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I. Introduction

Following

and General

Comments"

the completion of our accelerator upgrade project with our first experimental

measurements, a study of the 92Mo(12C,p,2n)101Ag reaction on 28 September 1988, during 1989
our facility progressed to the stage of full-and-routine operation which has continued during 1990
and 1991, utilizing beams ranging from lH to 197Au, at terminal voltages as high as 20.9 MV.
Utilizing the expanded capabilities of our new accelerator and of the mray of complementary new
detectors which we have installed during this same period, we have an active in-house
experimental program underway, focussed on the structureof nuclei far from stability, symmetries
and weak interactions, and nuclear astrophysics. At the same time we have also maintained an
active program of off-site collaborations which include extensive involvement with the AGSHeavy-Ions program at Brookhaven and with both the e+e" scattering experiment at Brookhaven
and the APEX project at Argonne, as well as with complementary facilities at Argonne, Princeton,
Seattle, Oak Ridge, Chalk River, and Daresbury, while two of our faculty members are also
involved with the initial experimental spectrometer proposals for CEBAF and RHIC.
A few of the highlights from our research program during the last two years include the completion
of a detailed study of the N=Z nucleus 64Ge which has allowed tests to be made of isospin
selection rules in the heaviest T=0 system currently acessible for precision spectroscopy. In our
continuing study of the correlated e+e" peaks discovered at GSI, in a direct and fundamental
approach to the possibility that these might indicate the existance of new low-mass neutral objects,
another

set of experiments

has been completed

investigating

the time-reversed

process

of

producing s-channel resonances in e+e- scattering. For the first time, quantitative limits have been
established on the possibility that weakly interacting particles can be the source of the e+e" pairs
over both the range of lifetimes and the whole region of invariant mass brought into question by
the GSI heavy-ion experiments. Using an array of 12 of the detectors from our neutron ball, with
n-7 pulse-shape discrimination, in collaborative experiments with Brookhaven and with BYU we
have provided one of the highest sensitivity refutations of "cold fusion", including the pos,,;ibility
of neutron bursts reported by the BYU-Los Alamos collaboration.
nucleosynthesis

In our studies of explosive

we have made measurements of the spectroscopic properties of a number of the

levels in 18Ne, 19Ne, and 20Na which are important as resonances
HotCNO Cycle to the rp-Process.

in the break-out from the

These measured properties change some of the key reaction

rates in this break-out by as much as a factor of 102, compared to previous results based on
spectroscopic properties derived from the extrapolation of nuclear systematics.

The relativisitic-

heavy-ion group has established that the multiplicity of projectile-like protons drops to very small
values in small impact parameter collisions. This indicates a large interaction cross section (small
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transparency) for nucleons in excited nuclear matter at these high energies and establishes that
those conditions will exist which are required for the formation of a hot dense nuclear system.
During this period, in addition to a number of visiting collaborators, we have also developed an
extensive

outside-user

program (currently

25-30% of the beam time) involving (a) nuclear

magnetic moments (Noemie Koller ct al.; Rutgers), (b) heavy-ion scattering and transfer reactions
(Robert Zurmuhle et al.; Pennsylvania),

(c) alpha-particle elastic and inelastic scattering (Dan

Horen et al.; Oak Ridge), and (d) sub-barrier

fission induced by coulomb excitation

(John

Alexander et al.; Stony Brook). Ali of these on-siteand off-site programs are integral parts of the
research covered by this grant and are included in the detailed descriptions in Sectioi_s II-IX below.
During the past two years, using both a G.I.C. Model 860 cesium sputter source and a chargeexchange duoplasmatron,

the Yale ES'IU tandem has produced beams of 1,2H, 3,4He, 7Li, 9Be,

10,liB, 12,13C, 14,15N,..,dO,

19F, 24Mg ' 28,29Si' 3lp, 32,34S, 35C1' 40Ca ' 58Ni ' 76Se' and

197Au at terminal potentials as high as 20.9 MV. Operating on a 5 days/week 49 weeks/year
schedule, during the 245 days in period from 1 July1990 to 30 June1991, there was beam either
"on-target" or "available" for roughly 50% of the time; of the remaining _3000 hours, =1000 were
occupied in beam development anti tests, and =2000 were used in accelerator maintenance and
repair inside the tank (including gas tr_nsfer time). Nearly half of the 2000 hours of accelerator
down time resulted from a series of problems

associated with our drive-shaft

generates a.c. power in the terminal and in each of the intermediate

system which

"dead sections" in our

electrostatic co!umn structure; these problems resulted in an 8-week shut-down during September
and October 1990.

As design flaws such as that are corrected, the reliability

of the facility

continues to improve. In contrast to that Sept./Oct. 1990 period, more recently, from 18 Jan 1991
to 27 April 1991 we went 14 weeks without a tank opening.
Utilizing some of the funds made available through the DOE's University Capital Equipment
Program, there are currently two major projects underway to improve the performance of this
accelerator: (1) A complete replacement of the high-voltage terminal assembly which will ,greatly
enhance heavy-ion opera;ion with the inclusion of _'harge-state selection, a faraday cup with an
infra-red read-out link, an outward-looking generating voltmeter to accurately measure the potential
difference between the terminal and the Vivirad portico, a recirculating gas stripper, etc. (2) An
upgrading of the Negative Ion Source in order to provide more intense beams and in order to
enhance the extraction of beams of rare isotopes on the basis of the improved mass resolution
resulting from the installation of a 90" analysis magnet with a mass resolution of AM/M=I/300,
compared to our present 35* magnet with AM/M= 1/30. More detailed discussions of the present
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operation of the tandem accelerator and these two upgrade projects are presented in Section X
below.

The major ancillary equipment associated with the tandem accelerator includes (a) a large-solidangle Enge split-pole magnetic spetrometer which was assembled and commissioned in parallel
with the accelerator upgrade project, (b) an comprehensive, integrated array of gamma-ray and xray detectors [including, 5 (23%) Ge detectors with BGO Compton suppression shields; 5 lowenergy photon-spectrometers;

an array of 38 BGO detectors operating as a multiplicity filter; 1

large (72%) Ge detector;, and a 4-crystal compton polarimeter], (c) a segmented hemispherical array
of 35 neutron detectors with 7-n discrimination, and (d) a large scattering chamber with a fastswinging ann for transferring and measuring delayed activities with halflives as short as 500 msec.
(See Figure 1.1.) These devices and their specifications and are described in more detail below, as
integral parts of the discussions of the related research programs.
devices

(except for the Enge spectrometer

Major parts of each of these

which was funded under a separate SRC) were

supported under the DOE's University Capital Equipment Program which continues to be a very
positive result of the 1987 DOE Heavy-Ion Facility Review Committee chaired by Peter Paul. The
specific projects that have been funded at Yale during the first 4 years of this program are tabulated
below.
Table I. 1: Capital Eouipment Projects:
FY1988:
Neutron-Ball
Large Scattering Chamber
Charge-Particle Barrel

$108,000.
82,000.
100.000.
$290,000.

FY1989:
BGO Multiplicity Filter
VAX Cluster

$135,000.
160,000,
$295,000.

FYI990:
Si(SB) Array
ESTU Tenrdnal Upgrade

$I 13,000.
155,000,
$268,000.

FY1991:
4-Crystal Ge Polarimeter
VAX Upgrade

$113,200.
160,800,
$274.000.
TOTAL:

$1,127,000.

This program has had a very positive impact on the quality of the research instrumentation at this
laboratory which, before the institution of this program, had regrettably been starved to a state of
stagnation, This program is absolutely crucial in order for our laboratory to maintain its
instrumentation at the state-of-the-art level which is essential for both our research and educational
roles; we strongly urge that it be continued in some form beyond its irtitial 5-year commitment.
We are currently considering a number of possible detector and accelerator project proposals to be
submitted to DOE by 4 September '91 for consideration for FY 1992. These proposals include a
heavy-recoil deflector for use as a fusion event trigger in conjuction with the Yale Array and an
array of BaF2 detectors for high-energy gamma rays, as well as a 1-nsec pulsing and bunching
system for the tandem, a brief outline of which is presented in Section X.F.
As part of a major program of building renovation and improvement now underway at Yale, a
$1.4M project is currently underway involving repairs and structural modifications to improve the
integrity and stability of the external walls and roof joints. This project included the complete
replacement of our existing fiat roof with pitched sufaces, new drains, and waterproofing.

The

local cooling tower which services the accelerator has been re-equipped and upgradedk, and the
chilled-_vater and condensate lines have been completely reworked in order to improve their
serviceablility and reliability.

This project will significantly increase the area of high quality

laboratory space available to our program and is currently scheduled for completion by the end of
September, 1991.
The present Laboratory staff is listed in Table 1.2, including an indication of the those faculty
members and graduate students whose primary research is located off-site, specifically the AGSHeavy-Ions, APEX, and BNL-e+e" Scattering collaborations. Brief biographical sketches are also
provided for each of the faculty and research staff members in Appendix C. The following
transitions should be noted among the Laboratory faculty: Charles Bockelman will retire at the end
of the 1992-93 academic year. John Markey has moved from the Physics Department to the
Radiology Department at the Yale Medical School but will retain an affiliation with this Laboratory
during the coming year in order to oversee the completion of Craig Levin's PhD thesis. The
Physics Department has voted to promote Shiva Kumar to the rank of Associate Professor effective
1 July 1992. Partha Chowdhury will be on a leave of absence, with a Junior Faculty Fellowship,
during the 1991-92 academic year. An active search is underway to appoint a new Assistant
Professor who would carry out a significant

part of his or her research using the facilities

associated with the Yale tandem, and at the same time, the Physics Department is also currently
undertaking a broad search for candidates for a tenured appointment in nuclear physics.

In this

,!,

search, the Department is placing emphasis on outstanding candidates who will strengthen the
existing research program on the tandem as well as provide leadership in on-going and future offsite programs.
Reflecting the discontinuity in our operation associated with the installation of our new accelerator,
we graduated only two PhD students during 1989 and 1990, compared to our average of 3-4 per
year over the last 10 years, (e.g., Appendix B). Partly as a result of demographics and partly as a
result of the current fruition of their earlier work in the development and implementation of new
equipment and programs during the installation of our accelerator, at this time we anticipate that 12
of our students will complete their degrees in 1991 and 1992; two have already finished this year,
and three more are now in the process of wrting and should certainly be able to schedule their oral
defenses by the end of 1991. Somewhat more than half of of the students who have finished their
PhD's in experimental nuclear physics in this lab during the past 10 years have remained in nuclear
physics or in very closely related areas, and we have seen no evidence of any decrease in that
fraction in more recent years.
Now that the new Yale ESTU tandem is operating reliably and routinely at voltages as high as 20.9
MV, during the next five years this facility will have a unique opportunity to take advantage of the
enhanced capabilities associated with this new accelerator (with its variety of precision, high
energy, d.c. beams) combined with the research capabilities of the variety of complementary new
detectors which have been developed and commissioned in parallel with the new accelerator and
which are optimally designed to exploit the those research areas on which we have chosen to focus
our efforts -- nuclear astrophysics, weak interactions, a_d nuclear structure far from stability. It is
therefore crucial that during the 5-year period of _is grant the operating.support associated with the
tandem program be maintained at least at a _

r.Cd_dollar level in order to carry out our

responsibilities to exploit the research and educational potential of this facility. At the same time,
during this period it is also essential that we be able to make a real expansion in ot_r present
committment and role in the AGS-Heavy-Ion/RHIC
involvement

program. As outlined in Section VI, as our

shifts from Exp-814 to Exp-864 to OASIS during the next 5 years, we project a

doubling
ofourlevel
ofeffort
inthis
area.

DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom.
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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li.Nuclear Spectroscooy at the Extremes of Spin. Isospin and TeqLoerature
II.A Overview
Threethemesdominatecontemporarynuclearsl_ucturephysics. Thefh-standmostrapidlymoving
field during the 1980's has been the development of generalized nuclearmodels to describe the
shape and binding energy of all nuclei and their shape evolution with spin. These models have
revealed the strong influencesof sheU structureswhich persistfarbeyondthe sphericalregime and
are critical in stabilizing extremely elongated nuclear shapes at high angularmomentum and
polarizing nuclear ground states to a wide variety of oblate..,triaxial, octupole and prolate shapes.
These models also provide our best understanding of nuclei at 'thevery limits of stability, and thus
are important in predicting the binding and decay properties of the heaviest nuclei ,,rodof isotopes
of astrophysical importance. In parallel with the development and testing of these global models of
bulk nuclear properties, a second theme has been the continuing refinement of microscopic,models
which attempt to describe nuclear wave functions and predict nuclear moments and transition
matrix elements. Both conventional shell models and Hartree-Fock calculations continue to
develop in sophistication and in their range of applicability, while interacting boson models are
being generalized to describe states of higher spin. As the areas of applicability of these models
begin to merge,the strengths and weaknesses of each becomes more apparent and real insight is
gained in understanding how quantum behaviourof individual nucleons contributeto the Froi_rties
of the whole collective nuclear system.
A further theme, and possibly the one of greatest interest in the next decade, is the study of the
influence of nuclear structure on the dynamics of nuclear reactions. The •assumption that the
quantum mechanics of low-lying nuclear structure is unimportant at the high excitation energies
associated with the fusion and fission of heavy ions has been found in many cases to be
excessively naive. However, the demise of correlated nuclear structure withexcitation energy, the
onset of sta_;,;ticalor chaotic behavior, and the role of shell effects on nuclear dynamics are not
clear. The pre.cisedete_lninationof initial reaction conditi,,ns, the consequent distribution of energy
and angular momentum in residual nuclei, and the correlations of these factors with the final states
populated have only been studied for the simplest reactions and are far from being understood in
general. As we try to explore the structure of nucleiunder ever-more extreme conditions of angular
momentum, excitation energy and neutron-to-proton ratio, the need to understand this interface
area becomes increasingly apparent. The reaction of heavy ions near the Coulomb barrier still
present the most promising area for research into these questions but it is clear that highly efficient
and selective detector systems are crucial for making progress. A new generation of large solid
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angle detectors will come into operation during the period of this grant request. Their absolute
efficiency is.sufficiently enhanced that major advances in nuclear spectroscopy are to be expected.
However,

they may well offer even greater opportunities

for progress when operated in

coincidence with selective triggering devices which isolate nuclei in the condition of interest.
At WNSL we have been developing a broad program which is involved in addressing questions
associated with all of these themes. In the last three years we have contributed to building the
accelerator

and commissioning

most of the new beams. We have built a unique photon

spectrometer which has been operated with a variety of triggering devices which have also been
simultaneously brought into operation. We have developed a sophisticated data acquisition system
and software packages for the analysis of the most complex data. We have initiated a successful
research program which has been balanced between in-house and collaborative research. We have
been continuing our studies of intermediate mass nuclei which have tested global and microscopic
models, and have also examined structural effects on nucleon evaporation spectra.

We are also

starting programs of research into the behavior of nuclear isomers, into the stability and structure
of some of the heaviest nuclei and into the influences of nuclear structure on fission. Our
collaborative research includes groups from Chalk River (Canada), Liverpool, Manchester and
Daresbury (England) and Gottingen (Germany).
H.B Svc_ctm_copy of lntermcdiat¢_Mass Nuclei
Neutron deficient intermediate mass nuclei in the range A_:_0 to 100 have proven ideal for refining
our understanding of nuclear behavior in general. The shell model spaces are safficiently large that
considerable collectivity develops (the region contains some of the most deformed nuclei known,
with ground-state quadrupole deformation of _ > 0.4) while occupancy of selected quantum states
by individual nucleons can cause dras:ic shape polarization effects. A full understanding of the
interplay of collective

and individual

nucleonic

degrees of freedom is important

both for

interpreting lighter systems, which are dominated by single particle effects, and heavier systems
which generally are dominated by collecti_, e effects.
The importance

of this intermediate

mass region is reflected in the diversity

of theoretical

approaches applied to understanding these nuclei. All of the theoretical models discussed in the
overview have been applied and developed in this critical region. Frr example,

Hartree-Fock

calculations with Yukawa, Skyrme, and Goigny forces have been performed, as well as mean field
calculations with modified oscillator, Woods-Saxon and folded Yukawa potentials. Near the shell
closures full shell model calculations are being extended, and in transitional nuclei extensions of
the Interacting Boson Model have been :,':ccessfully tested.

'

l0

The rapid variation of structure with nucleon number in intermediate mass nuclei can be appreciated
by considering the diversity of features encountered when surveying the Zirconium isotopes
(Z=40) which lie at the half-way point between shell closures at nucleon numbers 28 and 50. The
lightest isotope, 80Zr, is one of the most deformed nuclei known, stabilized by deformed shell
gaps at nucleon numbers 38 and 40. Adding neutrons rapidly reduces the shape polarizing
influence of these deformed shell gaps and between _Zr and 8621' the nuclei turn from being soft
to shape deformation to being spherical with vibrational and single particle excitations. From 88Zr
to 96Zr, the nuclei have very little collectivity and are described by the spherical shell model to the
highest excitation known. Only cross-shell octupole vibrational collectivity persists which is a
feature of ali major shell closures. Finally, with increasing neutron number, another deformed shell
gap at nucleon number 64 becomes important and the nuclei become highly deformed once more.
i

The discovery of these deformed gaps and their role in causing drastic shape polarization has
occurred during the last decade and has only been arrived at through the development and a healthy
interplay of new experimental techniques and theoretical models

Experimentally, the study of these nuclei has proven a challenge, especially in developing reliable
means of channel selection following heavy ion fusion reactions. In general, the production of
nuclei of particular interest is difficult and cross-sections are small.

