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Introduction

L.S. Schroeder

This report describes the activities of the Nuclear Science Division (NSD) for
the two-year period, January 1, 1995 to January 1, 1997. This was a time of major
accomplishments for all research programs in the Division—many of which are
highlighted in the reports of this document.

During this period, several changes affecting the Division took place. In the fall
of 1995, James Symons, the Division Director for ten very successful years,
returned to full-time research. Much of the success of the Division’s activities are
due to his foresight and dedicated leadership at the Berkeley Lab, as well as his
many contributions on the national scene. In 1996, the NSD office was relocated
to the Bldg. 50 complex, along with the Relativistic Nuclear Collisions (RNC)
group and the Isotopes Project. While this relocation squeezed us on space, it had
the very positive benefit of providing closer ties with the other General Science
areas (Accelerator Research and Fusion and Physics Divisions) also housed in the
Bldg. 50 complex. Also, in the 1995-96 period, the U.S. nuclear science
community revisited its long-range planning process—providing a strong road
map for nuclear science research over the next few years. The NSD hosted the
Town Meeting on Electoweak Interactions, Astrophysics and Non-accelerator
Experiments, as part of this process. Several NSD members participated in the
NSAC Long-Range planning activity at Cal Tech and in the construction of the
final report. Finally, it is with great sadness that we also recognize the passing of
two of our colleagues during this period—Mike Nitschke, a major force behind
the national call for an ISL facility for radioactive beams, and Virginia Shirley, a
key member of the Table of Isotopes team.




Much of the activity at the 88-Inch Cyclotron centers on Gammasphere and its
strong research program. This period witnessed a change from the “early
implementation” phase, to the “full implementation” phase of the Gammasphere
program, with its nearly complete (110 elements) complement of detectors. In
addition, several auxiliary detectors, provided by the Gammasphere research
community, were added—making the Gammasphere suite of detectors the
world's most powerful instrument for studying nuclear structure. A formal
Gammasphere Dedication was held in December 1995 at the Berkeley Lab,
including a meeting devoted to the early results from Gammasphere. Presently,
over 250 researchers, representing universities and national laboratories from
around the world, are actively engaged in this research effort, with demand for
beam time running extremely high.

To further enhance the 88-Inch’s low energy research program, a new
instrument, the Berkeley Gas-Filled Separator (BGS) is under construction. This
device, designed to provide enhanced separation capabilities, will serve as the
centerpiece for a strong program in heavy element research, production of exotic
nuclei and nuclear structure studies. Present plans call for BGS operation in the
summer/fall of 1997.

Considerable progress has been made in the area of weak interaction studies at
the 88-Inch Cyclotron. Activities include the use of Gammasphere, as well as the
continued progress in the trapping of radioactive 21Na atoms. The trapping
facility continues to be upgraded with the number of trapped atoms reaching
about 50,000—sulfficient to initiate an active physics program.

Other major activities at the 88-Inch Cyclotron include: high statistics studies of
the systematics (energy, target/projectile dependence) of complex fragment
emission, the possibility of light (C, N, O) radioactive beams at the 88-Inch, a
nuclear astrophysics program using Gammasphere as well as other devices.
Finally, excellent progress has been made on a 3rd generation ECR ion source
which will provide the heaviest beams at energies above the coulomb barrier for
the 88-Inch research community.

During this reporting period considerable progress was made on the final
assembly of the solar neutrino detector at the Sudbury Neutrino Observatory
(SNO). The Berkeley SNO team has been actively involved in this effort and it is
anticipated that the heavy water fill will occur in the latter half of 1997. In
addition to participating in the construction efforts at Sudbury to complete the
SNO detector, NSD researchers have been turning their attention to extracting
physics from SNO. Looking to the future, through the focus provided by the
Institute for Particle and Nuclear Astrophysics (INPA), a joint activity with the
Physics Division, concepts are being developed, and early R&D carried out, on a
next-generation detector (km3) to study high energy neutrinos of astrophysical
origin.

In the area of relativistic heavy-ion collisions, considerable progress and re-
direction of effort has occurred in the last few years. The Pb-era at the CERN
Super-Proton Synchrotron is in full swing. The NSD's physics activity at CERN
continues to be focused on NA49, where we had primary responsibility for the




electronics associated with the TPC’s. The development of electronics for TPC's
has been an active part of our efforts through many different experiments—from
EOS, to NA35/NA49 and STAR. For the NA49 experiment, attention is now
focused on physics results, including observables such as strange particle yields
and flow. After a very successful program at the Bevalac, the EOS TPC was
moved to the AGS in 1995 and has successfully completed data-taking for
Au+Au collisions at a range of energies between 2-8 GeV/nucleon, and is the
only large-acceptance electronic detector with data in this interesting transition
region between Bevalac and full-energy AGS physics. Areas of interest for this
program include the energy dependence of flow and strange particle production.

The STAR detector continues on track for physics at RHIC in the summer/fall
of 1999. During the last two years, many major reviews of STAR, by both DoE
and RHIC management, have been successfully carried out. Locally, the TPC,
which is the heart of the STAR detector, is nearing completion and shipment to
RHIC is expected in the fall of this year. Systems testing and finally cosmic ray
tests of the TPC will be conducted before shipping. As we move from the
construction phase of STAR to physics with STAR, our activities on the analysis
and software aspects of the STAR program are playing a more prominent role.
The recent arrival of the National Energy Research Scientific Computing Center
(NERSC) at the Berkeley Lab, with its scientific computing capabilities and
expertise, has provided the Division with a substantial opportunity to enhance
our ability to extract the physics from STAR. Active collaborations with NERSC
and others interested in the high volumes of data that will be generated by
detectors like STAR are being formed. Hopefully, the solutions to problems of
mutual interest will result from this effort.

The Nuclear Theory program has been very active over the last two years in
activities spanning low-energy nuclear structure, studies of astrophysical interest
such as neutron stars, and relativistic nuclear collisions with particular emphasis
on RHIC physics. Close interaction with experimental groups has continued to
grow, including weekly seminars covering the range of research interests of the
Division. A strong visitor’s theory program continues to enrich the Division.

In 1996 the Isotopes Project produced the 8th Edition of the Table of Isotopes, both
in hard copy and CD-ROM. New focus areas in nuclear structure, nuclear
astrophysics, and electronic data dissemination have been developed by the
group. They continue to be a central player in the U.S. data evaluation and
dissemination program supported by the DoE.

Finally, this two-year annual report is being put out in both hardcopy and
through electronic publishing on the World Wide Web (WWW). With increased
use of the electronic dissemination of information, we do not plan to provide hard
copies of future NSD annual reports. The Division has a home page on the WWW
(http:/ /user88.1bl.gov/nsd_home.html) or access through the Berkeley Lab
home page (http://www.Ibl.gov), as do many of our research groups—please
visit us! Any comments and suggestions should be addressed to our Editor, Art
Poskanzer, who has, with his useful efficiency, put together an excellent
document.
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Nuclear Structure and Reactions
Program

L.S. Schroeder

The Nuclear Structure and Reactions Program uses a broad range of
observables and techniques to study the nuclear medium and address problems
of current interest in nuclear physics. This activity focuses on studying nuclear
systems at extremes of angular momentum, isospin, neutron and proton number,
as well as temperature. A brief overview of the various programs is given below,
while a more detailed accounting of individual activities can be found in the
“Nuclear Structure and Reactions” contributions later in this report.

Most of these programs are centered at the 88-Inch Cyclotron. The Cyclotron is
operated as a national facility, providing a wide range of ion species and
energies, for a diverse national and international user community. The high
reliability and ease of changing beam species and energy make the 88-Inch
Cyclotron ideally suited for nuclear structure and reactions studies.

A broad range of nuclear instrumentation is in place at the 88-Inch to address
this research program. The central focus of the research program at the 88-Inch,
over the last few years, has been the exploitation of the unique capabilities of
Gammasphere. This National y-ray Facility, consisting of a 4% array of 110
Compton-suppressed high-purity germanium detectors, augmented with
auxiliary detectors, utilizes over 50% of the research time at the Cyclotron.
Gammasphere, as well as other detector systems in operation at the Cyclotron,
are described below and in other sections of this document.




Nuclear Structure

The Nuclear Structure Group has two main focuses: one is to pursue a physics
program mainly centered on high-spin studies of the atomic nucleus, and the
other is to develop new instrumentation to push the frontiers of nuclear structure
and other research. The Nuclear Structure Group has played the leading role in
the construction and operation of Gammasphere. Both the Director and the
Deputy Director of Gammasphere are members of the Nuclear Structure Group,
and other members support the operation of the array, as well as contribute to its
construction and maintenance. Gammasphere was dedicated on December 1,
1995 and on that occasion, a “Workshop on Gammasphere Physics” was
organized by this group. About 100 scientists attended and highlights of the
physics done at the large gamma-ray arrays was reported. The proceedings are
published in World Scientific.

This group is interested in the structure of the nucleus, mostly at high angular
momentum. One of the main goals is to understand nuclear behavior in terms of
the characteristics of a few-body quantal system. Persistent themes reflecting
these interests have been identical bands and the C4 symmetry suggested for the
nuclear shape. Progress on these as yet unresolved issues is described below.
More superdeformed bands are discovered as the sensitivity of Gammasphere
increases. We found interesting evidence for the contribution of pseudo-spin
symmetry in a pair of identical bands. However, the focus is now on
understanding the properties of SD bands rather than finding more bands. This
is now possible as more precise energy and lifetime measurements can be made.
Using these new capabilities, our group found evidence for octupole
deformations in some superdeformed nuclei. We could compare deformations of
identical bands. We could also learn about the mechanism of the decay of
superdeformed bands. In normally deformed nuclei, lifetime measurements
confirmed the predictions of the “filted axis cranking” model, supporting the
new concept of “magnetic rotation” as a nuclear excitation. We have been
looking for the octupole two-phonon excitation in 208Pb and have set new limits
on its existence. We are interested in neutron-rich nuclei and the possibility that
they will reveal new properties of nuclei. We have produced such nuclei at high
spins using deep inelastic reactions.

In the future, our group intends to take new directions in addition to pursuing
the subjects outlined in the previous paragraph. One of the most tantalizing goals
is to find hyperdeformed nuclei; i.e., nuclei even more elongated and probably
better rotors than superdeformed nuclei. So far there is no evidence for them but
we continue trying new ways to produce them. We are interested in heavy nuclei
as they are the most collective nuclei with normal deformation. In particular, it
will be very interesting to study the evolution of octupole excitations in these
nuclei. The future use of various recoil separators, with and without
Gammasphere, should give us access to more exotic nuclei. It would also be
interesting to study very light nuclei and observe the various exotic shapes
predicted. With Gammasphere, one can study continuum spectra at high spins
better than ever before. We intend to pursue this in various aspects of the order-
to-chaos transition in nuclei.




Finally, the group is engaged in a collaboration with S. Freedman and his
group to measure the branching ratio of the superallowed (0* — 0%) 8+ decay of
10C. This work is expected to provide the best test of unitarity of the CKM matrix.
We are also interested in pursuing a wider variety of physics, for example
looking for strange matter and rare decays of positronium.

The group is also developing a new Gamma-Ray Energy Tracking Array
(GRETA), which would have a resolving power a thousand times that of
Gammasphere. This array would consist of a solid shell of highly segmented Ge
detectors. Research and development is underway. Preliminary cluster
recognition studies indicate a large improvement over Gammasphere. Also, the
induced signal into the segment adjacent to the “hit” segment has been
calculated and compares well to the measured one in the Gammasphere
segmented detector. It is essential to measure this signal in order to have position
resolution in the measurement of the gamma-ray interaction points. R&D is
progressing on GRETA design.

A recoil separator is also under study as an auxiliary detector for
Gammasphere. With a high efficiency and reasonable mass resolution, such a
system (e.g. solenoid-dipole) appears quite attractive.

Proton-Rich Nuclei

Studies near the proton drip line can provide excellent tests of the limitations
of nuclear models and stimulate improvements in these models. For nuclides
beyond the proton drip line, searches for new ground-state proton emitters are of
interest to compare reduced widths to nuclear structure theory, as are searches
for the quantum-mechanically interesting decay mode of ground-state two-
* proton emission (2He). For nuclides near the drip line, the large available B-decay
energies open up new beta-delayed multi-particle decay channels (e.g., 2p
decay). In order to extend the dynamic range for the detection of these beta-
delayed protons, this group has developed detectors with gas AE-gas AE-silicon E
telescopes with a threshold of 180 keV. An array consisting of four of these
telescopes was used in observing beta-delayed proton decay branch from 23Al
which proceeds via the isobaric analog state (IAS) in 22Mg. 23Al represents the
lightest member of the A = 4n+3, T, = -3/2 mass series for which proton decay of
the IAS is possible. Recent measurements have extended the successful search for
new low-energy proton groups to 2P and 31Cl, but these decays do not proceed
via the IAS. This group will attempt to confirm the results from several
experiments started during the past year which include confirmation of beta-
delayed proton decay from the T, = -5/2 nuclide 23Si and of beta-delayed two-
proton decay of the T, = -2 nuclide 6Mn. A new search will commence for the
beta-delayed proton decay of 77Zr. Finally, this group is expending considerable
effort in developing the capability of running a few radioactive ion beams at the
88-Inch Cyclotron. The primary production machine is a small medical cyclotron
located at LBNL and tests are under way to measure the efficiency of coupling a
gas-jet transport system to an ECR source. The first beams will be 11C and 4O
accelerated to energies > 15 MeV /nucleon for nuclear reaction studies.




HeaVy Element Nuclear and Radiochemistry
Program

The nuclear and chemical properties of the heavy actinides and transactinide
elements at the limits of both nuclear stability and the periodic table are being
investigated. Studies to produce and characterize new elements and isotopes, to
study nuclear reactions, and to elucidate the chemical properties of the
transactinide elements have been conducted at the LBNL 88-Inch Cyclotron as
well as at the GSI-UNILAC Facility in Darmstadt, Germany.

Both physical and radiochemical techniques are utilized and a large number of
students have been trained in modern nuclear and radiochemical techniques.
Currently, the research efforts are concentrated in the following areas:
1) Production and identification of new isotopes and elements; 2) Study of
nuclear decay of actinide and transactinide isotopes, especially spontaneous
fission (SF) and electron-capture delayed fission (ECDF), and nuclear properties;
3) Development of rapid separation and sensitive detection techniques for study
of isotopes with half-lives as short as seconds for definitive studies of both
nuclear and chemical properties.

An international collaboration was hosted at LBNL to study the chemical
properties of hahnium (105) using the 1.8-second 261Ha. The 1.8-second isotope
225pa of its psuedo-homolog protactinium (Z=91) was also studied under the
same conditions. The automated, continuous liquid-liquid extraction system
(SISAK) coupled with the flowing liquid scintillation alpha spectroscopy system
(LISSY) enables us to achieve separation times of 1-2 seconds with nearly 100%
detection efficiency.

Recent experimental confirmation of the predicted stabilizing influence in the
region of the deformed shells at N=162 and Z=108 has sparked a renaissance of
interest in the production and study of the half-lives and decay properties of
isotopes near these shells. (Our measurement of a 2.1-second SF half-life for 262Rf
and an alpha half-life around 10 seconds for 266Sg support these predictions.) In
order to more sensitively explore and study this extension of the known region of
stability, the Berkeley Gas-filled Separator, a new instrument designed for
efficient separation of compound nucleus products has been designed, and is
scheduled for completion in late 1997. Its sensitivity to half-lives as short as
microseconds and cross sections as small as picobarns will facilitate access to this
region and a number of exciting studies of nuclear phenomena.

First studies of both the aqueous and gas-phase chemical properties of
Seaborgium (Sg, element 106) were performed as part of an international
collaboration. These indicated that Sg was properly placed under Mo and W in
group 6 of the periodic table. New information about the production cross
sections and nuclear properties of 264:265,2665¢ produced via the reaction of 248Cm
with 22Ne projectiles was also obtained. Studies of more complex chemical
properties of Sg are planned. Gas-phase studies of bromides of its lighter
homologs have already been conducted in preparation for studies with Sg.




Investigations of electron-capture delayed fission have been extended to the
light Es isotopes. A sample changer is being built to transport samples to
Gammasphere to permit study of fission barriers and fission shape isomers and
their gamma decay back to the ground state in an out-of-beam environment. Our
studies of SF half-lives and decay properties are continuing and two more SF
reviews have been published.

Nuclear Reactions

At low energies complex fragment or intermediate mass fragment (Z>2)
emission is a rare process. Increasing the excitation energy brings the emission of
these fragments to the forefront, until they dominate the reaction scene. The goal
of the Nuclear Reactions group is to characterize the physics of this emission
process, both theoretically and experimentally, from its onset as binary
compound nucleus decay to its full deployment as multifragmentation.

Scaling Laws, Shell Effects and Transient Times in Compound
Nucleus Emission

Our recent work has demonstrated the compound nucleus emission of
complex fragments and characterized it to be a generalized fission process
controlled by a set of conditional barriers constrained to a given mass
asymmetry. For several systems near A ~ 100, we have measured excitation
functions and extracted conditional barriers. These barriers compare favorably
with those calculated with the finite-range model. As the fission barriers in
medium-heavy nuclei were instrumental in defining uniquely the liquid drop
model parameters, the conditional barriers offer a unique tool to fix the
parameters of its more modern descendants like the finite range models. In
particular, the measurement of conditional barriers for several isotopes of the
same element, can constrain the large uncertainty in the surface asymmetry
coefficient of the droplet model.

Complex fragment excitation functions have also been used to search for
atomic number Z and energy E dependent deviations from transition-state-
method predictions that would indicate the existence of transient time effects.
No, Z- and/or E-dependent effects, that could be attributed to an increased
collectivity with increasing mass (charge) of the emitted fragment and associated
with transient or stationary solutions of Kramers’ diffusion equation, are visible
in our data. Over ninety excitation functions, for complex fragments from four
different compound nuclei, can be collapsed into a single universal straight line
that is consistent with the transition-state predictions. Once the phase space
associated with the non-reactive degrees of freedom at the conditional saddle
point is removed, the reduced rates are identical for all fragments. This result
seems to rule out, for all Z-values, transient effects that should become noticeable
with increasing excitation energy and decreasing mass asymmetry.

The scaling reported above for complex fragments is not directly applicable to
fission because of the strong ground state shell effects encountered in the 208Pb
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region. However, because of the simple asymptotic form of the shell correction,
we have been able to modify the scaling in a simple way. The remarkable result
is that all of the sixteen studied fission excitation functions are exactly scalable. In
other words, they are reducible to the same straight line. The scaling extends
over more than 100 MeV of excitation energy and over an increase of fission
probability of a factor 107. No failure of the transition state rate is detectable over
these ranges, and fission delay times in crossing the saddle point larger than
10720 sec can be ruled out.

As a “by-product” of the above analysis, we obtain the ground state shell
corrections. These are in excellent agreement with those extracted from ground
state masses. Thus, this procedure can be offered as an alternative method for the
extraction of shell effects, which, incidentally, is purely local and independent of
the liquid drop fit extended over the entire mass table.

Reducibility and Thermal Scaling in Multifragmentation

The process of multifragmentation is still sketchy and incomplete. However,
we believe that we have succeeded in unveiling important features which may be
the key to a deeper understanding.

The pervasive aspect of reducibility indicates that, whatever the mechanism, the
fragments are emitted essentially independent of one another. We have shown
that the probability P, of emitting n fragments can be reduced to the probability
of emitting a single fragment through the binomial equation. Similarly the n
fragment charge distributions can be reduced to the one fragment charge
distribution. Furthermore, the particle-particle angular correlation can be
reduced to the individual particle angular distributions.

In all the above quantities, reducibility is somehow restricted by what we may
call “dynamical constraints.” For the emission probabilities, the constraint is the
binomial parameter m, indicative either of a dynamical time window, or of the
finite source size. For the charge distributions, reducibility is restricted by the
parameter ¢, which seems to indicate some special way of enforcing charge
conservation. We speculate that its transition from near zero to a finite value with
increasing energy could be an indication of a transition from phase coexistence
(liquid-vapor) to a single phase (vapor). Finally, the angular correlations violate
reducibility at small relative angle where particle-particle interactions become
manifest.

These broad features of reducibility speak to the near independence of
fragment emission but not to its mechanism.

Thermal scaling instead makes a clear statement about the fact that the
elementary probabilities entering in the n fragment emission probabilities, the n
fragment charge distributions, and the two fragment angular correlations are
thermal. In other words, these probabilities have the form of a Boltzmann factor
and clearly portray its characteristic energy dependence (linear Arrhenius plots).




Thus, the resulting picture is tantalizingly close, but not quite that of a
compound nucleus emission. Apparently sources are dynamically generated
which, within dynamical constraints of time and size, emit fragments in a
thermal manner. Among the potential fruits that can be reaped from the pursuit
of the analysis outlined so far are dynamical features of source formation, size
and lifetime, as well as static features like barriers, source sizes and densities.

Stable Coulomb Bubbles?

The depletion of charge in the central cavity of nuclear bubbles reduces the
Coulomb energy significantly and thus stabilizes “Coulomb” bubbles against
monopole oscillations. These Coulomb bubbles, however, are at least unstable to
perturbation of the quadrupole radial mode. At sufficiently high temperature,
the vapor pressure in the central cavity drives the bubble to a thinner
configuration that is stable against all radial modes. Since a thin Coulomb bubble
behaves like a sheet, it becomes susceptible to the proximity surface instability
via the crispation modes and may meet its demise when its thickness is
comparable to the range of the proximity interaction.
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Institute for Nuclear and Particle
Astrophysics

R.G. Stokstad

Introduction

The areas of research at the Institute (INPA) are broad and have a strong
interdisciplinary flavor, yet a common purpose connects them—to use the
science and the technologies of nuclear physics and particle physics to address
fundamental questions bearing on the nature of the universe: past, present, and
future. Specific research topics include solar neutrinos, high energy neutrinos,
detection of nearby and distant supernovae, weak interactions in atomic and
nuclear processes, the cosmic microwave background radiation, direct detection
of dark matter, cosmic rays and chronometers, the theory of pulsars and neutron
stars, and geoastrophysics. Research and education are combined not only
through the participation of students and postdoctoral researchers, but also at the
high school level through summer programs for teachers and a major project, the
Hands-On Universe, that brings on-line astronomical images to the classroom.

INPA is sponsored by the Nuclear Science Division and the Physics Division at
LBNL. While participants in INPA are predominantly from these two Divisions,
the Physics Department and the Space Sciences Laboratory at UC Berkeley are
well represented. Indeed, the Institute benefits from the rich concentration of
astrophysics in the greater Bay Area. A wide range of experimental facilities is
used by INPA participants; at LBNL (the 88-Inch Cyclotron, Gammasphere, low -
background counting facilities, Leuschner Observatory), in North America
(Sudbury Neutrino Observatory, the Keck Telescopes, nuclear physics facilities




at Argonne and Brookhaven national laboratories, university laboratories),
throughout the world (Chile, Australia, Antarctica), and in space (HST, COBE).

This overview naturally focuses on research where Nuclear Science Division-
associated researchers are heavily involved. A few highlights from other areas
are mentioned, and the overview concludes with a brief description of INPA’s
institutional activities.

Neutrino Astrophysics

The Sudbury Neutrino Observatory (SNO), a 1,000-ton heavy-water Cerenkov
detector under construction in a nickel mine in Canada, is back on track after
construction delays associated with the fabrication of the acrylic vessel that will
contain the D;O. The most significant milestone has been the completion of the
upper half of the detector, with both the photomultiplier support structure
(PSUP, with phototubes) and the acrylic vessel (AV) suspended by their cables
from the deck above. Construction of the lower half of SNO has begun. LBNL is
responsible for the PSUP and has also helped the collaboration with the AV.
Contamination control in construction is critical to keep backgrounds to tolerable
levels—this aspect of SNO continues to receive attention from the LBNL group.
When the detector is filled with water and ready to begin its shake-down period,
other activities will become important and are being prepared for now at LBNL
as well as at other collaborating institutions. These activities include calibration
(16N and 17N sources), neutron detection (3He neutron detectors) and
suppression (®Li poison), data acquisition (graphical interfaces) and data analysis
(Monte Carlo simulation and measurement of § and y backgrounds). When SNO
begins taking data, the years of planning and construction should bring their
reward. By the year 2000, the neutral current to charged current ratio and the
shape of the 8B spectrum—two independent tests for neutrino oscillations—will
have been measured and we should have a better perspective on the standard
models of particle physics and of the sun.

The same properties of neutrinos that make them a valuable probe of the sun
could also make them a unique window on the most energetic objects in the
cosmos. Several INPA participants are members of the AMANDA collaboration,
which is constructing a water Cherenkov detector in deep Antarctic ice to
observe high energy neutrinos. It is in the planning and R&D toward the next
generation neutrino observatory, however, that INPA is making a major
contribution. This detector will have dimensions on the order of a square or cubic
kilometer, and therefore the sensitivity to detect neutrinos from distant point
sources, such as Active Galactic Nuclei.

Nuclear Astrophysics

Laboratory measurements of nuclear properties are essential in understanding
the processes by which heavy nuclei are synthesized from primordial nuclei.
Certain individual isotopes can take on key roles. 44Ti is such an example;
gamma rays from its decay are observable and can be used to determine the
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amount of #Ti produced in a supernova if the half life of this nucleus is known.
Past measurements place this value in the range 39 to 67 years, which translates
into a factor of six uncertainty for the remnant of a supernovae that exploded 300
years ago. (Half lives in the range of tens of years are particularly difficult to
measure). Measurements on 44Ti produced at the 88-Inch Cyclotron and counted
off-line yield a value of 62 + 2 years and, because they were made relative to
other isotopes with well-known half lives, resolve the present discrepancy.

