and M. Strayer. 

9. Mean Field Studies of Exotic Nuclei, Phys. Rep. 264, 107 (1 996), C.R. Chinn, A.S. 
Umar, M. Vallieres, and M.R. Strayer. 

10. Ground State Properties of Exotic Si, S, Ar, and Ca Isotopes, Nucl. Phys. A597, 
327 (1996), T.R. Werner, J.A. Sheikh, M. Misu, W. Nazarewicz, J. Rikovska, K. 
Heeger, A.S. Umar, and M.R. Strayer. 

1 1. Binding Energies of Even-Even C, 0, Ne, and Mg Nuclei in HFr-Pairing Model, J. 
Rikovska, K. Heeger, P.D. Stevenson, J. Libby, A.S. Umar, C.R. Chinn, M.R. 
Strayer, and M.W. Guidry, (in preparation for Phys. Rev. C). 

12. Time-Dependent Evaluation of Linear Response Theory, C.R. Chinn, A.S. Umar, 
and M.R. Strayer, (in preparation for Phys. Rev. E). 

13. A Two-Dimensional Study of Prompt Convection in Core Collapse Supernovae, 
A.C. Calder, A. Mezzacappa, S.W. Bruenn, J.M. Blondin, M.W. Guidry, M.R. 
Strayer, and A.S. Umar, (in preparation for Astrophysical Journal). 

14. Deciphering Core Collapse Supernovae: Is Convection the Key? 1. Prompt 
Convection, A. Mezzacappa, A.C. Calder, S.W. Bruenn, J.M. Blondin, M.W. Guidry, 
M.R. Strayer, and A.S. Umar, (submitted to ApJ. Letters). 

(1 995) 143-1 67 

Phys. A601 (1 996) 56 - 64 

16 



15. Core Collapse Supernovae: Neutrino-Driven Convection in Two and Three 
Dimensions, A.C. Calder, A. Mezzacappa, S.W. Bruenn, J.M. Blondin, M.W. Guidry, 
M.R. Strayer, and AS. Umar, (in preparation for Astrophysical Journal). 

1 6. An Investigation of Neutrino-Driven Convection and the Core Collapse Supernovae, 
A. Mezzacappa, A.C. Calder, S.W. Bruenn, J.M. Blondin, M.W. Guidry, M.R. 
Strayer, and A.S. Umar, (submitted to ApJ. Letters). 

1 7. Monte-Carlo Calculations of Lepton Pair Production in Relativistic Heavy-Ion 
Collisions, M.C. Guclu, J. Li, A.S. Umar, D.J. Ernst, and M.R. Strayer, (in 
preparation for Annals of Physics). 

18. Kaon, Pion, and Photon Interactions with the Nucleus below 7 GeV , D. J. Ernst, F. 
Jiang, C. M. Chen and M. B. Johnson, Few-Body Systems Suppl. 9,l (1996) 

19. Simple Models of the Pion-Nucleon Interaction, D. J. Ernst, in II Newsletter, 
Proceedings of the Sixth International Symposium on Meson-Nucleus Physics and 
the Structure of the Nucleon, ed. D. Drechsel, G. Hohler, W. Kluge, and B. M. K. 
Nefkins, 11, 1 1  (1995) 

20. Elastic Scattering from ‘2C and ‘Li at 775 MeV/c, R. Michael, K. H. Hicks, Bart, R. 
Chrien, R. Sawafta, R. Sutter, M. B. Barakat, E. V. Hungerford, Mayes, L. Pinsky, C. 
M. Konnanyos, R. J. Peterson, J. E. Wise, L. Tang, Lee, T. Kishimoto, L. J. Kurth, 
B. C. Clark, M. F. Jiang, D. J. Ernst, and S. Hama, Phys. Lett. 3828,29 (1996). 

21. Pion-Nucleus Scattering on I2C, 40Ca, ’OZr, and 208Pb at 400 and 500 MeV, G. 
Kahrimanis, G. Burleson, C. M. Chen, B. C. Clark, K. Dhuga, D. J. Emst, J. A. 
Faucett, H. T. Fortune, S. Hama, A. Hussein, M. F. Jiang, K. W. Johnson, L. Kurth, 
S. Matthews, J. McGill, R. L. Mercer, C. F. Moore, S. Mordechai, C. L. Morris, J. 
O’Donnell, M. Snell, M. Rawool-Sullivan, L. Ray, C. Whitley, and A. Williams, 
submitted to Phys. Rev. C 

22. Relativistic Kinematics and Unitarity Relations for the Proper Self-Energy, D. J. 
Ernst, to appear in Condensed Matter Theories 17 

23. Off-Shell Behavior of the Crossed Nucleon Pole in Pion-Nucleus Scattering, R. J. 
McLeod and D. J. Ernst, submitted to Phys. Lett. B. 