Large arrays of photon

detectors, operated in coincidence with electromagnetic separators or neutron detectors have been
foand to be necessary to extract key results. For our studies at Yale the intermediate mass nuclei
have provided a valuable starting point in the process of developing our research program. Several
open questions have been addressed in a series of experixnents which are discussed below in
separate sub-sections. By way of introduction, we will briefly discuss some of the issues. In the
lightest neutron-deficient germanium and selenium nuclei, several theoretical studies had indicated
susceptibility to octupole instability or even permanent groundstate octupole deformation. We have
performed an exceptionally sensitive study to address this question. As well as producing clear-cut
results on octupole collectivity, the study also revealed interesting insights into isospin mixing in
heavy T=0 nuclei. Towards

the middle of the neutron deficient A~80 region the nuclei have

quadn_pole deformation and exhibit rotational behaviour. The comt'fination of very large
deformation, high rotational frequencies and low level densities near the Fermi surface, ali lead to
rotational properties quite different to the well-studied rare earth and actinide rotors. Our studies of
74Kt, 77Rb, and 84Zr examine some facets of rotation at very high frequencies.

In particular, the

study of 74I_' examines the effects Ofrotation and particle alignment on shape co-existence, 77Rb
addresses the question of pairing-free rotation even at the lowest frequencies, and 84Zr allows the
evolution of a shape-soft nucleus to be followed with angular momentum. Our most intense effort
has been directed to the transitional

nuclei with 44<_N<46, in order to develop

an exact

ll

microscopic picture of what initiates collective deformation in these nuclei. Our studies of 85,86Zr
and 87Mo arc aimed at this question. Finally, these transitional nuclei have been predicted to be
superdeformed at tiigh spin. We have performed several experiments to look for such behavior
without success, although considerable progress has been made in understanding what is required
for its observation.
II.B.I 64Ge'

Triaxiality. Octupole Correlations and Isospin Forbidden E1 Decays.

[P.J. Ennis, C.J. Lister (Yale); W. Gelletley, H.G. Price (Daresbury); P.A. Butler, T. Hoare
(Liverpool); B.J. Varley (Manchester); W. Nararewicz (Warsaw and Oak Ridge)].
The nucleus 64Ge lies towards the high-mass end of the sequence of nuclei involved in the
explosive rp nuclear synthetic process. The binding energy, shape and decay rates of this nucleus,
and neighboring nuclei right at the proton dripline are critical in assessing the rate of heavy nuclear
synthesis by this mechanism [Ar71 ]. From a structural point of view 64Ge is also of importance,
as it has been the subject of extensive nuclear modeling and is predicted to be triaxial and soft to
octupole collectivity. Octupole collectivity is not common in nuclei, and occurs in situations where
both protons and neutrons can be promoted across the Fermi surface between states of different
parity and which differ by three units of angular momentum.

In this case, the collectivity involves

excitation of both protons and neutrons between the g9/2 and P3/'2orbitals. At the outset of this
work it was not clear if the collectivity would lead to permanent groundstate octupole deformation
or to vibrational states. Finally, as 64Ge is the heaviest N=Z nucleus studied in detail, it is ideal for
testing isospin selection rules through the study of electromagnetic decays.
Unfortunately, 64Ge is extremely difficult to populate, as it lies far from the valley of stability. To
study this nucleus, and others along the N=Z line, over the last few years we have developed the
Daresbury Recoil Separator to trigger a 20 detector array of Compton suppressed germanium
photon detectors. This current research project was aimed at producing a definitive study of dae
separator

performance and optimum data analysis as well as addressing the physics questions

mentioned above. To complete the study, we performed absolute cross-section measurements at
Yale in order to normalize the reaction yields. Apart ft'ore 64Ge, we have published ILl90] data on
N=Z nuclei up to 80Zr. The production cross section for 64Ge was mear,ured to be 640*-70 lab.
The study thus represents an improvement in sensitivity by an order of magnitude over previously
used techniques.
The 64Ge nucleus was studied

with the 12C(54Fe,2n)64Ge

reaction

at 165 MeV and

54Fe(12C,2n)6'lGe reaction at 37 MeV. The inverse reaction was ideal for the Recoil Separator, as

/
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it allowed kinematic focusing of residues into the device and gave them sufficient velocity that
good Z-separation could be achieved. Fig. 1 shows the quality of separationof different species.
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The channel-to-channel

breakthrough is very small, y-y coincidence data, gated by identified

nuclei were collected, and angular distributions were measured.

Although the statistics are low,

the spectra are extremely clean and free from competing reaction channels which are more than 500
times more intensely produced.

E

_'l'hepattern of excited states has allowed us to address most of the key physics issues. 64Ge is
indeed very 7-1_nstable, with no well defined triaxial minimum.

The properties of the y-band

indicate almost complete triaxial inst:lbility which was predicted by our calculations shown lr/
Fig.2. In particul._r, the position of the J_=3 + state relative to the other band members indicates
[Za91] almost total 7-instability. With increasing spin, the shape of the nucleus evolves to a stiffer
shape, 7=-30 ° , before particle alignment occurs.

Negative parity states appear to lie at nearly

3 MeV and above in excitation, and there is no evidence for permanent octupole deformation in the
groundstate.

The lowest negative parity state, with jn __.3", may have considerable vibrational

collectivity

but higher lying negative parity states appear to be non-collective

excitations.

Finally, and perhaps most surprisingly, the negative parity states decay by reasonably

strong (-lxl0-SW.u.)

particle-hole

E1 transitions to the groundstate band. As 64Ge has T=0 this constitutes a
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viok.5on of isospin selection rules and allows the isospin impurities in the wave function to be
examined. Following the methods which have been developed for lighter nuclei [Br82], we have
quantified the isospin mixing which appears to be large, with big admixtures of T-I wave function
in the low-lying T=O states with jn = 5" and 4+. The surprisingly

large admixture may be

important in studying the demise of the isospin in heavy nuclei and we intend to pursue this study
with a lifetime measurement employing a double-foil Recoil Separator experiment.
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also shows the

importance of uiaxiality.
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II.B.2 74Kr : Shap_ Coexistence and Rotation_al P_]_rization
[J.Heese (Yale and Gottingen);

D.J. Blumenthal,

P. Chowdhury,

C.J. Lister, P.J. Ennis,

B. Crowell, and Ch. Winter (Yale); and A.A.Chishti (Manchester)].
Light krypton isotopes were among the first medium-mass nuclei to show indications of very large
prolate deformation (132,--0.35)stabilized by shell structure. However, the ground-state bands of
the even-even isotopes 72"82K.r show pronounced deviations from simple rotational behavior,
hecause of shape coexistence effects and because of particle alignments.

The interplay of these

,,11

14

effects is a result of competition between proton and neutronoccupancy of levels near subshell
gaps at Z, N=34, 36 for oblate shapes and Z, N=38, 40 for prolate shapes. Understanding

this

interplay and its development with rotational frequency WarSthe object of this work.
Levels in 74Kr have been reported in two separate studies up to a tentative spin of 20+ [Ro841 9hd
up to 14+ [Ta90]. The level schemes deduced from these works disagree in many essential points.
The ground=state band of Ro84 shows two irregularities:

a backbending at a rotational frequency

_o--0,57 MeV, followed by an additional upbending at _to=0.66 MeV. In Ta90, the yrast states
above 104.and the sidebands of Ro84 were not conf'n'med. Evidence for particle alignment in 74Kt
was reported in Ta90 at _c.o-0.66 MeV, in good agreement

with Hartree-Fock-Bogolyubov

cranking (HFBC) calculations, which suggested 7#Kt should have an all.meat

scheme similar to

that of 76Kt, i,e., simultaneous g9/2 proton and neutron alignment.
In the present work, interest was focused on the exte.,-sion of the bands to very high spins. As the
sidebands

observed

in 76,78Kr were cruc',al in the interpretation

of their level schemes,

considerable attention was also paid to those in 74Kr. In order to populate 74Kt at high spins, the
reaction 40ca(a0ca,c_2p)74Kr

was used at beam energies of 125 and 140 MeV. The beam was

supplied by the Yale ESTU tandem accelerator.
m
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Two experiments, using backed and unbacked target were performed. In both experiments, y rays
were detected in the Yale 7 array consisting of five Ge detectors of 23-25% efficiency in Compton
suppression shields mounted at 143° to the beam. In the first run, the 125 MeV 40Ca beam was
focused on a 800 I.tgcm"2 natural calcium target, the beam entering the calcium layer through a
I mgcm "2 gold support foil on which the target layer was evaporated. The Ca layer was covered
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wJ.than additional 48 I_gcm"2layerof gold to preventoxidation. The thin target and gold layers
allowed the recoils to escape and decay in flight a1_doptimized conditions for the study of shortlived high spin states. The recoils were stopped after a flight distance of 1.65 mm in a 27 mgcm"2
gold f0il which also served as a beam stoppar. With an average recoil velocity 1t-3.51(12)%,this
geometry correspondsto a mean flight time of 157ps. The beam stopperwas thin enough to allow
the detection of evaporated alpha particles and protons in four 10 mm x 10 mm square Si surface
barrierAE-E telescopes of 90 }.Lm
and 1000 p.m mounted at forward angles behind the beam
stopper. In this experiment, T'T and (charged particle)-y-y coincidences were recorded. Fig.1
shows a typical coincidence spectrum, The new decay scheme (Fig. 2) for 74Kt showed many
discrepancies with Ro84, verified the recent study of Ta90, and extended the ground-state band to
sufficiently high spin to confirm that simultaneous alignmentof protons and neutrons does, in fact,
occur as predicted. Our lifetime measurements allow panicle alignment effects to be untangled
from shape coexistence.
I2O_!

(la*)
N£
14_
06")

NO
_,_

___._.
_2

(_")

(16
_)
I)50

I1280

m,
_2_

(g)

_--4--],_

,203
(_2-_
(_')'

"
,..../ 91 "T,s6

r_____i±s_"

Fig.2.
The decay
scheme for 74 K r
derived from _his

!8815

i

:
7/_Kr

In 74Kr,unlike'some neighboring nuclei, these effects are quite sepa ate. The large moment of
inertiaof tl,.:prelate configurations leads to a reductionof shape coexistence and mixing of wave
functions with spin, with the consequence that for levels with J_ > 6 + the states arealm,,st purely
of a prelate nature. This quenching of shape coexistence is subsequently followed by pani,'le
alignment. These resultshave been published [He91].
He91
Ro84
Tag0

J. Heese et al. Phys. Rev. C43, R921 (1991).
J. Roth et al.,J. Phys. G 10, L25 (1984).
S.I,. Tabor et al., Phys. Rev. C41, 2658 (1990).
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II.B.3 77Rb: Pairing Suppressed Rotation With B?~0.4
[J.Hees¢ (Yale and Gottingen); D3.Blumenthal,

P.Chowdhury, B.Crowell P.J,Ennis, C.J.Lister,

Cb. Winter (Yale); and A.A.Chishti (Manchester)].
The study of the alignment of particles in a deformed rotating potential has received much attention
[Be86] during the last decade. Calculations of the behavior of nuclei in the actinide and rare earth
region can 'qow be made reliably. In lighter nuclei, especially in the N--Z, A~80 region, where
good rotational Behavior has been observed, considerable difficulties are still encountered and
present a challenge to the reiinement of these calculations.
considerations:

The difficulties arise from several

the deformations are unusually large (132>0.35), the rotational frequencies very

high (_o~IMeV),

the level densities are low (so the pairing field changes rapidly), polarizing

effects are large, and residual interactions between ne'utrons and protons may be important.
A classic rotor in this region is the odd-A nucleus 79Rb which has been studied to high spin
[Sk90]. Although enhanced and clear-cut bands are known to show high collectivity [Be91] and
large deformation (132>0.33) ',he signature splitting of the bands cannot be explained in ten as of
aligned particles in a unique potential of any shape.

A recent theoretical analysis [Be91] has

prolX,sed that the signature partners of the ground state sequence are mis-assigned and correspond
to different rotational bands with different shapes, one with _ --0.33 and T- -10" (nearly prelate)
and one with 132= 0.33 and y - -50* (nearly oblate). Only in this way can the band crossings and
the evolution of the moment of inertia with spin be explained. There are several difficulties with
this theoretical approach; in particular, each shape should have bands of both signature, so two
additional non-yrast bands should exist as partners to those already observed.
In many respects, 77Rb is an even better rotor than 79Rb, as it lies closer to the center of the
N,Z=38 deformed region. We have collected data on 77Rb using the 40Ca(40Ca,3p)/TRb reaction
to populate high spin states and have extended all' the previously observed [Lia86] rotational bands.
Fig. 1 shows a sample of the coincidence data and the ded_,ced level scheme. 77Rb also exhibits
some of the al,omalies observed in 79Rb and excludes tile possibility of experimental misassignments being the cause of difficulties in 79Rb. In addition, a further band has been observed
which may correspond to one o'f the "missing" bands of the unfavored signature.
At the highest spins the dynamic moment of inertia y(2) becomes very irregular above a rotational
frequency of _0_ = 0.7 MeV. This unusual behavior has also been seen previously in 80Sr at
extremely high spin. This behavior is also "beyond" normal cranking models and has rio simple
explanation. However, the spin dependence and amplitude of this level staggering is very similar
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Fig. 1.y-transitions in three of the most intense bands in 77Rb and the extended decay scheme.
in 77Rb and S0Sr. We are working in collaboration with several theory groups to try and clarify
evidence both for shape-dependent signature splitting and for a mechanism
anomalo;_s moments at the highest spin.

to explain the

Be86

R. Bengtsson, S. Frauendorf, and R.F. May, At. Data. Nucl. Data Tables 35,
15 (1986), and references therein.

Be91

R. Bengtsson et al., Nucl. Phys. A528, 215 (1991).

I.,Li86

L. Liihmann, et ai., Europhys Lett. 1, 623 (1986).

Sk90

O. Skeppstedt, et al., Nucl. Phys. ASII,

137 (1990),

II.B.4o 84Zr. Proton _ndNeutron Alignments and th_eCollaps_ Qf Pairing
[Ch. Winter, C.J. Lister, P. Chowdhury, D.J. Blumenthal, P.J. Ennis, B. Crowell (Yale); A.A.
Chishti (Manchester); and the Chalk River gamma ray group].
'l'he nucleus 84Zr is predicted to be one of the best candidates for exhibiting superdeformation in
the A~80 region [Ra89, Ab90, Na85]. Ira order to search for this behavior for the first time in
A<130 nuclei, and in order to study the question of nuclear structure effects in proton evaporation
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spectra, (see. II.C.I) the reaction 58Ni(29Si,2pn)84Zr was studied with the 871:spectrometer

at

Chalk River. A total of 65 million ?'-T coincidence events were collected, triggered by a hardware
selection of more than five elements firing in the BGO calorimeter.
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Superdeformed bands were not observed. It appears that the spin range in which the bands remain
strongly populated is considerably smaller than in heavier nuclei, and only 5 or 6 ),-rays are in the
superdeformed

cascade•

The low multiplicity

of the radiation,

and the high energy of the

transitions (2 4 MeV) make. their experimental detection extremely difficult with present detector
systems. Tt, e high statistical quality of the data allowed several corrections and extensions to the
published decay scheme tPr831to be _ade, and allowed the extraction of Directicn Correlation
(DCO) ratios in the groundstate band (GSB) to Jn=26+ and to J= 15/i and 16h in the sidebands.
The extension of the GSB to jn - 34 + suggested by Pr83 could not be confirmed. The present
decay scheme is shown in Fig.l. The nature of the interband transitions of 1357 and 1564 keV
were not rigorously established

and a polarization

measurement

is planned to determine

multipolarity of these transitions, and thus the parity of the sidebands.

the

Several more transitions

were added to the sidebands, and their behavior is quite different to that previously proposed. In
particular, an apparent alignment at h_ -.,0.63 MeV has been found to be erroneous.

'
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Fig. 2. The kinematic and dynamic moments of inertia for the bands in 84Zr. The sidebands now
show no sign of neutron alignment,
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The bands now show a very smooth progression with frequency (see Fig.2), gaining alignment
and changing triaxiality at the rotational frequency associated with proton alignment, but showing
no discontinuity

at the neutron decoupling frequency.