Knowing the half life of unstable (but long-lived) nuclei present in cosmic rays
makes it possible to determine the residence time of these nuclei in our galaxy,
i.e., they can serve as a cosmic chronometer. In this case, the half lives need to be
of the order of 10° years. The decay rate of a nucleus in space (where it has no
surrounding electrons to capture) can be much longer than when it is housed in
an atom or ion on earth. Measurements of very weak decay branches are
therefore necessary. 44Pm and 3¥Mn are two such cases; the latter nucleus is of
particular interest because it has recently been possible to measure the relative
abundance of the Mn isotopes in cosmic rays. Experiments are being made both
at the 88-Inch Cyclotron and at ANL, using different experimental techniques.
The rarest, and one of the most enigmatic unstable nuclei in nature, 180Ta, is still
the subject of experimental work in the hope of discovering how it was
synthesized and why it survived. Finally, geological (as opposed to
cosmological) dating techniques can also be affected if there is a dependence of
the half life on the chemical composition of the compound in which the
radioactive nucleus is located. Such a chemical dependence has been suspected
for 40K, which is used in the potassium-argon dating method. Present

experiments on 40K contained in different compounds indicate this is not the
case.

Data for Nuclear Astrophysics

Nuclei heavier than lithium can only be made in stars, and in the later, rapid
burning and explosive stages of stellar evolution. The prediction of the
abundance of these nuclei is a triumph of nuclear astrophysics, and requires an
amount of nuclear information on a similarly grand scale. INPA, the Isotopes
Project, and UC Santa Cruz have assembled a number of the data-bases used in
nucleosynthesis calculations and made them available to the community through
our new Nuclear Astrophysics Data Home Page.

Fundamental Measurements

The standard model of particle physics is the cornerstone for understanding
the origin and development of the universe. Many of the key elements or
parameters of the standard model are reflected in nuclear properties and
measured in precision low-energy nuclear (or even atomic) experiments. We
establish, test, and look for physics beyond the standard model in these nuclear
physics experiments. Parity non-conservation, second class currents, time
reversal invariance, the conserved vector current theory, double beta decay—
these are some of the topics studied in the physics of weak interactions.




The trapping of radioactive neutral atoms with laser beams offers significant
opportunities for increasing precision in tests of weak interaction theory. This is
because the atoms are both confined in a vacuum and polarized by the trapping
mechanism. During the past two years, steady improvements in the laser
trapping facility at the 88-Inch Cyclotron have led to the trapping of 5x104 2INa
atoms (/2 = 21s) and a precise measurement of the ground state hyperfine
transition. The next steps will be the installation of an in-vacuo beta detector and
a measurement of the beta-decay asymmetry.

The branching ratio for the super-allowed beta decay of 1%C(g.s. 0*) to the first
Ot state of 10B is critical for the determination of the u-d element of the Cabbibo-
Kobayashi-Maskawa mixing matrix. This matrix is assumed to be unitary in the
standard model of electro-weak interactions. The present measurement of this
branching ratio uses Gammasphere, a high-resolution gamma-ray detector array;
the first of two runs has been analyzed and yielded a value that is in agreement
with a unitary CKM matrix but that differs by 2.5¢ from a recent measurement
made at Chalk River Nuclear Laboratories. Gammasphere is also ideal for the
measurement of angular correlations, as in the case of the B-ydirectional
correlation in the decay of 22Na. This quantity enters into higher-order terms that
test standard model predictions and can be used to search for second class
currents.

The detailed shape of the energy spectrum in beta decay is related in the
conserved vector current (CVC) theory to the strength of an associated
electromagnetic transition. 14C and 140 are two cases for testing CVC.
Measurements on the former nucleus have been completed (at ANL), while the
latter will be studied at the 88-Inch Cyclotron using a new, high-efficiency Cusp
ion source for the production of the 14O (t1 /7 = 71 s) radioactive source.

Double beta decay is a well-known though relatively rare phenomenon, the
most interesting aspect of which would be neutrino-less 3 decay. (The latter has
not been observed.) BB decay to excited 0* states is also possible, though
energetically disfavored. A search for this in 1%0Nd is being conducted at the
Oroville low-background counting facility using 5 kg of natural neodymium
oxide.

The breaking of CP symmetry explains the predominance of matter over anti-
matter in the universe. The most fundamental theorem in physics, “CPT=1"
implies that Time Reversal Invariance must also be broken at some level.
Searches for TRI-violating effects are therefore important for our understanding
of how the universe evolved immediately after the Big Bang. Two searches are in
progress. The first, called “emiT,” is a study of the directional correlations in the
beta decay of spin-polarized neutrons. This experiment, a collaboration of several
institutions, has been several years in preparation, and is currently taking data
with the cold neutron source at NIST. The other experiment uses low
temperatures to align nuclei of 56Co and observes the directional correlation of
the nuclear spin, the emitted positron, and a subsequent gamma ray. This
experiment is scheduled to have results later this year.




The weak interaction responsible for nuclear beta decay (W-exchange) can
induce a small Parity Non Conserving component in electromagnetic transitions
in atomic systems through the weak neutral current (Z-exchange). The latter thus
complements the study of nuclear beta decay. Atomic PNC experiments are in
progress on a range of stable isotopes of Yb and may yield information on the
weak interaction independent of atomic structure.

Materials that register a track when an ionizing particle passes through
(emulsions, glasses, plastics, and insulating minerals) have found a wide
application in the search for exotic particles. Searches for WIMPS and for
magnetic monopoles have employed a variety of track detectors and have also
used an Atomic Force Microscope for scanning.

Low Background Counting

The Low Background Counting Facilities used in the study of Bf decay have
also been instrumental in a wide variety of experiments and in support activities
for other institutions. The other types of work (done at the facilities at Berkeley
and at Oroville) include low-activity materials certification, cosmic ray activation,
neutron activation analysis, and environmental health and safety activities.

Past and Future

We note here two projects that address the early history and the ultimate fate
of the universe and which are based in the Physics Division. The cosmic
microwave background radiation observed today reflects the state of the
universe about 3x10° years after the Big Bang, at the time radiation and matter
decoupled. The next generation of satellites, to follow COBE in the study of
anisotropies in the CMBR, are being planned.

The fate of the universe depends on its matter density, which is expressed as a
ratio to a critical density at which the expansion rate of the universe slows to zero
at infinite time. The supernova cosmology project searches for (and regularly
discovers!) type 1A supernovae at very large distances. In essence, the luminosity
of a type 1A supernova is a constant or “standard candle,” which gives its
distance, and the red shift of its host galaxy gives its velocity. Thus, the Hubble
diagram can be extended to very large distances (or far back in time). Deviations
from a linear dependence of recessional velocity on distance would indicate that
2 (the ratio of the mass density of the universe to the critical value) is different
from 1.




Institutional Activities

The purpose of the Institute is to further interdisciplinary work in Nuclear and
Particle Astrophysics at LBNL by:
s promoting interaction and communication among its members
s sharing of intellectual, technical, and administrative resources
¢ planning of new research proposals and development of detector systems
¢ developing innovative educational outreach programs
¢ establishing seminar, postdoctoral, and visitor programs
¢ sponsoring of workshops
The list of active participants has grown to approximately 80, while the number
of people receiving e-mail announcements of the weekly Journal Club is ~200.
Attendance at the Journal Club is typically 30-40 people. The daily tea has
become an established feature of INPA life and attracts usually 15-20 people for
. conversation and lively argument. The Common Room is heavily used for

regularly scheduled group meetings and ad-hoc get-togethers. The list of Journal
Club speakers is contained elsewhere in this Annual Report.

New initiatives in which INPA plays an important role are the R&D for the
next generation of high energy neutrino detector and the development of a

Nuclear Astrophysics Data Center.

Recent visitors to INPA include B. Balantekin, D. Branch, R. Ellis, J. Frieman,
L. Krauss, A. Olinto, G. Savard, and M. Turner.

Workshops sponsored by INPA:

LBNL Workshop on Physics and Simulation Issues for Km? Neutrino
Observatory. Dec. 1, 1994.

NSAC/DNP TOWN MEETING on Electroweak Interactions, Astrophysics, and
Non-Accelerator Experiments. February 4-5, 1995.

INPA Km3 Simulation Workshop. August 31, 1995.

US Meeting on Future Prospects for Km-scale Neutrino Detectors. April 18-19,
1996. (Arcadia, CA)

Additional information on the Institute and its activities can be found on the
World Wide Web under the URL http:/ /www-inpa.lbl.gov /.
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Relativistic Nuclear Collisions
Program

H.G. Ritter

The Relativistic Nuclear Collisions Program (RNC) conducts experiments

-studying the collision of nuclei in four energy regimes: (1) the Bevalac, where

nuclear matter is compressed sufficiently to study its equation of state; (2) the
AGS at Brookhaven National Laboratory (BNL), extending the studies of the
Bevalac to an energy range where the maximum pressure from the baryons is
likely to occur; (3) the SPS at CERN, where the energy density of the nucleons in
the collision of very heavy nuclei may be sufficient to produce a phase transition
to a plasma of free quarks and gluons; and (4) RHIC, where the energy density of
the produced particles will be sufficiently high that production of the quark-gluon
plasma is expected to occur. Understanding the reaction dynamics of nuclear
matter and its equation of state is of fundamental interest.

The major efforts at the Bevalac have been the Dilepton Spectrometer (DLS)
and the EOS Time Projection Chamber (TPC). Analysis of those experiments is
near completion. The EOS TPC has been moved to the AGS to continue its
studies at higher energies as experiment E895. Two periods of running have
produced a rich sample of data, spanning the energy range from two to eight
AGeV. The construction of CERN experiment NA49 has been successfully
completed, and the data taking and analysis are under way. The main focus of
the high-energy heavy-ion research program at LBNL is the STAR experiment at
RHIC, which will begin data-taking in 1999.




CERN/RHIC Physics

The collisions of the heaviest nuclei at the highest energies (Pb ions at the SPS,
Au ions at RHIC) are expected to create systems whose space-time dynamics are
qualitatively different from those of the colliding light ions studied up to now.
The heavy systems have significantly higher energy densities over longer time
scales. The extremely large number of produced hadrons in such collisions
(several thousand in a central Au-Au event at RHIC) presents a real technical
challenge and a unique opportunity: nontrivial, statistically significant signals
can be extracted from single events, a technique known as “event-by-event”
analysis. The correlation of extreme values of several observables sensitive to the
quark-gluon plasma phase transition in a single event is a powerful tool for
selecting ensembles of interesting events for detailed study. An event-by-event
measurement of the produced particles provides the opportunity to select events
with extreme values of temperature (particle spectrum), flavor (strangeness
content), shape of the flow (particle momentum), and size (two-particle
correlations). This technique requires a large acceptance detector that can
determine the momentum and identify a large fraction of the particles emitted in

" the collision.

NAA49 is a fixed-target experiment at the SPS designed to study Pb-Pb collisions
at 160 GeV /nucleon (\/_S_,mIZ = 17 GeV). Its goal is to simultaneously measure
many hadronic signals that are thought to be sensitive to the quark-gluon
plasma. To perform event-by-event analysis, it measures and identifies almost all
charged particles in the forward half of phase space and carries out detailed
ensemble measurements of all the single-event observables as well as strange
particle decays, two-particle correlation functions, and other hadronic
observables.

STAR is a collider experiment at RHIC designed to study Au-Au collisions at

S,n =200 GeV. Its goal is similar to NA49’s, to simultaneously measure many
hadronic signals. To perform event-by-event analysis, it will measure and
identify almost all charged particles over two units of rapidity, centered at mid-
rapidity. At RHIC there is a high rate of hard processes. Hard-scattered partons
are predicted to be sensitive to the medium through which they propagate. The
process can be calculated in perturbative quantum chromodynamics. The study
of high transverse momentum particles and jets as a function of energy and mass
of the colliding system may also be an attractive experimental approach to
identify the presence of quark matter.

Bevalac/AGS Physics

The hot and dense system produced in nuclear collisions can be studied with
penetrating probes, dileptons in the case of the DLS . Dileptons provide a unique
tool for probing the early phase of the hot, condensed system created in central
A-A collisions. The yield and the mass spectrum of dileptons is sensitive to the
density and temperature of the early phase of the collision, providing
information on the nuclear matter equation of state and on medium effects.
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From the study of the hadronic signals of nuclear collisions with 4n detectors,
like the EOS TPC, a rather simple picture is emerging, compatible with the
formation of a single source that seems to show a high degree of thermalisation
and flow in the final state. Part of the flow pattern is established early by
geometry and compression (directed flow), the other part is dominated by
compression and expansion (radial flow). A careful and systematic comparison
of data with microscopic models will lead to a better understanding of in-
medium effects and the nuclear matter equation of state. Experiment E895
continues these studies in the AGS energy region with the focus on the study of
flow and strange particle production.

Experiments

The Dilepton Spectrometer (DLS)

The DLS collaboration, from late 1986 until the closure of the Bevalac, carried
out systematic measurements of ete~ production in p-p, p-d and A-A collisions as
a function of beam energy and kinematics of the pair. The DLS results, about 30k
pairs, represent the world’s only e*e™ data at Bevalac/SIS energies. Important
results include: (1) existence of measurable dielectron yields, (2) observation of
contributions from mesonic decays (r% M, p/w), bremsstrahlung, and A/N*
decays, (3) strong energy dependence of the pd/pp yield ratios signifying the
presence of the n-meson, (4) absolute value and shape of the mass spectrum at
5 GeV in p-p and p-d collisions, which shows a need to modify existing N-N
model calculations (pp vs. pn contributions, inelasticity), and (5) observation of
high mass pairs (>500 MeV) in Ca-Ca collisions, which may be evidence for
pionic annihilation. Analysis continues on the high-statistics A-A (Ca-Ca, 0-Ca,
d-Ca, C-C) studies, and evolution of mass and p¢ distributions with
projectile/target mass. Recent results from analysis of the A-A systems show that
the low-mass region of the spectrum is well fitted by the shapes of the n0 and n;
in this region the yield for all four data sets is proportional to ApA; at higher
masses the ratio of the CaCa/CC yields is proportional to (ApA-)13. The fitted
yield of 1’s is several times larger than recent model calculations.

EOS TPC at the Bevalac

EOS was designed to study heavy-ion reactions over the whole energy range of
the Bevalac. The TPC enables the measurement of the production cross-sections
for protons, light composite particles, and pions over a large dynamic range. The
EOS collaboration performed an extensive series of measurements prior to the
shutdown of the Bevalac. Excitation functions of four systems (Ni + Cu, Ni + Au,
La + La, and Au + Au) were measured from 250 MeV per nucleon up to the
highest energy. In addition, the multifragmentation of the systems Au + C, Kr +
C, and La + C at 1 GeV per nucleon were investigated.

The physics analysis of the data is being performed at LBNL and other
collaborating institutions. A complete excitation function of directed and radial
flow in the Au + Au system has been measured. A systematic study of the




emission of light composite fragments shows that the coalesence mechanism
describes composite particle production very well. Preferred out-of-plane
emission at mid-rapidity (squeeze-out) has been shown to be compatible with
emission from one source with a well defined temperature and higher mean flow
velocities in the out-of-plane direction. Systematic comparison of the data with
model calculations are in progress. Preliminary results favor models with
momentum-dependent interactions and a soft equation of state. In addition,
multifragmentation of the Au + C system at 1 GeV per nucleon has been
- analyzed as a critical phenomenon. A method to extract critical indices from the
data has been developed. Preliminary results show that the critical indices
extracted are compatible with the critical indices of the liquid-gas phase
transition.

EOS TPC at the AGS (E895)

E895 is a major new experiment at the Brookhaven National Laboratory (BNL)
designed to carry out a systematic and exclusive measurement of the energy and
mass dependence of particle production, correlations, collective flow effects, and
strangeness production in Au + Au collisions. Theoretical studies indicate
maximum baryon density, as high as eight times normal nuclear matter density,
is achievable in central Au+Au collisions between 2 and 10 A GeV beam energies.
Therefore, E895 extends the physics program started at the Bevalac to
understand the collision dynamics and obtain information on the nuclear matter
equation of state. Additionally, E895 will study the change of medium effects
since the baryon densities are high enough to alter the masses and widths of
hadrons, which in turn, could indicate the occurrence of chiral symmetry
restoration or the formation of baryon rich Quark Gluon Plasma.

The experimental arrangement consists of the EOS Time Projection chamber
placed in a large 1 Tesla dipole magnet and the MUSIC detector positioned
downstream of the TPC. The detectors are located in the MPS area of the
Alternating Gradient Synchrotron (AGS) heavy ion facility. E895 was made
operational and, in December 1995, had successfully recorded data using 2 and
4 A GeV Au beams. High statistics were obtained with a Au target, and less with
Ag, Cu and Be targets. During the second run in November 1996 data was
recorded at 6 and 8 A GeV using the same targets. A complete off-line data
analysis is underway at LBNL utilizing the Parallel Distributed Scientific Farm
(PDSF) at NERSC, as well as at other member institutions.

NAA49 at the SPS

NA49 is a large acceptance experiment based on a set of Time Projection
Chambers. Particle identification is performed primarily by the measurement of
dE/dx in the relativistic rise regime (leading to TPCs that are 3.6 m deep),
supplemented by time-of-flight over a part of phase space. Event characterization
for triggering is performed by forward calorimetry.

NA49 completed its construction phase and began taking data with the full
complement of detectors in Fall 1995. Since then approximately 2 million lead-
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lead collisions at 158 GeV/nucleon and 1 million proton-proton collisions at
158 GeV/c have been recorded, comprising a data set of about twenty terabytes.

In order to extract the most interesting volume-dependent effects in nucleus-
nucleus collisions, NA49 data on central collisions of lead ions are compared to
NA35 data on central collisions of sulphur ions at about the same energy
(200 GeV/nucleon). NA49 finds that transverse energy production per
participant nucleon increases slightly for the lead collisions, indicating a
somewhat higher stopping. The rapidity distributions of primordial protons
show the same effect. Produced particle multiplicities (total negative hadrons,
which are mostly pions, and neutral and charged kaons) scale roughly with the
number of participants. On the other hand, transverse mass spectra show an
increase of inverse slope with the mass of the particle, which is indicative of
increased radial flow for lead compared to sulphur collisions. Thus, the picture
that emerges from transverse energy measurements and inclusive spectra from
central collisions of lead ions compared to that of sulphur ions is one of
somewhat greater stopping, with the additional available energy going into
increased radial flow, while the strangeness enhancement appears to be about
the same.

NA49 has also found a novel and unexpected feature in medium impact
parameter collisions of lead ions. By means of techniques developed at the
Bevalac to study flow phenomena, a quadrupole asymmetry in the azimuthal
distribution of transverse energy was found. This apparent memory by the
system of the initial reaction geometry is of great interest to the theoretical
community. Effort is under way to study this phenomenon in the NA49 TPCs, in
addition to the calorimeters.

STAR at RHIC

The purpose of STAR (Solenoidal Tracker at RHIC) is to discover the Quark
Gluon Plasma, a new state of matter which hasn’t existed in the universe since a
few microseconds after the Big Bang. RHIC will provide colliding beams of gold
ions at center-of-mass energies ranging from about 50 GeV up to a maximum of
200 GeV per nucleon. Other beam combinations are possible. STAR’s goal is
similar to NA49’s; to simultaneously measure many hadronic signals of the QGP
resulting from ultra-relativistic collisions. But hopefully STAR will explore
nuclear collisions with energy densities that are much higher than are available
at CERN. STAR will be able to perform event-by-event analysis, it will measure
and identify virtually all charged particles over two units of rapidity (centered at
mid-rapidity), and it will do an excellent job of characterizing high p; particles
and jets that are the result of hard-scattered partons.

The detector will consist of a Time Projection Chamber (TPC) and Silicon Vertex
Tracker located inside a 5.2-m-diameter solenoidal magnet to provide tracking,
momentum analysis, and particle identification using the dE/dx technique. The
trigger detector systems include a central scintillator barrel around the TPC,
vertex position detectors near the beamline just outside the magnet, and
calorimeters located in the region of the beam insertion magnets to selectively




veto events according to the number of spectators. An electromagnetic
calorimeter to trigger on transverse energy and measure jet cross-sections is
being added. In addition, two forward time projection chambers are being built
by the Max Planck Institute (Munich). The forward TPCs will extend the
detector’s angular coverage from two units of pseudorapidity up to
approximately four.

The TPC is nearing completion at LBNL. The outer field cage and the pressure
vessel were recently mated and the detector electronics will soon be added.
Complete tests of the TPC, using cosmic rays, are scheduled for the summer of
1997. Simultaneously, LBNL personnel are engaged in preparing the detector hall
at Brookhaven to receive the TPC and associated detectors in preparation for full
operation in the summer of 1999.

LBNL'’s Relativistic Nuclear Collisions Program is providing the focus for these
activities and will be the intellectual center for STAR during the operations phase
of the experiment. Within the STAR organization, the RNC program is providing
the Project Management for STAR as well as building a large fraction of the
hardware. RNC has primary responsibility for the TPC, TPC electronics, and
overall detector integration. RNC also has significant responsibilities within the
software efforts in STAR. RNC physicists form the core of the software
development team that is focused on tracking and particle identification by
dE/dx in the TPC. This effort has recently benefited from a successful proposal to
move a large computing facility from the SSC to LBNL. RNC physicists are
currently proposing an even larger compute facility in association with NERSC.
The goal of this larger center is to provide the primary simulation and off-line
analysis center for STAR data after the year 2000. Currently, 40 physicists and
engineers from LBNL are working on STAR. The STAR collaboration consists of
370 physicists and engineers from 36 institutions around the world.

- Development

Micro TPC Vertex Detector

We are developing a new Micro TPC vertex detector that will be capable of
tracking in the high track density environments which will be encountered in the
STAR experiment at RHIC and in the ALICE experiment at LHC. This detector
can handle track densities of 10 tracks/cm?2, approaching the capabilities of
silicon devices. It has, however, the important advantage that it is essentially
massless in comparison. This greatly reduces problems due to multiple scattering
and secondary interactions, which is of utmost importance for vertex detectors.
This technology could provide a significant improvement over silicon in these
experiments particularly at low p; where exciting results have been predicted for
heavy ion collisions. The Micro TPC will use micro-strip gas chambers (MSGCs)
to read out the signal. The fine pitch of these devices is well matched to the low
diffusion that can be achieved with a short drift distance in dimethyl-ether
(DME). This combination makes it possible to achieve much better two-track
resolution than has been possible with other TPCs. We have demonstrated that
electrons can be drifted in DME over the planned drift distance of 15 cm without
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significant attenuation. We have also produced a MSGC on a silicon amplifier
chip and demonstrated suitable operation.
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Nuclear Theory Program

J. Randrup

The Nuclear Theory Program at Berkeley Lab seeks to address important
problems at the frontier of nuclear science to achieve a deeper understanding of
the physical nature of quantal many-body systems at and below the hadronic
level. This involves developing and applying theories and methods for
prediction, analysis, and interpretation of experiments. While the current
research program is primarily focused on high-energy nuclear collisions,
significant efforts remain in the areas of compact stellar objects, macroscopic
nuclear properties, and chaos studies. The main themes are briefly described
below.

Parton Dynamics

On the basis of a QCD-inspired partonic description, a number of critical issues
in heavy-ion collisions at RHIC energies and beyond have been addressed: the
initial condition of the dense matter formed, the approach of such dense parton
matter to equilibrium, and the probes of the early parton dynamics. While the
initial parton density is found to be very high, it is also far from equilibrium and
the equilibration time depends sensitively on the initial parton density. A few
hard probes, such as charm, /v, and jets, have been investigated as indicators of
the initial parton density and early parton dynamics. Continuing research will
seek to reduce the uncertainty in the initial conditions as well as further explore
the associated hard probes.
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Hard probes of QCD matter

A number of studies have been directed towards heavy-quark production, both
in the initial nucleon-nucleon interactions and in the plasma phase. Heavy-quark
production in pp collisions has been studied using perturbative QCD at leading
order, next-to-leading order, and, near the production threshold, all-order
resummation at leading log and next-to-leading log. The knowledge gained from
pp physics can help us to understand the level of heavy-quark contribution to the
dilepton spectrum at RHIC and LHC although medium effects, such as energy
loss by the charm quark moving through the nucleus, may play an important
role. This latter effect is being examined in more detail, particularly by including
the effects of longitudinal expansion, as is the possibility that ey coincidence
measurements for open charm decay may provide information on the parton
energy-loss mechanism.

Quarkonium production and suppression is an especially interesting topic in
light of recent CERN SPS data from NAS50 and this data has been addressed in
terms of hadronic suppression mechanisms. At higher energies, where plasma
production is likely, the high initial temperature of the plasma could lead to T
suppression or result in the gluons and light quarks gaining an effective mass,
thereby enhancing thermal production of heavy quarks in the plasma.
Manifestations of higher-twist effects on heavy-quark production are also being
pursued, both in the context of the intrinsic charm model and, more recently, in a
final-state coalescence model involving the quantum mechanical overlap of the
initial- and final-state wave functions on the amplitude level.

Disoriented chiral condensates

A number of investigations have been carried out within the confines of the
linear sigma model. In particular, the conditions for the occurrence of the DCC
phenomenon has been studied in various collision scenarios and it has been
shown that the soft pionic modes become unstable only when a sufficiently rapid
expansion or cooling takes place. A variety of possible DCC signatures have been
studied, including the power spectra of the emerging pions and the distribution
of the neutral pion fraction. Wavelet-type analysis techniques have also been
developed for the study of domain structure of the pion field.

Dileptons may be a very sensitive probe of soft pionic modes and dilepton
spectra have been calculated with different models in order to examine the
prospects for using this observable as a DCC diagnostic. It is planned to explore
this mechanism in detail, with an emphasis on the role of other hadrons in DCC
formation and decay.