Journal Articles in Preparation 

1. Mass-asymmetry and friction dependence of muon-attachment in muon-induced 
fission, V.E. Oberacker, J.C. Wells, A.S. Umar, M.R. Strayer, J.A. Maruhn and P.G. 
Reinhard, (Phys. Rev. C) 

2. Electromagnetic particle production in relativistic heavy-ion collisions, J.C. Wells, S. 
Datz, V.E. Oberacker, M.R. Strayer, C.R. Vane and J.S. Wu, review article (Rev. 
Mod. Phys.) 

3. Lepton-pair production in relativistic heavy-ion collisions, C. Guclu, J. Li, A.S. Umar, 
D.J. Emst, and M.R. Strayer, article prepared for Annals of Physics. 

4. Forward Elastic Amplitudes of High-Energy Pions and Kaons on Nuclei, C. M. 
Chen, D. J. Ernst, and M. B. Johnson, (Phys. Rev. C) 

Conference Abstracts 
1 . Muon-induced fission: a probe for nuclear matter viscosity in large-amplitude 

collective motion, V.E. Oberacker, A.S. Umar, J.C. Wells, and M.R. Strayer, APS- 
DNP Meeting, Bloomington, IN (Oct.l995), Bull. Am. Phys. SOC. 40 (1 995) p. 1605 

17 



2. High-precision nuclear structure calculations using Spline-Galerkin lattices, V. E. 
Oberacker, D.R. Kegley, A.S. Umar, and M.R. Strayer, APS-DNP Meeting, 
Cambridge, Mass. (Oct.l996), Bull. Am. Phys. SOC. 41 (1996) p. 1225 

18 



VI. BIOGRAPHICAL SKETCH 

Prof. D.J. Ernst received his Ph.D. from M.I.T. in 1970. Professor at CINVESTAV, Mexico, 
1970-1 972; research associate/instructor at Case Western Reserve University from 1972-1 975; 
Assistant Professor of Physics, 1975-1 980, Associate Professor of Physics, 1980-1 985, and 
Professor, 1985-1 992, at Texas A&M University. Professor and Department Chair at Vanderbilt 
University since 1992. Served on LAMPF Program Committee (Chairman, Pion Subcommittee), 
Board of Directors of LAMPF Users Group (Chairman in 1992), Program Committee of Nuclear 
Division of the APS, and a member of the Board of Directors of SURA. Founder and Director of 
the Pan-American Association for Physics, past Director of the International Institute for 
Theoretical Physics at Texas A&M. Research interests: theoretical nuclear physics focusing on 
intermediate energy reactions, computational physics, and other problems. Approximately 60 
refereed articles, 38 published invited talks, organizing committee of 13 conferences. 

Prof. V.E. Oberacker received his Ph.D. from the Goethe-Universitiit Frankfurt / Germany in 
1977. He was a research associate at the Oak Ridge National Laboratory from 1978-1980, 
became an Assistant Professor of physics at Vanderbilt University in 1980, Associate Professor 
with tenure in 1986, and Full Professor in 1994. His main research areas are low-energy nuclear 
structure and reactions, relativistic heavy-ion physics, strong-field QED phenomena, and 
computational physics. He has authored about 70 theoretical papers, given 22 invited talks, and 
organized 4 conferences on nuclear and computational physics. He is one of four Pi's of a DOE 
High Performance Computing and Communications Grand Challenge project entitled "The 
Quantum Structure of Matter". 

Prof. A.S. Umar received his Ph.D. from Yale University in 1985. He was a research associate 
at the University of Pennsylvania from 1985-1 986, became an Assistant Professor of physics at 
Vanderbilt University in Fall 1986, and Associate Professor with tenure in 1993. He has 
theoretical interests in low-energy nuclear structure physics and astrophysics, relativistic heavy- 
ion physics, and computational physics. He has authored more than 40 theoretical papers, given 
22 invited talks, and organized 3 conferences on computational physics. He is one of four PI'S of 
a DOE High Performance Computing and Communications Grand Challenge project entitled 
"The Quantum Structure of Matter", and is also a PI of a computational education grant. 

19 


	I TABLE OF CONTEXTS
	II INTRODUCTION
	III SUMMARY OF RESEARCH PROJECTS
	A NUCLEAR STRUCTURE AND ASTROPHYSICS
	1 Microscopic nuclear structure studies in connection with HRIBF
	2 Core collapse supernovae simulations
	3 Nuclear viscosity information @om muon-inducedjission

	B PION AND KAON INTERACTIONS WITH THE NTJCLEUS AT HIGH ENERGIES
	C HEAVY-ION PHYSICS AT ULTRA-RELATIVISTIC ENERGIES
	1 EM lepton-pair production
	Perturbative Feynman-Monte Carlo calculations of free lepton pair production
	Nonperturbative lattice calculations of lepton pair production with capture

	2 DynamicaE String-Parton Model


	V LIST OF PUBLICATIONS DURING REPORTING PERIOD
	VI BIOGRAPHICAL SKETCH