These features indicate that the strong

sidebands are of p:',rticle-hole aligned neutron character, most probably v(gg/21 x lp-l). This is
not in agreement with previous calculations [Du87]. Ali the bands in 84Zr appear to reach a high
and nearly constant moment of inertia of ~ 28 MeV "l, which is consistent with the interpretation of
this nucleus having a pairing-collapsed

"rigid" behavior at the highest spins. The absence of the

highest states suggested by Pr83 does not alter this conclusion.
Abg0

S. Aberg, Nucl. Phys. A520, 35c (1990).

Du87

J. Dudek et al., Phys. Rev. C35, 1489 (1987).

Na85

W. Nazarewicz et al., Nucl. Phys. A435, 397 (1985).

Pr83

H.G. Price et ai., Phys. l_ev. Lett. 51, 1842 (1983).

Ra89

I. R:,gnarsson and T. Bengtsson, in Proc. Conf. on Nuclear

Structure

of the

Zir_ ,)nium Region, ed. Ebenh, Meyer and Sistemich, Springer (1989) p. 193.

II.B.5. 86Zr: Large B(MI) Staggering and Broken Boson Pairs
[P. Chowdhury,

C.J. Lister, ch.

Winter, D.J. Blumenthal,

B.Crowell,

P.J.Ennis

(Yale);

D.Vretenar (Zagreb and Yale); and the Ch,'dk River gamma ray group.]
Nuclei which have too few valence particles to assume permanent deformation, yet which lie too
far from shell closures for single-particle behavior, are difficult to interpret. The deformed models

20

tend to neglect residual interactions,
truncation.

while the si_ell model calculations

require unrealistic

The best insight into the behavior of these transitional nuclei has come from the

Interacting Boson Model (IBM) which can describe the evolution from sphericity to deformation
but until recently has been restricted to states of relatively low angular momentum.

We have

performed a detailed experimental study of the transitional nucleus 86Zr, which is seen to exhibit
striking features in its high-spin decay pattern and have interpreted its spectrum using a r_,ew
extension of the IBM which incorporates
momentum.

up to two broken boson pairs to generate angular
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A partial decay scheme for 86Zr

showing the band-like sequence of positive
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The nucleus

86Zr was studied

in two separate

experimet_ts

at Chalk

River

by the

60Ni(3,0Si,2p2n)86Zr reaction, with a 135 MeV 30Si beam. Gamma-gamma coincidence, aJ_:ular
correlation, and Doppler Shift Attenuation (DSA) measurements were perfor_ned. Fig.1 sho,,vs a
partial level scheme of :;6Zrdeduced from Ihe present work. States have been identified up to an
excitation energy of--14 MeV, whicfi is about twice that observed in previous work [Wa85a].
Spin and parity assignments are based on the angular correlation analysis and lifetime information.
In addition to the yrast cascade, which has been established to Jn=24'+, non-yrast structures have
been extended considerably. DSAM lineshapes for the high-spin states measured in the present
work, together with the experimentally determined branching ratios of the transitions in this
cascade and the fitted multipole mixing ratios, allowed absolute B(E2) and B(M1) rates to be
extracted.
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A new positive parity yrast sequenc¢, which extends from spin J=14 to J=24, was found. The
lifetimes and transition rates of low-lying

states below J=14 in 86Zr have been measured

previously [Wa85a, Av78], and were found to have no significant collective enhancement, the
largest E2 matrix element being the 2+---)0+ decay of 14:1:3W.u. The level spacings of the states
above J= 14 resembles the rotational cascades characteristic of deformed nuclei, in which context
the staggering in energy of the odd- and even-spins would be interpreted as the signature splitting
often associated with non-axial shapes. Thus, it appears plausible that the nucleus has undergone a
shape change and rotational motion has become the energetically favored mode of carrying angular
momentum.

Such a change is expected to be clearly reflected in the traansitionmatrix elements,

particularly those of the E2 decays. In contrast to the energetics of the decay pattern, however, the
measured B(E2) values for the high-spin yrast sequence show no enhancement and remain small.
The matrix elements are all between 10-20 W.u. For an axially deformed nucleus, this implies a
deformation of [32~ 0.1.
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(xg9/2)4 configurations.

Spin J

In sharp contrast to the n)ther constant behavior of the E2 decays, the M 1 transition rates between
the positive parity high spin states show an alternating pattern of low and extremely high (-1 I.tN2)
values, as shown in Fig.2. This is substantially larger than the experimentally determined average
B(M1) value of-0.05

btN2 for the 45<A<90 region [En79]. Both the strong staggering with spin

and the large B(M 1)s are difficult to explain in conventional models. The distinctive pattern of the
B(M1) values in this transitional nucleus, however, suggests an underlying symmetry in the
structure of these states. To interpret this decay pattern amongst high spin states, with small B(E2)
values and large staggered B(M1) values, we have used the recent extension of the IBM-l, which
incorporates two broken pairs of particles [Ia91 ], and introduces a pair-breaking interaction which

I
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mixes the different
transitional nucleus.

quasiparticle

configurations,

to address the physics of high spins in a

The transition rates calculated from this model are compared to the experimental values in Fig. 2.
The full line shows the calculated B(M1) values for transitions within a (vgg/2)4 band. The large
staggering observed experimentally is reproduced remarkably weil. We have also investigated the
possibility that the quasiparticles arc protons. The calculation for the (ngg/2)4 configuration is also
seen to reproduce the staggering, as shown by the dot-dashed lines in Fig. 2. The staggering of
B(M1)'s in our model calculations has a very simple origin. The doublets of states (15+,16+),
(17+,18+), and (19+,20 +) have, in the leading order, the same structure of the boson part of the
wave function. Therefore, for transitions within the doublets, the terms contributing to the reduced
)

M 1 matrix element are large. The increase of the total angular momentum by two units between
successive doublets is due to the alignment of another d-boson along the axis of rotation. Thus, in
leading order, the matrix elements conesponding to both the collective and fermion part of the M1
opera_or vanish for transitions between doublets, leading to the large staggering in the B(M1)
values.
effect.

The underlying symmetry causing the staggering appears, therefore, to be a vibrational

Studies of multi-quasiparticle structures in this region have also revealed large M 1 dec,,y matrix
elements between positive parity states in the same spin range, which, in the framework of the
spherical shell model, could only be reproduced by mixed proton-neutron cunfigurations [Fu83,
Wa85b]. Therefore, to clarify whether these are 4-neutron, 4-proton, or mixed 2-proton-2-neutron
states, a determination

,ff the g-factors,

especially

for the 8+ and 14+ states, is needed.

Measurements of g-factors are being planned to disentangle the neutron and proton contributions,
and the model needs refining to include non-identical quasiparticles,

thereby opening up the

possibility of understanding the effects of neutron-proton interactions and Pauli blocking at high
spins.
Av78

M. Avrigeanu et al., J. Phys. G4, 261 (1978).

En79

P.M. Endt, At. Data and Nucl. Data Tables 23, 547 (1979).

Fu83

L. Funke et al., Phys. Lett. 120B, 301 (1983).

Ia91

F. Iachello and D. Vretenar, Phys. Rev. C43, R945 (1991).

Wa85a

E.K. Warburton et al., Phys. Rev. C31, 1211 (1985).

Wa85b

E.K. Warburton et al., Phys. Rev. C31, I184 (1985).
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II.B.6 87_dg._85Zr ; Investigation of Shape Charlg_s in N-45 Nuclei at High Spin
[Ch. Winter, P. Chowdhury, B. Crowell, D.J. Blumenthal, P.J. Ennis, S.J. Freeman, C.J.Lister
(Yale); J. Heese, A. Jungclaus, D. Rudolph and K.P. Lieb (Gottingen)].
In Z*,40 nuclei, the neutron number N----45appears to separate isotopes whose low-lying
excitations are collective with large transitional quadrupole moments (N.q,44), from those which
primarily exhibit few-particle, non-collective configurations in their yrast sequence fN>46) [WAS5,
Pr83, Li84]. Nuclei with neutron number N--45 thus seem well suited to study the configurations
which drive the nucleus away from sphericity and stabilize the deh,rmed shapes. The chain of
even-Z, neutron-deficient N---45isotones, which are experimentally accessible, stretches frorra81Kr
to 87Mo. The level schemes and transition strengths in 81Kt and 83Sr have been measured in the
past. Only the f'u'st four excited states of 85Zr have been published in previous work [Ku88].
We have started a systematic investigation of the shape-driving effects in the N--45 nuclei 87Mo
and 85Zr. The nucleus 87Mo was studied for the first time; the level scheme and the spectroscopic
information available for 85Zr has been greatly extended. The level scheme of 87Mo was studied in
a number of separate experiments at th_, Yale ESTU accelerator using the Yale array (see See.
II.F.) triggered by a wall of five neutron detectors. High-statistics y-q, data, data on the angular
distributions of gamma rays as well as DSA lifetime informations were obtained. In collaboration
with groups from Germany and England recoil-distance lifetime data and gamma-singles spectra
gated by identified 87Mo recoils were measured at the University of Cologne tandem accelerator
and the Daresbury Nuclear

Structure facility. Details of the rather extensive experimental work

have been published [Wi91a, Wi91b].
We have constructed the level scheme of 87Mo up to a spin of 49/2 + and an excitation energy of 12
MeV (Fig.l).

Two independent

structures exist above spin Jn-17/2 + in 87Mo, which appear to

have different shapes. The band shown to the right of Fig.1 has been assigned a tentative negative
parity and seems to be a strongly coupled rotational band with a small signature splitting.

The

band on the left-hazed side of Fig.1 is the continuation of the positive-parity yrast states, which has
considerable signature splitting, and the unfavored members were not strongly populated.

The

emergence of the two bands coincides with a drastic drop in the lifetimes of the states in the yrast
sequence and an increase in collectivity. The 833 keV and 999 keV transitions have transition
matrix elements of B(E2)=105(30) e2fm '* and 41 (10) e2fm4 respectively.

The 879 kev transition

has a B(E2)=913(370) e2fm 4. Assuming that K=I/2, the high-spin E2 matrix elements correspond
to a transitional quadrupole moment of Qt--1.5 eb for the transitions in the ground-state band above
JTt=17/2+. This jump from a near-spherical shape (with almost no enhancement of the E2 matrix

elements) to a well-deformed system (with large enhancement) is shown in Fig.2.

Above Spin

17/2+ the transitional quadrupole moments remain high and constant within experimental errors.
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constant

abov _co,-0.5 MeV, i.e. above spin Jn=25/2 +. The value of y(I)-28

MeV "1 is

comparable to that of other well-deformed bands in the A=80 region. The value of the dynamic
moment of inertia y(2) is also fairly constant at around 24 MeV" 1, which is approximately 14%
smaller than y(1). This is similar to 84Zr where the value of _2) is approximately 25% smaller than
that of j(l). From a comparison with 83Zr and 84Zr, where the patterns in y(l) are very similar we
have attributed the sudden change from a spherical to a deformed nuclear shape the the alignment
of a g9/2 proton pair. A quantitative analysis in the cranked shell tn,',_el are consistent with a large
deformation

of 132=0.28(3) and 7=26(8) ° after the shape change.

The results emphasize the

importance of the protcn number on the interaction strength between the ground state band the
aligned-proton S-band.
The work on 85Zr has focussed on establishing
angular distribution data for ali transitions,

the high-spin level scheme and on obtaining

f'he techniques employed were very similar to those

described above. From the first results the level scheme seemsto
onset of collective rotation at muchhigher

be similar to 87Mo, with the

spin. However, the change from near-spherical to

deformed states appears more gradual and complex. In fixed deformation models, the interaction
between the ground state and the aligned particle bands is expected to oscillate with the position of
the proton fermi level in the g9/'2 shell,

It also appears to be the case in this more complex

situation, where the configurations have different shapes. Molybdenum isotopes are expected to
have very weak mixing interactions, which conform to our observation of very abrupt structural
change. However, data on ali the N---45nuclei should allow us to quantify this mixing interaction.
Ku88

T. Kuroyanagi et al., Nucl. Phys. A484, 264 (1988).

Li84

C.J. Lister,

in Proc. Int. Symp. on In-Beam

Nuclear

Spectroscopy,

Debrecen, cd. Dombradi and Fenyes, (Hung_dan Academy of Science), 1984.
Pr83

H.G. Price et al., Phys. Rev. Lett. 51, 1842 (1983).

Wa85

E.K. Warburton et al., Phys. Rev. C31, 1211 (1985).

Wi91a

Ch. Winter et al., Phys. Lett. B258, 2_',9 (1991).

Wi91b

Ch. Winter et al., Nucl. Phys. A (1991) in print.

II.B.7 101Ag : A Transitional Nucleus near l°°Sn
[B. Crowell, P. Chowdhury, D.J. Blumenthal,

P.J. Ennis, S.J. Freeman, C.J. Lister and Ch.

Winter (Yale)].
One of the first expe_ments performed with the new ESTU accelerator was a study of the highspin st_tes of the transitional nucleus 101Ag. The nucleus

I01_ _

47 Ag54

is a transitional case near the

26
i

N=50, Z=50 double shell closure, lying between nuclei nearer the shell closure which exhibit
single-panicle
low-spin

behavior, and those farther from'closure, which exhibit collective behavior. The

excitations

characteristic

of 101Ag have been studied earlier [Ka80], and the level scheme is

of strongly mixed vibrational and single-particle

excitations about a spherical

equilibrium shape. The aim of the present study was to explore the high-spin level structure of
101Ag and examine the interplay of single-particle and collective excitations as a function of both
spi n and nucleon number, by compari._on with the high-spin systematics of heavier'odd-mass Ag
isotopes.
States in 101Ag were populated with the 70Ge(35Cl,2p2n) reaction, with 35C1beam energies of 110
to 160 MeV incident on a 750 l.tgcm"2target of 70Ge evaporated onto a thick Au backing. Prompt
y-rays were detected with the Yale Gamma Array, and a partial multiplicity filter consisting of up
to 19 BGO detectors

of hexagonal cross-section

Excitation

7-Y coincidences

functions,

in a close-packed

array (see Sec.II.F.2.1).

and y-ray angular distributions

were measured,

and

lifetime limits were obtained from electronic timing information and considerations of Doppler
shifts in the energy spectra.
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The decay schemeof 101Ag deducedfrom the presentwork is shownin Fig.]. Levels up to a spin
of 4]/2 and an excitation energy of 8.5 MeV have been identified. A new, strong cascade of
AJ = 1 transitions is observed, which channels most of the 7-ray flux at high spins. The decay
pattern connecting this cascade to the low-spin yrast states is highly fragmented and complex.

In

spite of the multiple branching, a large fraction of the near-yrast states has been mapped out in this
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work, as shown by the plot of population as a function of excitation energy. The balance of flux is
seen to be very good, even in the complex deexcitation region. The spin assignments were based
on the angular distribution measurements and a tentative negative parity is assigned to the high-spin
band, based on the similarity between this band and high-spin negative-parity
neighboring nucleus 103Ag.

bands in the
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Fig. 2. Systematics of negative parity
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A comparison of the high-spin band in 101Ag with those observed in heavier odd-mass Ag
isotopes show remarkable similarity in both transition energies between states of the same spin,
and in the pattern of decay out of the bands to the low lying yrast states, as shown in Fig.2. The
high-spin negative-parity bands in 105,107Agare built on 17/2" band-heads, _nvolvi,g the stretc)_,'d
configuration (ngg/2-2®r_pl/,2-1)lTt2-.Two negative-parity bands occur in 103Ag, possibly based
on both the (n:gg/2-2@r_Pl/2-1)lT/2- and the (_g9/2"2®rtp3/2-1)19/2-

configurations.

Similar

configurations are expected for the high-spin band in 101Ag, although the spin 23/2 of the bandhead in 101Ag does not correspond to any stretched configuration of these valence orbitals. The
fragmentation

of the decay may indicate a very complex

mixture of configurations.

The

deexcitation patterns of the high-spin bands in 101Ag and 103Ag are extremely similar. As the
decay proceeds down the band, after a series of regularly spaced levels the y-flow fragments into a
complex decay pattern, and there are multiple direct and indirect pathways, involving both lowenergy and high-energy transitions, that carry the intensity to the yrast line. It is worth mentioning
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thatthis
isthef_rst
odd Ag isotope
inwhichalltheE2 crossover
transitions
forsucha high-spin
cascade
havebeenobserved
withmeasurable
intensities.
Thisallows
a detailed
investigation
ofthe
branching
ratios,
whicharerelated
toratios
oftransition
matrixelements.
Althoughno realistic
calculations
arcavailable
forthehigh-spin
states
ofthese
nuclei
atthepresent
time,
whichmakesit
difficult
topinpoint
theexactnatureof thesehigh-spin
states,
themeasurementof bothlevel
energies
andbranching
ratios
willbecrucial
fortesting
specific
modelsthatattempt
tounderstand
theunderlying
nuclear
structure.
Ka80

A.W.B. Kalshoven et al., Nucl. Phys. A 346,147

(1980).