Chiral restoration and in-medium effects

Dilepton production at the CERN SPS has been investigated within a hadronic
transport model. It was found that although the CERES data can be explained
within errors, the present dilepton data do not provide additional sensitivity to




the initial hadronic configuration. In-medium effects on the pion form factor and
the pion dispersion relation lead to changes in the dilepton yield which,
however, are smaller than the errors of present data. This calculation will be
continued in order to explore the intermediate mass regime.

Studies in the hadronic phase have shown that the chemical equilibration rate
is shortened by the presence of vector mesons and also affected by the onset of
chiral restoration. Expansion and finite-size effects will be addressed within the
transport model, and it is planned to extend these investigations into the strange
sector. Furthermore, it is predicted that the A(1405) has a strongly momentum-
dependent in-medium mass shift due to the Pauli principle. The prospects for
investigating this effect with pion-induced reactions and stopped kaons are
currently being assessed.

The collaborative effort to include the collective spin-isospin modes in
transport treatments of heavy-ion collisions is being continued. The formal
developments made earlier for nuclear matter have been adapted to the finite,
non-equilibrium environment of the colliding system and implemented into an
existing nuclear Boltzmann transport code. Dynamical simulations are being
carried out in order to ascertain how the pionic collectivity affects experimental
observables, such as flow patterns and pion yields.

Chiral models of the nuclear force will be extended to describe hypernuclei and
the equation of state for both strange and charmed matter, with relevance for
both heavy-ion physics and compact stars. Associated precursor signals for the
chiral phase transition in dense matter will be sought and the possible transition
to a kaon condensed phase in the core of a neutron star will be also studied.

Transport theory

With a view towards high-energy nuclear collisions, work has been made on
developing a suitable transport description from quantum field theory, using a
1/Ny expansion, a loop expansion around background fields, and closed time
path formalism.

The efforts to take account of quantum effects in dynamical simulations of
many-body systems have progressed significantly. Building on earlier work, the
quantum fluctuations inherent in wave-packet dynamics have been included into
molecular dynamics by means of a quantal Langevin force. The extended
description leads to a considerably improved reproduction of the observed
intermediate-mass fragment yields for nuclear collisions. The method is quite
general and can be employed in other areas of physics as well, for example for
atomic clusters where it affects the critical properties of noble gases significantly.

Studies of nuclear dynamics with effective one-body transport theories have
recently included the first realistic test application to the multifragmentation of
expanding gold nuclei.
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Nuclear Astrophysics

Gravity binds nucleons in a neutron star an order of magnitude more strongly
than the strong force binds them in nuclei. The Pauli principle is therefore
brought strongly into play in distribution the baryon number over many species
of baryons and quarks. Suggested observational consequences have so far had
little specificity (like cooling for which many different scenarios all fall into only
several categories). Several avenues have recently been pursued: formation of
low-mass black holes triggered by hyperonization or conversion of the core to
quark matter; crystalline structure in the mixed confined-deconfined phase and
possible effects on pulsar glitches; and structural changes (such as size and
moment of inertia) which will reflect themselves in the time structure of pulsar
spin down. Such changes are expected because the density profile changes with
angular velocity and centrifugal force, ushering in thresholds for the population
of new baryonic species. With each threshold the equation of state will be
softened. Therefore the transformations will be reflected in the time-dependence
of the pulsar rotation. In particular the signal of a first order phase transition is
strongly registered in the braking index of pulsars, a measurable quantity. It is
estimated that the signal will be present in about ten of the presently know
pulsars if the phase transition does take place.

Macroscopic Nuclear Properties

The long-range aim of this work is to develop a quantitative understanding of
the macroscopic properties of nuclei (binding energy, surface energy, density,
compressibility, neutron matter, etc.). Using the semi-classical Thomas-Fermi
method, we have recently achieved such a description, which yields the binding
energy (or mass) of a nucleus as a function of N,Z and the nuclear shape. The
model is currently being generalizing to include angular momentum as well. An
approximate description of ground-state, super-deformed and fission-isomeric
rotational bands, and of the associated moments of inertia has been achieved.

Transition from order to chaos

The development of a macroscopic theory of nuclear dynamics continues based
on the parallel between a transition from ordered to chaotic nucleonic motions
and the transition from an elastic to a dissipative collective nuclear response.
Recent work concerns a comprehensive three-way comparison between classical
and quantal computer simulations and the Wall Formula for nuclear dissipation,
as applied to the excitation of independent particles in a time-dependent
potential well rippled at a wide range of frequencies. Four of the most important
corrections to the basic Wall Formula have been included. The results are being
applied to a renewed comparison of theory and experiments on fission and
nucleus-nucleus collisions.




Nuclear Data Evaluation Program:
Isotopes Project

J.M. Dairiki

The Isotopes Project compiles, evaluates, and disseminates nuclear structure
and radioactive decay data for basic and applied research. The group coordinates
its activities with both the national and international data networks and, in
particular, plays a major leadership role in the U.S. Nuclear Data Network
(USNDN). The traditional strong data evaluation effort of the group continues
and includes a pioneering role in horizontal data evaluations. The Isotopes
Project has had a seminal role in modernizing the current nuclear data
information system and has become a lead data center for the development of
new electronic dissemination and publication methods for nuclear data.
Significant and rapid progress is being made in exploiting the capabilities of the
World Wide Web.

This annual report period has been particularly productive for the group with
the completion of several major projects, many of them in collaboration with
researchers from other institutions.

¢ Publication of the 8th edition of the Table of Isotopes, both on CD-ROM and
in hard copy, April 1996

¢ Production and release of the Nuclear Data and References CD-ROM,
June 1996—LBNL, Lund University, BNL collaboration

8 Publication of the 2nd edition of the Table of Superdeformed Nuclear Bands
and Fission Isomers —LBNL, McMaster University collaboration
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¢ Release of version 1.0 of VuENSDF software (subsequently renamed
Isotope Explorer), July 1996—LBNL, Lund University collaboration

s Internet access of nuclear data

Data Evaluation

New research priorities present special opportunities and challenges for the
nuclear data program. Three particular areas of opportunity are the needs of the
high-spin research community, where new detector arrays such as Gammasphere
and Eurogam are producing data at tremendous rates; nuclear astrophysics,
where there is a stated need for a central point for the collection and
dissemination of laboratory and theoretical nuclear data of direct relevance to
nuclear astrophysics; and the needs of both the basic and applied research
communities for critically evaluated decay data standards. In addition, a joint
proposal to the U.S.-Hungary Science and Technology Program by G. Molnar
(Institute of Isotopes, Budapest) and the Isotopes Project has been funded. This
provides resources for the horizontal evaluation of capture gamma-ray data. The
Isotopes Project has initiated evaluation efforts in these new areas while also
continuing its traditional mass-chain evaluations.

High-Spin Data Evaluation

Following a recommendation at the May 1994 international data network
meeting, some of the group's effort has been directed towards the evaluation of
high-spin data. B. Singh has coordinated all the U.S. Nuclear Data Network's
effort in this field, with evaluators from LBNL, Lund University, McMaster
University, BNL, and ORNL. Procedures and guidelines for evaluating high-spin
data were developed and communicated to the network. Lists of nuclides of high
priority are updated and distributed regularly. Since July 1994, isotope-ordered
lists of current nuclear structure experimental papers for both high- and low-spin
studies published in ten main journals are prepared by B. Singh and made
available (quarterly) to the research community and evaluators via the WWW.
Experimental data from many of these recent papers are also being made
available via the WWW. This work is ongoing and has gained even more
importance since budgetary constraints would not permit hire of an anticipated
high-spin data coordinator.

In collaboration with McMaster University, the Isotopes Project has selectively
updated data for nuclei in the superdeformed regions with mass numbers A=81-
84, 130-137, 142-154, and 189-198, entered them into the comprehensive
Evaluated Nuclear Structure Data File (ENSDF), and published them in the Table
of Superdeformed Nuclear Bands and Fission Isomers. These data are updated
continuously and are now available via WWW.

The Isotopes Project has compiled/evaluated high-spin data for nuclides with
A=135, 153, 163, 182, 186, 188, 190, 193, 194, and 211 for inclusion in ENSDF. In
addition, high-spin data for about 140 isotopes were updated for the Table of




Isotopes. These data are available on the Isotopes Project webserver and through
the National Nuclear Data Center (NNDC) at BNL.

Decay Data Evaluation

In accordance with another recommendation from the 1994 international
meeting, E. Browne (LBNL) and R. Helmer (INEL) have organized an effort to
selectively update decay data for radionuclides important for applied research
and detector calibration. In collaboration with colleagues at the NNDC and in
France (LPRI), Germany (PTB) and the United Kingdom (Imperial College), they
prepared a list of about 250 radionuclides in this area. Evaluation of decay data
for these nuclides is now underway by the collaboration; 11 completed
evaluations are being circulated for review. LBNL has completed 4 decay
evaluations—7°Se, 194Ir, 188Re, and 192Ir—as part of this effort. Significant effort
was also devoted to developing the guidelines and computer codes necessary to
assure consistent evaluation methods and standards. All evaluations will be
included in ENSDF and will be submitted to the IAEA for inclusion in its decay-
data database.

Nuclear Astrophysics Data Evaluation

At a nuclear astrophysics data workshop held at Caltech in late 1996, a Steering
Committee, chaired by Peter Parker (Yale), was formed and charged with
ascertaining and prioritizing the data needs of the nuclear astrophysics
community. The Steering Committee submitted a “white paper” to DOE in July
1996, calling for a central location for nuclear astrophysics data where evaluated
data of diverse types are brought together and made available in a form that
facilitates their dissemination and maximizes their utility. LBNL is submitting a
proposal (jointly with the Woosley group at U.C. Santa Cruz) to hire a data
coordinator and establish such a center at LBNL. Already, in collaboration with
U.C. Santa Cruz and 5.C. Wu, National Tsing Hua University (Taiwan), LBNL
has developed a prototype nuclear astrophysics home page on the WWW (see
separate contribution to this report) and several of the existing important nuclear
astrophysics databases are now available on-line for the first time. This website is
currently accessed over 500 times per month.

Mass Chain Evaluations

The Isotopes Project has permanent responsibility for evaluating 43 mass
chains with A=81, 83, 89-93, 167-194, 206, 210-212, 215, 219, 223, and 227, and for
adapting evaluated data with A=23-26, and 33-44 into the ENSDF format. The
group has also accepted temporary responsibility for evaluating mass chains
with A= 59, 76, 79, and 80, originally assigned to other centers. Since May 1994
nine mass-chain evaluations (A= 81, 93, 170, 172, 179, 182, 186, 191 and 194) were
completed and submitted for publication, five mass-chain evaluations were
reviewed, and thirteen mass chains (A=76, 81, 168, 170, 172, 173, 178, 179, 180,
182,185, 191, and 194) were published in Nuclear Data Sheets.
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Data Dissemination

World Wide Web

The evolution of the Internet and, particularly of the World Wide Web, has
changed the paradigm for nuclear data dissemination. Information can be
provided easily in a variety of ways. During the past two years, the Isotopes
Project has made significant and rapid progress in exploiting the capabilities of
the Internet.

Linked home pages for access to data from ENSDF and the Nuclear Science
References (NSR) databases as well as the Table of Isotopes, high-spin data, nuclear
astrophysics data and nuclear masses have been developed. Data are provided in
a variety of formats including text, Postscript, and Portable Document Format.
Links have also been provided to databases residing at other data centers. Usage
of these home pages has increased dramatically since their introduction in April,
1995. Currently about 2500 users log in each month. In 1996 these users made as
many as 38,000 link requests per month. The rate of access to each of the home
pages is continuing to climb and is summarized in a separate contribution to this
report.

Isotope Explorer (VuENSDF)

Version 1.0 of VUENSDF, developed by a collaborative effort between the
Isotopes Project and Lund University, was released in July 1996. VUENSDF is a
Windows C++ application designed to retrieve ENSDF and NSR information
directly over the Internet from a server, from the Table of Isotopes CD-ROM, or
from a local disk file. It displays level scheme drawings, tabular listings of
nuclear levels and transitions, and NSR references. Data can be displayed by
nuclear band structure and selected by coincidence relationships. Tables can be
constructed according to user specifications, readily sorted by any numerical
field, and output as tab-delineated records for input into other user codes.
VuENSDF can search the NSR file by keynumber or author and display the
keyword abstracts. Tables and drawings may be printed, and a print preview
option is offered. VUuENSDF can be downloaded from the Web. Running
VuENSDF directly provides users with Internet access to nuclear data without
requiring a WWW browser, or the program can be used as a helper application
with a commercial browser.

In 1996 development began on Version 2.0 of this software which was renamed
the Isotope Explorer. The new name reflects the much greater capabilities of the
new version. New features include a nuclear chart interface which can access the
ENSDF file directly to display level schemes or tables. It can also search for level
or transition data, filter and retrieve the data, generate functional relationships
between data, and display the results on the chart. Isotope Explorer also includes
a new plot display mode to graph the relationships between selected variables.
New reference search capabilities are being built into the program so that
keyword searches of the NSR file can be performed. More details are available in
a separate contribution to this report.




Table of Isotopes, 8th Edition

The 8th edition of the Table of Isotopes was published by John Wiley & Sons in
April 1996. The 3168-page, 2-volume book is packaged with an interactive CD-
ROM that contains the Table of Isotopes in Adobe Acrobat PDF format for
viewing on PC and Macintosh personal computers, and on UNIX workstations.
The CD-ROM version contains a chart of the nuclides graphical index and
separate indices organized for radioisotope users and nuclear structure
physicists. Future editions of the Table of Isotopes will be provided on CD-ROM
and also over the Internet (see separate contribution for more details).

Nuclear Data and References CD-ROM

In 1994 the Lund-LBNL collaboration released' Papyrus NSR, a CD-ROM
containing the NSR file and the PAPYRUS bibliographic database management
system, to facilitate literature searches on PCs. In June 1996, a new CD-ROM,
Nuclear Data and References, was released by a Lund /LBNL/BNL collaboration.
This CD-ROM, which updates its predecessor (PAPYRUS NSR) includes:

The Nuclear Science References (NSR) database, with over 140,000
references, updated to December 8, 1995. Retrieval of information can be
done using the PAPYRUS bibliographic database management system, the
same software that was used for the 1994 release.

NuDat, a numerical database of nuclear properties, accessed and managed
by PCNuDat (software developed at BNL). This database includes data
from ENSDF, the Nuclear Wallet Cards, the 1995 update to the Atomic
Mass Evaluation, and from Neutron Cross Sections, Vol. 1 and 2.

Table of Superdeformed Nuclear Bands and Fission Isomers

The Table of Superdeformed Nuclear Bands and Fission Isomers, first published as an
LBNL report in October, 1994, has been updated and published in Nuclear Data
Sheets. This publication contains adopted level data for all nuclei with
superdeformed bands, moment of inertia plots and level scheme drawings for all
superdeformed bands, and related plots for actinide shape (fission) isomers. In
addition, a complete reference list is provided for experimental and theoretical
superdeformation studies and for fission isomers. Preprints of the 2nd edition
were distributed at the Gammasphere Dedication Workshop held in Berkeley on
December 1-2, 1995. This publication, prepared in collaboration with McMaster
University, is updated continuously and made available on the Internet (see
separate contribution to this report).




Summary

The Isotopes Project will continue its leading role in data evaluation and
dissemination. Continued development of Internet data dissemination will be a
major activity. The goal is to distribute data to the research community using
convenient and effective formats, so that the information can be utilized for the
advancement of science and technology. The biggest challenge for nuclear data
will be to continue to provide quality, up-to-date information. In order to do this,
we will work closely with the research community.




88-Inch Cyclotron Operations

C.M. Lyneis

The 88-Inch Cyclotron is a versatile and reliable accelerator of beams from
hydrogen to uranium. It is operated by Lawrence Berkeley National Laboratory
(LBNL) as a national facility in support of the U.S. Department of Energy
programs in nuclear science. Forefront scientific research in nuclear structure,
heavy elements, proton-rich nuclei, nuclear astrophysics, fundamental
symmetries, and reaction mechanisms is carried out. During FY96, a total of 313
users took part in experiments utilizing 4,942 hours of beam on target. They came
from 20 universities, 3 other DOE National Laboratories, 25 foreign institutions
and 2 other laboratories. There were 161 scientists and 61 students participating
in nuclear science experiments and 88 scientist and engineers participating in
non-nuclear science experiments. The Cyclotron also provides beams for the
application of nuclear techniques to other areas of research, including biology
and medicine and industrial applications. Industrial partners from aerospace and
semiconductor corporations, as well as from NASA, DOE, and DOD laboratories,
use beams from the Cyclotron to study the interaction of ions in microcircuits,
simulating the cosmic-ray environment in space.

The 88-Inch Cyclotron is the site of Gammasphere, a high-resolution gamma-
ray detector array that is a major initiative of the nuclear structure research
community. It consists of an array of 110 large Compton-suppressed germanium
detectors which make it the most powerful such array in the world.




Accelerator Use

Operation of the 88-Inch Cyclotron was at seven days/week in FY96 and will
continue at that level through FY97. The Accelerator Operation Summary (Table
1) shows that 80% of the scheduled time was used for research (beam on target)
while the remaining time was divided between tuning (11%), machine studies
(3%), and unscheduled maintenance (6%). Nuclear research accounted for 3831
research hours, applied research for 910 hours, biology for 72 hours and high
energy physics for 110 hours. The applied research—in partnership with the
aerospace industry, NASA, DOE, and DOD laboratories—consisted of two parts:
(1) testing of microelectronics by using cyclotron beams to simulate space
radiation, and (2) calibrating detectors for use in space flights. The biology
research was done primarily in support of the NASA NSCORT program.

Ions, Energies, and Intensities

The cyclotron fed by the ECR sources provides a wide range of ions, energies,
and intensities in support of the experimental program at the 88-Inch Cyclotron.
Using the low and high temperature ovens in the ECR sources, most elements
can be accelerated. To date 41 elements have been accelerated including every
element from hydrogen to zinc. The beams which have been accelerated are
listed in Table 2. The isotopes which are run from natural feeds are listed in
parentheses. In addition, many ions have been run using isotopically enriched
source materials including 3He,13C, 15N, 180, 21.22 N, 33,34,365 4448y 64N, 70Ge,
7886Kr, 136Xe, and 134Sm. Two of the new beams, #4Zn and %4Cr, developed were
both for outside users utilizing Gammasphere. The 54Cr was produced from
natural chromium at the required intensity even though its isotopic abundance is
only 2.4%. This illustrates the combined power of the ECR ion source and the
excellent transmission from ion source to experimenter’s target. A 780 MeV 162Dy
beam was produced for the study of multinucleon transfer reactions between
heavy nuclei, marking the heaviest beam used by Gammasphere to date. We also
improved the efficiency of producing 3¢S beams from the AECR by reducing
handling losses which occur when using the isotopically enriched CS,.

The variety of beams, energies and intensities described in Table 2 has been
developed in support of the research programs. Heavy element radiochemistry
experiments require intense (several elA) heavy-ion beams up to mass 48 at 6-8
MeV /nucleon. Groups studying heavy-ion reaction mechanisms and complex
fragmentation of highly excited nuclei use higher energy beams such as nitrogen
and oxygen at 32 MeV /nucleon, neon at 25 MeV/nucleon, and krypton at 13
MeV /nucleon as well as light-ion beams of 3He and 4He over a wide energy
range. Light-ion beams are also frequently utilized by other groups. For example,
the laser trapping of radioactive beams uses 25 MeV proton beams to produce
the 2INa. The study of -delayed proton emission requires several el A beams of
SHe at 40 to 110 MeV. The nuclear astrophysics group typically uses beams of
protons, deuterons, 3He and “He at 8-25 MeV /nucleon.




ECR Ion Source Development

Development of ECR ion sources in FY96 included completion of the AECR
upgrade project and the design and construction of a prototype magnet for a
very high performance Third Generation ECR ion source, both described below.

The AECR source was upgraded by increasing its magnetic fields to improve
its plasma confinement and thereby enhancing the source performance. After a
few months of tailoring the magnetic field configuration to match the two-
frequency plasma heating (14 and 10 GHz), the upgraded AECR source (AECR-
U) with its higher magnetic fields and higher magnetic mirror ratios has
demonstrated significantly enhanced performance. For heavy ions at intensity of
about 1 eplA, the charge state was shifted from 42+ to 48+ for the heaviest natural
element—uranium, and from 41+ to 46+ for bismuth. An order of magnitude
enhancement for fully stripped argon ions (I 2 60 eplA) also has been achieved.
High charge state heavy-ion beams of xenon-136 and uranium-238 produced by
the source were injected into the 88-Inch Cyclotron. After acceleration to energies
greater than 10 MeV/nucleon for xenon and 6 MeV /nucleon for uranium, the
extracted beam intensities from the cyclotron are 1x107 for xenon 41+ and a few
hundreds pps of xenon 46+. Even with very low transmission for the highly
charged heavy ions due to beam loss from charge exchange with residual gas in
the cyclotron, uranium jons with charge states up to 60+ were confirmed with a
crystal detector. A few particles per second at a total energy of 1.935 GeV, the
highest beam energy ever produced by the 88-inch cyclotron, were measured.

A new very high magnetic field superconducting ECR ion source, the Third
Generation ECR is under development at the Cyclotron. It will boost the
maximum energies and intensities for heavy ions from the cyclotron. Recent
progress on ECR ion sources indicates that significantly higher performance can
be obtained by incorporating three key ECR source developments. First, the new
ECR source will utilize superconducting magnets so that very high mirror ratios
can be used to improve the plasma confinement. Second, multiple frequency
heating will be used to provide enhanced electron heating and better plasma
stability. Finally, the surfaces of plasma chamber walls will have high secondary
emission coefficient such as obtained with Al,O3 which will reduce the operating
pressure and subsequent loss of high charge states due to charge exchange.

A prototype superconducting magnet structure including three solenoid coils
and six race track coils was developed as an FY96 LDRD project. Its design calls
for axial field strength of more than 3 Tesla and a radial field strength of more
than 2 Tesla. Sufficient superconducting wire from surplus SSC wire was
obtained and has been used to fabricate the solenoid and sextupole coils of the
prototype magnet structure which will be tested in April 1997 to determine its
training characteristics, field strength and quality. Design of the iron yoke,
cryostat, plasma chamber, extraction system of the new source are underway
with a goal of operation in two years. In FY98, construction and installation of all
the main components including the plasma chamber, extraction system, the
vacuum system, helium refrigerator, and high voltage system is planned. During
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the final phase of the project the RF system required to operate the source with
multiple frequencies would be procured and installed.

Other Accelerator Improvement Projects (AIP)
at the 88-Inch Cyclotron |

The Vacuum Upgrade project is close to completion. The 20°K cryopanel and
the 77°K shield have been completed and the shield has been installed and the
CTI-1400 refrigeration system from the Bevalac has been installed and tested. The
interconnecting piping between the 2 CTI-1400’s is complete. The only remaining
task is connecting the helium lines between the refrigerators and the new
cryopanel

All of the diagnostic components for the Phase Width Reduction project are
installed and working including the two fast Faraday Cups with fast Heliax
cables to the cyclotron control room. The multi-turn collimator has been
upgraded and reinstalled, a fast oscilloscope has been purchased and a fast
scintillator system is in operation as a cross check for the fast Faraday Cup
signals. A series of beam development runs demonstrated that phase width can
be reduced to 1 to 2 ns with the system.

Construction of a redundant personnel radiation safety system is complete.
The Data Highway, remote I/O system are complete and software for the Process
Logic Controller and Lab View for control and monitoring are ready. The wiring
to the Vault and experimental cave is complete. Final connection to the micro
switches on the cave doors and the beam plugs will be done in the next month
followed by system commissioning.

User Support

The Research Coordination Group provides information, assistance, and
coordination to users of the 88-Inch Cyclotron. It is the main contact between the
Cyclotron operations staff and outside users. As such, the group is responsible
for developing and maintaining experimental facilities at the Cyclotron, and for
making these facilities attractive to a diverse group of users from around the
country and, in some cases, from around the world.

Our users fall into two classes: (1) scientific users whose experimental
proposals are reviewed by a Program Advisory Committee (PAC) and who are
awarded time based on the scientific merits of their proposals (or who are
awarded discretionary time by the Cyclotron Head), and (2) industrial users who
purchase beam time for their own proprietary use.

The Research Coordination Group coordinates the PAC, which meets two-
three times a year to review proposals for beam time, and schedules beam time.
It sponsors an annual users’ meeting at the fall meeting of the Division of
Nuclear Physics of the American Physical Society. It supports the Gammasphere
Users” Executive Committee through surface mailings and E-mail venues. It




provides information to users of the 88-Inch Cyclotron as well as the general
public through the World Wide Web, brochures, and newsletters.

The Research Coordination Group also maintains the electronics module pool
and several data acquisition and analysis computers. Upgrade and
modernization of the data acquisition system has been occurring regularly over
the course of the last several years.

Non-Nuclear Science Research

The 88-Inch Cyclotron is a major source of heavy-ion beams for Single-Event
Effect (SEE) testing of solid-state components for the U.S. space program.
Because of the ability to run “cocktails” of beams, enabling switches from one ion
to another in a matter of minutes, it is possible to quickly establish the energy
deposition level at which a SEE will occur. The availability of proton beams, used
for studying radiation effects on charge-coupled devices, has further increased
the demand for use of the Cyclotron.

The Aerospace Corporation, in cooperation with 88-Inch Operations, has
installed a specially instrumented scattering chamber on a dedicated beam line in
Cave 4b. A trailer has been installed above Caves 4a and 4b to serve as a counting
area for applied programs in those caves. A thin scintillating film transmission
detector has been built to measure the beam flux and a beam energy
measurement system was adapted from the SuperHILAC for use in the
Cyclotron beam lines. These improvements have enabled us to support a large
number of small companies and projects who otherwise would not be able to use
the Cyclotron.