II.C Nuclei at Intermediate Temperature
[D.J. Blumenthal,

P. Chowdhury,

B. Crowell,

P.J. Ennis, S.J. Freeman,

C.J. Lister and

Ch. Winter (Yale)].
Low-lying states in nuclei are highly correlated, with pairwise-coupled

nucleons occupying well

defined quantized orbits and undergoing relatively infrequent scattering. The sequence of states
which can be formed either from collective motion of ali the nucleons or from decoupling a few
pairs of particles constitute the lowest lying (or yrast) sequence of excited states. Above these
states the number of levels rises exponentially and eventually forms a continuum of uncorrelated
and highly overlapping levels. Although our un :lerstanding of the behavior of the yrast sequence
of levels has reached a high degree of sophistication, our knowledge of the states from 0.5-10
MeV above the yrast sequence is poor. The categorization

of the change from qua_:ized to

statistical, or chaotic, behavior is not well understood, although cot,siderable theoretical lAD1] and
semi-empirical [He90] attention is being paid to this problem.
Heavy ion fusion reactions populate a wide range of states at differing excitation energies and
angular momentum,

and, in principle, allow access to the wide variety of yrast and non-yrast

nuclear states we would like to study. The equilibrated compound nucleus cools Oy evaporation of
particles and very high energy y-rays, both of which are somewhat sensitive to details of the
structure of the highly excited nucleus [Ne81, ?.'i90]. At lower energies the cooling is thought to
be entirely by y-radiation although there are long-standing predictions of particle evapor_tion from
relatively low-lying states [Gr67].
The experimental difficulty encountered in probing the properties of the continuum and its decay is
one of reliably selecting a well-defined region of excitation and angular momentum for study.
Much of our present understanding of the deexcitation of the continuum and its structure at high
excitation energy has been derived frcn-, "fr_y calorimetry using large solid angle Nai or BGO
detectors. These devices give information on both nuclear excitation energy and on total angular
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momentum of the entry region populated by nuclear reactions.

This type of calorimetry has

limitations, du_ to moderate resolution in both energy and spin (-20%) and a strong calorimeterdependent bias correlating these quantities.

These limitations preclude precise nuclear structure

studies at high excitation energy. For the case of compound nuclei which cool by charged particle
emission, more detailed information can be obtained by measuring the angles and energies of the
evaporated light particles. At present, experiments of this type have been done using scintillation
detectors. The measurements provide further insights into compound nuclear cooling mechanisms,
but are still limited by resolution, both in energy (-.8%) and particle emission angle (5:10°) resulting
in an overall resolution of several MeV, or approaching the one-nucleon separation energy. To
combat these experimental shortcomings, we are constructing a silicon calorimeter which should
measure the energy of evaporated protons with a resolution of-l%

and their evaporation angle to a

precision of a few degrees. This should allow reconstruction of the nuclear excitation energy with
an unprecedented

high precision, and with reasonable efficiency.

The device, the "temperature

meter", is described in detail in section II.F.2.2. The device will have many applications.

When

used with our BGO multiplicity filter, it should allow precise, independent selection of excitation
energy and spin and allow our germanium detector array to follow the y-deexcitation from welllocated entry regions in the continuum.

These data should reveal evidence of nuclear structure

changes at high excitation, and measure the "spreading width" of rotational nuclear cascades. The
nuclei in the deformed A-80 region appear ideal for this type of study, as at low excitation energy
they have well-deformed,

prolate, shell-stabilized

highly-mixed less deformed configurations

shapes, but are predicted to evolve towards

at modest excitation energy.

High-excitation,

high-

spin isomers have also been predicted, but they have not yet been observed.
The device can also be used for measuring nuclear feeding times through the observation of
Doppler shifted line shapes in coincidence with selected entry regions. The possibility of direct
population of yrast states can be explored, a feature which has been predicted to be structuredependent, and if observed, should allow high-precision magnetic moment measurements to be
made. The detector can also measure correlations between charged particles and will provide a
sensitive trigger detector for studying neutron-rich nuclei.
In the case of heavy-ion fusion reactions forming massive compound systems, typically excited to
an excitation energy of >50 MeV, the influence of low-lying nuclear structure on the level density
at high energy is e',pected to be rather small. Particle emission, which dominates the early cooling
process, should not, therefore, be expected to be influenced by details of structure. However, it
was pointed out many years ago, that delayed emission of particles from cool nuclei would be
affected by low-lying correlations more strongly IGr67], and that nuclear structure may perturb the
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shape of the evaporation spectra and angular distributions

of evaporated particles.

The

identification of structure-dependent evaporation would be of considerable interest, both from the
point of view of understanding the reaction mechanism and as a potential teel for selecting specific
nuclear structures for detailed spectroscopic study.
A191

Y. Alhassid and N. Whelan, Phys. Rcv. C43, 2637 (1991).

Gr67

J.R. Grover and J. Gilat, Phys. Rev, 157, 823 (1967).

He90

B. Herskind et al,, Nucl Phys. A520, 521,539

Ne81

J. Newton et ai., Phys. Rev. Lctt. 46, 1383 (1981).

Ni90

N.G. Nicolis et al., Nucl. Phys.A520,

(199(!).

153 (1990).

II.C.l Search for Nuclear Structure effects in Proton Evaporation Spectra
i

[In collaboration with the Chalk River gamma ray group].
In a recent letter [Sa90], the evaporated spectra of protons following a heavy ion reaction was
reported to be modified by structural

effects.

In order to investigate

this matter, and gain

experience of particle-T coincidence experiments similar to those to be performed with our silicon
calorimeter, we initiated an experiment at the 8g spectrometer at Chalk River Laboratories. This Tray spectrometer incorporated a CsI array, ALF [Wa90],.to detect charged particles.
The 58Ni(29Si,2pn)84Zr and 58Ni(29Si,2p(z)81Sr reactions were studied with a 110-MeV silicon
beam from the Tandem Accelerator Superconducting

Cyclotron (TASCC) facility at Chalk River

impinging on two stacked 230ggcm "2 targets of enriched 58Ni. T-rays were detected in the 8a:
spectrometer and light charged particles were detected in the 16-element Csl array ALF, whose
detectors are arranged in three rings about the beam axis at 45°, 90", and 135°. The angular spread
of the detectors results in a mean insmamental energy resolution of,.600 kev in the center-of-mass
system. ALF was calibrated with a sources and scattered protons. A total of 6.24 x 107 events
was collected.

Each event consisted of at least the coincident energies of two T-rays from

Compton-suppressed Ge detectors, the total multiplicity and energy from the BGO caloximeter with
a minimum hardware threshold of at least five elements firing, and infonr_ation from at least one
panicle detector. A lower threshold corresponding to protons with center-of-mass
>2.7 MeV was set to assure unambiguous
detectors.

discrimination

(c.m.) energy

of protons and a particles in ali

We initially selected events in which exactly two protons were recorded in any two

separate detector elements.

In Fig. 1 the energies of protons detected in the 45 ° ring of CsI

detectors are shown after being transformed into the center-of-mass coordinate system, under the
assumption that the source of protons was moving in the beam direction at the mean center-of-mass
velocity deduced from the observed Doppler shifts of emitted T-rays. A variety of conditions were

t
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selected to seek nuclear structure effects in the shape of the proton spectra.
methods of Sa90 but found no measurable distortion.

We followed the
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We were unable to confn'm that there is an influence of low-lying nuclear structure on the shape of
protonevaporation
spectra.
A studyofprotonspectra
associated
withsuperdeformed
bandsin
neodymium isotopes
reacheda similar
conclusion
[Wa90]. The importance
of careful
channel
selection
was foundtobeef critical
importance
inthiswork,assimultaneous
selection
ofmore
thanone reaction
productwas foundtoleadtoerz'oneous
results.
We wereabletoidentify
a strong
dependence
oftheshapeand centroid
ofevaporated
protonspectra
onthereaction
channelinvolved
and on theangularmomentum chosen.However,withina fixedreaction
channeland withfixed
angularmomentum, allprotonspectra
werefoundtobe verysimilar.
Thus,thepredictions
of
delayed,
low-energy
charged-.particle
emission
[Gr67]haveyettobe confirmed.
For thistypeof
studyoursilicon
calorimeter
willbe much more sensitive,
especially
intheenergyrangebelow2.5
MeV wherestructural
e,
ffects
may playa more important
role.Our results
ofthiswork havejust
beenpublished
[BI91],
and further
experiments
bothatYaleandChalkRiverareplannedinthefall
of 1991.

B191

D. Blumenthal

et ai., Phys. Rev. Lett. 24, 3121 (1991).

Gr67
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II.C.2. Test Experiment of the Temperature Meter
The mechanical arrangement

of the temperature meter is described in Section II.F.2.2. We have

recently performed a test experiment using 4 out of the 16 position sensitive silicon detec,tors. The
experiment selected was the 58Ni(24Mg,2p)80Sr reaction at 75-95 MeV incident beam
energy.
i
Many initial difficulties involving detector mounting, cross-talk and pickup were identified and
eliminated.

Some difficulty was encountered in calibrating the detectors for position and energy

and a precise calibration mask is.being designed. Tests to ascertain the amount of radiation damage
to the detectors are in progress.

(This aspect of the project is being studied in collaboration with

the detector manufacturersrCANBERRA).

Full analysis of the data, with particular emphasis on

the detection of very low energy protons and their angular distributions is in progress.
II.D High-K Isomerism
[B. Crowell, P. Chowdhu_,

D.J. Blumenthal, P.J. Ennis, S.J. Freeman, C.J. Lister, Ch. Winter

(Yale)].
Electromagnetic transitions between quantum states in a nucleus depend on angular momentum
selection rules. In a deformed spheroidal nucleus, further selection rules arise from the constraint
that the projection, K, of the single-particle angular momentum on the symmetry axis, is a constant
of motion.

Deviations from such. K-selection rules provide information on both departures from

axial symmetry and effects of non-inertial centrifugal and Coriolis forces on paired orbits, and
provide a sensitive test of the overlap of specific multi-quasiparticle

wave functions. They may

also provide evidence of rotation about axes other than the principal axis of the nucleus.
Severe violations of K-selection

rules have now been observed [Pe85, Wa90] in a variety of

A~ 180 nuclei in the Hf-W-Os region. The physics of these anomalous decay branches has been
discussed both in terms of tunnelling through a potential barrier in the asymmetry degree of
freedom [Ch88, Be89], similar to the 7-decay of fission isomers after tunnelling through a
deformation barrier and, very recently, in terms of the coupling of rotations about an axis which is
tilted IFr91] with respect to the prolate symmetry axis. In addition to the decay characteristics, a
study of the feeding of these new isomers at high spins provides information that is sensitive to the
strong coupling that exists between the single-particle and the collective angular momenta in these
nuclei.

A systematic spectroscopy in these deformation-aligned

secondary minima is planned in order to

fully understand the subsequent tunnelling of these states into the excited levels of the primary
minima, or the rotation-aligned

states. One of the first questions that we intend to address is the

influence of ),-softness on the unusual decay properties

of these high-K isomers. The Z=72

/
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hafnium nuclei are known to be quite rigid in their axial shapes, as evidenced by the strongly
coupled, regular, rotational band structures built on top of the isomers.

In contrast, the Z=76

osmium nuclei are known to be softer in the _/degree of freedom, both from cranked shell model
calculations of their potential energy surfaces, and from the decrease, in excitation energy of the 7vibration band-heads. The structure of states feeding the high-K 25(+) isomer in 182Os would shed
light on the different modes of decay mechanism that have been proposed, namely, preserving
axial symmetry and tilting the rotation axis, or tunnelling through the 7-plane. In order to map the
progression of these anomalous decays from the rigid Hf nuclei to the more y-soft Os nuclei, we
plan to investigate the intermediate Z=74 tungsten nuclei. It has recently been suggested that the
decay of a 750 ns Kr-=35/2" isomer in 179W proceeds via rotations about a tilted axis. We plan to
study the neighboring 178,180W nuclei, both of which have high-K isomers whose decay and
feeding properties have yet to be studied.
We plan to utilize our recently completed BGO multiplicity filter to tag on isomer events which are
characterized by high multiplicity in both the prompt and delayed cascades. The isomer population
is typically 10-20% of the total cross-section of a particular evaporation channel. Since an isomer
breaks up a long cascade of 7.rays into two shorter cascades with a delay between the two, a low
multiplicity signal followed by another low multiplicitysignal

in the time scale of the isomer half-

life is a good signature of the population and decay of the isomer. Such a trigger can be effectively
used to suppress the large "background" of prGmpt cascades of higher multiplicity.
The triggering on delayed and prompt cascades is an important example of the advantages of a
highly segmented multiplicity filter over a total energy calorimeter. In the segmented device, some
of the elements are left free after the prompt burst of 7.rays so that they can fire on the delayed
burst of "),-rays when an isomer decays.

With the present design of the multiplicity filter,

experimental

arrangements

with a thin target and a recoil catcher are envisaged for specific

experiments.

For example, half the elements can be used around a thin target with 5 Compton-

suppressed Ge detectors, and the evaporation residues can be allowed to recoil out into a catcher
foil which is surrounded by 5 planar Ge detectors and the other half of the multiplicity filter. This
would isolate .the feeding and decay cascades of the isomer extremely effectively, and allow the
observation of the delayed transitions in a low-background

environment.

Although ali these

experiments are perfectly feasible with a DC beam, we are also planning to install a beam-pulsing
system (see Sec.X.F) which would greatly enhance the sensitivity of these isomer studies.
Be89

T. Bengtsson et al., Phys. Rev. Lett. 62, 2448 (1989).

Ch_',_

P. Chowdhury

et ai., Nucl. Phys. A485, 136 (1988).
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Fr91
Pe85
Wa90

S. Frauendorf, priv. comm. (1991).
J. Peder,sen et ai., Phys. Rev. Lett. $4, 306 i1985).
P. Walker et al., Phys. Rev. Lett. 65, 416 (1990).

II.lC.Studies of Heav,vNuclei in the N<126. Z>82 Re_ion
.-

v

[S.J. Freeman, D.J. Blumenthal, P. Chowdhury, B. Crowell, P.J. Ennis, C.J. Lister, Ch. Winter

(Yale)].
It has long been appreciated that shell structure plays an important role in determining the shapes
and stability of heavy nuclei [Ma63]. In spite of the importance of such effects, our detailed
knowledge of the states_near the Fermi surface which cause shell stabilization in heavy nuclei is
very limited. Many que,_tionsremain concerning the structure of nuclei in the heavier regions of
the periodic table, the dynamics of heavy-ion fusion andthe modulationof fission barriersby shell
effects. It is therefore suL_rprising
that the excited states of most of the trans-lead nuclei remain
unstudied,and only their ground-stateradioactivedecay properties are known. For example, in the
region of nuclei with N<1!26and Z>82, a whole new region of deformation is predicted [Ma63,
Mu88] but remains as yet undiscovered. The exploration of this region of the periodic table is the
object of our study. Successful experiments on these nuclei will also constrain models which
attemptto pre,diet the prope_es of the long anticipatedsuperheavyelements, and will improveour
understandingof the 1;m;,"ot_'their stability.
The production of compo,..d nuclei in the heaviest systems is not as simple as the normal models
of heavy-ion fusion.evaporation might suggest [Mu88], even near the Coulomb barrier. Accurat_
prediction of the fusion probability in the region of interest is not possible as it is complicated by
the effects of sub-barrier fusion and transfer, and by inelastic reactions. Intense fission
competition is present at ali energies and at each step in the evaporation process, and the probability
of survival is known to be dependent on the structure of the fusing nuclei. This project therefore
probes the interface between nuclear structure and reaction mechanism, and an empirical study of
the optimum conditions for manufacturing heavy nucl,:ihas considerable interest in itself.
A program of work has begun using the ESTU accelerator at Yale in order to address some of the
questions concerning the reaction mechanism and production yields of the isotopes of interest. The
severe fission competition in heavy compound nuclear systems and intense background from
Coulomb excitation has necessitated the development of equipment to provide the sensitivity
required to study the residues which have a low survival probability. Preliminary tests have
involved the measurement of X-rays to tag the atomic number of nuclei produced in heavy-ion
reactions, in prompt coincidence with neutrons. This method is sensitive to heavy nuclear
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production, as we have found that the average multiplicity of X-rays is more than five per heavy
nucleus.

The five planar LEPS detectors in the Yale Gamma Array have been used for X-ray

detection, triggered by an NE213 scintillation counter for neutrons.

The neutron trigger was

essential for suppressing the intense background arising from Coulomb excitation of the target.
Unfortunately, it is a trigger which is sensitive to fission neutrons, although placing the counter
near zero degrees enhanced the i'eladve yield of pre-fission neutrons.

Surveys have been made

using beams of 3lp, 28Si and 24Mg on tantalum targets and using 160 and 19Fon gold targets.
In ali reactions, except 28Si+181Ta, X-raY production has been observed at the energies
characteristic of the Z of the compound system. In the 160+197Au reaction, X-7 coincidences were
measured, and Fr y--rays were observed in coincidence with K-shelI X-rays. The yields of heavy
isotopes in these reactions appear to be very strongly peaked as a function of beam energy, with a
sharp fall-off of yield at low energy (well into the sub-Coulomb regime) and at high energy, due to
fission. The competition of charged-particle emission with pure neutrQn channels is much weaker
than predicted by evaporation codes such as PACE. These calculations indicate that the residue
cross sections are small (roughly 0.04% of the total fusion cross section) due to the intense
competition from fission decay channels, as expected for this mass region, but also that chargedparticle channels compete effectively with the neutron evaporation (up to a level of around 0.25%
of the total fusion cross section). In contrast, the data show no evidence of any production of
evaporation residues formed by proton or alpha-particle emission.

Estimated cross sections for

residue production measured in these experiments are :Reaction System
31p+IS1Ta

Beam Energy (MEV)
138

Residue Cross Section (mb)
0.4

28Si+lSlTa

133-168

< 0.1

24Mg+lS1Ta
19F+197Au

133
97

5.0
2.0

::ig. 1 shows the X-ray yields at energies near and below the Coulomb barrier. In order to detect
heavy residues more efficiently and cleanly, we have constructed an electrostatic deflector system
(see section II.F.2.3.).

We have performed calculations to estimate the deflector performance

including charge-state fractionation and multiple scattering, which are critical in studying slowmoving high-Z ions IEa75]. A preliminary test run has been performed and the deflector plates
tested under computer control. A position-sensitive avalanche counter has been commissioned and
tested with high energy (135 MeV) magnesium beam particles and with low energy (40, 50 MeV)
gold beams. Several areas of difficulty were identified and design changes are being implemented.
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A further test experiment is planned for July. When the X-ray-residue system is fully working,
our preliminary goal is to study to competition between fusion and fission and ascertain the
optimum conditions for heavy nuclear production.
Our present system has only crude mass resolution, although the Z-resolution (through detected Xrays) is excellent• Thus, before proceeding with spectroscopic studies of the nuclei produced, we
had a proposal accepted for beamtime at the FMA recoil-separator at Argonne National Laboratory.
The FMA has sufficiently good mass resolution that we should be able to unambiguously identify
the isotopes produced in our Yale experiments.
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E. Marshalek, L. Person, and R.K. Sheline, Rev. Mod. Phys. 35; 108 (1963).
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II.F. Instrumentation

Project8

[C.J. Lister, P. Chowdhury,
Ch Winter (Yale)].
II.F.1.The

B. Crowell,

P.J. Ennis, S.J. Freeman,

and

yale Array

We have initiated our research program
suppressed

D.J. Blumenthal,

hyperpure germanium

in ),.-ray physics using an array of five Compton-

detectors of 23-25% relative efficiency

operated in several different configurations for spectroscopy measurements.

which have been
The suppressors are

i
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of axial design, made of BGO and NaI(TI), and have yielded spectra of excellent quality. These
basic units have been augmented by a further array of five planar X-ray detectors which give our
spectrometer unique sensitivity for soft photons. Several further developments, which are planned
to make our array competitive for the next five years and serve as a complementary spectrometer to
the national facility GAMMASPHERE, are described in this section. The trigger systems which
we have developed for use with this array are described in Section II.F.2.
II.F.I.1.

Large Germanium De_ector Up m'ade

The technology of solid state photon detectors has advanced dramatically during the last two years,
driven by the demands and funding of large T--arrays.

High quality hyperpure

detectors of >70% relative efficiency are now commercially

available.

germanium

The inclusion of five

detectors of this type into our spectrometer will have three important consequences.

Firstly, it will

greatly increase (by a factor >50) our sensitivity for studying high energy radiation above 5 MeV.
Secondly, it will enhance our efficiency for measuring 7-Y correlations

of "normal" nuclear

radiation (500-1000 keV) by a factor of 10. Finally, it will mean that the Yale spectrometer would
have the broadest dynamic range for nuclear radiation presently available anywhere, with a
capability of measuring photons from below 15 kev to above 10 MeV.
For the detection of high energy photons (>5 MEV), the cleanest and most efficient way of
operating the spectrometer will be in pair-detection mode. The suppression shields will be sectored
and used to detect back-to-back 511-keV annihilation radiation associated with pair production.
This mode of operation appears very attractive in cases where low energy radiation is not of
interest, as ali photons below '1022 keV are entirely suppressed.

Further, the efficiency for this

process rises rapidly with energy, so the spectrometer has increasing sensitivity with energy. This
response characteristic

will be extremely

valuable in a_l experiments

involving high energy

photons. Our special interest is to seek direct decays of superdeformed states.
We have applied for a University Research Instrumentation (URI) grant for five BGO-suppressed,
large-volume germanium detectors. While awaiting the assessment of the proposal and in order to
optimize the tec hnical aspects of the project we have used some of the Yale University start-up
funds of CJL to purchase a prototype detector of 70% relative efficiency and <2.2 kev energy
resolution at 1.33 MeV. These funds have been very important in getting our program under way.
The detector has just been delivered, and testing is in progress. The detailed design of the BGO
suppressor/pair
August.

spectrometer

is underway, and we hope to piace an order for a prototype by
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II.F.I.2.

Compton Polarimeter

A four-crystal Compton-scattering

polarimeter is being constructed for measuring the linear

polarization of T-rays between 200 kev and 2 MeV. The design of our detector has been based on
previous research and development of germanium linear polarimeters over many years and our
current Monte Carlo simulations of various geometries. Previous Compton scattering polarimeters
based on the sectoring of one crystal with four or eight outer electrodes have performed rather
poorly because of electrical problems (noise, cross talk, bad overall resolution) and mechanical
problems (each sector subtends too large a solid angle to its neighbors, so averages out the
polarization asymmetry). We have reevaluated the comparative merits of a sectored versus a fourcrystal polarimeter through Monte Carlo simulations, and conclude that for equal Ge solid angle,
the polarization sensitivity, Q, of the four-crystal design is significantly superior to the sectored Ge
crystal, and more than compensates for the lower coincidence efficiency, ce. In addition, the
inherently poorer energy resolution of a large, sectored crystal contributes to larger statistical errors
in the final spectra, which aregenerally not taken into account in the standard figure of merit (Q2ec)
determination.

Consequently,

we have chosen the four-crystal

geometry

for our proposed

polarimeter. Attempts at mounting several crystals in a single cryostat have had only very limited
success, as the failure, or poor performance,

of one element requires breaking vacuum and

jeopardizing the other crystals. We have, therefore, made the conservative decision to use separate
cryostats for the four detectors.
J

The polarimeter geometry has been made as compact as possible, both in order to allow its
incorporation into our present system, and in order to gain insight into the design of a device which
could be incorporated into large angle detector positions in GAMMASPHERE.
ring of twelve detectors

near 90° in GAMMASPHERE

would be replaced

Ideally, a whole
with compact

polarimeters which would permit the measurement of the polarization of weakly populated states.
An application of this type of measurement would be to seek evidence of Y31 "banana" ,nodes of
excitation predicted for superdeformed shapes. We have .chosen to maximize the efficiency in our
current design by relaxing the constraint that the polarimeter fit into a GAMMASPHERE

port.

Each detector of our prototype is a coaxial, n-type hyperpure Ge detector of 35 mm diameter and
50 mm length. The geometry of the four-detector cluster configuration

is shown in Fig.l.The

crystal mounts are designed to taper together to allow more space for standard preamplifier, high
voltage and cryogenic coupling. Each crystal can act as either scatterer or absorber, and the tapered
geometry allows each crystal to view the target normally. As the detector crystals are quite small,
we expect that good energy resolution (<1.9 keV) and timing (<8 ns) can be achieved, and even
after reconstruction of Compton-scattered events the resolution will be <2.1 keV at 1.3 MeV. The
use of each crystal as either scatterer or absorber increases efficiency,

For identical crystal sizes,
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The four Ge detectors have just been delivered, and initial testing should be completed during'this
sumaner. In-beam experiments with the pola4"i'meter,arc planned in,_eq_tember of 1991.
II.F.2. Trigger Detectors
A wide variety of trigger detector systems have been used with our array or are being developed.
We were fortunate to receive generous donations of equipment from Oxford University and
Manchester University to initiate our projects concerning neutron and charged particle detections
We are now proceeding to commission a second generation of triggers.

II.F.2.1. BGO Multiplicity_Filter
The BGO Multiplicity Filter consists of 38 detectors of hexagonal cross-section, arranged in a
honeycomb pattern, in two identical assemblies, each having successive rings of 6 and 12 elements
around a central element.

Each detector is 75 mm long, with a face-to-face distance for the

hexagonal surface of 36 mm. The elements are individually adjustable mechanically for equal
detection efficiency.

The scintillators are coupled to high linearity phototu_s,

resolution of <13% FWHM at 661 keV, which is significantly

and have energy

better than the >15% FWHM

obtained with identical detector geometry in existing arrays at other laboratories. The timing
resolution of each element is <3.5 ns for 60Co "),-rays.
The signal-processing for this triggering device is primarily based on ECL logic electronics, using
CAMAC-controlled
programmable constant fraction discriminators with a Time-to-FERA
Convener

and F'ERA ADC's for digitizing the timing information,

and FERA ADC's for the

analog energy information. The multiplicity logic and more complicated triggering capabilities are
provided by majority logic units and arithmetic logic units, ali housed in a dedicated CAMAC crate.
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The detectors have been physically assembled in their mechanical frame, and the full CAMAC
electronics is being tested out at the present time. Half of the array has already been .used for inbeam experiments as a multiplicity filter. A raw multiplicity spectrum from a 70Ge(35CI,2p2n)
reaction is shown in Fig. 1. Perfonnance tests of total energy and multiplicity resolution are being
carried out at present, and the full array will be used during this Fall for a first experiment to probe
the feeding and decay of high-K isomers in the A-180 region.
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II.F.2.2. Temperature Meter
In order to overcome the technical limitations of y-ray calorimetry with multiplicity filters and
charged particle calorimetry using arrays of scintillating detectors we are attempting to find a new
approach to determining

the entrance point following charged particle evaporation

from an

equilibrated compound nucleus. Ideally, the detector should have a large solid angle for efficiency,
should have good energy resolution for event reconstruction, and have good angular resolution. A
detector with more than 27csolid angle coverage, 1% energy resolution and -2* angular resolution
should be able to measure the entry point for two or three proton evaporation

with a FWHM

resolution of-250 keV, which contrasts sharply with -2.5 MeV for scintillator particle arrays and
-6 MeV for photon calorimeters.
t

The best detector material for high energy resolution and position sensitivity is silicon.

The

availability of large-area position-sensitive implanted diodes has enabled us to develop a compact
design which has excellent angular coverage. The key to the design is utilization of the fact that the
evaporation process is symmetrical about the beam direction, so only one angle need be measured.
Thus, the detector is an octagonal barrel of implanted silicon detectors, each of length 50 mm with
a width of 10 mm and a thickness 700 _m.

The detectors have position resolution

<1 mm.

Sixteen detectors will be used, with an upstream and downstream detector on each face of the
octagon (Fig. 1).

Fig. 1. A schematic drawing of the Temperature meter.
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We have done extensive Monte Carlo calculations to predict the performance of the detector
(illustrated in Fig.2). In the calculation we have included energy loss and scattering in the target
foil, the degradation of resolution introduced by an absorber foil to stop heavy ions (heavier than
a-particles) entering the counter, the finite position and energy resolution of the silicon and, of
course, the kinematics of the evaporation process using evaporated proton and a-_pectra

from

CASCADE and PACE codes. The results of the calculation have been very encouraging and are
given in Table 1. We estimate that our detector system will cover a solid angle of 58% of 4r_ for
single proton detection and 31% for two-proton detection.

Many factors contribute to the final

resolution, but target thickness and beam focusing have been found to be the critical parameters.
The goal of 250 keV FWHM resolution appears to be possible for many reactions and evaporated
spectra.
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Fig. 2. (a) Proton spectrum from CASCADE used as input discretized in 1 MeV steps to clearly
show resolution at different energies.

(b) Proton spectrum after taking into account ali effects

mentioned (,'arget: 250 I.tgcm-2, absorber: 15 mgcm -2, AE: 1%, Ax=lmm).
We have developed a suitable geometry and beamline plumbing to turn the detector into a workable
experiment.

The entire device will fit inside a two inch outside diameter thin walled aluminum

beampipe, which will fit at the center of our normal photon detector army. Problems of mounting
the detectors and getting the numerous (-35) signals out of the vacuum system have been solved.
The detector was found to be extremely sensitive to high frequency noise and special attention to
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shielding was needed. The systemfor focusing the beam to a I mm spot at the target position was
tested and found satisfactory, lt was found that slit scattering was more intense than desired, and
the beam collimation system is being altered. The system for precisely mounting targets at the
center of the array without disturbing the rest of the detector system worked successfully. The full
arrangement for applying voltage to 16 detectors, monitoring leakage current, preamplifying 32
energy signals and digitizing them (together with all the information from our y-array) has been
designed and all the components purchased.

Final implementation of the system awaifs the full

analysis of data from our trial experiment performed in May 1991.
The effect of radiation damage on the performance of the detectors has always been a concern and
now is being investigated, following our first trial experiment with four position sensitive
detectors. There was some increase in leakage current during the experiment, and the detectors are
being remeasured for leakage current, resolution and timing. The manufacturer of the detectors,
CANBERRA, a local company, is particularly interested in this part of our project. With their
cooperation, we intend to measure the improvement in performance following detector annealing in
an inert environment. Previous experience reveals that annealing may reduce leakage currents by
more than an order of magnitude. This type of reprocessing is not possible for surface barrier
detectors.
Table

1

A summary of results from the temperature meter Monte-Carlo simulation. The trial reaction was
80 MeV 24Mg+58Ni. Evaporation proton spectra were taken from the compound nucleus code
CASCADE. Typical results are shown for protons with c.m. energy of 7.5 MeV.
Effect

e.m. Energy
0.7 %

Resolution

AE of detector

1%

Ax of detector

+1.0 mm

2.3 %

Target

0.25 mgcm "2

0.3% + uncorrectable shift

Absorber foil

15 mgcm "2(no correction)

7.0% ! + shift

Absorber foil after angle add-back
Beam diameter 2 mm

0.4%
2.4 %

Beam position Ax=Ay=l mm

3.5%

OVERALL

Beam Position + 3.5% (250 keV)

EFFICIENCY (including geometry and absorption, but not electronic thresholds):
(lp) = 58%

(2p)-

31%
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ILF.2.3. The Yale Recoil Deflection System
Preliminary studies of the production of heavy nuclei (A-210) using the ESTU tandem accelerator
indicated the necessity to increase the detection sensitivity against a background of radiation due to
fission, inelastic scattering and induced radioactivity.
The small fusion cross section involved in the reactions of interest emphasizes the importance of
identifying fusion products, with as much collection efficiency as possible, in coincidence with
emitted radiation. Experimental measurements of recoiling compound nuclei arc complicated since
they arc strongly focused into only a few degrees around the beam direction. A separation of the
recoiling products from a background due to the beam, elastic and inelastic
fragments of fissioning recoils within that angular cone is necessary.

scattering and

Evaporation residues and

beam-like particles may easily be separated by their differing electric rigidities, due to their different
kinetic energy and charge state distribution. Deflection in an elcctTostatic field produces an angular
separation which allows a geometric separation after a suitable drift space. A detector system is
also necessary with the power to distinguish L=avy recoils from a background arising from elastic
and inelastic scattering and collimator and slit scattering.
The Yalerecoil
deflection
systemconsists
oftwo setsofelectrostatic
plates
and a parallel
plate
avalanche
counterwhichshouldproducea trigger
onlyforheavyrecoils
traversing
thesystem.
The deflector
plates
aremade ofpolished
steel
whichusedtobethehighenergysteerers
oftheold
MPI tandemaccelerator.
The plates,
intheir
original
housing,
havebeenbenchtested
to±10 kV,.
although they are expected to take a higher voltage since the high voltage feedthroughs arc rated
35-40 kV. The two sets of plates are offset, in order to provide some collimation to minimize the
amount of Rutherford scattering reaching the detection plane while maximizing the transmission of
heavy fragments, which bend significantly in the electric fields [4 kV/cm and 2.5 kV/cm between
the first and second set of plates respectively.

Additional collimation is provided by the use of

masks in order to block any straight line of sight between the beam spot and detector. This process
will minimize the amount of background

due to Rutherford scattering, which is practically

unaffected due to its high electric rigidity. The heavy recoils on the other hand move relatively
slowly and are bent significantly in the fields, avoiding the blocking masks. The beam is stopped
in a Faraday cup situated between the two sets of plates.
Multiple scattering of heavy recoils in the target is important in consideration of the efficiency of
such a system. The multiple scattering has been estimated to be of the order of 2° for Ra recoils
from the P+Ta reaction at a beam energy of 138 MeV, using a target of 100 I.tgcm-2. lt is also
important to note that the recoils leave the target in a broad distribution of charge states, only
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-20% of the recoils being in the optimum charge state.