The 60” chamber in Cave 4a was modified with parts from the sister chamber
at the Bevalac in order to install larger diameter beam pipe, allowing the
irradiation of parts up to 6” diameter. A sample changer was built to sit in the
chamber which can irradiate up to 35 4-6” samples without breaking vacuum.
Dosimetry was installed to measure the beam flux and uniformity with
scintillating fiber detectors. Using this setup, Si substrates are irradiated for
eventual use as flat-panel displays.

The radiation biology program continues to use a small amount of beam time
annually. The effect of radiation on cells is studied through the use of high-
energy protons, helium, and nitrogen. The Irradiation Station built for the
biomed studies has also been used extensively by the high energy physics
community to study radiation damage in parts being designed for the Atlas
detector at the LHC at CERN. :




Table 1. FY96 88-Inch Cyclotron Operating Statistics

Accelerator Operation Summary
Research
Tuning
Machine Studies
Unscheduled Shutdowns
Scheduled Shutdowns

Electrical Energy Consumption (GWH)
Cost of Electrical Energy
(Thousands of Dollars)

Financial Support for Accelerator Facility
Operation (thousands of Dollars)
Heavy Ion Physics (KB-02-02)
Biomedical and Environmental Research
Other Sources

Total

Experiment Summary
Beam Utilization for Research

Nuclear Research

Atomic Physics

- Biology and Medicine
High Energy Physics
Other Research
Total

Nuclear Science Research
Universities
Other DOE National Laboratories
Foreign Institutions
Other labs
Number of Experiments
Number of Scientists Participating
Number of Students

Non-nuclear Science Research
Institutions and Companies
Number of scientists and engineers

Total users (all research)

Percentage of Beam Time (all research)
In-House Staff
Universities
DOE National Laboratories
Companies
Foreign Institutions
Other government labs
Total

4942 (hours)
694
158
353

2637

8.1

558

3880

607
4487

3831 (hours)
19
72

110

910

4942

20
3
25
2
85
164
61

20
88
313

40%
17%
12%
5%
11%
15%
100%




Table 2. 88-Inch Cyclotron Beam List

High Typical Current Typical Current
Energy? @ High Energy @=5-6 MeV /u

Ion? MeV/u) (enA) (epA)
P 55 6. 20.

p (pol.) 50 04 0.7
d 32 07 20.

d (pol.) 32 02 0.7
SHe 45 10. 10.
4He 32 2 8.
7Li 23 04 1
9Be 25 0.15 1.
11g 26 0.05 1.
12C 32 0.01 12.
N 32 0.03 5.
160 32 2 20.
19p 24 0.1 3.
20Ne (22) 27 0.1 4,
2Na 25 0.01 0.07
24Mg (25,26) 23 0.7 -3
Z7A1 23 0.07 45
285 (29,30) 22 0.1 2.
3ip 22 0.25 2.
325 (34) 22 0.2 4
35C1 (37) 24 0.01 5.
40Ar 23 0.04 23.
3K 22 0.03 1.8
40Ca 23 0.04 25
455¢ 20 0.023 0.22
48Ti 20 0.03 0.6
Sty 19 0.03 04
52Cr 18 0.03 0.6
55Mn 18 0.03 0.3
56Fe (54) 18 0.03 05
58N 18 0.02 0.3
59Co 17 0.006 02
63Cu (65) 17 0.04 04
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Table 2. Continued

High Typical Current Typical Current
Energy? @ High Energy @=5-6 MeV /u
Ion® (MeV/u) {(epA) (epA)

647n 0.02 0.2
84Kr (78,82,86) 0.005 6.p
W07Ag 0.007 0.2
1209 (118) o ' 0.002 0.1
132Xe (129,131,136) 0.005 0.3¢
1391 0.002 0.03
1545 0.07 0.07b
159Tb 0.006 0.006
162Dy .07 .07b
209B4 0.005 0.005
28y 0.001

a) Most abundant isotope is listed. Other isotopes run from natural feed are shown in
parentheses. Their intensities are proportional to the isotopic abundance, and their
high energy values proportional to 1/ AZ

b) Current for isotopically enriched sample.

¢ Higher energies beams are available at lower intensities for M>16.

The following ions have been run at the 88-Inch Cyclotron using isotopically enriched
source material. The intensity is proportional to enrichment factor and currents for the
same element in the table:

13C,' 15N/ 180’ 21,22 Ne, 33,34,365, 36 Ar, 44,48 Ca, 64Ni, 7OGe, 78,86 Kr, 136xe
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Beta-Delayed Proton Decay of 27P
T. ]. Ognibene, ]. Powell, D. M. Moltz, M. W. Rowe, and Joseph Cerny

The decays of the A=4n+3, T;=-3/2 series
nuclei, with their large beta-decay Q values,
offer an opportunity to study Gamow-Teller
transition strengths up to high excitation
energies. The known members of this series in the
sd shell, 23Al, 27P, 31C] and 35K, all exhibit
beta-delayed proton branches. In 1995 we
published a Bp study of 23Al utilizing our low
threshold particle detector telescopes [1]. This
work has now been extended to 27P and 31C1 [2].

The isotope 27P (Qgc=11.6 MeV) was
produced via the 28Si(p,2n) reaction with 45
MeV protons from the 88" cyclotron impacting on
a series of thin natural silicon targets.
Radioactive product nuclei recoiled out of the
target foils, were thermalized in helium and
were swept away on potassium chloride aerosols.
These aerosols were transported through a thin
capillary and deposited on a collection spot in
the detector station. The transport time in this
setup was approximately 200 ms, comparable to

the 27P halflife of 260+80 ms. The collection
point was located on a slowly rotating wheel to
reduce the buildup of longer-lived radionuclides.

The deposition spot was observed by two
low-energy particle detection telescopes, each
consisting of two gas AE detectors backed by a
single 300 um silicon detector for measuring the
particle energy. The thin AE's allow the

leading to a lower detection threshold. In this
experiment protons were detectable down to
about 240 keV with an energy resolution of
approximately 30 keV. This improves on the
best previous measurement of 27p [3] where the
all-silicon detector telescopes had a low-energy
threshold of 700 keV and a resolution of 75 keV.
The measured proton spectrum after a 290
mC bombardment is shown in the accompanying
figure. Four lines were identified as belonging to
27p, the lower two of which were not seen
previously. A partial decay scheme is inset in
the figure. Contamination from the beta-
delayed proton decay of 28P, produced via the

28Si(p,n) reaction, was studied through a
separate bombardment at Ep = 28 MeV, which is
below the 27P production threshold. Energy and
detection efficiency calibrations were based on
the 28P transitions in addition to those from the
well-known Bp emitter 255i which was produced
via proton bombardment of an aluminum target.
The total beta-delayed proton branch of 27P was

estimated to be 0.07%.
The measured Gamow-Teller strengths

were compared with predictions obtained from
shell-model calculations. While a portion of the
expected strength was positively identified, a
more complete comparison awaits a By
measurement of the 27P decay below the proton

separation of protons from alpha and beta threshold.

events. The use of two AE's further suppresses
beta contamination of the identified proton

Spectrum’ neCeSsary in the hlgh beta fluxes 1. R- ]. T]ghe et al., Phys ReV C52 (1995) R2298.
typical of helium-jet experiments. These gas 2. T.]. Ognibene et al., Phys. Rev. C54 (1996) 1098.
detectors are thinner than existing silicon AE's, 3. J. Aystd et al., Phys. Rev. C32 (1985) 1700.
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Proton Capture on 7Be and the Solar Neutrino Problem
J. Powell, D. M. Moltz, M. W. Rowe, and Joseph Cerny

The observed deficit of neutrinos coming
from the sun, in comparison to the calculations of
solar models, constitutes the Solar Neutrino
Problem. This observed ratio is about 1/4 to 1/2.
Of the three types of neutrino measurements

reported to date, capture on 37Cl, water

Cherenkov, and capture on 71Ga, the first two
methods are primarily sensitive to neutrinos

from beta decay of 8B. Thus, the predicted event
rates for these two methods are sensitive to
potential inaccuracies in the experimentally
determined cross sections of reactions that lead to
the creation of this isotope, as these
measurements serve as input into the solar model
calculations. One significant reaction is the

proton beam and the detector. Both the 7Be
target and detector system are being developed
by LBNL, while the measurement itself will be
performed at TUNL, where a special low-energy,
high-current accelerator is being built for this
experiment.

This experiment will improve on previous
work [3] primarily through use of a target
containing ten times as much 7Be. This, combined
with our detector and the new accelerator, will
allow the cross section to be accurately
determined to lower energies than previously
measured.

t Triangle Universities Nuclear Laboratory,
Durham, North Carolina 27708

1. D. Moltz et al., Nuc. Instr. Meth A349 (1994) 210.
2. M. W. Rowe et al., (submitted to Nuc. Instr.
Methods).

3. B. W. Filippone et al., Phys. Rev. C28 (1983)

capture of a proton onto a nucleus of /Be to form
8B. This is the sole reaction creating SB.

A survey of previous experiments on
7Be(p,Y)8B reveals moderate but significant
systematic inconsistencies both between separate

measurements and in modeled fits to the
individual data sets. These differences are on
the order of 25%. Although a resolution of the
uncertainty in this one reaction rate cannot
account for the solar neutrino problem, an
accurately determined solar neutrino emission
spectrum is necessary in order to relate the results
of current and future neutrino experiments to the
various models, such as neutrino oscillations,
that have been proposed to account for the
observed discrepancy.

We are currently working on an improved
measurement of the low-energy cross section of
7Be(p,y)8B, in collaboration with TUNLt. The
radionuclide 7Be (t] /2 = 53 d) will be produced
via a (p,n) reaction on 7Li. The beryllium will be
chemically separated and purified, and
subsequently electroplated onto a target backing.
During the experiment, the 8B produced by
irradiation with the proton beam will be
detected by the alpha particles emitted
following beta decay to 8Be* (t1/2 = 0.77 s).
These alphas will be detected in a large area gas
AE-gas AE-silicon E detector telescope of a design
similar to the detectors currently used by our
group [1,2]. The AE detectors are necessary to
filter out events resulting from the intense flux of

Y rays emitted by the decaying 7Be. The target
will be fixed to a wheel that will transfer it, on
a time scale of about one second, between the
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Search for Proton Decay from an Isomer of 77Rb with RAMA
M. W. Rowe, D. M. Moltz, |. Powell, and Joseph Cerny

Direct proton emission was first discovered
in a high spin isomer of 53Co 1.2. The measured
half-life of 53MCo is 247 ms and this proton
decay is a 1.5% branch. Subsequently, ground
state proton emission has been observed in many
nuclei from 1058b to 187Re; however, 53mCo
remains the only example of proton decay from
an isomeric state of a nuclide with a proton-
bound ground state. There is a prediction3 that
several nuclides in the mass 80 region could also
have high-spin isomers which would be unbound
to proton emission.

One such nuclide, 77Rb, is predicted to
have an isomer that is unbound by 2.93 MeV.
This isomer would have a spin of 19/2° and
would be formed by coupling a single f5 /5 proton
hole state with a pair of gg/2 neutrons.
Although proton decays of this energy typically
occur in <10"15s, Bugrov ef al.,* have predicted
a proton-decay partial half life of 240 ms due to
.the large centrifugal barrier for this decay (1=9).
In order to allow the proton decay to be observed,
gamma decay would have to be strongly
hindered. Although gamma deexcitation to one
of the high-spin rotational-band states known to
lie below the isomer in excitation energy could in
principle occur, differences in the wavefunctions
of these collective-mode states and the many-
particle isomeric state may lead to significant
gamma-decay suppression.

77Rb is produced in high yield in the
40Ca( 40Ca, 3p) reaction at 150 MeV.
Unfortunately, competing reactions produce not
only the well-known beta-delayed proton
emitter 7/Sr ® , but also weak delayed-proton
emitters, observed by our group in previous
helium-jet studies. This leads to a weak proton
background up to 6 MeV . For this reason, we had
to employ our on-line mass separator RAMAG® to
eliminate this proton background. Previous
studies of alkali metals demonstrated typical
efficiencies of 1%. However, the large recoil
energies present in this reaction significantly
lower the helium-jet efficiency from a typical
value of 50% to less than 5%. A recent test
measurement demonstrated an efficiency for Rb
commensurate with these expectations.

RAMA7 has been fully upgraded in the past
several years. To allow the separator to be fed
by a capillary that is only 25 cm long, the ion

source has been moved to the bombardment area,
just above the target. This change has reduced
the He-jet transport time from 200-300 ms to
approximately 15 ms. The recently-completed
search for the proton decay of 7/MRb represented
the first long experiment to utilize RAMA since
the upgrade was completed.

Throughout the experiment, the amount
of 77Rb activity collected was monitored via
observation of the beta-delayed gamma-ray
decays of the ground state. Preliminary analysis
indicates that approximately 2x10° 77Rb atoms
were transported to the detector station during
the 5-shift bombardment. To measure proton
decays, we employed a single gas AE- gas AE-
silicon E telescope subtending a solid angle of 23
+1% of 4x. Since there could have been unusual
events due to high voltage sparking of the
RAMA electrostatic components, we continued
running the detectors and RAMA at mass 77 for
an additional 6 shifts to adequately check the
background rate. No adjustments to the mass
separator were necessary during the entire 11
shifts.

Preliminary analysis of the data has
yielded no evidence of the predicted proton
peaks. Our sensitivity is approximately 1x10-
relative to feeding of the ground-state (based on
the detector solid angle and the number of atoms
transported).  This indicates that either the
isomeric state is not strongly fed by the reaction
used, gamma-decay is insufficiently hindered to
allow proton emission to compete or a
combination of these two effects is present.

1K. P. Jackson et al. , Phys. Lett., 33B (1970) 281.

2], Cerny et al., Phys. Lett., 33B (1970) 284.

3L. K. Peker et al. , Phys. Lett., 36B (1971) 547.

4y. P. Bugrov et al., Yad. Fiz. 42 (1985) 57.

5]. C. Hardy et al. , Phys. Lett., 63B (1976) 27.

6F. B. Blonnigen et al. , Nucl. Instr. Meth.,
B26(1987) 328.

T.J. Ognibene, P.hD. Thesis , Report
LBNL-38848, unpublished.
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Calibration of Low-Energy Particle-Identification Telescopes
M. W. Rowe, D. M. Moltz, T. ]. Ognibene, ]. Powell and Joseph Cerny

In 1993, this group began making proton
spectroscopy measurements with a unique
detector array incorporating six low-energy
particle identification telescopesl. These
telescopes represent the culmination of a series of
designs intended to lower the proton energy
threshold from ~700 keV using traditional
telescopes to ~200 keV, allowing a wide range of
novel measurements to be made. The traditional
Si AE detector has been replaced in this design by
two gas-ionization AE detectors. The gas is
confined by a thin polypropylene window; the
electric field is created collinear with the
incident radiation between a central grid held at
a high positive voltage and two outer signal-
grids floating near ground.

Over the following two years, much effort
went into understanding the response of these
telescopes to protons and alpha particles in a
high beta radiation environment. One of the
first experiments performed using this array was
a measurement of the beta-delayed proton decay
of 23A] through its isobaric analog state (IAS) in
23Mg 2. Because this state is unbound to proton
emission by only 220 keV (c.m.), calibration of
the decay spectrum at low energies required the
development of a reliable method of
extrapolation from higher-energy calibration
points down to the low-energy threshold of the
detectors.

Since there are no standard calibration
sources of decay protons, proton calibrations are
generally accomplished in situ using beta-
delayed protons emitted from 25Si produced via
the 3He + 24Mg reaction at 40 MeV 3.
Unfortunately, the lowest energy proton group
emitted by 2%Si has a laboratory energy of 386.1
keV; other than 23Al, no emitter of lower energy
protons is known. A linear extrapolation of the
calibration of the Si E detector from the higher
energy points would not be accurate due to two
factors which increasingly cause the calibration
to deviate from linearity at low energies. First,
the stopping power of the detector materials

, Linear Fit Error (keV)

To calibrate the detector telescopes before
each experiment, we make 25Si as described
above. We calculate the energy which will be
lost by its decay protons in the window, gas and
Si deadlayer using the stopping powers given in
ref. 4; these are subtracted from the incident
energy to determine the energy which will be
detected in the Si E detector. We measure the
non-linearity of the detector electronics with a
precision pulser; observed channel numbers are
then corrected for this non-linearity. A linear
fit is made of calculated energy detected in the E
detector to corrected channel. If new proton
groups are observed during the primary
experiment, the energy detected in the Si E is
calculated from this fit, then the energy loss
calculation is reversed to find the incident energy
of the new groups.

To test the reliability of this procedure,
two experiments were performed in which a
series of thin Al foils were used to degrade
Erotons from 25Si (and alpha particles from

ONa) to energies below the threshold for
detection. The figure below shows-a linear fit of
energy to channel before and after correction for
the electronics and energy losses. Using this
method, it was determined that the low-energy
threshold is ~180 keV for detecting protons and is
~450 keV for detecting alpha particles.
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increases with decreasing proton energy. Because
of this, as the threshold is approached an ever-
greater proportion of the incident energy is lost in
the non-active components of the telescope (the

1. D. Moltz et al., Nuc. Instr. Meth A349 (1994) 210.
2. R.J. Tighe et al., Phys. Rev. C52 (1995) R2298.
3. ]. D. Robertson et al.,, Phys. Rev. C42 (1990) 1922.

window, part of the gas and the Si E dead layer). 4. M. J. Berger, ed., Stopping Powers and Ranges for
Secondly, there is a slight non-linearity between ~ Protons and Alpha Particles (ICRU Report 49,
the input and output of the slow-signal 1993).

electronics that is most severe near the detection .

threshold.
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Gas Phase Chromatography of FrBr and BiBr3.
E. R. Sylwester, D. C. Hoffman, |. Adams, Y. H. Chung, K. E. Gregorich, M. B. Hendricks, M. R.
Lane, C. Laue, D. M. Lee, C. A. McGrath, D. A. Shaughnessy, D. A. Strellis, P. A. Wilk.

" The Heavy Element Volatility Instrument
(HEVI)! was used to investigate the volatility
of the Fr and Bi bromides. HEVI is an
isothermal gas phase chromatography system
which separates short lived isotopes based on
their volatility. A He/KBr gas jet was used to
transport the recoil products- the 4.8-min. 221Fr
and its granddaughter the 45-min. 213Bi - from a
225Ra/?25A¢ source.

The recoil products were continuously collected
on a quartz wool plug kept at 900° C in a quartz
chromatography column. HBr was added at a
- rate of 100 ml/min in order to form the volatile
bromide species of Fr, which were then swept
into the isothermal section of the
chromatography column. The separated species
were reattached to KBr aerosols and transported
through a capillary system onto a glass wool
filter. After a collection time of 5 minutes, the
filter was taken out and counted on a PIPS
(Passivated Ion implanted Planar Silicon)
detector.

The volatility of each species was established

by determining yield as a function of the

temperature of the column. Due to the long half-
life of the Bi granddaughter, the chemistry and
collection time used (5 minutes each) was
insufficient to provide an accurate measure of
volatility. The alpha peak from the 217At
daughter was also seen, however due to the
extremely short half-life of this species (32ms)
no information about the chemical behavior
could be determined; instead, the Astatine
appeared wherever the Fr parent was found.
FrBr was shown to be volatile at 550° C while
preliminary data on BiBr3 show it to be volatile
around 250° C.

In past experiments the species studied in
HEVI have shown an unusually high (non-zero)
yield at the low temperatures of 50-150° C. This

yield was observed to drop to 0% at about 150-
200° C before rising in the expected volatility
curves for each species. The 4.8-min. 221Fr recoil
product was used to investigate this effect by
varying the amount of HBr and quartz wool used
in column and again determining the yield as a
function of temperature.

The high low-temperature yield effect was
seen to appear at temperatures up to 250° C even
with no halogenating agent (HBr) present and no
quartz wool in the column. With the addition of
quartz wool, the effect was seen to drop but still
appeared at temperatures up to 150° C. With
the addition of more quartz wool, the effect
again dropped in yield but was still present at
the temperatures of 50 and 100° C. In none of
these experiments did the addition or lack of
the halogenating agent make any significant
difference in the low-temperature yield.

These results indicate that the low-
temperature yield observed is not a result of the
chemical volatility of the compound- which
would require a halogenating agent. Instead it is
a function of mass transport that allows a
percentage of the activity to pass through the
column unimpeded, in effect acting as a gas jet
instead of a chromatography column. This effect
is reduced by the presence of the quartz wool at
the beginning (900° C) section of HEVI, which
breaks up the KBr clusters which are responsible
for transport in the gas jet, and reduces the
amount of activity entering the isothermal
section of the column without the presence of a
halogenating agent.

Footnotes and References

1. B. Kadkhoda)}an et al.,, Nucl. Instr. Meth.
A317, 254 (1992).
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Gas Phase Chromatography of HfBr,
E. R. Sylwester, D. C. Hoffman, |. Adams, Y. H. Chung, K. E. Gregorich, M. B. Hendricks, M. R.
Lane, C. Laue, D. M. Lee, C. A. McGrath, D. A. Shaughnessy, D. A. Strellis, P. A. Wilk.

The Heavy Element Volatility Instrument
(HEVD)! was used to investigate the volatility
of HfBrg. HEVI is an On-line isothermal gas
phase chromatography system which separates
short lived istopes based on their volatility.
The 6.8-min 166Hf, the 1.7-min 165Hf, and the
2.0-min 167W were produced at the 88-Inch
Cyclotron by the reaction of 19F with a target of
natgy, Reaction products were transported by a
He/KBr gas jet system and continuously collected
on a quartz wool plug kept at 900° C in a quartz
chromatography column. HBr was added at a
rate of 100 ml/min in order to form the volatile
species HfBrg, which was then swept into the
isothermal section of the chromatography
column, where it was separated from the other
reaction products. The separated species was
reattached to KBr aerosols and transported
through a capillary system onto a glass wool
filter placed in front of an intrinsic Ge gamma
detector.

165Hf was identified by gamma spectroscopy
of the 180 keV gamma line. 166Hf was
identified by gamma spectroscopy of the 78.76
keV line, and 167Hf was identified by its 315.24
keV line. Volatility was determined by
measuring the yield of each isotope
simultaneously as a function of the temperature
of the column. All three isotopes showed
exactly the same volatility behavior when
their different half-lives were taken into
account, as expected. The temperature at which
HfBry4 was observed to be volatile was 250° C.

A Monte Carlo simulation program? was used
to calculate the adsorption enthalpy of these
species based upon their volatilities. The
adsorption enthalphy for HfBrg on a SiOp
surface based upon the volatility data collected
was calculated to be -107+5 kJ/mol.

Figure 1 shows the volatity data collected for
165Hf and 167Hf. The yield curves shown are
the volatility curves calculated by the best fit of
the data to an adsorption enthalpy value of
-107+5 kJ/mol using the Monte Carlo simuation
program.

Footnotes and References

1. B. Kadkhodayan, ef al., Nucl: Instr. Meth. A317, 254
(1992).

2. A.Ttrler, K. E. Gregorich, D. C. Hoffman, D. M. Lee,
H. W. Géggeler, LBL annual report #31855, Nuclear
Science Division (1991).
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Fig. 1. Observed yields of HfBry as a function of
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kJ/mol, which is the best fit to the data.




Gas Phase Chromatography of WBrg _
E. R. Sylwester, D. C. Hoffman, ]. Adams, Y. H. Chung, K. E. Gregorich, M. B. Hendricks, M. R.
Lane, C. Laue, D. M. Lee, C. A. McGrath, D. A. Shaughnessy, D. A. Strellis, P. A. Wilk.

The Heavy Element Volatility Instrument
(HEVI)! was used to investigate the volatility
of the W bromides. HEVI is an On-line
isothermal gas phase chromatography system
which separates short lived isotopes based on
their volatility. The 2.4-min. 171W and the 8.0-
min. 172W were produced at the 88-Inch
Cyclotron by the reaction of 20Ne with a target
of "Gd. Reaction products were transported by
a He/KBr gas jet system and continuously
collected on a quartz wool plug kept at 900° C in
a quartz chromatography column. HBr was
added at a rate of 100 ml/min in order to form
the volatile bromide species of W, which were
then swept into the isothermal section of the
chromatography column. The separated species
were reattached to KBr aerosols and transported
through a capillary system onto a glass wool
filter placed in front of an infrinsic Ge gamma
detector. 171W was identified by gamma
spectroscopy of the 184, 294, and 479 keV lines
and it's volatility determined. 172W was
identified by gamma spectroscopy of the 424 and
548 keV lines and it's volatility was
determined. As expected, both isotopes showed
exactly the same volatility behavior when
their different half-lives were taken into
account. The temperature at which WBrg was
observed to be volatile was determined to be
130° C.

A Monte Carlo simulation program? was used
to calculate the adsorption enthalpy of these
species based upon their volatilities. The
adsorption enthalpy was calculated to be -8245
kJ/mol for WBrg on a SiOp surface based upon
the volatility data collected.

Figure 1 shows the data for the most prominent
gamma lines of each of the three isotopes, and
the volatility curve calculated using an
adsorption enthalpy of -82+5 kJ/mol for 172W.
The variation in yield with isotope is a function

of the differences in their half-lives, but this
variation results in no change in adsorption
enthalpy when half-life is taken into
consideration.