With the system tuned for the most

common charge state, the transmission for recoils is around 30%, due to collimation by elements
of the system. Thus, "optimum" recoils therefore only comprise 6% of all heavy recoiling nuclei.
However, calculations suggest that the real efficiency will be ~30%, as several charge states can be
partially transmitted.

The charge state separation is much smaller than the active width on the

detection plane, which is of the same order of the width of the multiple scattering distribution on
the detector.

Heavy recoils will be distinguished from residual beam-like backgrounds by their time-of-flight
through the system. Timing information will be between the detection of a photon in the Yale
Gamma Array which surrounds the target, and the detection of a particle in the avalanche counter.
The discrimination should be impressive due to the disparity in flight times between beam-like
particles (-10ns) and heavy recoils (-lOOns).

Preliminary

tests of the recoil system are in

progress.
II.G Fu_ure Direction and Dis_bution of Effort
During the next five years, the T-ray spectroscopy group anticipates that its major effort will be
focused on the ESTU program at Yale, where the environment of a university laboratory allows the
possibility of novel experimental techniques to be developed, but maintaining a strong commitment
to projects which are developing outside, especially to the GAMMASPHERE
exploring the opportunities

of radioactive beams.

project, and to

The size of the group (two professors, two

postdocs, and about six students) appears to be appropriate to maintain a healthy combination of
in-house and off-site programs. Some of the key areas of development are discussed individually
below. The size of the group has proven to be sufficient to encourage and support a number of
visiting groups from both the USA and Europe. We hope this interaction will continue and we are
actively developing

outside collaborations.

Of particular promise is the prospect of strong

participation from groups from the UK. The discontinuation of the Daresbury Facility in the UK
has led us to explore the iossibility of the development of a major instrumentation project funded
from the UK at WNSL.

II.G.1. In-House

Pro iecls

We hope our URI grant for the large Ge detectors will be funded and we will move as rapidly as
possible to upgrade our array to its full fifteen detector potential.
end of 1991. Our polarimeter

This should be possible by the

should also be installed by the end of 1991.

Several projects

involving new trigger systems are still in their initial phases and will reach fruition during the next
two years. These include studies of high-spin isomers (using the BGO multiplicity filter), non-
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yrast states (using the temperature meter), and very heavy nuclei (using the recoil deflector). The
last project appears to be ideally suited for the ESTU. The need for relatively high energy heavy
ion beams (>17 MV terminal voltages) and the small survival cross-sections for very heavy nuclear
species make these experiments extremely difficult to perform elsewhere. We hope to use the
experience gained from our test deflector system to develop a more sophisticated heavy recoil
detector which will have sufficient sensitivity to permit experiments on nuclei produced the 10-100
pb levdl. The small production cross-sections will require experiments lasting several weeks to
collect sufficient data. However, the combination of opportunities at Yale makes this a unique
facility for such experiments.
II.G.2. GAMMASPHERE Involvement and Projection
The gamma-group at Yale has had a major involvement in the GAMMASPHERE project from its
inception in 1987. As part of the design group, we have made significant contributions in the initial
stages of the project.

Ali the calculations

regarding the choice of a geodesic solution and

optimization of the final geometry were carried out at Yale, which served as a crucial input for the
proposal submitted to DOE in 1988 (see Fig.l).
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During the consequent delays in the funding and siting decisions for the instrument, we have been
on core technical committees that have been discussing improvements

in the design, especially
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related to the modularity and geometry of the BGO Compton-suppressors.

We have been

approached by the Steering Committee and have committed to provide 6 man-months of effort per
year for testing Ge and BGO detectors during the construction phase of GAMMASPHERE. At the
present time, following the recent choice of Berkeley as the initial site, a reorganization of the
management structure, and the partial allocation of funds, new groups are being formed for
allocation of tasks for the construction phase.
As a complementary development of technical know-how related to GAMMASPI-IERE, we are
pursuing two separate lines of instrumentation upgrades at Yale. One is spectroscopy with largevolume _ 70 %) Ge detectors of GAMMASPHERE proportions. The other is the development of
a four-crystal Compton polarimctcr for linear polarization measurements,

which we intend to

develop as a prototype for GAMMASPHERE.

The status of these technical efforts are detailed in a

separate section (II.F) in this document,

Both these lines of development

will make our

spectrometer complementary to GAMMASPHERE.
ILG.3. Radioactiv_ Beams and Other Outside Projects
Our studies of neutron-deficient nuclei along the N-Z line have allowed us to develop considerable
interest and expertise in the study of nuclei far from stability. To date, these experiments have
been performed using the Recoil Separator at Daresbury Laboratory, UK. However, with the
commissioning of the FMA at Argonne we hope to transfer our research in exotic N~Z nuclei to
that facility. Of particular interest will be the study of nuclei adjacent to l_Sns0

which are crucial

for precisely establishing single particle energies and residual interactions in intermediate mass
nuclei. We will also use the FMA for some of our experiments on very heavy nuclei (see see.
II.E).
Many experiments on nuclei extremely far from stability are only possible with radioactive beams
and/or targets. We intend to become involved with the Isospin Laboratory (ISL) working groups
to explore the opportunities offered by such a facility.

Toward the end of the future five-year

period, we anticipate a considerable effort could be directed to this area of physics, but at present
the level of involvement is difficult to project.

J
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II.H. Comnlex fragment emission in low energy heavv ion reactions
[B. Shiva Kumar, D, Blumenthal, and J.T. Mitchell (Yale), D. Shapira, A.Ray (ORNL)]
We have been studying the emission of complex fragments from deep inelastic collisions between
heavy ions. Small impact parameter interactions between heavy ions, at energies of several MeV per
nucleon, have been assumed traditionally to result in the formation of an equilibrated compound
nucleus. This is a composite object having a mass M, which is the sum of the masses M1 and M2 of
the interacting nuclei. The compound nucleus is created with a large amount of excitation energy:
and de,excites predominantly via the emission of photons or light nuclei. This picture, though fairly
successful in describing most of the features of the observed data, fails under detailed examination.
Cases, in point are measurements in light heavy ion systems where significant yields of fragments
with masses close to MI and M2, those of the target and projectile, have been observed. A consideration of these data leads to the following question. Are these complex fragments emitted by a
dinuclear composite prior to fusion, or after?
In previous attempts to address this question we proposed the formation first of a rotating dinuclear
composite. This system evolves through a complex series of changes towards equilibration of its
various attributes; energy, angular momentum, charge and mass asymmetry, and shape. Of these, the
shape degree of freedom takes the longest to reach near equilibrium values. We conjectured that,
since our measurements indicated an abundance of target and projectile like fragments far in excess
of what was expected from evaporation from acompound nucleus, we were seeing the outward decay
of a dinuclear composite. We refer to these processes involving the formation of dinuclear
composites, and their subsequent evolution towards fusion or outward decay, as orbiting. This
emphasizes their similarity to what have been measured previously as molecular resonances.
We assert that the one feature that distinguishes processes that preceed and follow fusion is a
consequence of the.equilibration

of the shape degree of freedom. The process of formation of a

compound nucleus erases ali memory of the entrance channel beyond those constraints imposed by
energy, angular momentum, mass, and charge conservation.
An extensive study of the 28Si+12Corbiting interaction has established its magnitude, and its energy
and angular dependence [Sha82, Sha85]. This study has also demonstrated

that there exists a

maximum angular momentum that any orbiting dinuclear composite can sustain. This maximum
angular momentum is attained at a center of mass energy where the exit channel kinetic energy shows
a saturation. Increased beam energy above this value results in increased excitation of the orbiting
constituents. The 4°Ca orbiting composite formed in 28Si+12C interactions decays predominantly to
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the 28Si+12C exit channel. The 24Mg+160

system was investigated, independently, in an attempt to

populate the same composite object 4°Ca at an excitation energy and angular momentum similar to
our previous 28Si+12Cmeasurement [Ray86]. This decay was predominantly to the 24Mg+160

exit

channel. In both cases, the strongest exit channel was also the entrance channel. This observation
is at variance with the expectations of fusion-fission, which is another mechanism that has been
proposed for an explanation of our data [San87]. This data set was measured at only one energy. In
order to establish that the observed entrance channel dependence was not energy specific, as would
be the case for resonance influenced behavior, we decided to make a systematic measurement of the
24Mg+160

orbiting yields as functions of the bombarding energy.

We have studied the evolution towards mass equilibration in 24Mg+160 orbiting interactions [Kum91 ].
24Mg beams of energies between 75 and 115 MeV were used to bombard targets of 160. Target-like
particles were detected at forward angles to enable determination of the yields from orbiting
interactions. The ratio of the orbiting yields of 12Cand I_O exit channels rises continuously with
energy from values below unity to above. These observations are consist'.,it with the observation of
an entrance channel dependence at low energies, and an evolution towards mass equilibration with
increasing energy.
The data were measured at the Oak Ridge National Laboratory using a supersonic gas jet target. We
modified the gas handling system to enable the production of oxgen gas jets. The targets functioned
reliably, and were free from contaminants. Figure I is a plot of the ratio of the orbiting yields in the
oxygen and carbon exit channels plotted for the 28Si+12C,and 24Mg+160 interactions. The curve is
the prediction of this ratio by an equillibrium orbiting model [Shi87, Ayi88]. lt is instructive to note
that the theoretical predictions agree with the data for the 28Si+12C interaction [Shi87]. The disagreement with the low energy ratios of the 24Mg+160 interaction indicates the presence of a strong
entranc.echannel dependence. With increasing center of mass energy, this ratio for the 160+24Mg system
seems to approach what is predicted for equilibrium behavior within dinuclear configurations. The
existence of large complex tragn,ent yields at these energies suggests that the shape degree of
freedom has not still,equilibrated. At the highest energies, the data are probably also consistent with
the expectations of fusion-fission models using deformation modified potential energy surfaces.

On arelated note, we have investiated the spin alignments of the 12Cnuclei emitted in28Si+12Corbiting
interactions. The data were measured using the spin spectrometer at ORNL. Our results indicate that
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the spin angular momenta of the nuclei are poorly aligned with respect to the normal of the reaction
plane [Ray9 la]. However, the density matrices of the 12C(2+) and 2ssi states are almost diagonal with
respect to the direction of motion of the outgoing particle. The density matrices and spin alignments
are consistent with the formation of an orbiting complex undergoing bending and wriggling motions.
The data are not consistent with the decay of a compound nucleus.
The oxygen target was used again in a measurement of the complex fragment yields from 160+31p
interactions. This measurement was an attempt to populate the 47Va system that had been studied
[Bee89] using the 12C+35C1enh,_nce channel, Unlike in the case of the lighter system discussed
above, the yields in the system showed a small entrance channel dependence [Ray91 b]. The results
were compatible with the fusion-fission mechanism proposed for heavier systems.
It appears from the data studied thus far that for tightly bound nuclei such as those having multi-alpha
particle configurations, orbiting seems to be the major vehicle for the production of complex
fragments. For other systems, the process of fusion-fission seems just as likely an interpretation. Our
plans in this program call for measurements

of one or more complementary

data sets. On the
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theoretical side, if time permits, we will extend our orbibing model calculations to include nonequilibrium behavior.
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III. Searches

for Rare Decay Modes arid Rare Processes

in Nuclei:

[M. Gai, S.L. Rugari, Z. Zhao, R.H. France, III, S. Sen, J. Wang, and E. Wilds (UConn)]
Our group studies rare nuclear processes and rare decay modes, which arc of theoretical
significance, over a wide range of phenomena in nuclei. These raredecay modes involve specific
theoretical predictions and have clear implication for testing these theories. In addition we continue
our studies of Broken Reflection Symmetry in miclei where characteristic enhanced E 1 decays
were found. These studies involve nuclei far from line of stability, produced with a very small
cross section. We have also extended these studies to the study of Broken Reflection Symmetry in
baryons, through an approved proposed experiment at CEBAF.

We arc carrying out high

sensitivity decay studies of very weak beta-delayed alpha emission from 16N and 18N. These
studies are of interest for nuclear astrophysics (16N) and studies of fundamental interactions in
nuclei (1BN). We propose other experiments of importance for astrophysics, including the study
of Coulomb dissociation of "radioactive 8B and 7Be beams", for the study of the radiative capture
cross section at low energy of p + 7Be and 3He + 4He, of importance for the solar neutrino
problem. We arc continuing our attempt to improve the upper limit on the parity violating effects in
18F.

The observation of these rare decay modes requires counting with low background and in each
case a new detector system is developed
experiments.

For the construction

and constructed by students,

to allow for such

and testing of the detector systems

two new detector

development laboratories were setup, one laboratory with a high vacuum chamber for charge
particle, systems and the second one with a "black box" facility for scintillation counting.

The

detector systems are a major requirement for the success of our searches for rare decays, and a
major effort is channeled to their development.

In addition we commenced

a new effort to

establish nuclear physics research at the University of Connecticut, and the first experimental
nuclear physics Ph.D. student (Ed Wilds) from the University of Connecticut at Storrs, has joined
our group.

We have also collabor&ed with

Young University
"cold fusion".

III.A.

Broken

Brookhaven National Laboratory,

and Brigham

on "cold fusion" and provided one of the f'u'st high sensitivity refutations of

Reflection

Symmetry

in Nuclei andExcited

Baryons:

[M. Gai, S.L. Rugari, Z. Zhao, R.H. France, III, S. Sen, J. Wang, and E. Wilds (UConn)]
The study of enhanced E1 transitions and Broken Reflection Symmetry in nuclei continues to be of
interest to our group [Ga88, Ga89a]. Broken Reflection Symmetry contributes to the breaking of

t
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parity in the intrinsic nuclear (body fixed) system, giving rise to polarization and enhanced E1
decays.

Broken Reflection Symmetry appears to be manifested in the structure of nuclei, via

enhanced E1 decays [A182] and in the structure of baryons, via parity doublets [Ia89]. We are
extending our studies of electromagnetic

properties of nuclei to the study of electromagnetic

properties of baryons to test the validity of the suggestion of Iachello [Ia89] of the importance of
collective motion and shape degrees of freedom (arising from Broken Reflection Symmetry) in the
sthacture of baryons [Ga89b].

The later study was approved for an experiment with the N*

collaboration of CEBAF [Mi89].
Iso-Spin Dependence of Erlhan_ed E1 Decays In 114 Xe."
[S.L. Rugari, R.H. France, III, Z. Zhao, S. Sen, E. Wilds (UConn), and M. Gai;
P.A. Butler, V.A. Holliday, A.N. James, G.J. Jones, T.P. Morrison, R.J. Poynter, R.J. Tanner,
and K.L. Ying (Liverpool)
J. Simpson, and K.A. Connel (Daresbury)]
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We have observed an average dependence of enhanced E1 decays on (N-Z)/A as would be
expected if these states a_se from cluster states [Ru91], as shown in Table I. We note that while
the overall data show (on the average) dependence

on (N-Z)/A,

it does not show explicit

dependence on AZ, as would be expected from a simple liquid drop model prediction. It should be
noted that in the octupole deformation model one also adds shell corrections and neutron skin
terms, which do not have a simple ta'ansparent mass dependence.
Table I: Reduced E1 Transition Strength In Reflection Asymmetric Nuclei
Nucleus

B(E 1)/B(E2)
(10"7 fm"2)

_2

.[._:_2

(10 8)

( 10"2)

224Th

13.9

4.0

3.9

222Th

17.1

4.0

3.6

220Th

17.5

3.9

3.3

220Ra

16.9

3.7

4.0

218Ra

21.5

3.7

3.7

148Nd

13.6

0.79

3.5

146Nd

16.0

0.77

3.2

146Ce

17.5

0.72

4.2

144Ba

7.2

0.65

4.9

114Xe

. 3.8

0.38

0.3

,,

Collective Structureand Orion of Enhanced E1 Decays in I_14C(tx"y)ISo

reactionl

[M. Gai, S.L. Rugari, R.H. France, III, Z. Zhao and D.A. Bromley;
Q.C. Kessel and W.W. Smith; (University of Connecticut, at Storrs)]
Our previous

measurement

of enhanced El's in 180 [Ga83] has generated a great deal of

theoretical discussion on the nature of enhanced E 1 decays and collectivity in light nuclei. The
various theories differ on the role of collective degrees of freedom in 180 and light nuclei. While
some theories have only included the usual quadrupole deformed states, other called for including a
collective molecular dipole degree of freedom. We have tested [Ga89c] one of the comer stones of
nuclear structure, the coexistence model of Brown and Green for 180, including a coexistence
between single-particle and (only) collective quadrupole degrees of freedom, and to our surprise
we did not observe the predicted enhanced B(E2" 42+ ---)23 +) in 180, as shown in Fig.2.

We
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interpret these data ,as evidence for the need to include dipole collectivity and extended coexistence
in 180 [Ga83, Ga89c].

The 14C(a,T)I80 experiment was performed at the J'_ = 4+ resonance

energy of Ec_=I.I 4 MeV using the 2 MV single ended Van de Graaff accelerator at the University
of Connecticut at Storrs, and is related to our studies on the Yale tandem, of broken reflection
symmetry in nuclei. We are now planning several other such studies (see below) which involve a
collaborative effort between the two Universities.
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Coexistence Model for light Nuclei. The measured B(E2:42 + ---) 23+)=5.7(1.9)
W.u. is in disagreement with this model, suggesting an extended coexistence in 180 to
include molecular dipole degree of freedom [Ga83, Ga89c] 5or the structure of 180 and
light nuclei.
Broken Reflection Symmetry in Baryons: A Prot)osedExt)erimentalStudy at CEBAF;
[M. Gai, S.L. Rugari, and S. Armstrong, with the N* collaboration of CEBAF]
Iachello

[Ia89] has recently suggested an interesting

extension of nuclear structure models

incorporating Broken Reflection Symmetry to quark systems (baryons and mesons). The major
new prediction of his model is the occurrence of parity doublets in the spectra of excited nucleons.
While current models have emphasized single quark excitations, Iachello's model suggests the
importance of collective motion of quarks in the description of low lying hadrons.

Clearly the

measurement of electromagnetic properties of baryons, made possible by the construction of the
facility at CEBAF, will play a major role in testing models of the structure of baryons, as in the
case of nuclear structure models. Such spectroscopic information on electromagnetic properties of
baryons, is currently not available due to low duty cycle of available accelerators.

As part of the
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effort of the N* group within the CLAS collaboration of HalI-B in CEBAF, Moshe Gal is a cospokesperson of a proposal [Mi89] to test this new model predicting parity doublet structure in
excited nucleons and deltas. The proposal was presented to CEBAF PAC4a, on December 12,
1989, by Ralph Minehart of the University of Virginia, and an initial 500 hours of beam time were
awarded by PAC4.

Gal is also the chair of the local organizing committee of "Baryons '92", a

conference co-chaired by lachello and Isgur dedicated to the spectroscopy of low lying hadrons,
that will take piace at Yale, I-4 June '92. In addition we plan to collaborate with Volker Burkert at
CEBAF and extend our ongoing contribution

to the Monte Carlo Simulation

of resonance

production via the work of the undergraduate student Steve Armstrong who spent one summer at
CEBAF and will continue this work at Yale.
A182

Y. Alhassid, M. Gai, and G.F. Bertsch; Phys. Rev. Lett. 49(1982)239.

Ga83

M. Gai, M. Ruscev, A.C. Hayes, J.F. Ennis, R. Keddy, E.C. Schloemer, S.M Sterbenz,
and D. A. Bromley; Phys. Rev. Lett. 50(1983)646.

Ga88

M. Gai; Phys. Rev. Lett. 61(1988)2424.

Ga89a M. Gai; Phys. Rev. Lett. R 63(1989)1116.
Ga89b M. Gai, Lecture Notes, HUGS-CEBAF summer school, 1989, p. 282.
Ga89c M. Gai, S.L. Rugari, R.H. France, III, B.J. Lund, Z. Zhao, D.A. Bromley, B.A.
Lincoln, W.W. Smith, M.J. Zarcone, and Q.C. Kessel; Phys. Rev. Lett. 62(1989)874.
Ia89

F. Iachello; Phys. Rev. Lett. 62(1989)2440.

Mi89

R. Minehart, V. Burkert and M. Gai, N° proposal 2, CEBAF PR089-038, approved by
PAC4 and 500 hours awarded.

Ru91

S.L. Rugari, M. Gai, R.H. France, III, A.W. Harter, B.J. Lund, and Z. Zhao; Bull.
Amer. Phys. Soc. 36(1991)1348.

III.B. Studies

of Light Nuclei

of Relevance

to Astrophysics

[M. Gai, Z. Zhao, R.H. France, S. Sen, E. Wilds (UConn), and S.L. Rugari]
Our interest in studying the structure of light nuclei, vis-a-vis the origin of enhanced E 1 decays
has a large overlap with some well known problems in astrophysics, and we have extended our
studies of light nuclei to such questions.

These include the burning of alpha-particles

in carbon

envh'onmer_ts (i.e. 12C and 14C environments), the hot CNO cycle, as well as a proposal to use
radioactive 8B and 7Be beams at RIKEN-Japan, to study the p + 7Be and 3He + 4He radiative
capture cross sections at low energies. The knowledge of these cross sections at low energies is
essential for estimating the expected solar neutrino flux of 8B neutrinos.
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Beta Delayed Alpha Emission From 16N and the Nucleo Synthesis of o_+ 12C.'
[Z. Zhao, S. Sen, S.L. Rugari, R.H. France, III, E. Wilds (UConn), and M. Gai]
The burning of alpha-particles in massive stars requires knowledge of the astrophysical S factor at
very low energies, which is dominated by the contribution of the bound 1- state in 160, for which
the reduced alpha-particle width is not known. Recently Koonin and his collaborators at Caltech
[Ji88, Hu91] have extended old work of Barker [Ba71 ] to suggest that high precision data on beta
delayed alpha-particle emission from I6N can be used to constraint the astrophysical S factor at 0.3
MeV, thus far known with only very low accuracy. Useful constraints could be established from
measured low energy (less than 1 MeV) beta delayed alpha emission of 16N, with a sensitivity for
the "normalized branching ratio" (for the beta decay of 16N) at the level of 10-8 - 10-9.
We have constructed a fast In-beam Out-of-beam transfer system (see below) for the study of beta
delayed alpha-particle emission of secondary nuclei, produced in nuclear reactions. The counting
system of alpha-particles is performed out of beam using a time of flight system. We have tested
the system for a measurement

of the beta delayed alpha-particle

emission of 16N, using the

15N(d,p)16N reaction at 9 MeV, as well as for a measurement of the beta delayed alpha emission
from 1BN, of importance for fundamental interaction in nuclei (section III.C), using the reaction
Th(180,18N)X at 140 MeV. The alpha-particles are measured in an array of large area thin (50
I.trn) surface barrier detectors and the beta-particles are detected in an array of large area segmented
fast plastic scintillator detectors. A target positioning control system was installed and tested inbeam. Using this target manipulator we have demonstrated that a collection foil can be placed in a
very small angle (of the order of 5-7 degrees) with respect to the beam, with the accuracy of a
fraction of a degree. This allows us to implant the heavy ion into a thick target, while the ejected
alpha-particles traverse a foil thinner by an order of magnitude, allowing the measurements of low
energy alpha-particles.

The background at low energies, from the high energy tail of beta-particles

as well as the low energy tail of alpha-particles is removed via measurements of _

time of flight,

not performed in the original 16N experiment [Ne74], used so far to constraint the discussed Sfactor. Major sources of background, such as neutron detected in a surface barrier, were identified
in test runs, and a realistic running time estimate for reaching a design goal of approximately 106
counts of beta delayed alphas from 16N, was obtained. First low statistics preliminary data were
collected for 16N. Collection of data with additional PIN diode veto counters, is planned for the
near future.
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The astrophysical S-Factor for the 14C(o_.T)180reaction:
lM. Gai, Z. Zhao, and D.A. Bromley;
J.W. Olness and E.K. Warburton (Brookhaven);
D. Mikolasand J.Nolen(MSU)]

The astrophysical S-factor for 14C(o_,'y)180

is of importance [Ap87] for the production of heavy

elements in a proposed non-standard (non-isotropic)

Big Bang nucleo synthesis [A187, Ma88,

Bo89] as well as for the onset of core alpha-particle flash [Ha85] in low mass stars (about 0.7 of
solar mass). We have used our accurate determination of resonance strengths in the 14C(o_,T)180
radiative capture reaction [Ga87] to determine these burning rates at low energies. We have also
reexamined our beta-delayed alpha-emission from 1SN measured [Zh89] at M.S.U., to examine the
possibility that a new broad 1"state (around 9.1 MeV) in 180 may contribute significantly to the
cross section at low energies.

This analysis is carried out in view of a theoretical suggestion

[Fu89] that the cross section at low energies for 14C(oc,7)180 may be larger than previously
estimated.

Our analysis shows that the contribution of that hypothetical state is smaller than the

non-resonant contribution recently measured at Caltech [Wi90] and the burning rates for cc+ 14C
appear very well understood.
.The Radiative Width of the 5.1 MeV 1"State of 140 and the Hot CNO cycle:
[R.H. France, III, E. Wilds (UConn), S.L. Rugari, Z. Zhao, S.Sen, and M. Ga.i]
The onset of the hot CNO cycle is determined by the competition between the beta decay of 13N
and the cross section for the 13N(p,7)140 radiative capture reaction.

The last cross section is

determined by the (enhanced) E1 radiative width of the 5.1 MeV 1- state in 140. Very recently two
measurements of this width using radioactive 13Nbeams [De91], and the Coulomb dissociation of
140

[Mo91], have been performed. These measurements were carried out using the state of the art

technologies

in radioactive

beams, and an accurate verification of these results, using a more

conventional approach, would be essential.

In addition some previously measured gamma width

(measured with low accuracy) are not consistent with each other, justifying a higher accuracy
measurement.

Two experiments are being developed for studying the gamma-decay width of the 5.1 MeV 1- state
in 140. The first one is an improved version of the 12C(3He,n)140

experiment of the Seattle

group [Fe89], with a design sensitivity for the branching ratio of the order of 10"5. We plan to
improve the Seattle experiment by using the "Yale Neutron Ball" (see below) in coincidence w;.th
an avalanche counter, to detect the recoiling 140 nuclei, and an array of BaF 2 detectors, to detect
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the 5.1 MeV gamma-rays (see below). Two 4" cylindrical BaF2 crystals have been purchased, and
the construction

and tests of the detectors are underway.

Our Monte Carlo simulations

and

kinematics calculations reveal that the avalanche counter is of great importance for removing
background contributions from target contaminants and that the fast timing possible with BaF2
detectors is of great help for reducing background contributions from scattered neutrons, the two
limiting factors in the Seattle experiment. Test experiments are planned for this summer with final
data collection during this fall and next spring.
In a second experiment we are attempting to measure the iso-spin analog (enhanced) E 1 decay in
.14C, and using the theoretical papers of Fred Barker [Ba85] on the Thomas-Ehrman (Coulomb)
shift to extract the matrix element in 140. We intend to use a variant of the DSAM method to
extract the lifetime of the 1"state in 14C, as well as collaborate with B.E. Norum of the University
of Virginia to measure this matrix element using a 14C(e,e,)14C experiment

proposed

for

Darmstadt. The variant-DSAM method would be useful only for a lifetime of the order of a fsee (a
gamma width of the order of an eV), at the lower end of theoretical predictions [Ba85]. Such short
lifetimes could be measured using high energy heavy ion beams, in the reversed kinematics (e.g.
7Li (11B,tx)14C)

reaction, now available from our ESTU tandem. Targets with 7Li implanted, to be

used in the variant-DSAM method, are being fabricated at the University of Connecticut to be used
in our experiment on the Yale ESTU tandem accelerator.
Coulomb dissociation of "Radioactive 8B and 7B¢_Beams";
The 7Befp.y_SB an0 3I-Ie(4H_.e.d07B¢
Reaction at low Energie_ and th_ Solar N_utdno Pr0blem:
[M. Gai, S. Sen, Z. Zhao;
T. Motobayashi (Rykko University, Tokyo);
M. Ishihara (RIKEN), and I. Tanihata (RIKEN)]
The successful measurements of the Coulomb dissociation of the radioactive 140 beams at RIKEN
[Mo91 ], as well the successful measurement of the Coulomb dissociation of ?Li [Ut90], together
with r,'_nt theoretical advances by Bauer and Bertulani [Ba86, Be91 ], prompted Moshe Gai in a
recent visit to RIKEN-Japan, to propose that 8B and 7Be, radioactive beams at RIKEN, be used to
accurately measure the 7Be(p,),)SB and 3He(4He,'t)TBe radiative capture cross section at low
energies.

In a recent paper, Bertulani [Be91] have calculated the Coulomb dissociation cross

section of 8B, in the absence of a resonance state, and showed that it is maximized at excitation
energies twice the threshold energy and thus at relative particle energies close to the reaction Qvalue of 138 keV. The cross section for the Coulomb dissociation is predicted to maximize at 100
MeV/u 8B beams suitable for the RIKEN-RIPS facility.

Due to availability of Si detectors the

6f_

experiment is designed for 30 MeV/u 8B radioactive beams. We note that a cross section of only a
few mb was sufficient for an accurate measurement of the Coulomb dissociation of 140, in an
experiment that lasted only a few days IMo91 ]. These data on the Coulomb dissociation of 8B and
7Be are very important

for an accurate determination

of the 8B solar neutrino flux.

The

interpretation of the Coulomb dissociation data to yield the time reversed capture reaction rates, of
interest

for astrophysics,

dissociation,

relies on recent theoretical

advances

in the theory of Coulomb

and we are encouraged by the advances made by theory in this subject.

We are

currently discussing with Tohru Motobayashi and the RIKEN laboratory in Japan, the possibility
of performing such a measurement at RIKEN. It appears that detectors purchased by our group
for our array of Si surface barrier (see below), as well as existing Si(Li) detectors, would be
essential for this measuremenL We plan to improve the position and energy resolutions obtained in
the 140 RIKEN experiment [Mo91 ], by an order of magnitude, yielding a design goal for the
missing mass resolution of the order of approximately 40-50 keV.
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Z. Zhao, M. Gai, B.J. Lund, S.L. Rugari, D, Mikolas, B.A. Brown, J.A. Nolen, Jr., and
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IiI.C.
'

Fundamental

Interactions

and Parity Violation in Light Nuclei:

[M. Gai, Z. Zhao, S' Sen, J. Wang, S.L. Rugari, R.H. France, III, and E. Wilds (UConn)]
Our group has initiated two searches for parity violation in light nuclei. Studies of the weak
interaction in 18F suggest [Ev85, Ev87, Bi85, Bi88] that neutral current weak interactions (related
to the isovector PNC interaction and Fr_)are quenched in nuclei. This quenching is very similar to
the AI=l/2 rule in the non-leptonic decay of hadrons [Ho89], governed by charge current
interactions, Both quenching phenomena suggest some til-understood isospin dependence of weak
interactions in hadrons, on the interface of QCD and Electro-Weak theories of the standard model.
In fact we view these studies of weak interaction matrix elements, as a way of exploring the
structure of non-perturbative QCD, where theElectro-Weak

interactions are well understood. We

have begun a program to study this quenching in mass 18 nuclei.
These studies involve two experiments, one more developed experiment in 180, with in-beam tests
in progress. The second experiment in 18F, is in the design stages, where initial collaboration
with NIST has commenced.

Searchfor the Parity Violating Alpha Width of the 6.88 MeV 0"State in 180_.'."
[Z. Zhao, S. Sen, S.L. Rugari, R.H. France, E. Wilds (UConn), and M Gai]
We are searching for the parity violating alpha width of the 0" state at 6.88 MeV in 180, measured
following the beta decay of 18N. This parity forbidden decay width involves both isoscalar and
isovector PNC amplitudes and thus allows the study of the quenching of Fg. This experiment is
an improved version of the experiment performed in 160 [Ne74] using the beta delayed alphaparticle emission of 16N, that yielded a PNC alpha-particle width of the order of 10"10 eV.
In the first phase of the present search, the PNC alpha width in 180 was calculated, with B. Alex
Brown [Ga87] to yield a width of (only) 10"11 eV. We also measured [Zh89] the parity-allowed
alpha-particle

decays

in a collaborative

Yale-MSU

experiment,

performed

at MSU.

This

measurement is essential for absolute normalization and estimate of the background in our PNC
experiment. In the second phase of this search, ali prototype detectors needed for this experiment
were successfully developed and tested. These include a large area surface barrier Si-detector with
fast timing, fast micro channel plate trigger detectors, plastic-scintillator beta-particle counters and
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scintillating fiber trigger detectors. Ali prototype detectors exhibit sub-nanosecond time resolution,
better than the design goal of our experiment. PIN diode veto detectors were purchased to remove
interactions of electrons in the surface barrier detectors. The production cross section for 18N was
estimated from a measurement of the Au,Th(180,18N)X

reaction, at 140 MeV and was found to

be of the order of a few mb/sr. An in-beam out-of-beam fast-transfer-system

using a stepping

motor has been tested and used for initial in-beam tests. A target positioning control system was
installed and tested in-beam. Using this target manipdator we have demonstrated that a collection
foil can be placed in a very small angle (of the order of 5-7 degrees) with respect to the beam, with
the accuracy of a fraction of a degree. This allows us to implant the heavy ion into a thick target,
while the ejected alpha-particles
measurements

traverse a foil thinner by an order of magnitude, allowing the

of low energy alpha-particles.