Footnotes and References

1. B. Kadkhodayan, et al., Nucl. Instr. Meth. A317, 254
(1992).

2. A.Tirler, K. E. Gregorich, D. C. Hoffman, D. M. Lee,
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Fig. 1. Observed yields of WBrg as a function of
temperature. Only the data from the most
prominent gamma line of each isotope is shown.
The fitted curve shows the expected yield based
upon the Monte Carlo calculation of an
adsorption enthalpy of -82+5 kJ/mol, and is the
best fit to the data.
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Chemical Studies of Rutherfordium (Element 104)*
C.D. Kacher**, K.E. Gregorich, D.M. Lee, B. Kadkhodayant, S.A. Kreeki, M.R. Lane, M.F. Mohar§,
M.P. Neu%, N.]J. Stoyert, E.R. Sylwester, Y. Watanabett, B. Wierczinski, A. Bilewicz#, D.C. Hoffman

Abstracts of three papers on chemical studies
of rutherfordium* which have been accepted for
publication in Radiochemica Acta are given
below:

Part I. Thin Film Ferrocyanide Surfaces for
the Study of the Hydrolysis of Rutherfordium.

The chemical properties of element 104,
rutherfordium (Rf), and its group 4 homologs
were studied by sorption on glass support surfaces
coated with cobalt ferrocyanide. The surface
studies showed that the hydrolysis trend in the
group 4 elements and the pseudogroup 4 element,
Th, decreases in the order Rf > Zr = Hf > Th.
This unexpected trend was attributed to
relativistic effects which predict that R+
would be more prone to having a coordination
number (CN) of 6 than 8 in aqueous solutions due
to a destabilization of the 6d5 /7 shell.

Part II. Solvent Extraction into Tributyl-
phosphate from HBr Solutions.

The chemical properties of element 104,
rutherfordium (Rf), and its group 4 homologs and
other tetravalent cations were studied by solvent
extraction into tributylphosphate (TBP) from
various concentrations of HBr and HCl. Since
bromide is a larger and softer (more polarizable)
anion than chloride, the stability of Rf-bromide
complexes was expected to differ from the
stability
comparison of the two systems was undertaken.
Our studies showed that the extraction trend
decreased in the order Zr>Hf>Rf/Ti for HBr,
compared to Zr>Hf>Rf>Ti for HCl, showing
that Rf and Ti did not extract as well in either
system, probably because they hydrolyzed more
easily than Zr and Hf.

of Rf-chloride complexes, and a

Part III. Solvent Extraction into Triisooctyl-
amine from HF Solutions.

The extraction of element 104, rutherfordium
(Rf), and its group 4 homologs into 025 M
triisooctylamine (TIOA) in o,m,p-xylene from
various concentrations of hydrofluoric acid was
studied. This extraction system was of
particular interest because all group 4 cations
studied formed complexes with the same
coordination number (CN) of 6.
species extracted were

Therefore,
similar and the
extractability depends on the radii of the
fluoride complexes. The studies showed that the
extractability for the group 4 elements in this
system decreases in the order Ti>Zr=Hf>Rf{, in
inverse order from the decrease in ionic radii
Rf>Zr=Hf>Ti. This order is different than the
order in the hydrolysis, TBP-HCl, and TBP-HBr
extraction systems where Rf, due to decreasing
CN, behaves more similarly to Ti than to Zr and
Hf.
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First Chemical Separations of Seaborgium (Element 106)
K.E. Gregorich, D.C. Hoffman, E.R. Sylwester, D.M. Lee, and the LBNL, GSI,* Mainz,f Dresden,£
Krakow,» JAERL* PSlL,e Bern,A Rossendorf,co - JINR,§ Oslo,¢ Chalmers,d  Collaboration

The first chemical separations of seaborgium
(Sg, element 106) have been performed in both
the aqueous- and gas-phase.

Experiments to determine the chemical
properties of lawrencium (Lr, element 103),
rutherfordium (Rf, element 105), and hahnium
(Ha, element 105) have clearly shown that the
actinide series ends with Lr, and that Rf and Ha
are the first two members of the 6d series of
transition metals, with Lr3*, Rf4*, and HaSt
being the most stable oxidation states. While
the most general chemical properties of Rf and
Ha indicate that they are members of the fourth
and fifth groups of the periodic table,
respectively, we have found that the detailed
chemical properties of these first two
transactinide elements cannot be reliably
extrapolated from the chemical properties of
their lighter homologs. These deviations from
the periodicity of the elements have been
explained as being due to relativistic effects in
In this light, it is of
great interest to investigate the the chemical
properties of Sg, and compare its chemical
properties to the lighter periodic table
homologs, W and Mo.

Recently, 265Sg (Eq=8.8 MeV, t1/2~8 s) and
266Sg (Eq=8.6 MeV, tj/2~13 s) have been
identified in 22Ne + 248Cm bombardments.! The
half-lives are long enough to allow chemical
separation with the most modern techniques, and
the production rates are sufficient for detection
of about 1 atom per day (after chamical
separation).

In the chemical experients, 266Sg and 265Sg
were produced in 22Ne bombardments of 248Cm
targets at the GSI UNILAC. Products were
transported to the chemical
apparatus via an aerosol-loaded gas-jet.

Gas-phase  chemical

the electronic orbitals.

separation

separations?  were
gas-phase

performed with the OLGA 1II

isothermal chromatography apparatus.
Volatile oxychlorides of Sg were formed, and
their retention time in a quartz column was
measured as a function of the temperature of the
column. We found Sg oxychlorides to be
somewhat less volatile than oxychlorides of Mo
and W formed under the same conditions.

Aqueous-phase chemical separations? were
carried out with the ARCA® apparatus, a
miniaturized, computer-controlled, liquid column
chromatography apparatus. 265Sg was eluted
from cation exchange-resin (Aminex A6) columns
with 0.1 M HNO3/5x104¢ MHF. Under these
conditions, the 261 Rf and 257 No a-decay products
of 265Sg are strongly retained on the columns.
Observation of the decays of 265Sg daughter
activities, 261Rf and 27No, after the columns
indicates that Sg forms neutral or anionic
complexes (presumably SgO42-). This behavior
is similar to measured properties of the periodic
table homologs, W6+ and Mof*, and unlike that
of Ubt.
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Production and Decay of 265Sg and 266Sg
K.E. Gregorich, B. Kadkhodayan, B. Wierczinski, D.M. Lee, C.D. Kacher, D.A. Shaughnessy,
M.R. Lane, E.R. Sylwester, M.B. Hendricks, N.J. Stoyer, A.C. Veeck, D.C. Hoffman

Predictions of enhanced nuclear stability! due
to deformed nuclear shells near N=162 and
Z=108, have recently been confirmed with the
detection? of 265Sg and 266Sg using the Dubna
gas-filled separator. In the Dubna experiments,
the 265Sg and 2665g  half-lives
measured (although a-decay systematics
indicated half-lives between 2-s and 30-s). In
addition, the measured production cross sections
for the 248Crn(22Ne,4-51r1)266'265Sg reactions
were accurate to only a factor of three.

The estimated half-lives for 26526650,
together with the production cross sections of

were not

~100pb, make measurement of the chemical
properties of Sg possible for the first time.
Measurement of the half-lives, and refinement
of the production cross sections are important in
the understanding of the strength and extent of
the N=162 deformed shell, and necessary in
planning for the chemical experiments.

In experiments at the LBNL 88-Inch Cyclotron,
we searched for 265Sg and 266Sg produced in the
22Ne + 8Cm reaction at 22Ne bombarding
energies of 116- and 121-MeV.  Activities
recoiling out of the target were transported with
a He/KCl gas-jet to the MG rotating wheel
system where we looked for the following decay
chains: 2655g = 261Rf+0 = 27 No+a = 255Fm
and 266Sg = 262Rf = fission. At the MG, the
activities collected on  50-ug/ cm?
polypropylene foils at the periphery of a 20"
diameter wheel, which was periodically
stepped to advance the newly collected sources

were

between pairs of ion-implanted Si detectors.

A parent-daughter stepping mode was used to
provide unambiguous identification of the decay
of 266:265Sg. In this mode, upon detection of a
potential Sg o-event in a bottom detector, it is
assumed that the corresponding Rf daughter
atom recoils into the top detector. The source is
then removed from the detector station to allow

detection of the daughter-atom o-decay in a
background-free environment.

In these experiments, the gas-jet efficiency was
found to be 70% by measuring the detection rates
of 224250Fm (binary transfer products) and
213214Ra (compound nucleus products from a Pb
In addition, the
efficiency for collecting a-daughter recoils in the
top detector upon detection of an a-particle in
the bottom was found to be ~70% by monitoring
the 211.212R, _> 207,208Rn decay chains.

At the 116-MeV bombarding energy (where
266Sg was observed in the Dubna experiments),
we observed no correlated o-fission pairs,

impurity in the target).

indicating an upper limit for the 200Sg of 25 pb
(95% confidence limit). This is below the lower
limit reported in the Dubna experiment.

At the 121-MeV bombarding energy (where
2665 and 265Sg were observed in the Dubna
experiments), We performed two experiments. In
the first, we observed one decay chain from
2665g, and background problems prevented
positive assignment of four candidate events to
the decay of 265Sg. In the second experiment,
two decay chains were observed which are
unambiguously assigned to the decay of 265Sg.

EqSg tSg |EqRf v Rf | Eq No v No
(keV) (sec) | (keV) (sec) | (keV) (sec)
8690 3.809|SF  0.875 2665
8840 5.640|8250 28.51]8280 37.68 | 26554
8860 25.80| 8185 56.5 265G¢

From these results, we conclude that 265Sg and
2665¢ are formed in 121-MeV 22Ne + 248Cm
bombardments with cross sections of ~200 pb and
~100 pb, respectively.

Footnotes and References
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A Search for 264Sg

C. A. McGrath, K. E. Gregorich, D. M. Lee, M. R. Lane, E. R. Sylwester, D. A. Shaughnessy, M. B.
Hendricks, D. A. Strellis, P. A. Wilk, D. C. Hoffman

A search was undertaken at the 88-Inch
Cyclotron at the Lawrence Berkeley National
Laboratory for the new isotope 264Sg. This
nucleus is predicted to decay with nearly equal
probability by spontaneous fission (SF) and by
alpha emission with Ey = 9 MeV and with a
half life between 0.5 and 2 secondsl-2. The 260Rf
daughter of this alpha decay undergoes SF with
a reported half life of 20 ms. We tried to
produce 264Sg via the 250C£(180,4n)2645¢
reaction at 111 MeV and to correlate parent and
daughter decays using our MG rotating wheel
system.

Due to high background activities
produced from binary transfer reactions, fairly
stringent requirements were needed for an event.
An acceptable event was defined as a parent
alpha decay of between 8.5 and 9.2 MeV
detected in the bottom detector (which would
cause the daughter to recoil from the source into
the top detector) followed within 40 ms by
detection of a SF single event in the top detector
(indicating fission from an atom on the top
detector surface). Unfortunately, only 4 of these
«-SF correlations were detected, while our
calculations predict 2 or 3 random correlations of
unrelated background activity. This result
permits us to set an upper limit on the cross
section for this reaction. If the a-decay branch
s 225% and the half life is between 0.5 and 2
seconds, the cross section is =200 pb at 111 MeV.
Figure 1 shows a plot of cross section versus half
life, when a 25% a-decay branch is assumed.
The expected cross section for this reaction is
200 pb.

In addition to looking for a-SF
correlations, we also searched for a-a and a-
o-a correlations. These would result from an
alpha decay branch in a possible longer-lived
isomer of 260Rf. However, we saw no evidence
for these correlations .

These negative results have forced us to
consider other production methods.

References
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Fig. 1. Cross section upper limit plotted versus
assumed 2064Sg half life for the
250Cf(180,4n)2648g reaction at 111 MeV. An o-
decay branch of 25% was assumed.
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Electronics for On-Line Liquid Scintillation a-Particle Spectroscopy
K.E.Gregorich

Recent developments in liquid scintillation
counting now make a-particle pulse-height
spectroscopy possible with energy resolution as
good as 200 KeV FWHML2. Since the light
output per MeV of decay energy is much greater
for B~ particles than for a-particles, it is
necessary to use pulse shape discrimination,
based on the different fractions of slow- and fast-
decaying components of the «- and $-light
pulses, to produce a clean a-energy spectrum.

In recent experiments we used this technique to
study the chemical properties of transactinide
elements. The a/f pulse-shape discrimination
was implemented with a standard constant
fraction discriminator on the fast (7-ns risetime)
pulse from the photomultiplier tube (PMT) to
start a time-to amplitude converter (TAC). This
PMT signal was then shaped to undershoot by
10% to 20% of the full pulse amplitude. A zero-
cross-discriminator was then used to stop the
TAC, providing discrimination between a- and -
pulses. Using this pulse shape discrimination
technique, we found the $-decay of large amounts
(>1 kHz) of background activities caused pileup

pulses which passed the pulse shape
discrimination circuit.
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Fig. 1. Shaped pulses for the standard o/f pulse
shape discrimination. The solid line is the
shape for an a-pulse. The short dashed line is
for a f pulse. The long dashes indicate a B-p
pileup with the same zero cross time as the o.
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In subsequent experiments an additional pulse
shape discrimination technique® was used on the
shaped pulse mentioned above, which acted as a
fast pileup rejector. This pileup rejector was
simply a CFD rnun with a fraction of 1.0 and a
constant fraction delay equal to the full risetime
of the shaped pulse (15ns), making it sensitive to
the width of the pulse. The combination of tHhis
pileup rejector with the standard pulse shape
discriminator allows the measurement of alpha
decay rates as small as a few counts per hour in
samples with beta background rates of well over
1 kHz.

Footnotes and References
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Fig. 2. The same pulses as in Fig.1, after passing
through the f=1 CFD. Note that the zero-cross
time of the 3-p pileup (long dashes) pulse is well
separated from that for the alpha pulse (solid
line).




Improved Half-life Measurement of *'Pa

and its *’Bi(**0,3n)**Pa Production Cross Section
Philip A. Wilk, Ken E. Gregorich, Melissa B. Hendricks, Mike R. Lane, Diana M. Lee, Chris A. McGrath,
Dawn A. Shaughnessy, Dan A. Strellis, Eric R. Sylwester, and Darleane C. Hoffman

Two half-lives for **Pa have been reported
previously. However, the error bars of these two
measurements, 600+50 ms measured for **Pa
from the “*Th(p,9n)*'Pa reaction’ and 950+150 ms
measured for *Pa from the **TI(*Ne,3n)*Pa
reaction’, do not overlap. The former
measurement’s low value could be due to
misinterpretation of the very complex alpha
spectrum that was obtained. The disparity could
lie in the misidentification of a **Th (t%=650 ms,
a=7.324 MeV) decay peak produced by the
®Th(p,p9n)*Pa reaction.

In our experiment **Pa was produced via the
Bi(*0O, 3n)*Pa  reaction which has been
previously reported’, but no production cross
section or additional half-life measurement was
given. The Lawrence Berkeley National
Laboratory 88-Inch Cyclotron provided a 20
particle-nA beam of 111 MeV (laboratory frame)
®O™. The target system has been descibed in
detail previously’. The energy calibration was
performed on-line using known alpha decay
energies from the following nuclides: *'Bi, *‘Ra,
211P0, ZIZAC, 216Fr,

The odd-odd nucleus *'Pa is not expected to
have a significant beta-decay branch and appears
to alpha decay mainly to a single nuclear level in
*°Ac with an alpha particle energy of 7.49 MeV™.
Unfortunately, while alpha particles with this
energy are identifiable in our alpha-energy
spectrum, they are largely obscured by the *'Po
transfer. product which decays via a 7.45 MeV
alpha. Therefore the **Pa decay was identified by
observing its alpha-decay daughters *’Ac (t/4=26
ms; 0=7.610, 7.680, 7.790, 7.850 MeV)’ and *‘Fr
(t%=0.7 ms; a=9.01 MeV)’. The **Pa daughter
events were observed with 6 pairs of opposing
detectors® within 2 ps of each other. By fitting the
resultant decay curve with two components, the
half-life of **Pa was determined to be 85020 ms

(see Fig. 1). From these data, we also determined
the production cross section to be 0.5+0.1 mb,
after taking into account the detector efficiency,
capillary transport efficiency, and capillary
transport time.

The half-life for *'Pa as determined by this
experiment is consistent with, but much more
precise than the value of 950150 ms reported by
Borggreen et al’. Our measured production cross-
section is consistent with the value of 0.35 mb
calculated with the SPIT code’.
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Fig. 1. Decay of **Pa
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Off-line Generation of “*Pa and the *’Pa Yield Through SISAK
Philip A. Wilk and Darleane C. Hoffman

During the experiment described in the
previous article we were able to determine the
production cross section for **Pa by bombarding
a “”Bi target with O at 88 MeV and looking for
subsequent fusion product alpha decays with our
MG system'. This is the same reaction and
energy that was used to produce Pa for the
SISAK extraction. SISAK is an automated system
for doing ultra-fast chemical extractions. By
looking at time-correlated alpha decays from the
#'Pa daughters “’Ac and “Fr, the cross section
was determined to be 0.5 + 0.1 mb. Also during
this experiment, a more precise half-life - 850 +
20 ms - was determined than was previously
available. Based on this cross section, the
chemical yield of Pa through SISAK 3 was very
low. Taking into account the reported cross
section’ of *'Ha, the amount of this element that
we should have seen would have been
vanishingly small.

Calculating from the cross-section for *‘Pa, we
should have seen about 26,000 atoms of *Pa if
we had 100% chemical yield. Assuming every
alpha higher in energy than **Pa that correlated
with **Pa within 26 ms to be evidence for its
alpha decay, resulted in 650 **Pa atoms through
the SISAK system during the 40 minute
experiment. This gives a yield through SISAK of
only about 2.5%.

The lost Pa could be accounted for by sorption
on SISAK/LISSY surfaces. To look at its sorption
behavior, **Pa was generated off-line (see Fig. 1)
from the decay of *’Np by elution of 27 day **Pa
from an anion-exchange column. The *Pa was
eluted from the column with 12M HCl1/0.1M HF.
This Pa was then applied to samples of the
materials used in the SISAK experiment to
determine if Pa would strongly sorb on
components of the experimental apparatus. 10 to
50 pL aliquots of this solution were evaporated
directly on a glass slide, Teflon square, and Ti
foil, respectively (the surface area covered was
about 1 cm®). These were then dried under a
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warm heat lamp - so as not to boil the solution -
and washed five times with 50 uL of 1M o-HIB.
After the samples were allowed to dry, the
samples and the 250 pL of wash solution were
counted for ¢ activity with an HPGe
spectrometer. Pa was found to sorb very strongly
to Ti, and to a lesser extent on Teflon and glass.
The following results should be considered only
preliminary because each material was tested
only once. Similar experiments should be
conducted for the organic solution for complete

~ characterization.

Material % Pa per cm®
Teflon 1+1
Glass 4+1

Ti 182

It seems likely that the group 5 elements Pa
and Ha (element 105) sorb so strongly on Ti that
we were unable to observe them.

Footnotes and References

1. D.C. Hoffman et al., Phys. Rev. C 41, 631 (1990).
2. A. Ghiorso, M. Nurmia, K. Eskola, P. Eskola,
Phys. Rev. C 4, 1850 (1971).
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Production of *'Bi from the Reaction of “’Bi with “Ne Projectiles
Y. H. Chung,* K. E. Gregorich, D. M. Lee, and D. C. Hoffman

Production of 2.14-min *'Bi was investigated
by bombarding 2.5mg/cm’ *’Bi target with 140-
MeV *Ne ions, whose average energies at the
target were ~108 MeV with correction of energy
losses in the Be windows, N, cooling gas, and the
target itself, at the Lawrence Berkeley National
Laboratory 88-Inch Cyclotron. The experiments
were performed using the helium-jet system to
transport the activity via a capillary from the
production site to the MG rotating wheel' for
measurement of alpha activity. Eskola et al’
studied multi-particle transfer reactions using the
Pb(®O,pxn)*’*"Bi reactions in the 5-10
MeV/nucleon range. In their study the
production cross section of *’Bi via p2n-transfers
was ~2 mb in the vicinity of 110 MeV, which
induced ~55 MeV excitation energy in the
compound system. In our study, we deduced the
cross- section of *'Bi using its two alpha-decay
lines: 6.28 and 6.62 MeV. Based on their decay
intensities, the excess intensity of the 6.62 MeV
line was obtained, and it was found to be due to
the 6.65 and 6.66 MeV lines from 2.1-min **Ac.
The excitation energy of the compound nucleus
is about 36 MeV, which is lower by 20 MeV than
that estimated in Eskola’s work. From our data,
the preliminary cross section of *'Bi via the 2n-
transfer reaction has been estimated to be ~3%1
mb, assuming 70% gas transport efficiency. This
result indicates that the 2n transfer cross section
is comparable to the p2n transfer, which was
observed in the interaction of **Pb with ®O in
this energy regime. Further detailed analysis of
data obtained from the interaction of *”Bi with
103- and 117-MeV *N ions and 128-, 140-, and
149-MeV *Mg ions is in progress.

Footnotes and References

*Department of Chemistry, Hallym University,
Chunchon, Korea 200-702.
1. D. C. Hoffman et al., Phys. Rev. C41, 631(1990).

2. K. Eskola, P. Eskola, M. M. Fowler, H.Ohm, E. N.
Treher, J. B. Wilhelmy, D. Lee and G.T. Seaborg, Phys.
Rev. C29, 2160(1984).

n




Production Cross Sections for **Fm and

256 248

Fm in **Cm + *Ne Reactions

M.B. Hendricks, R.]. Wallsgrove, K.E. Gregorich, M.R. Lane, D.M. Lee, D.A. Shaughnessy, D.A. Strellis,
E.R. Sylwester, P.A. Wilk, D.C. Hoffman

The cross sections for **Fm and **Fm produced
in the interactions of “Ne ions with **Cm were
measured. Excitation functions provide
information about the reaction mechanism of
transfer reactions involving actinides. By
studying these reactions, we can design better
experiments for production of exotic isotopes,
particularly neutron-excess actinides. = More
immediately, if the production cross sections are
known, ®Fm and *Fm can be used to measure
the efficiency of transporting reaction products
to the detectors during compound nucleus
experiments to produce Sg isotopes in the “*Cm
+ “Ne reaction.

®PFm and “Fm were chosen for this
experiment for three reasons. The “Ne + **Cm
reaction produces sufficient quantities of both
isotopes. Detection of these nuclides is relatively
easy as ““Fm decays predominantly by
spontaneous fission and **Fm emits a relatively
high energy alpha particle that can be
distinguished from the background activity. In
addition, these Fm isotopes have half-lives that
are suitable for this experiment.

Experiments were performed at two different
cyclotron energies. With a lab energy of 139
MeV out of the cyclotron, the energy range of the
Ne ions in the 1.26 mg/cm’ target was 114.4-118
MeV. This energy rahge includes the Coulomb
barrier, which is close to 116 MeV. The
experiment was performed with a second target
of 0.96 mg/cm®. The projectile energy out of the
cyclotron used with this target was 151 MeV in
the lab frame. This is degraded to 119-121.5 MeV
inside the target.

During each experiment, a gold foil was placed
behind the Cm target to catch recoiling reaction
products. The foil was then dissolved in aqua
regia and the lanthanides and actinides were
separated from the gold with an ion-exchange
column. The eluate was dried on a platinum
disk to produce a source for alpha and SF
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spectroscopy. These sources were monitored at
various intervals with surface barrier detectors to
discover isotopes that decay by alpha emission
or by spontaneous fission.

Cross sections for production of the two
isotopes were determined in each experiment.
At the energy near the Coulomb barrier, the
cross section for production of *Fm (o,,) was
found to be 0.27 £ 0.11ub and the cross section
for production of *Fm (c,,) was measured as
53+ 1.1ub. The *Fm value does not agree
within 1o error limits with that obtained by Lee
et al. at the same energy.’ In that study, o,,, was
measured as 0.15 + 0.04ub and o,,, was quoted as
3.1 £ 0.4ub. In two experiments at the higher
energy, the production cross sections increased.
G, was measured as 0.57 % 0.11pb and
0.48 £0.08ub. o©,, was found to be 9.7 + 1.4ub
and 7.8 = 1.1ub. These results indicate that
further studies of this system should be
undertaken. In particular, excitation functions
over a wider energy range for these Fm isotopes
should be produced.

Footnotes and References

1. D. Lee et al.,, Phys. Rev. C, 25 286 (1982).




Production of Neutron Deficient Plutonium Isotopes
M.B.Hendricks, K.E. Gregorich, M.R. Lane, D.M. Lee, D.A. Shaughnessy, D.A. Strellis, E.R. Sylwester,
P.A. Wilk, D.C. Hoffman

Production of three highly neutron-deficient
isotopes of plutonium, *’Pu, *’Pu and unknown
*'Pyu, was attempted with the highly assymetric
reaction *’U(He,5-7n). An attempt was made to
measure half-lives, alpha-decay energies and
alpha/electron capture branching ratios for the
three isotopes. Until Andreyev et al. identified
Pu, Pu and *'Pu, the lightest plutonium
isotope known was *’Pu.”? In these experiments,
Pu and *Pu were produced in a
"Pb(*Mg,4-5n) reaction. Production of **Pu was
achieved by a similar reaction: **Pb(*Mg,4n).
Andreyev et al. were able to measure alpha-
decay energies of these new isotopes, but could
not measure half-lives or branching ratios.

The **U('He,5-7n) experiment was performed
to study both decay properties and reaction
mechanisms. Knowledge of decay characteristics
of highly neutron-deficient plutonium isotopes is
valuable to the study of electron capture delayed
fission (ECDF) of light americium isotopes, since
these plutonium isotopes are members of the
americium decay chains. Determination of
plutonium masses and decay Q-values aids
estimation of electron-capture Q-values for
potential ECDF precursors, like “Am. By
studying the reaction mechanism involved in
different systems, investigators can design better
experiments. The two main criteria in designing
an experiment to study exotic nuclei are high
production rate of the nuclide under
investigation and low production rate of
interfering background activity. Comparisons
between the lead target heavy-ion beam system
used by Andreyev et al. and the actinide target
light-ion beam system used in this experiment
will aid in designing future experiments
involving neutron-deficient actinides.

Eleven *U targets were mounted in the light-
ion multiple target system.’ The reaction
products were transported via a helium jet
system from the reaction chamber and deposited

on polypropylene foils in our MG rotating wheel
system. It can be rotated to place the foils
successively between six pairs of surface barrier
detectors. Identification of a plutonium isotope
relies on observation of the alpha decay of
members of its decay chain. Measurements were
attempted at three cyclotron energies: 40, 50 and
60 MeV in the laboratory frame. The helium ions
lose less than 1 MeV in interactions with the
cyclotron window and the target system itself.
The ®Pu, *Pu and Pu cross sections were
predicted to peak at these energies, respectively.
Many alpha-decay chains were observed.
However, large amounts of interfering activity
were produced. This activity may have been due
to (CHe,pxn) and ("He,axn) reactions that directly
yield neptunium and uranium isotopes. These
high background levels and relatively long half-
lives of the plutonium, neptunium, and uranium
isotopes at the beginning of the deay chains
made determination of half-lives and branching
raios of the light plutonium isotopes impossible.
These problems will be avoided in the future by
chemically separating plutonium, neptunium and
uranium reaction products from each other
before attempting detection of alpha-decay.

Footnotes and References

1. AN. Andreyev et al., Z. Phys. A, 337, 231 (1990).

2. AN. Andreyev et al., Z. Phys. A, 347, 225 (1994).
3. H.L. Hall, M.J. Nurmia and D.C. Hoffman,
Nucl. Instrum. Meth., A276, 649 (1989).
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Electron-Capture Delayed Fission of “*Es
D.A. Shaughnessy, K.E. Gregorich, M.B. Hendricks, M.R. Lane, D.M. Lee, D.A. Strellis, E.R. Sylwester,
P.A. Wilk, D.C. Hoffman

We previously reported evidence that *“Es
undergoes electron-capture delayed fission
(ECDF.)! We have performed additional
experiments in order to determine the decay
properties of *’Es and its probability of delayed
fission (Pp;.)

The *’Es was produced at the LBNL 88-Inch
Cyclotron via the **U(*N, 5n)*“Es reaction. To
prepare the target “*U was placed on an anion
exchange column and washed several times with
concentrated HCI to remove lead impurities.
The target material was eluted from the column
with dilute HCl and electroplated on Be foil
Reaction products from the cyclotron were
transported via a He/KCl aerosol gas-jet through
a capillary to our MG rotating wheel detection
system. The aerosols were deposited
consecutively on 80 thin polypropylene foils
located on the periphery of the wheel which was
moved every 10 seconds between six pairs of
Si(Au) surface barrier detectors.

*“Es is reported to decay with a 7.9 MeV alpha
particle and a half-life of 16, seconds’ We
looked for alpha particles coming from *“Es, as
well as its EC daughter, **Cf. The **Es branching
ratio and initial EC activity could be determined
by comparing the production of **Cf to that of
*’Es. Once the initial EC activity is measured,
the P, is calculated by comparing the number of
fission events to the total number of EC decays.

Even though most of the lead was removed
from the **U target, a large amount of **Fr was
made. Fr is produced when lead is bombarded
with nitrogen. This huge peak in the spectra
obscured the much smaller **Cf peak at 7.385
MeV making the EC branching ratio impossible
to determine. This in turn prevented us from
measuring the P, .

Another problem we encountered was the
production of *Es at 7.895 MeV. We ran the “N
at a higher energy than before (91 MeV on target)
to try and suppress “’Es production, but enough
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was made to interfere with the **Es peak at 7.9

MeV. When this entire region was integrated, it
was found to decay with a half-life of 35 seconds.
This is longer than that of **Es (21 seconds)
which indicates that the region was probably a
combination of both *’Es and *Es.
Unfortunately our system could not resolve the
two into separate peaks.

We saw 16 coincident fissions with a half-life of
25 + 2 seconds. Since the fissions decay with the
half-life of the EC parent, this would also be the
half-life of *’Es. This is slightly longer than
previously reported. The fission fragments had
an asymmetric mass distribution and a pre-
neutron average total kinetic energy (TKE) of 199
+ 21 MeV. This is 6 to 13 MeV higher than semi-
empirical fits predict for **Cf.’

Based on the fission half-life, the fission events
could not have come from a different Es isotope.
Also, the P, has been shown to increase sharply
with increasing electron-capture Q-value (Q,..)*
The Q.. of **Es is greater than all other Es
isotopes by at least 1 MeV making it the most
probable delayed fission precursor. The Q.. of
its neighboring isotopes would correspond to a
P,, too small to account for 16 fissions over the
whole experiment, implying that the ECDF was
from *“Es.

Footnotes and References

1. Nuclear Science Division Annual Report, LBL-
37384 (1994.)

2. V. Ninov, private communication (1997.)

3. D.C. Hoffman and M.R. Lane, Radiochimica Acta,
70/71, 135 (1995).

4. S.A.Kreek et al., Phys. Rev. C 50, 2288 (1994).




Electron-Capture Delayed Fission Study of *’Es
D.A. Shaughnessy, K.E. Gregorich, M.B. Hendricks, M.R. Lane, D.M. Lee, C.A. McGrath, D.A. Strellis,
E.R. Sylwester, P.A. Wilk, D.C. Hoffman

We continued our study of electron-capture
delayed fission (ECDF) in the neutron-deficient
Es isotopes with **Es. The *“Es was produced at
the LBNL 88-Inch Cyclotron via the **Cf(p,
4n)**Es reaction. According to SPIT, a neutron
evaporation code, the production cross section
would be 350 pb for 37 MeV protons. Based on
this cross section, we expected to make 1 X 10°
*°Es per day.

The *’Cf targets were prepared by first
performing an  extraction with  bis(2-
ethylhexyl)orthophosphoric acid (HDEHP) to
remove Bk, and then electroplating the Cf onto
Be foils. 19 targets between 6 pg/cm® and 20
pg/cm’ were prepared and stacked in our light
ion multiple (LIM) target system.” Reaction
products were transported with a He/KCl
aerosol jet via a capillary to our MG rotating
wheel detection system.
collected consecutively on 80 thin polypropylene
foils located on the periphery of the wheel which
was moved every two minutes between six pairs
of PIPS detectors to look for *Es alpha particles
as well as fissions. Some samples were removed
from the foils with a buffered solution of acetic
acid and sodium acetate maintained at pH 5 and
extracted . with 0.5 M thenoyltrifluoroacetone
(TTA) in toluene. TTA complexes 3+ and higher
oxidation states from aqueous solutions between
pH 4 and 5° Es and Cf are complexed by the
TTA, removing them from the KCl and any
interfering activities. The TTA was dried on
glass cover slips and placed in front of a solid
state particle detector which was sandwiched
between two x-ray detectors. This configuration
allowed us to look for K x-rays, which follow EC
decay, in coincidence with fission fragments.
Once the initial EC activity is determined, the
probability of delayed fission (P,,) is calculated
by comparing the number of delayed fissions to
the total number of EC decays.

The aerosols were

During the experiment we saw 25 times fewer
**Es than predicted. The spectra showed
multiple components in the Es region indicating
that several isotopes were being produced
concurrently. The last samples collected were
counted for several days after the end of the
experiment to look for **Cf (t,,, = 1.5 d.) Based
on the amount of **Cf, a production cross section
of 13 + 5 ub was calculated for **Es. This is
much lower than the original prediction and
accounts for the lower production rate. The
other Es isotopes seen in the spectra were
predicted to have much lower production rates
than ““Es. We now believe that the predicted
cross sections in this region are not valid for (p,
xn) reactions.

We plan to run an Es excitation function to
determine optimal proton energies and cross
sections for each isotope. If the cross section is
large enough, the delayed fission experiment will
be repeated to produce more “*Es than we did
with 37 MeV protons. This in turn should lead to
more fission events and a determination of the
P

DF*

Footnotes and References

1. SPIT is a version of the JORPLE code with a
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JORPLE reference is J. Alonso, Gmelin Handbuch der
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Design of a Sample Changer/Transport System to be used for
Gammasphere Studies on Electron-capture Delayed Fission

D.A. Strellis, K.E. Gregorich, Y.H. Chung, M.R. Lane, E.R. Sylwestef, M.B. Hendricks, D.A.
Shaughnessy, C.A. McGrath, P.A. Wilk, D.M. Lee, D.C. Hoffman

A sample changer/transport system has
been designed to rapidly transport isotopes
from high beam intensity irradiations in
Cave 0 to the center of Gammasphere to
study electron-capture delayed fission
(ECDF).

In the Cave 0 target system, recoiling
reaction products are captured by KClI
aerosols in a flowing stream of He gas. The
activity-laden aerosols are transported
from the irradiation vault to the
Gammasphere cave through a polyvinyl
chloride capillary tube. The aerosol is
then deposited on a thin polypropylene foil

at one of four stations on a sample changer.

wheel. This wheel sits approximately four
feet from the center of the Gammasphere
array. After a specified collection time,
the wheel is rotated 90°. A solenoid-
operated piston then moves the foil from
the wheel to the center of the array. After
a specified counting time, the piston returns
the foil to its wheel position. After the
wheel rotates another 90°, the counted foil
is deposited into a reservoir of used foils.
After another 90° rotation, an unused foil is
dropped from a reservoir of new foils to the
open wheel position. This four station
process is continuous and simultaneous. For
example, when one foil is being counted in
Gammasphere; one foil is collecting aerosol
from the capillary tube, one foil is being
dumped into the wused reservoir, and
another is being dropped into the open
position on the wheel.

A motion controller program controls
the stepping motor that tumns the wheel
and the solenoids that activate the piston
and vacuum systems. These programs are
written on a PC and downloaded to the
motion controller before the experiment.

At the counting station, the activity-
bearing polypropylene foil will be placed
between two ion-implanted Si detectors at
the center of Gammasphere.  Fission
fragments, alpha particles, K x-rays, and
gamma rays will be measured while the
sample sits inside the array.

Gammasphere is an ideal detection
system  for studying the  gamma
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spectroscopy associated with the ECDF
process for two primary reasons. First, the
small solid angle of each detector prevents
summing of the ECDF gamma rays with
those from the deexcitation of the fission
fragments. Second, a high detector
efficiency is desired when dealing with
relatively low production rates.

The centerpiece of the Gammasphere
measurements will be a search for gamma
transitions within the second well of the
nuclear potential. Based on results from
earlier measurements of the K x-rays in
coincidence with delayed fission fragments,
we have found that in regions of N and Z
where a fission isomer is expected, the
delayed fission process is slow enough for
the K-vacancies left by the electron capture
of the precursor to fill. The most likely
explanation for this delay is that the
ECDF process is proceeding through the
fission shape isomer in the EC daughter.
The observation of some common gamma
transitions in coincidence with various
fission fragments and K x-rays would be
indicative of transitions within the second
well.

The first experiment to utilize this
sample changer/transport system will take
place in Spring 1997 with the ECDF study'’
of 22 Am and 234 Am with half-lives: 1.31
+0.04 and 2.32 + 0.08 minutes, respectively.
The speed at which the sample
changer/transport system moves the
sample from the = target area to
Gammasphere could be as low as 10 seconds-
- a benefit in studying isotopes with short
half-lives.

Footnotes and References
1. H.L. Hall, et.al., Phys. Rev. C 41, 618 (1990).

2. H.L. Hall and D.C. Hoffman, Annual Rev.
Nucl. Part. Sci. 42, 147 (1992).




Confirmation of the Assignment of a 1.5-Second Fission Activity to 259Fm
C. A. McGrath, K. E. Gregorich, D. M. Lee, M. R. Lane, E. R. Sylwester, D. A. Shaughnessy, M. B.
Hendricks, D. A. Strellis, B. Wierczinski, D. C. Hoffman

In 1995, two separate
performed at the 88-Inch Cyclotron at Lawrence
Berkeley National Laboratory to study the
nuclear properties of 266Sg using the reaction
248Cm(22Ne,4n)266Sg at 118 MeV and 121 MeV.
The results of these experiments will be
discussed in a separate submission to this annual
report. However, the use of this particular
reaction provides an important opportunity to
study the production of 258Fm and 259Fm in
binary transfer reactions.

The assignment of a 1.5-second spontaneous
fission(SF) decay to 259Fm results from the
tritium bombardment of a 257Fm target!. Since
258Fm was already known to decay by .SF with a
half life of 0.37 ms, the observed 1.5-second
fission activity was assigned to 2°Fm, produced
by the 257Fm(t,p)259Fm reaction.

However, the possible discovery? of a SF
isomer in 262Rf suggests that the 1.5 second
fission activity could be from an isomer of 258Fm.

experiments were

Because the target material is very scarce and
finding a tritium accelerator is next to
impossible, it would be difficult to repeat the
original measurement. Even then it might still
be difficult to differentiate between the (t,p)
and (t,d) reactions.

Therefore, a different reaction was chosen to
try to confirm the assignment of the 1.5-second
fission activity. This reaction must selectivity
produce either 258Fm or 2°Fm. Bombarding
248Cm with 22Ne provides just such a reaction.

Several different isotopes of fermium are
produced via transfer reactions in the
bombardment of 248Cm with 22Ne.  The
excitation energy (E) of the target-like
fragments help indicate the relative yields from
the binary transfer reaction3. If the E" is very
negative that isotope will be formed with lower
yield. A positive E' below the threshold for
neutron emission and fission is ideal for

production of a particular nuclide. The following
table shows the E* values for the production of
several fermium isotopes.

Table 1: E" for 248Cm(?2Ne,ABe)270-AFm

Isotope Ei( MeV )ﬁ
257Fm 5.7
258Fm 6.5
259Fm -7.8
260Fm : -15.0

This table shows that conditions are optimal
for the production of 258Fm, but not for 25%Fm.
This is, however, a blessing. While 258Fm
should be produced in measurable quantities,
production of 259Fm should be very limited.
Therefore, the presence or absence of a 1.5-second
fission activity should indicate its origin.

After analyzing all the available data, no
evidence is seen for a 1.5-second SF activity. An
upper limit on the cross section for production of a
1.5-second activity was found to be 150 pb.
Comparison of this reaction with
transfer reactions would indicate a cross section
of approximately 10 nb for the production of
258Fm. A longer-lived isomer would be expected

similar

to receive some significant portion of this cross
section. Thus, it is likely that the 1.5-second ST
activity arises from 259Fm and not from 258Fm.

Footnotes and References

# E*values calculated at the coulomb barrier

1. Hoffman, D. C., et al, "Discovery of 2°Fm," Proc. 3rd
Intl. Conf. on Nuclei Far from Stability, Cargese,
Corsica, Francé, 19-26 May, 1976, Geneva, CERN 75-
113, 15 July 1976, p. 558.

2. Lane, M. R. et al, Phys. Rev. C. 53, 2893 (1996).

3 Hoffman, D. C. and Hoffman, M. M. " Calculated
Excitation Energies for Transcurium Products of Binary
Heavy lon Reactions;" LA-UR-82-824 (1982).
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Spontaneous fission properties of “’Rf
M.R. Lane, K.E. Gregorich, D.M. Lee, M.F. Mohar, M. Hsu, C.D. Kacher, B. Kadkhodayan, M.P. Neu, N.J.
Stoyer, E.R. Sylwester, ].C. Yang, and D.C. Hoffman

In the time since our experiment on the
spontaneous fission properties of **Rf was last
reported’, we have obtained more data and have
published the results’. We have measured the
mass and kinetic-energy distributions of 200
pairs of coincident fission fragments from the
spontaneous fission (SF) of **Rf. The **Rf was
produced via the **Pu (*Ne,4n) reaction with a
production cross section of ~0.7 nb using 114.4-
MeV projectiles. The kinetic energies and times
of the coincident fission fragments were
measured using our rotating wheel system.
From these data the half-life, mass, and kinetic-
energy distributions were derived. The total
kinetic-energy (TKE) distribution (Fig. 1) appears
to consist of a single component with a most
probable pre-neutron-emission TKE of 215+2
MeV. The mass distribution (Fig. 2) is symmetric
with a full width at half maximum of about 22
mass numbers. These results are consistent with
trends observed for other trans-berkelium
spontaneously fissioning isotopes. We
determined the half-life to be 2.1+0.2 s by
measuring its spontaneous fission decay. We
also attempted to observe the alpha decay of “*Rf
by searching for alpha decay correlated in time
with SF from the alpha daughter, 1.2-ms **No.
We observed no such decays and have set an
upper limit of 0.8% (68% confidence level) on the
alpha decay branch of **Rf.

References

1. D.C. Hoffman et al.; K.E. Gregorich et al., LBL-
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2. M.R. Lane et al, Phys. Rev. C 53, 2893 (1996).
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Fig. 1. Gaussian fit to the pre-neutron-emission
TKE distribution from the SF of **Rf.
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Fig. 2. Lorentzian fit to the pre-neutron-emission
mass-yield distribution for **Rf. Also shown is
the provisional mass-yield curve to which no
neutron correction was applied. The bars
indicate 1o error limits.




Spontaneous fission reviews
D.C. Hoffman, T.M. Hamilton,” M.R. Lane

Two spontaneous fission review articles have
been published. Each presents the known data
for spontaneous fission properties. The
systematics are discussed and compared to
theoretical models.

I. Spontaneous Fission' by Darleane Hoffman,
Todd Hamilton and Michael Lane. Since the
comprehensive Hoffman and Somerville review’
of experimentally determined spontaneous
fission properties published in 1989 (literature to
mid-1986 considered), major conferences have
been held at Berlin and Washington, D.C. in 1989
to commemorate the 50th anniversary of the
discovery of nuclear fission. Many review
papers and much new information concerning
spontaneous fission were presented. The intent
of the present review is to update the
information of Hoffman and Somerville on
spontaneous fission half-lives, fission fragment
kinetic energy, mass and charge distributions,
neutron and photon emission at scission or from
the excited fragments and new theoretical
developments. New experimental results on SF
phenomena are reviewed. The relevant
published literature to mid-1992 has been
considered.

II. Spontaneous_Fission® by Darleane Hoffman
and Michael Lane. Recent experimental results
for spontaneous fission half-lives, total kinetic
energies, fragment mass and kinetic-energy
distributions, and other properties of the
fragments are reviewed and compared with
recent theoretical models. The experimental data
lend support to the existence of the predicted
deformed shells near Z=108 and N=162.
Prospects for extending detailed studies of
spontaneous fission properties to elements
beyond hahnium (element 105) are discussed.
The relevant published literature to mid-1995 has
been considered. This article updates the

information from the last published review by
Hoffman, Hamilton, and Lane’ (see above).
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The quadrupole deformations of states in some
SD bands have been determined through life-
time measurements and confirm their SD na-
ture, but very little is known about the relative
deformations of yrast and excited SD bands in
the same, and neighbouring, nuclei. These dif-
ferences should reflect the deformation—driving
effects of specific configurations and the stabil-
ity of the second minimum with respect to vari-
ous nucleon excitations. This information is cru-
cial in providing a stringent test of current the-
oretical models. With this in mind, superde-
formed states in '®1132Ce were populated via
the 199Mo(26S,xn) reactions at a beam energy of
155 MeV. The target comprised a ~600 ug/cm?
10006 foil evaporated on a 12 mg/cm? Au back-
ing which slows down and stops the recoiling nu-
clei. The beam was provided by the 88—Inch Cy-
clotron at the Lawrence Berkeley National Lab-
oratory, and 7y rays were detected by the Gam-
masphere array which, for this experiment, had
55 large-volume HpGe detectors. A total of
9% 10® events with a fold > 5 was collected. A
Doppler Shift Attenuation Method (DSAM) cen-
troid shift analysis was then performed.

Experimental fractional Doppler shift, F(7),
curves were extracted and are shown in the fig-
ure. Calculated F(7) curves, assuming a rota-
tional cascade with a constant quadrupole mo-
ment (6.4, 7.4, and 8.4 eb) and using the stop-
ping powers of Ziegler et al., are shown for com-
parison with the data. Comparing the curves
allowed a number of important conclusions to be
drawn. We have extracted the relative deforma-

tions of all five known SD bands in 131:132Ce to
an accuracy of ~5-7%. We find that the yrast
bands in these two nuclei have very similar defor-
mations implying that the shape-driving force of
the N=6 neutron orbital is less than previously
thought. The yrast and excited bands in 3?Ce
have very similar deformations indicating that
the second minimum is stable to the excitations
respounsible for these excited bands. The excited
band in 31Ce has a significantly larger deduced
Qo than any of the other bands. Information
on the effect and nature of side—feeding was also
extracted and it was found that there is a signif-
icant slow side—feeding component for the yrast
band in 3!Ce.

Further details of the work can be found in [1]
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In an effort to understand the decay out of
superdeformed (SD) bands, the nucleus **Nd
was studied with the early implementation of
Gammasphere at the 88-Inch Cyclotron of the
Lawrence Berkeley National Laboratory. In
two separate experiments, the reaction *°Ar on
1%0Mo at 182 and 176 MeV produced 1.0x10°
and 1.8x10° three and higher fold suppressed
events, respectively. Both angular correlations
and triple ¥ coincidences were used to construct
the level scheme of Fig. 1. A total of 75% of
the decay of the SD band (and 84% of the de-
cay of the 3.324 MeV state) has been placed in
the level scheme. These results determine the
spins of the SD states. Also the proposed positi-
ive signature is consistent with the i;3/; neutron
configuration previously assigned. The intensity
of the linking transitions, together with previous
RDM lifetime measurements [1] indicate that the
observed E2 linking transitions have a reduced
transition probability that is a factor about 10
lower than that of a SD band transition. There-
fore, we propose that the band ceases to exist
below the 3.324 MeV energy level.

Ultimate Cranker calculations with pairing,
in which the iy3/, configuration could be fol-
lowed, were used to try to understand this be-
havior. The results show that, as the frequency
decreases, a lower-deformation triaxial minimum
competes with the SD minimum and the nucleus
"slides over” from a high-deformation to the tri-
axial minimum. The rapid change is a conse-
quence of pair correlations. The pair field will
scatter pairs between the neutron levels (hg/,

< g7/2) and proton levels (hyy/; < g7/5) distin-
guishing the two minima. The example of 13Nd
clearly demonstrates the importance of under-
lying structural changes in the decay of highly
deformed configurations [2]. Such configurations
could play the role of doorway states in other
decays of SD bands in which a larger number of
pairs is rearranged.
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Three superdeformed bands have been ob-
served in ®1Au using the EUROGAM II mul-
tidetector array. The yrast superdeformed band
has been extended to very high rotational fre-
quencies and two new excited bands have been
found. These bands behave as signature partners
and display characteristics which suggest they
could be based on the [532]3/2 or [530]1/2 con-
figurations, which become the [Z3V1]3 /2,1/2 dou-
blet in the pseudo-spin formalism. It is impor-
tant to note that band 3 has energies identical
(<AEy>=1.5 keV) to those of band 1 in *?Hg
within the observed range of frequencies.

The occurrence of the same transition ener-
gies (isospectral) in an even-even and an odd-
mass nucleus requires an alignment that is ex-
actly half-integer. For several cases in the mass
~150 region the special proton orbital, [301]1/2,
provides the half-integer alignment which comes
about naturally [1] in a pseudospin scheme where
the above orbital becomes [27;0]1 /2, implying an
alignment of exactly one half, i.e. of the pseudo
intrinsic spin. All the normal parity orbitals are
either such pseudospin-singlets (A = 0) or fall
into pairs (pseudospin doublets) corresponding
toa A # 0 with a small pseudo spin-orbit split-
ting. It was pointed out [2] that these pairs could
also decouple the 1/2 % pseudo intrinsic spin,
providing alignments of one half, but such be-
havior has so far not been observed.
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For the pseudo-spin doublet, [Z?Tl]l /2,3/2,
the Coriolis mixing should first decouple the
pseudo intrinsic spin and produce two signature-
degenerate bands, having alignments +1/2 and
-1/2. The properties of bands 2 and 3 fit well
those expected for the lower degenerate band
with alignment +1/2. The HFB routhians for
quasi-protons in a %Pt core show that these two
orbitals are the lowest quasi-particle excitations
at low frequencies. However, both bands develop
some signature splitting and the alignment of the
lower one increases significantly beyond 1/2 at
the higher frequencies. These features indicate
deviations of the calculation from the simple de-
coupling of the pseudo-intrinsic spins; whereas,
the data agree well with those expectations.

It is not really clear whether the calculations
underestimate the effects of the pseudospin sym-
metry or whether the better agreement with the
simple expectations is just an accident. However,
that quantized alignments may be coming from
pseudospin symmetry is an exciting possibility.
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A number of experiments have been performed
to map out the region of superdeformed shapesin
and around the neutron deficient Pb isotopes. Of
particular interest are the edges of such regions,
where theoretical nuclear models are most rig-
orously tested. For this purpose, during a brief
test of the electronics of the GAMMASPHERE
array at the 88-Inch Cyclotron we conducted a
7 hour test run using a reaction *Yb(?*Mg,5n)
to populate high spin states in %2Pb at a beam
energy of 140 MeV. In spite of the brief duration
of the experiment, subsequent analysis allowed
us to confirm the original observation [1] of the
SD band assigned to 1°2Pb[2], the assignment of
which had previously been under dispute[3].

The increased resolution afforded by GAM-
MASPHERE with its 49 Compton-suppressed
detectors permitted the SD band to be seen from
only three clean gates at 304, 345 and 424 keV
(Fig 1la). As previously reported [1] and as is
seen in Figure 1b, the entire SD band consists
of nine transitions, extending over a range of ap-
proximately 300 keV. The relatively small num-
ber of transitions populating °?Pb in this exper-
iment as compared with other heavier even-even
lead isotopes may reflect greater fission compe-
tition as the reduction in the fissility parame-
ter (which scales roughly as Z2/A) for lighter
isotopes in Pb makes it more difficult to pop-
ulate a superdeformed (SD) band in '*2Pb. The
v-ray energies are also shown in Figure la and
agree with previous published values to within 1
keV[1]. The band has a moment of inertia sim-
ilar to 1%4Pb SD band 1. The presence of low-
lying isomers prevents definitive isotopic assign-
ment to 9?Pb, although this has recently been
confirmed[4]. The inband relative intensities of

the SD band transitions are shown in the inset of
Figure 1b. In summary, we confirm the earlier
observation of the SD band assigned to 1?Pb.
To date, no SD bands in lighter Pb isotopes have
been observed.
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Figure 1: Sum of coincidence spectra of the SD
band in °?Pb, obtained from triples data, show-
ing: a) from clean gates at 304, 345 and 424 keV,
and b) a sum of all gates on known in-band tran-
sitions. Band members, are labelled with their
energies in keV. Also labelled are the promi-
nent 5~ —4% and 4T —2% transitions at 504.3
and 501.8 keV, respectively, in 192Pb.
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The possibility that the lowest excited
SD bands in even mass mercury isotopes
(190.192,194H6) are based on octupole vibrations
has been discussed previously[l, 2] in terms of
the moments of inertia and decay properties. In
this present work[3] we have investigated the sig-
nature splitting of excited SD bands in %*Hg
isotopes. The signature splitting depends on the
mixing with other states, e.g. other K compo-
nents of the octupole vibration. Since the K =0
octupole vibration contains only the a=1 se-
quence, there will be an additional Coriolis mix-
ing among a=1 states. Odd spin (@=1) bands
which lie below the K=0 band will therefore be
favored with respect to the corresponding even
spin a=0 band. Thus if the octupole interpre-
tation is valid, and in the absence of other ef-
fects (band-crossings etc), one may expect the
odd spin band to be favored in a signature-split
pair of bands.

The signature splitting (difference in the
Routhian energies) for the %‘Hg excited SD
bands is shown in Fig. 1. The experimental data
(circles) exhibits an initial splitting which is con-
sistent with these bands being based on octupole
vibrational states. At higher frequencies the a=0
band (band 2) gains in energy relative to band
3 at the highest frequencies. In other words, af-
ter an initial ‘octupole-like’ splitting, there ap-
pears to be a trend towards ‘signature inversion’,
whereby the a=0 band is becoming favored rel-
ative to the a=1 band. For the three calculated
cases in Fig. 1 the a=1 structure starts lower in
energy but at higher frequencies the a=0 band
becomes increasingly favored due to the mix-
ing with close lying 2-quasiparticle states, e.g.

7[642])5/2 ® w[514]9/2. The calculations are able
to reproduce, in a quantitative manner, both the
initial signature splitting observed in °*Hg and
the subsequent ‘inversion’ lending support to the
presence of octupole effects in this nucleus.
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Fig. 1: The difference {¢/'(a=0)-¢'(a=1)) for both
the experimental (circles) and calculated °4Hg band
2 and 3 Routhians. Three curves are shown for the
calculated Routhians, each with the same octupole
strength, f3=1.05, but with differing pairing; (i} The
solid line has the critical frequency for pairing hw, =
0.5(0.3) MeV for neutrons(protons). (ii) The dashed
line has hw, = 0.5(0.5) MeV for neutrons(protons).
(iii) The dot-dashed has constant pairing strength as
a function of rotational frequency.
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Relative quadrupole moments (Q,’s) of yrast
and excited SD bands can give insight into the
deformation—driving effects of specific nucleon
configurations and aid in the interpretation of
“identical” bands. A pair of “identical” bands
will have transition energies that are equal to,
or are at the quarter points or half points of,
each other. A clear understanding of this phe-
nomenon has yet to be developed. With this
in mind, SD states in '92193Hg were populated
simultaneously via the '"Yb(?2Ne,xn) reaction
at a beam energy of 118 MeV. The target con-
sisted of a 500 ug/cm? *78Yb foil evaporated on
a 6.8 mg/cm? Au backing. The beam was ac-
celerated by the 88—Inch Cyclotron at Lawrence
Berkeley National Laboratory, and v rays were
‘detected by the Gammasphere array which, for
this experiment, had 85 Ge detectors. A total of
1.9x10° events with a fold > 5 were collected.
A Doppler Shift Attenuation Method (DSAM)
centroid shift analysis was then performed.

Experimental fractional Doppler shifts, F(7),
were extracted and are shown in the figure
for the '°?Hg and !'%°Hg SD yrast bands.
Calculated F(7) curves, that assume a rota-
tional cascade and constant Q,(Qsys) for the in-
band(sidefeeding) states, are shown for compar-
ison. The stopping powers of Ziegler were used.
A lineshape analysis on some transitions in the
192,193 SD bands was also performed, lead-
ing to results consistent with the F(7) analysis.
Comparing the F(7) curves allowed several im-

portant conclusions. The relative Q,’s of the
yrast SD bands of %2Hg and '9°Hg are differ-
ent to a significance > 2 ¢, with values of 19.8
+ 1.2 eb and 17.2 + .7 eb respectively. The un-
certainty in the sidefeeding time, obtained by x?
minimization, has been included in the Q, er-
rors. Nevertheless, radically different sidefeeding
in the two SD Hg nuclei could cause the apparent
Q, difference, although this solution is less likely.
Based on current theoretical work, the difference
between 192Hg and %3Hg is unexpected. The ex-
perimental Q,’s of all six SD bands in 1%*Hg are
the same to ~ 1 o, which seems to eleminate a
large polarizing effect of the different single par-
ticle levels. This similarity in Q, is difficult to
reconcile, given the difference in the 92Hg and
199Hg Q,’s. Since 2Hg and '%Hg have a SD
“identical” band relationship, the data may im-
ply that “identical” transition energies don’t al-
ways lead to identical deformations. This is the
first accurate measurement of Q,’s in an odd-
mass SD nucleus in the mass 190 region.
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Recently a regular staggering pattern of the
transition energies was observed in the yrast su-
perdeformed band in *°Gd[1]. Evidence for sim-
ilar effects has also been reported for %*Hg[2].
The theoretical investigation of these effects has
so far not been conclusive. It remains unclear
whether to associate the observed staggering
with a Y44 deformation of the superdeformed
shape or with numerous band-crossings, since a
single band-crossing cannot explain the exten-
sion of a staggering over a larger frequency range.

Since the observed energy shifts are only of
the order of 100eV or less, experimental confir-
mation of the reported effects is extremely im-
portant. Here we report on results from a new
experiment on the known SD bands of %4Hg,
looking for the previously reported [2] staggering
in those bands.

Superdeformed states in 1%4Hg were populated
in the reaction °°Nd(**Ca,4n) using a 201 MeV
48Ca beam. The emitted y-rays were detected
by the GAMMASPHERE array, which at the time
of the experiment consisted of 70 Compton-
suppressed Ge detectors. A total of 1.4 x 10°
events with fold four and higher were taken in
this thin-target experiment. The transition en-
ergies in the three known SD bands of °*Hg have
been determined with an accuracy of around
30eV. The resulting staggering values AE.,, de-
fined as the fourth derivative of the y-ray en-
ergies, are presented in the figure. No statisti-
cally significant staggering was found in band 1.
However, a significant staggering has been ob-
served for band 2 in the frequency range above
hw = 0.3 MeV that includes one phase inversion.
A short regular staggering with an amplitude of

50eV has been observed in band 3 in the fre-
quency range 0.25 MeV< hw < 0.375MeV. The
observed staggering patterns show similarities
with patterns that can be induced by the cross-
ing of weakly interacting bands. However, such a
scenario cannot account in a simple manner for
the observed staggering. Detailed information
can be found in Ref. [3].
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Discrete SD-ND linking transitions from the yrast superdeformed

band in *Pb: J™ and E,
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Twelve one-step linking transitions between
the yrast SD band and low-lying states in 1*Pb
have been identified, shown in Fig. 1. A further
12 high-energy transitions have also been identi-
fied to be in coincidence with the yrast SD band.
Anisotropy measurements have determined that
the linking decays include El, M1 and mixed
M1/E2 transitions. J™ = 61, E, = 4878.4(3)
keV and J™ = 8%, E, = 5047.8(3) keV were
unambiguously assigned to the two lowest lying
observed superdeformed states without a priori
assumptions about the properties of SD bands.
These results represent the first experimentally
self-consistent J”" assignments to an SD band.

The experiment was performed at the
Lawrence Berkeley Laboratory 88-Inch Cy-
clotron Facility using the "#Yb(?**Mg,5n) reac-
tion at E(**Mg) = 130 MeV and the GAM-
MASPHERE array [l]. The isotopically enriched
(>98%) ™YDb target was 1.21-mg/cm? thick,
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Figure 1: Triple-gated 1%4Pb SD spectra.

and was evaporated directly onto a 6.13-mg/cm?
Au backing. The signal-to—noise ratio of the SD
primary <y rays is enhanced when a thick backing
is used.

21(2)% of the **Pb yrast SD band intensity
has been observed to decay out through the one-
step linking transitions. At first glance this is a
suprisingly large proportion of the SD flux when
compared to the ~5% observed for the %Hg
yrast SD band [2]. However, arguments based
on level density considerations at the point of
SD decay, combined with the different low-lying
ND structure of 1%Hg and '**Pb indicate a more
highly fragmented decay in %*Hg is to be ex-
pected.

Greater understanding of these properties is
anticipated with the improved resolving power of
the “complete” GAMMASPHERE and EUROBALL
arrays, for example, excited bands and their de-
cay properties. Unique determination of the J™
and E, values of SD bands are needed to place
more stringent restrictions upon theoretical cal-
culations which predict the SD states and their
properties, in particular, the excitation energy of
the SD bandheads. In addition, this knowledge
will help to address the phenomena of “identical”

bands.
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The decay of the superdeformed band in *Pb:
Electromagnetic Properties
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Lifetimes of the 147, 12t, 10T states and,
for the first time, the 8T state in the yrast
superdeformed (SD) band of %4Pb were mea-
sured at GAMMASPHERE (95 detectors) with
the recoil-distance Doppler-shift method uti-
lizing the Cologne Plunger.  The reaction
164Dy (34S,4n) with a 166-MeV beam from the
88-Inch Cyclotron of the Lawrence Berkeley
National Laboratory was used. 2x10% three-
fold and higher coincidence events recorded
at 12 target-to-stopper distances between 2.6
and 1200 p. The lifetimes of the 14%, 12+,
10T and for the first time the 8t SD states
were determined (see Tab.I). Constant transi-
tion quadrupole moments with an average of 18.8
(11) e b were found at the bottom of the SD
band.

The decay out of the SD band can be viewed as
governed by a small admixture (a2) of normal
deformed (ND) states to the SD wavefunction
which is assessed for the 87 and 10* SD states
based on a simple mixing model (see Ref.[1] and
refs. therein). The results (a2 < 1%) show that
the structure of the SD states is not drastically
changed. Spins and parity and the excitation
energy of the SD states in 194Pb were recently
established [2, 3] by the observation of direct
linking transitions between SD and near yrast
ND states. The lifetimes of the 87 and 10T SD
states and their branching ratios {3] determine
the reduced transition probabilities for these dis-
crete linking transitions. By correcting for the
amount of admixture between SD and ND states
one can extract the electromagnetic properties of

the pure ND states that mix into the SD wave-
function. The extracted B(E1) values were found
to be of the order of 1076-107> W.U. Upper lim-
its of 3x1072 W.U. for the B(E2) values and
5x10~* W.U. for B(M1) values were determined.
These values are all consistent with a statistical
decay, even when the possibility of an increase
by one order of magnitude is considered. They
show no enhancement that would point to the
presence of structural effects. Despite the large
intensity of observed linking transitions, the new
data show that the decay out of this SD band is
statistical in nature.

Table 1: Mean lifetimes 7 of SD states in the yrast
SD band in '**Pb. Reduced transition probabilities
B(E2) and transition quadrupole moments (); are
given for the intra-band transitions.

I~ E, T B(E2) Qs
[keV] [ps] 10° W.U. [eb]
14t 208 | 2.6£0.7 1.8795  18.5%07
12+ 256 | 55%1.0 1.7793  18.2%1?
10+ 214 | 83417 2210 90.7%%3
8t 170 |20.04£6.9 1.5707  17.3+40
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Evidence for ‘Magnetic Rotation’: Lifetimes of States in the
M1-bands of 19%199Pb

R.M.Clark', S.J.Asztalos', G.Baldsiefen?, J.A.Becker®, I.Bernstein®, M.A.Deleplanque!,
R.M.Diamond', P.Fallon', I.M.Hibbert*, H.Hiibel?, R.Kriicken', 1.Y.Lee!,
A.O.Macchiavelli*, R.W.MacLeod', G.Schmid', F.S.Stephens', R. Wadsworth?

L Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720, U.S.A.
2 Institut fiir Strahlen— und Kernphysik, Universitit Bonn, D-53115 Bonn, Germany

v 3 Lawrence Livermore National Laboratory, Livermore, California 94550
4 Department of Physics, University of York, Heslington, York, YOI 5DD, UK

The observation of long cascades of magnetic
dipole transitions in the neutron deficient Pb nu-
clei has posed a serious challenge to conventional
collective models. They are thought to be based
on high—-K proton configurations coupled to neu-
tron configurations involving low-K ij3/5 holes.
The properties of the bands are extremely un-
usual: 1) the structures follow the rotational
I(I+1) rule over many states despite very low
deformations; 2) the levels show no signature
splitting; 3) the levels are linked by strong M1
transitions with a typical B(M1) of the order of
several Weisskopf units; 4) the B(M1)/B(E2) ra-
tios are very large (typically >20-40 p% /e?b?);
5) the ratio $(2)/B(E2) is roughly ten times
larger than that for well deformed nuclei. It has
been suggested that the bands represent a novel
mode of nuclear excitation, namely ‘magnetic ro-
tation’ which arises as a consequence of break-
ing the intrinsic rotational symmetry by a large
magnetic dipole (as opposed to the more famil-
iar ‘electric rotation’ which arises when an elec-
tric quadrupole (deformation) breaks the sym-
metry).

An intuitively appealing description of the be-
haviour of the M1-bands naturally arises from
the Tilted Axis Cranking (TAC) model [1]. Close
to the band-head the proton and neutron angu-
lar momentum vectors are coupled almost per-
pendicular to each other. The total angular mo-
mentum vector, J, then lies along a tilted axis
(see Fig. 1). Angular momentum is generated
as the proton and neutron angular momentum

vectors slowly tilt towards J. This has been
called the ‘shears mechanism’. Since the mag-
netic transition probability is determined by the
components of the magnetic moments perpendic-
ular to J, the B(M1) should drop with increas-
ing spin. This is a crucially important predic-
tion, since the B(M1)’s are a sensitive probe of
the underlying mechanism. Previous attempts to
deduce B(M1)’s through lifetime measurements
have proven inconclusive. A new high—precision
measurement of lifetimes of states in the M1-
bands of 198199Ph has been performed using
Gammasphere [2]. The deduced B(M1) values
show a remarkable agreement with the TAC pre-
dictions (see Fig. 2). The results represent the
first convincing proof of the phenomenon of nu-
clear ‘magnetic rotation’.
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Fig1: The TAC Mechanism Fig2: B{M1)'s: TAC vs. Expt
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Search for two-phonon octupole vibrational states in 2®Pb
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For many years the first excited state of 2%8Pb
has been interpreted as a one-phonon vibration
of octupole character. The identification of the
two-phonon vibration is mandatory in order to
prove the vibrational picture and to measure the
harmonicity of octupole vibrations. Only re-
cently the first promising experimental evidence
for the existence of the two-phonon vibration was
observed using a (n,n’7y) reaction, indicating only
a slight deviation of an harmonic oscillation [1].
We have performed an experiment to populate
the two-phonon vibrational states in 2°8Pb with
1545m at a bombarding energy of 1000 MeV and
measuring y-rays in Gammasphere consisting of
60 Ge-detectors at this time. To be indepen-
dent of the lifetime of the two-phonon state we
used a thin target requiring the measurement
of the position of the scattered particles to cor-
rect for the Doppler-shift of the emitted «y-rays.
Scattered particles were detected by a Silicon
strip detector covering the range close the graz-
ing angle. Like all previous heavy-ion induced
experiments designed to measure they-decay fol-
lowing the possible excitation of the second oc-
tupole phonon in 2°8Pb this experiment was per-
formed at a bombarding energy which is about
20% above the Coulomb Barrier. At this energy
the nuclear interaction is expected to increase
strongly the population probability of the double
phonon members [2]. Coulomb excitation as well
as coupled-channel calculations indicate that the
61 state dominates the population of the multi-
plet. The decay of the 61 state is expected to
feed the 5~ state at 3198 keV (E,(F1) =~ 2MeV)
followed by an E2 transition of E,=584 keV to
the 3™ state at 2614 keV. As can been seen in the
partial energy spectrum shown in fig. 1 obtained
by gating on the 584 keV transition it is not
possible to identify any candidate for the decay
of members of the two-phonon octupole vibra-

tion. However, based on the efficiency-corrected
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Figure 1: Partial y-energy spectrum of 2°*PDb for
grazing collisions after gating on the 5~ — 3~ tran-
sition at 584 keV.

intensities we can establish lifetime independent
limits for the observation of a ~y-transition in a
region between 2 MeV and 3 MeV relatively to
the 3= — 0% or the 5~ — 3~ transition. Partic-
ularly, the limit for the collisions at the graz-
ing angle are about a factor of 10 below the
yield predicted by coupled-channel calculations
[2]. However, one has to realize that this limit
may not be very sensitive to the population of
the two-phonon states since the intensity of the
5~ — 37 transition is primarily determined by
the decay of energetically higher-lying states, by-
passing the higher order vibrational states. Hav-
ing not been able to observe the decay of any
second phonon state it is suggested that we need
to perform an experiment at a “safe” bombard-
ing energy well below the Coulomb barrier where
only Coulomb excitation takes place as a process
which can be described by theory accurately.
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Neutron-rich nuclei are of particular interest
since they might reveal new aspects of nuclear
structure associated with an excess of neutrons,
such as a neutron skin, a modified shell struc-
ture and new modes of excitation. These nuclei
are difficult to produce, particularly in high-spin
states. However, using deep-inelastic reactions
together with the new gamma-ray detector ar-
rays, one expects to have enough sensitivity, in
spite of the low cross sections, to reach these nu-
clei in high-spin states.

We have carried out the reaction 48Ca + 176Yb
at a beam energy of 250 MeV. A thin target was
used to allow both the projectile- and target-like
fragments to decay outside the target so that
gamma rays from short-lived high-spin states
can be observed as sharp lines after Doppler-
shift correction. An annular silicon-strip detec-
tor was used to detect the scattered fragments.
The early implementation of Gammasphere with
36 detectors was used to detect the gamma-rays.
Coincidence events with at least one fragment
and two Compton-suppressed gamma rays de-
tected were taken at a rate of 1000/sec.

Two- and three-fold gamma-ray-coincidence
data were analyzed for the gamma rays from the
target-like fragments, and about 10 different nu-
clei were observed. In this data set, we were

able to study nuclei produced with a cross sec-
tion as low as 0.1 mb/sr. The gamma-ray yield
of Yb nuclei as a functjon of spin is shown in Fig.
1. The sensitivity of the current setup allowed
states with spin as high as 20 to be observed.

Before this study, only three levels in the yrast
band were known in "577YDb and 1"Yb. This
work extends the yrast band of 1"®Yb to spin 12
and the yrast bands in 17%177Yb to spin 37/2 and
33/2, respectively. These new transitions allow
us to study the systematics of back bending in
neutron rich Yb nuclei. The ij3/; band in the
odd-mass nuclei provided an experimental refer-
ence for the extraction of the Routhians in the
neighboring even-mass nuclei. The experimen-
tal Routhians compare well with cranked shell
model calculations{1].
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Figure 1: Gamma-ray yield of Yb nuclei as a
function of spin
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A Measurement of the Gamma Ray Polarization Sensitivity of
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The Gammasphere array currently in opera-
tion at Berkeley has the potential to operate as
a 7y-ray polarimeter (for linear polarization) by
taking advantage of the segmented Ge detectors
that will eventually comprise 65% of the com-
pleted array.

The polarization sensitivity for this type of
segmented detector can be related to the po-
larization, P, of the radiation through the usual
formula Q(E,)= A(E,)/P, if the experimental
asymmetry, A(E,), is defined (for example) as
follows:

1 ) (nw»C(Ew - sum)

AEy) = (\/n(Ey) C(Ey) + S(E,)

(1)

In this relation, C(E,) and S(E,) represent the
number of confined and shared events in the seg-
mented detectors (i.e. the full absorption events
which deposit their energy either confined to one
side, or shared between the two sides), and 5(E,)
is a parameter whose value is determined so as
to give zero asymmetry for unpolarized y-rays.

To determine Q(E.,) we measured asymme-
tries associated with y-rays of known polariza-
tion [1]. In particular, we looked at y-rays from
excited states in **Mg, 3Fe, and °°Ag which
were populated following inelastic scattering of
protons at E,=2.46, 3.0 and 2.54 MeV respec-
tively. This allowed determination of Q(E,) at
1.368 MeV, 0.847 MeV, and 0.415 MeV respec-
tively. The n(E,) parameter for these experi-
ments was determined as a function of E, by us-
ing a !%?Eu source placed at the target location.
Figure 1 shows (by the solid data points)the re-
sults for Q(E,). A computer Monte Carlo simu-
lation was also performed to compare with these

experimental values. In this simulation, the ~-
ray polarization vector was rigorously tracked so
as to give realistic azimuthal Compton scatter-
ing for all the multiple interactions of each ~-ray.
The results of these calculations (along with the
associated errors) are shown by the open data
points in Figure 1. A solid line connects these
points. The agreement between experiment and
theory is seen to be good. The dashed line in
Figure 1 is the energy dependence of the Klein-
Nishina formula in a point detector approxima-
tion [1]. This energy dependence is the one which
is traditionally used to fit Q(E,) data from 4-fold
segmented polarimeters. However, due to the
2-fold segmented nature of the current geome-
try, this energy dependence is seen to be inad-
equate. In particular, the side-photoabsorption
at low energies is seen to reduce Q.
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=—=& Monte Carlo simuiation|
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(normalized to data)

Polarization Sensitivity (Q)

0.000
0

.0 ! 1.0
Energy (MeV)

Figure 1: The experimental results for Q are
compared to theoretical energy dependences.
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Multiparticle-rotor model for rotational band structure of **Gd
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Band-crossing phenomena in the high-spin re-
gion of deformed nuclei are studied in this paper.
The power of modern computers for large-matrix
diagonalization (up to 17527*17527) is exploited
in a multinucleon-plus-rotor model, the interest-
ing test case of 15Gd being treated in this paper.
Though a small basis set of 9-18 Nilsson orbitals
is used, the strict angular momentum and parti-
cle number conservation guarantees superior or-
thogonal microscopic wave functions for nucleon
transfer calculations. This method takes account
of pairing correlations among the valence parti-
cles and shows the effects of quadrupole pairing
and the usually neglected j.j recoil terms.
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Models for Rotational Spin Distributions of Primary Fission
Products
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Data from the 1993 Gammasphere measure-
ments of the GANDS93 collaboration [1] were
analyzed for rotational band spin feeding in-
tensities by Dubna members of the collabora-
tion and presented [2] at the DANF96 Confer-
_ence in the Slovak Republic. They found in the
zero-neutron, so-called ”cold fission,” of %Mo
(with 148Ba partner) relative feeding intensities
of 0.21:0.74:0.05 to 24, 44, and 64 levels (with
feeding to 04 indeterminate,) for an average spin
of 3.7. This average is below measured aver-
age spin values of fission fragments for fission
with more neutrons evaporated, which averages
around 5 for the light fragments. The %Mo
"cold fission” has an even lower (2.4) average
spin.

We have in our paper [3] at the DANF96 con-
ference presented results from a careful theoret-
ical study of the Coulomb excitation following
scission, using a modified semiclassical theory
with finite moment-of-inertia. Coulex starting
from rest at scission gives too much spin, even
when the initial spin is unrealistically set at zero.
We must assume Coulex is reduced by substan-
tial Coulomb-nuclear interference and fragment
kinetic energy present at scission. Data analysis
and theoretical studies are continuing.

References

[1} SJ. Zhu, Q.H. Lu, J.H. Hamilton, A.V. Ra-
mayya, LK. Peker, M.G. Wang, W.-C. Ma,
B.R.S. Babu, J. Kormicki, D. Shi, J.K. Deng,
J.O. Rasmussen, M.A. Stoyer, S.Y. Chu, K.E.
Gregorich, M.F. Mohar, S. Asztalos, S.G.
Prussin, J.D. Cole, R. Aryaenejad, Y.X. Dard-
enne, M. Drigert, K.J. Moody, R.W. Lougheed,
J.F. Wild, N.R. Johnson, LY. Lee, F.K. Mc-
Gowan, G.M. Ter-Akopian, and Yu.Ts. Oganes-
sian, from Idaho National Engineering Labora-
tory; Vanderbilt University; Lawrence Berkeley
National Laboratory; Lawrence Livermore Na-
tional Laboratory; Joint Institute for Heavy Ion
Research, Oak Ridge; Flerov Laboratory of Nu-
clear Reactions, JINR, Dubna, Russia; Qinghua
University, Beijing

G. Popeko, A. Daniel, and GANDS93 authors
of preceding reference; Poster at Conf. on Dy-
namical Aspects of Fission (DANF96), Casta-
Papiernicka, Slovakia, Aug30-Sep 4, 1996, Pro-
ceedings to be published.

Authors of this Annual Report, Invited paper by
J.O. Rasmussen at DANF96 Conference of pre-
ceding reference.




Multiband theory for heavy-ion neutron-pair transfer among
deformed Gd nuclei.

S.Y. Chu, J.O. Rasmussen, and M.A. Stoyer
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In this paper our microscopic wave func-
tions for Gd isotopes are applied to calculating
neutron-pair transfer probabilities in heavy-ion
collisions. The approximately 2600-term wave
functions come from Hamiltonian matrix diago-
nalization of systems of 12 Nilsson neutron or-
bitals, nearly half-filled. We use the lowest five
bands in initial and final nuclei and calculate
transfer for all even spins from 0 through 30.
Results for the sudden approximation (infinite
moment-of-inertia) for neutron-pair extraction
from 1%8Gd by Ni at near coulomb barrier en-
ergy, and extraction by *°°Pb are shown. Next
neutron-pair deposition by the Ni and Pb pro-
jectiles is calculated. Finally, a finite moment-
of-inertia semiclassical calculation is formulated
and performed on the above collision system for
n-pair transfer in both directions. The results
are compared with experimental results. It is
clear that the inclusion of the additional bands
above the lowest two is important. Theory and
experiment agree qualitatively on the rise of pop-
ulation above the yrast line at higher spins.
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Form factors for two-nucleon transfer in the diabolical region of

rotating nuclei
A.R. Farhan
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The theoretical investigation of rotational
bands in strongly deformed nuclei by Coulomb
excitation and the subsequent transfer of nu-
cleon pairs requires the knowledge of two-nucleon
transfer amplitudes between rotating eigenstates
of the A and the A+or-2 systems. In a semi-
classical approximation these amplitudes are ob-
tained by integrating over transfer form factors
depending on the orientation angle of the de-
formed target nucleus. We use the cranking ap-
proximation based on a rotating mean field in
order to calculate these transfer form factors.
Their behavior is studied as a function of an-
gular momentum, deformation and pairing cor-
relations. In the region of diabolical points these
form factors show considerable oscillations and
phase changes reflecting the microscopic single-
particle structure involved in these matrix ele-
ments. In this way we are able to understand
the underlying microscopic structure causing the
diabolical behavior of pair transfer in this region.
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The 8th Edition of the Table of Isotopes
R.B. Firestone,V.S. Shirley, C.M. Baglin, S.Y.F. Chu, and J. Zipkin

A new edition of the Table of Isotopes has
been published by John Wiley & Sons, Inc.
This edition is the eighth in a series started by
Glenn T. Seaborg in 1940. The two-volume,
3168 page, cloth-bound edition contains
nuclear structure and decay data for over 3100
isotopes and isomers. Approximately 24,000
references are cited and the appendices have
been extended and completely rewritten. The
book is packaged with an interactive CD-
ROM that contains the Table of Isotopes in
Adobe Acrobat Portable Document Format
for convenient viewing on PC and Macintosh
personal computers and Unix workstations.
The CD-ROM version contains a chart of the
nuclides graphical index and separate indices
organized for applied radioisotope users and
nuclear structure physicists. Over 100,000
hypertext links are provided to move the user

quickly through related information free from
the limitations of page size. The data are
presented more completely in a form that is
easy to read on any monitor. Complete refer-
ences with keyword abstracts are provided.
The CD-ROM also contains the Table of
Superdeformed Nuclear Bands and Fission
Isomers; Tables of Atoms, Atomic Nuclei, and
Subatomic Particles by Ivan P. Selinov the
Evaluated Nuclear Structure Data File
(ENSDF) and the ENSDF Manual; the
Nuclear Science Reference file (NSR); and
Adobe Acrobat Reader software. The data-
bases on the CD-ROM can be viewed with
VuENSDF software provided separately.
More information about the Table of Isotopes
and a faxable order form can be obtained
through the Table of Isotopes Internet site at
http://isotopes.1bl.gov/isotopes/toi.html.
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The Isotope Explorer

S.Y.F. Chul, H. Nordbergl’z, L.P. Ekstron’, and R.B. Firestone’

The Isotope Explorer (formerly VUENSDF) is
a Windows C++ application for searching and
displaying the Evaluated Nuclear Structure
Data File (ENSDF) and the Nuclear Science
Reference file (NSR). The data can be
downloaded by the Isotope Explorer from the
Internet or from the Table of Isotopes CD-
ROM. Data can be selected by level or
transition properties, nuclear structure
information, and transition coincidence
relationships. The nuclear chart can be used
to display selected nuclear properties,
generate functional relationships between
data, and display data from the nuclear
databases. The database can be searched by
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restricting the range of nuclear properties,
and the results can be displayed on the chart
or in tables, level scheme drawings, and plots.
Keyword abstracts for over 140,000
references can be retrieved and displayed.

Version 1.0 of VuUENSDF was released in
1996, and Version 2.0 of the Isotope Explorer
is available for beta testing. Both versions are
freely distributed and can be downloaded
from the WWW home page at
http://isotopes.lbl.gov/isotopes/vuensdf.html.
Sample windows for the isotope explorer are
shown in figure 1 below.
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Figure 1. Representative chart, table, level scheme, and plot for a '**Dy superdeformed band.
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Nuclear Data on the Internet

R.B. Firestone 1, S.C. Wu 1'2, and S.Y.F. Chu?

The LBNL Isotopes Project has been provid-
ing nuclear data over the Internet since April,
1995. Eight primary home pages are sup-
ported for the Table of Isotopes, radioactive
decay, Isotopes Explorer (VuENSDEF)
software and ENSDF data, nuclear astrophy-
sics, nuclear structure and high-spin, atomic
masses, thermal neutron capture, and Isotopes

Project information. About 800MB of infor-
mation is currently available through these

websites.

The following table summarizes how often
each of the Isotopes Project websites was
accessed each month. The number of indivi-
dual users, determined by counting connec-
tions from separate computer IP addresses,
has risen to over 2500 during the peak months
of 1996. Total link requests, indicating how
many files or pages were accessed, have run
as high as 38,400 in the busiest month.

Access Frequency for the Isotopes Project Nuclear Data WWW Home Pages

Website http://isotopes.lbl.gov/isotopes/....html

" Total Link Total

Date TOI DECAY VUENSDF ASTRO HSPIN TOIMASS NG IP  Requests Users
Apr 1995 0 0 6 0 0 0 0 9 169 16
May 1995 0 0 141 0 0 0 0 193 3437 169
Jun 1995 0 0 83 0 0 0 0 153 1889 148
Jul 1995 0 0 100 0 0 0 0 151 2753 122
Aug 1995 0 0 112 0 0 0 0 129 2711 128
Sep 1995 0 0 123 0 0 0 0 190 2948 184
Oct 1995 98 0 201 37 0 36 0 226 5535 231
Nov 1995 158 0 225 49 38 30 0 265 8130 320
Dec 1995 128 0 170 56 22 30 0 294 6347 411
Total 1995 384 0 1061 142 60 9% 0 1610 33919
Jan 1996 154 0 288 83 37 54 0 348 8227 495
Feb 1996 555 0 356 87 56 121 0 362 9717 752
Mar 1996 967 0 353 101 76 155 0 289 11399 1049
Apr1996 1157 0 425 230 141 215 0 325 10085 1263
May 1996 1113 292 351 202 152 258 0 264 15048 1219
June 1996 1207 493 400 392 209 299 0 302 19741 1565
July 1996 1054 436 414 359 162 223 0 248 22707 1491
Aug1996 1081 359 467 459 155 266 0 309 18967 1576
Sep 1996 1390 347 427 435 211 351 147 271 26137 1848
Oct1996 1728 401 490 480 164 417 145 317 32910 2577
Nov 1996 1765 488 565 533 194 422 120 322 26692 2575
Dec 1996 1462 336 453 595 172 343 113 308 38405 2094
Total 1996 13633 3152 5089 3956 1729 3124 525 3665 240036

! Lawrence Berkeley National Laboratory
2 Tsing-Hua University, Taiwan
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Superdeformed and High-Spin Nuclear Structure Data on the Internet

B. Singh!?, R.B. Firestone? and S.Y.F. Chu?

With the advent of large detector arrays, a
wealth of new information about the proper-
ties of nuclei at high-spin has become avail-
able. Rapid progress in this field has created a
demand for up-to-date sources of information.
We have published two editions of the Table
of Superdeformed Nuclear Bands and Fission

Isomers"? to meet this need. This publication
provides Table of Isotopes style summary
tables, superdeformed band drawings, and
dynamic moment of inertia plots for for all
nuclei with superdeformed bands or fission

g
2 12205.4

10759.7

10087.4

9449.3

8845.9

8277.6

isomers. The Table of Superdeformed
Nuclear Bands and Fission Isomers is being
updated continuously and provided on our
High-Spin and Nuclear Structure home page
at  http://isotopes.lbl.gov/isotopes/hspin.html
on the Internet. In addition, recent high-spin
references are being scanned continuously
and new lists are posted on the WWW
approximately every three months. Nilsson
diagrams, links to the large detector array
home pages, and other nuclear data are also
available on this home page.

1. R.B. Firestone and B. Singh, in the Table
of Superdeformed Nuclear Bands and
Fission Isomers, LBL-35916 (1994).

2. B. Singh, R.B. Firestone and S.Y.F. Chu,
in the Table of Superdeformed Nuclear
Bands and Fission Isomers, Second Edi-
tion, Nucl. Data Sheets 78, 1 (1996).

! McMaster University, Canada
2 Lawrence Berkeley National Laboratory
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Reducibility and Thermal Scaling in Nuclear Multifragmentation

L.G. Moretto, R. Ghetti, L. Phair, K. Tso, and G.J. Wozniak

Nuclear Science Division, Lawrence Berkeley National Laboratory

Recent studies have revealed the existence of a num-
ber of reducibility and thermal scaling properties in nu-
clear multifragmentation. The probability of emitting
n intermediate-mass fragments is found to be reducible
to the probability of emitting a single fragment through
the binomial expression [1,2]. The resulting one fragment
probability shows thermal scaling by producing linear Ar-
rhenius plots [1-3].

Similarly, the charge distributions associated with n-
fragment emission are reducible to the one-fragment
charge distribution [4]. Thermal scaling is also observed
[4]- The reducibility equation contains a constant whose
value, zero or positive, can be related to a univariant {(two
phases) or bivariant (one phase) regime [5].

The light fragment particle-particle angular correla-
tions also show reducibility to the single-particle angu-
lar distributions as well as thermal scaling [6]. A mass
scaling associated with the angular correlations suggests
emission from several small sources (A ~20).

The limits of applicability of scaling and reducibility
are discussed in ref. [7] as well as their implications for
the mechanism of multifragmentation.

The picture of multifragmentation, as it appears in
ref. [7], is still sketchy and incomplete. However, we be-
lieve we have succeeded in unveiling important features
which may be the key to deeper understanding.

The pervasive aspect of reducibility indicates that,
whatever. the mechanism, the fragments are emitted es-
sentially independent of one another. Thus we have
shown that the probability P, of emitting n fragments
can be reduced to the probability of emitting a single
fragment through the binomial equation. Similarly the n
fragment charge distributions can be reduced to the one
fragment charge distribution. Furthermore, the particle-
particle angular correlation can be reduced to the indi-
vidual particle angular distributions.

In all the above quantities, reducibility is somehow re-
stricted by what we may call “dynamical constraints”.
For the emission probabilities, the constraint is the bino-
mial parameter m (the number of “throws”), indicative
either of a dynamical time window, or of the finite source
size.

For the charge distributions, reducibility is restricted
by the parameter ¢ (see refs. {4,5]), which seems to indi-
cate some special way of enforcing charge conservation.
We speculate that its transition from near zero to a fi-
nite value with increasing energy could be an indication
of a transition from phase coexistence (liquid-vapor) to
a single phase (vapor).

Finally, the angular correlations violate reducibility at

small relative angle where particle-particle interactions
become manifest [6].

These broad features of reducibility speak to the near
independence of fragment emission but not to its mech-
anism.

Thermal scaling instead makes a clear statement about
the fact that the elementary probabilities entering in the
n fragment emission probabilities, the n fragment charge
distributions, and the two fragment angular correlations
are thermal. In other words, these probabilities have the
form of a Boltzmann factor and clearly portray its char-
acteristic energy dependence (Arrhenius plots).

Thus the resulting picture is tantalizingly close, but
not quite that of a compound nucleus emission. Appar-
ently sources are dynamically generated which, within
dynamical constraints of time and size, emit fragments
in a thermal manner. Among the potential fruits that can
be reaped from the pursuit of the analysis outlined so far
are dynamical features of source formation, size and life-
time, as well as static features like barriers, source sizes
and densities.

[1] L.G. Moretto et al., Phys. Rev. Lett. 74, 1530 (1995).
[2] K. Tso et al., Phys. Lett. B 361, 25 (1995).

[3] L.G. Moretto et al., Phys. Rev. Lett. 71, 3935 (1993).
[4] L. Phair et al., Phys. Rev. Lett. 75, 213 (1995).

[5] L.G. Moretto et al., Phys. Rev. Lett. 76, 372 (1996).
[6] L. Phair et al., Phys. Rev. Lett. 77, 822 (1996).

[7] L.G. Moretto et al., Phys. Rep. (in press).

101




Aspects of Reducibility and Thermal Scaling in Multifragmentation

R. Ghetti, L.G. Moretto, L. Phair, K. Tso, G.J. Wozniak

Nuclear Science Division, Lawrence Berkeley National Laboratory

Recent experimental evidence of binomial reducibility
and thermal scaling in multifragmentation, has raised a
number of physical and technical issues that need to be
addressed. To this end, two simulations of multifragment
decay have been implemented, a binomial simulation and
a Poisson one [1]. By means of the binomial simulation,
the reducibility of the n-fold intermediate-mass-fragment
multiplicity and charge distributions to the one-fragment
emission values has been investigated. With both simu-
lations, the effects of using the transverse energy as a
measure of the system excitation energy have been eval-
uated. Possible experimental biases in the results have
been evaluated as well.

We have implemented binomial and Poisson decay sim-
ulations to address a number of issues connected to
the experimental multifragmentation studies presented
in Refs. [2-7]. For the binomial simulation, we have
assumed that the n-fragment emission probabilities P,
are distributed according to the binomial distribution,
and that multifragmentation is empirically reducible to
a combination of nearly independent fragment emissions.
Moreover, we have assumed a thermal dependence of the
elementary emission probability p on the nuclear temper-
ature.

By processing simulated events, we have tested the
standard procedures utilized in the experimental data
analysis. We have verified that the simulation input is
recovered without significant loss of information and how
the final results reflect different input conditions.

The simulation results strengthen the validity of the
reducibility approach used in the experimental work and
the physical meaning of quantities such as the elemen-
tary probability p. Reducibility is a valid approach also
when multiple sources of fragment emission are created
in the collision, if one of the sources is dominant. The
Arrhenius plot is a powerful tool to explore the thermal
features of the elementary probability p, even though the
determination of the actual fragment emission barrier B,
proportional to the slope of the plot, can be hampered by
the presence of source residues and by small size effects.

From both binomial and Poisson simulationsit appears
that the total transverse kinetic energy E; is a good ob-
servable that can be reliably used for the measurement
of the excitation energy in multifragmentation studies at
intermediate energies. In our simulations, the transverse
energy is linearly correlated with the system excitation
energy and weakly correlated with the IMF multiplicity.
We have demonstrated that neither event-to-event fluc-
tuations nor E; auto-correlation effects are large enough
to distort a Poisson distribution into a binomial distri-
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bution. In particular the mean and variance of the Nyyp
distribution are reasonably well preserved, even when the
measurement of F; is limited by the detection efficiency.

We have tested the effects of a reduced geometric effi-
ciency as well as the effects of a software replica of the de-
tection device. We have shown that a reduced geometric
efficiency preserves binomiality and that efficiency cor-
rections can be applied through the binomial parameters
p and m. We have explored the effects of a finite detec-
tion acceptance on the Arrhenius plot and have shown
that when the geometric acceptance is reduced, it is still
possible to recover the binomial input without signifi-
cant loss of information. The introduction of an energy
dependent efficiency, instead, can compromise this possi-
bility, especially when the transverse energy is used as a
measure of the system excitation energy.

We have also shown that, in a binomial decay scenario,
the n-fold IMF charge distributions are reducible to the
1-fold, consistent with the experimental findings. In the
binomial simulation, the n-fold charge distributions are
independent of the fold number n as long as a sizeable
remnant serves as a reservoir of mass, charge and exci-
tation energy. A dependence on n arises when the entire
system is consumed.

The results of the decay simulations have made us
more confident that the experimental procedures utilized
in the data analysis of Refs. [2-7] are correct, and that
the empirical findings of reducibility and thermal scaling
in multifragmentation are not an artifact of incomplete
detection efficiency nor are they generated by the auto-
correlation of the variable used to estimate the excitation

LBNL-39388.
[7] A. Ferrero et al., Phys. Rev. C 53 (1996) RS5.




Reducibility, Thermal and Mass Scaling in Angular Correlations from
Multifragmentation Reactions

L. Phair, L.G. Moretto, G.J. Wozniak,

Nuclear Science Division, Lawrence Berkeley National Laboratory

R.T. de Souza, D. R. Bowman, N. Carlin, C. K. Gelbke, W.G. Gong, Y.D. Kim,
M.A. Lisa, W.G. Lynch, G.F. Peaslee, M.B. Tsang, and F. Zhu
NSCL and Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824
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FIG. 1. Evolution of the azimuthal correlation functions of

two He particles (solid circles) and He and Be particles (open
circles) emitted at 61,5 = 31°-50° for four different cuts on
the transverse energy E;. The solid lines are fits described in
ref. [1].

We have explored the azimuthal correlations between
emitted particles to search for thermal scaling of the cor-
relation amplitudes and reduciblity of the two-fold emis-
sion probability to that of the one-fold [1]. Fig. 1 shows
azimuthal correlation functions of different particle pairs
for different values of the transverse energy F;. Con-
sistent with previous observations, the azimuthal corre-
lation functions exhibit a slightly distorted V-shape pat-
tern. At larger excitation energies (assumed proportional
to E;) the correlations become progressively damped.

To understand the evolution of the correlation func-
tions of Fig. 1, we have considered the exactly solvable
problem of thermal particle emission from a rotating
source. The classical probability of emitting a particle
with reduced mass u from the surface of a rotating system
(of angular momentum 7, moment of inertia <, tempera-
ture T and distance R between centers of the “daughter”
and emitted nuclei) in a direction given by polar angle
6 (in the center of mass frame) and azimuthal angle ¢
(measured with respect to the reaction plane) is:

P(8,$) «x exp [—PBsin? § sin® ¢] (1)

where
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FIG. 2. Left panel: The fit parameter D as a function of
1/E:(o< 1/T?) for the indicated identical particle pairs. Solid
lines are linear fits to the data. Right panel: Same as left
panel but for particle pairs of different masses.
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B

and . is the rotational energy of the source.

If the fragments are emitted independently of one an-
other, the joint probability of observing two particles at a
given polar angle ¢ and different azimuthal angles ¢ and
¢+ Adis P(0,6,A¢) = P(8,4)P(0,¢ + A¢). The re-
sulting probability distribution must be averaged over the
different directions of I’ arising from different orientations
of the impact vector and one obtains proportionality to a
modified Bessel function of zeroth order. Expanding this
function, the joint probability is approximately:

2

cos 2A¢ + D cos? 2A¢

P(0,A¢) x 1+ GEDIE
(3)

D
1+ D/2

where D = (§?sin® 6)/8 o 1/T? « 1/E;.

A plot of D (extracted from fits to the correlation
data, see Fig. 1) as a function of 1/F; is given in Fig. 2.
The simplest explanation for the observed linear behavior
(thermal scaling) is that the fragmenting system attains
an average rotational energy which is largely independent

of E-;.

[1] L. Phair et al., Phys. Rev. Lett. 77, 822 (1996).
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Comment on “Circumstantial Evidence for Critical Behavior in Peripheral Au+Au
Collisions at 35 MeV /nucleon.”

L. Phair, Th. Rubehn L.G. Moretto, G.J. Wozniak,

Nuclear Science Division, Lawrence Berkeley National Laboratory

Mastinu et al. recently reported the observation of sev-
eral positive signals possibly indicating critical behavior
in peripheral collisions of Au+Au at E/A=35 MeV [1].
In our comment [2], we examine the choice of variables
used to determine the presence (or absence) of critical
behavior. We do this by repeating the analysis of ref. [1]
on “data” from a simulation with no critical behavior.

The simulation samples a charge distribution and con-
serves charge (breaking up a source of size Zp). The
charge particle multiplicity N¢ is specified at the out-
set. Within an event, at multiplicity n (where 1 < n <
N¢ — 1) the probability to emit a particle of a given Z is

P.(Z) x e~*2 (1)

under the constraint that at each “emission step” n, the
Z of the emitted particle be sufficiently small so that the
event will satisfy the requirement of containing N par-
ticles. We chose @ = 0.3 and Zy = 79. The choice of an
exponential charge distribution (and «=0.3) is arbitrary
as is the specific implementation of charge conservation.

Using this simulation we constructed “events” and ex-
amined the proposed observables for critical behavior. In
Fig.1a is shown the Campi scatter plot of Zy,.,; versus
Ms/Z,. We observe the two-branch feature commonly in-
terpreted as indicating “sub-critical” and “over-critical”
events.

By applying cuts similar to those in ref. {1}, we have
plotted the resulting multiplicity distribution (Fig.1b).
Qualitative agreement with the experimental data [1] is
achieved with this simple event selection. We question
whether these cuts “select” events that can be associated
with critical behavior.

Using the same cut (2) in the Campi plot for “poten-
tially critical” events as in ref. [1], we have constructed
the horizontally scaled factorial moments. These mo-
ments are shown in Fig.lc. The linear rise with decreas-
ing bin size is quite apparent. It has already been pointed
out [3,4] that spurious intermittency signals can be ob-
served by mixing events of different multiplicity, which
is clearly the case for ref. [1] and for which the authors
appropriately express concern.

Finally, we show a plot of My versus N, (Fig.1d). A
peak in such a plot is often mistakenly taken as an in-
dication of critical behavior. While we observe a peak,
our simulation is one that assuredly contains no critical
behavior.

We have repeated the analysis shown in Fig. 1 for
power law charge distributions and different implemen-
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FIG. 1. a) Zmaz vs M3 /Zo with cuts similar to those used

in ref. [1]. b) Input multiplicity distribution for the simu-
lation (solid line) along with output distributions for cuts 1
(dashed), 2 (dotted) and 3 (dotted-dashed). c¢) Log of the
scaled factorial moments (i=2,3,4,5) as a function of the neg-
ative log of the bin size §s for cut 2. d) (M3) /Zo versus Nc.

tations of charge conservation but the qualitative results
remain the same.

Before doing this analysis, we were under the mistaken
impression that the simple observables listed above give
an indication of the presence or absence of critical be-
havior. Part of our confusion came from the vast com-
mentary in the literature that points to these observables
as indicators of critical phenomena. In fact, positive sig-
nals in all of these observables are probably found in any
simulation that conserves charge and where light parti-
cle emission is preferred over heavier fragments. And so
we caution that the positive signals observed in ref. [1]
are insufficient to establish critical behavior since they
appear even in simple models which contain neither a
phase transition nor critical behavior.

[1] P.F. Mastinu et al., Phys. Rev. Lett. 76, 2646 (1996).

[2] L. Phair et al., Phys. Rev. Lett. (in press).

[3] L. Phair et al., Phys. Lett. B 291, 7 (1992).

[4] X. Campi and H. Krivine, Nuc. Phys. A 589, 505 (1995).




Comment on “Probing the Nuclear Liquid-Gas Phase Transition”

L.G. Moretto, R. Ghetti, L. Phair, K. st, and G.J. Wozniak

Nuclear Science Division, Lawrence Berkeley National Laboratory

In a recent paper Pochodzalla et al. [1] report a tanta-
lizing dependence of nuclear temperature upon excitation
energy. This dependence is characterized by an initial
rise, followed by a wide platean and a subsequent rise.
The authors tentatively ascribe the initial rise to “ordi-
nary” evaporation, the middle plateau to a liquid-vapor
phase transition, and the final rise to a nearly ideal gas
dependence for the overheated vapor.

The question arises whether the entire experimental
curve can be interpreted in terms of equilibrium thermo-
dynamics. If so, several problems arise. For instance,
the claimed distinction between the initial rise (inter-
preted as the fusion-evaporation regime) and the plateau
(hinted at as liquid-vapor phase transition) is not tenable,
since evaporation is the liquid-vapor phase transition and
no thermodynamic difference exists between evaporation
and boiling.

Furthermore, the “caloric curve” requires for its in-
terpretation an additional relationship between the vari-
ables T', P, and V. More to the point, the plateau is
a very specific feature of the constant pressure condi-
tion rather than being a general indicator of a phase
transition. For instance, a constant-volume liquid-vapor
phase transition is not characterized by a plateau but
by a monotonic rise in temperature. This can be easily
proven by means of the Clapeyron equation, which gives
dP/dT along the univariance line (liquid-vapor transi-
tion) together with the ideal-gas equation for the vapor
[2].

As an example, Fig. 1 shows a standard temperature
T vs entropy S diagram for water vapor. The region
under the bell is the phase coexistence region. For the
constant pressure curves (AS = AH/T), the initial rise
along the “hquid” curve is associated with pure liquid,
the plateau with the liquid-vapor phases, and the final
rise with overheated vapor. The constant volume curves
(AS = AE/T) cut across the coexistence region at an
angle, without evidence for a plateau.

Thus one concludes that the alleged reminiscence of the
observed “caloric curve” with “the paradigm of a phase
transiti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>