We emphasize that while the development

of

hardware necessary for these experiments extended over a long period, in excess of two years, we
have now commenced in-beam tests (and initial data taking) for the beta delayed alpha emission
from both 16N and 18N.
Search for First Forbidden Beta Decay of 201=..
IS. Sen, Z. Zhao, S. L, Rugari, R.H. France, III, E. Wilds (UConn), and M. Gai;
D. Alburger (Brookhaven)]

I

Matrix elements of first forbidden beta decay are of particular interest for nuclear structure models
and for understanding weak interactions in light nuclei. Dave Alburger of Brookhaven has recently
proposed the use of our fast in-beam out-of-beam transfer setup for the study of beta delayed
alpha-particle emission from 20F, to measure very weak branching ratios (of the order of 10"7) of
fit.;t forbidden beta decay to the first excited 1"and 3- states of 20Ne. In this experiment we plan to
utilize the 19F(d,p)20F reaction, using the same setup as in our study of the beta delayed alpha
emission of 16N with the 15N(d,p)16N reaction (see above).
" The Parity Violating CircularPolarization of the 1.08 MeV line in 18F..;
[M, Gai, J. Wang, Z. Zhao, R.H. France, Hl, S. Sen, and E. Wilds (UConn);
G.L. Greene (NIST);
P. van Aassche (Mol)]
We have initiated a measurement of the circular polarization of the 1.08 MeV gamma ray from 18F,
with a design goal, to improve the sensitivity of the previous Queens [Ev85, Ev87] and Florence
experiments

[Bi85, Bi88], to reach the sensitivity for the circular polarization, of the order of

1.5'10 "4. The experiment involves the development of a bent-crystal gamma-ray monochrometer
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and was described elsewhere [Ga87a]. Half a dozen pure Ge crystals were delivered tous by our
collaborators at NIST, and were tested for possible bending radii.

First tests suggest that Ge

crystals could be bent to a radius smaller than 1 meter, for thickness smaller than 1 mm, which is at
least twice the extinction length of 1 MeV gamma rays in Ge, suggesting that a bent crystal
monochrometer
[Ga87a].

can be constructed with a total efficiency slightly larger than the goal of 10-4

'ests of production rates for 18F are underway.

And a dedicated beam line is under

construction at our laboratory. A (permendu m) scattering polarimeter is also being constructed in
our group over this summer. A computer controlled power supply (with an electromagnet coil) has
been designed and tested for use of field reversal of the polarimeter.
Bi85

M. Bini et al.; Phys. Rev. Lett. $5(1985)795.

Bi88

M. Bini et al; Phys. Rev. C38(1988)1195

Ev85

H.C. Evans et al.; Phys. Rev.Lett.

Ev87

H.C. Evans et al.; Phys. Rev.C35(1987) 119

Ga87

M. Gai, Z. Zhao, and B.A. Brown; Bull. Amer. Phys. Soc.32(1987)1579.

55(1985)791.

Ga87a M. Gai, a contribution for a proposal for GAMMASPHERE, p. 79.
Ho89

B.R. Holstein, Weak Interaction In Nuclei, Princeton University Press, 1989.

Ne74

K. Netibeck, H. Schober, and H. Waffler;.Phys. Rev. C10(1974)320.

Zh89

Z. Zhao, M. Gai, B.J. Lund, S.L. Rugari, D. Mikolas, B.A. Brown, J.A. Nolen, Jr., and
M. Samuel; Phys. Rev. C39(1989)1985.

III.D.

D¢¢gctor Developments:

[M. Gai, S.L. Rugari, Z. Zhao, R.H. France, S. Sen, J. Wang E. Wilds (UConn),

G.M.

Furnish, S.T. Gilles, P.E. Schiffer, L. Dewan, T. Willis, S.A. Barnes, A.W. Harter, T.G.
Zhang, and S.K. Truitt]
Our group has initiated and completed major developments

of detector technology

in our

laboratory. In these efforts, graduate students in collaboration with a number of undergraduate
students from Yale University, as well as neighboring schools (through the NECUSE program),
have performed Monte Carlo simulations of these detectors, constructed and tested prototype
detectors, and constructed the required detector systems that are now in use in our experimental
program.

a
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1.The "Yale Neutron Ba 1lc:

[S.L. Rugari, R.H. France, III, E. Wilds (UConn), G. Furnish, S. Gilles, A. Harter, and M. Gall
A capital equipment grant was awarded to our group for the construction of "a neutron-ball" (of
hemispherical shape).The ball was completed including 35 NE213 liquid scintillator detectors, and
in-beam tests of its performance was completed using the
9Be(ot,n7)12C reaction.
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UnDer Limits of Proposed "Cold Fusion" Processes In Solid State Environments:
lM. Gai, S.L. Rugari, R.H, France, III, Z. Zhao;
A.J. Davenport, H.S. Isaacs, and K. Lynn (Brookhaven)]
In addition to the projects discussed above we have utilized neutron detectors from the Yale
neutron-ball

to perform one of the first and lowest background high sensitivity searches for

neutrons from "cold fusion".

Two experiments

were performed,

the first one was a Yale-

Brookhaven collaborative effort [Ga89], and the second one a Yale-Brigham Young-Brookhaven
collaboration [Ru91a].

No evidence was found for "cold fusion", and upper limits on emission

rates of neutrons and gamma rays from "cold fusion" were determined which are at least one order
of magnitude below rates reported by Jones et al. of BYU and Menlove et al. of Los Alamos.
2.The "Yale Si-TriensDhere"
-

[Z. Zhao, S. Sen, T. Willis, S.A. Barnes, and M. Gai]
A second capital equipment grant was awarded toour group for the construction of a fast in-beam
out-of-beam transfer system with a silicon based detector system, for the study of low energy
alpha-particles emitted in beta-delayed emissions. The energy and-time-of-flight of alpha-particles
are measured with an array of surface barrier detectors.

The transfer system has been completed

and tested in beam; surface barrier detectors were purchased as well as fast beta-particles plastic
scintillator detectors. The system was already used in initial data taking and in beam tests of the
beta delayed alpha-particle emission of 16N, and studies of 18N am planned for the near future.
Detectors purchased for use with this fast in-beam out-of-beam transfer system, am also in use in
other projects of our group, including a future measurement of the Coulomb dissociation of 8B.
3. A Proposal for the Construction of a Hybrid BaF-NaI(TD Gamma-array Detector Array;
[R.H. France, J. Wang, E. Wilds (UConn), and M. Gai]
We have initiated a design and tests of prototype detectors for high energy gamma rays with fast
timing. These detectors are essential for our study of (3He,ny) reactions in the study of 140 (see
above) and a similar study of 18Ne that we are currently pursuing. And for the proposed parity
experiment in 18F (see above). We have purchased two BaF2 crystals and UV transparent photomultiplier tubes.

We are currently testing the performance of 4" BaF2 detectors for use in our

proposed research activities.

Based on these performance tests and on the design goals of the

proposed experiments, we plan to submit this Fall a capital equipment proposal to DOE for the
construction of an array for the detection of high energy gamma rays.
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4. Development of Scintillating Fiber d_tect0r_;
[M. Gai, S. Sen, and the EGN group of CEBAF-CLAS
collaboration]
As mentioned

above,

we are developing

and testing

scintillating fiber (SCUFI) technology in our laboratory. The

y = - 7,553 le-2 + 3.9840x

s

use of SCI/FI for triggering would be useful in various

4

_7

experiment that we are currently pursuing, as well as for a
general tool to be developed. The development of SCUFI
techniques is part of the efforts of M. Gai to build a shower
counter

and a vertex detector
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Timing of SCI/FI is dominated, by photo-electron statistics
and the transient time fluctuations of the photomultiplier

Obtained time resolution of
the SCUFI prototype shower detector
of the CEBAF-CLAS collaboration

tube, and thus calls for the development

[Be90].

of a fast micro

channel plate readout system.
For the detection of high energy electrons in CEBAF HalI-B CLAS detector, an electromagnetic
shower calorimeter will be needed. Extensive studies of the experimental arrangement and detector
development are underway within the EGN group of the CEBAF-CLAS collaboration.

A test of

several prototype detectors, including a SCI/FI calorimeter constructed at the University of Illinois,
was performed on the BNL-AGS accelerator, during April 1990 [Be90] with the participation of
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M. Gai.

In Fig.5 we show the obtained time resolution for the prototype scintillating

shower calorimeter.

fibers

The prototype SCINI calorimeter shows a good time resolution that will be

essential for time-of-flight measurements of neutrons in the EGN detector.
Be90

K. Beard et al. for the EGN working group, CEBAF-CLAS collaboration; IEEE conf, Oct.
1990.

Ga89

M. Gal, S.L. Rugari,R.H. France, B.J. Lund, Z. Zhao, A.J. Davenport, H.S. Isaacs, and
K.G. Lynn; Nature 340(1989)29.

Ga89a M Gai, pre-MOU with CEBAF, June 22, 1989
Ga90

M. Gai, and S. Sen; Bull. Amer. Phys. Soc. 35(1990)1664.

Ru91

S.L. Rugari; Ph.D. thesis, Yale University, 1991, unpublished.

Ru91a S.L. Rugari, R.H. France, B.J. Lund, S.D. Smolen, Z. Zhao, M. Gai, and K.G. Lynn;
Phys. Rev.C43(1991)1298;

E C43(1991)2899.
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IV. E_perimental

Nuclear

Astroohvslcs

(Exolosive

Nucleosynthesis):

Explosive nucleosynthesis is thought to Dc responsible for the production of terrestrial 15Nand the
excess 22Ne seen in many meteorite samples, as well as the elemental overabundances of O, Ne,
Mg, etc. observed in nova ejecta. The temperatures and densities involved in these events are
sufficiently high so that proton and alpha, particle induced nuclear reactions are fast enough to
compete with beta decay, leading to the Hot, CNO-cycle and the rp-process in which, by bypassing
the slower beta-decay processes, these reactions can greatly increase both the rate of energy
generation and the total amount of energy produced. In order to understand the dynamics of such
explosions and the origin of our solar System material (the site, temperature, density, etc. of its
nucleosynthesis), it is necessary to determine the detailed characteristics of the important nuclear
reactions in these explosive processes. A direct study of these reactions would require the use of
short-lived radioactive targets or beams; however, it is often possible to use standard nuclear
spectroscopy techniques to determine the relevant nuclear reaction rates without the necessity of
using such radioactivities. Instead, the resonant reaction rates,
(fly = {(2J+l)/(2Sl+ 1)(2S2+1)} F_,Fp/Ftot,
can be measured by making use of stable beams and targets together with standard nuclear
spectroscopy coincidence techniques to determine the precise location of the important resonant
states and to measure their decays into specific channels.
IV.A. The Hot(_NO Cycle: Measurement of F_,for the 13N(p,y) Resonance at Ecm=540 keV.
[M.S.Smith, P.V.Magnus, K.I.Hahn, R.M.Curley, P.D.Parker, T.F.Wang(LLNL); K.E.Rehm
(ANL), P.B.Femandez(ANL); S.J.Sanders(Kansas); A.Garcia(Washington), and E.G.Adelberger
(Washington)]
The role of the HotCNO Cycle is determined by the comparison between the rate of the 13N(p,_,)
reaction and the rate of the competing 13N positron decay (x=862 see); when the (P,T) reaction is
fast_ than the positron decay, then the normal CNO Cycle is converted to the HotCNO Cycle,
12C (p,,_) 13 N (p,_) 140(_+V)

14N(P,T)150(13+v) 15N (p,ot) 12C.

The transformation to the HotCNO Cycle leads to an increase in the energy generation rate by a
factor of 3-5, by bypassing the 13N positron decay; additionally the waiting point in the cycle is
changed from 14N to 140 and 150, thereby changing the relative abundances of the CNO seed
nuclei and increasing the 15N/14Nabundance ratio in the residue material to =1, compared to =10 -5
in the normal CNO Cycle. At the temperatures of interest for explosive hydrogen burning at
astrophysical sites (T<109 "K), the rate of me 13N(p,T)140 reaction is determined by the properties
of the low-energy s-wave resonance (see Figure IV.A. 1) corresponding to the first excited state of
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140.

The energy

and width of this resonance

have previously

been measured

(Ecm=S40.5:k2.0 keV and Ftot= 38.1+1.8 keV) so that only the gamma-decay

(Ch85)

branching ratio

(F_l"_t) is required to determine the resonance strength for this state, oy = oF_Fp/F_t = _F_.
We have used the 1H(14N,140)n

reaction

to

rr_asurcthe ratio of the number of 140o recoils to
the number of 140*(5.17-MeV)
recoils

E, ,5,168.5 ±1.8kev I
r . _s.t: ).o k.v I
g =o
! '
E_,,,_40.S.-Zk,V ]_

I
I
I

undergoing
T-decay at E(14N)=I75
MeV
(Ecm=ll_667
MEV).
The ratio of the

"_
4.628

]

z+
6,27
6.so
5.SZ

3"

5169

I"

0.

13N+ p

14N(p,n)14Oo

and 14N(p,n)1401

production

cross sections was determined in a time-of-flight
measurement

using a 12.50-MEV proton beam

with a 1.2 nsec pulse width at the Seattle
tandemAinac facility. The combination of these
two measurements was then used to determine
o+
gamma-decay branching ratio (F_tl"tox) for this
resonance.

Fimare IV.A.I:

For the 1H(14N,140)n measurements,
ATLAS facility.

14°

Self-supporting

Level Structure of 140.

the 175-MEV (1 pnA) 14N beam was produced by the

(CH2)n targets were used together with an Enge Split-Pole

magnetic spectrometer which was positioned at 0" in order to identify and separate the 1400 recoils
which were formed directly from those formed by the gamma decay of the 1401
Figures IV.A.2 and IV.A.3).

(e.g.,

state

The focal plane detector (Re88) included a PPAC which provided

both timing and position information and a Bragg-Curve detector which provided total-energy,
range, and horizontal entrance angle information.

On the basis of these detectors we were

therefore able to determine the Z, A, Ox, and momentum for each of the recoiling nuclei and were
thereby able to uniquely select those events corresponding to 140 recoils. Although a small peak
was observed in the 1H(14N,I40)n

tnomentum

spectrum at the position expected

for the

1401(T)140 o recoils, events from the tail of the much more intense peak corresponding
1H(14N,14Oo)n process and events corresponding

to the contaminant

to the

12C(14N,140)12B

and

160(14N,140)16N reactions limited the accuracy of our extracted result to F_I"=(3.1+1.7)* 10-4 so
that the best that we can claim is that our result is not inconsistent with the more sensitive
12C(3He,n)14Ol(7)140

result of Fernandez et al. (Fe89), F?/1"=(0.72_.+0.35),10 -4 or with the

recent direct measurement ((oy=2.9-k0.9 eV) using a 13N beam at the Louvain-la.Neuve
(Hu91) or the recent coulomb-dissociation
[See Table IV.A. 1.]

measurement

facility

(co7=2,3:L0.5 eV) at RIKEN (Mo91).
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Table

IV.A,I:

Measurements

of F¥/Ftot for 140*(5.17;

1")

R_ference:

Reaction:

Yale - (Wa86)

14N(3He,t)I40*(140) 7

< 11

Seattle - (F¢89)

12C(3He,n)I40*(7)140

2.1+1.0

Strasbourg - (Ag90)

12C(3He,n)I40*(7)140

'

ATLAS - (Sm91)

ZH(14N,Z40*)n

Louvain la Neuve - (Hu91)

1H(13N,7)140

RIKEN - (Mo91)

208pb(]40,]3N

IV.B. Breakout from the HotCNO Cycle tothe
Resonance Strengths.

oy_ e V):

<9
9+_5

2.9+0.9
p)208pb

2.3:t:0.5

rp-Process (I); Determination

of 150(ct,7)

[P.V.Magnus, M.S.Smith, A.J.Howard, P.D.Parker; arid A.E.Champagne(Princeton)]
In explosive hydrogen burning, at sufficiently high temperatures the 150((x,7)19Ne(p,y)20Na
reaction sequence provides a path out of the HotCNO Cycle into the rp-process

which, by

bypassing the limiting 140 and 150 beta decays, can increase the rate of energy generation by as
much as a factor of 100 over the HotCNO Cycle and which can transform the CNO seed nuclei
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intoheaviernuclei(e.g.,
FigureIV.B.I).Thisbreakout
isthoughtto be responsible
forthe
unusual concentrations

of heavy elements observed in nova remnants.

At astrophysically

important
temperatures,
therateofthe150(a,7)19Ne
reaction
isdetermined
by theproperties
of
several resonances just above the 150+_ threshold in 19Ne (_m<1.2 MEV). (See Figure IV.B.2.)
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The HotCNO Cycle and the rp-Process.

Comparison of the Level Structure of 19Ne and 191:.

19Ne states in the energy region just above the 150+(I

threshold

were populated

via the

19F(3He,t)I9Ne reaction by bombarding an 80 ].tg/cm2 CaF target with a 29.g-MeV, 25-pna 3He
beam from the Princeton AVF cyclotron.

Tritons were detected at 0" with AE®E particle

identification at 0" at the focal plane of the QDDD spectrometer.

In order to determine the alpha-

decay branching ratio Ba=l"a/Ftot for these 150(c_,T) resonances, coincident alpha particles from
the subsequent decay of the 19Ne states were detected with three large-area Si(SB) detectors which
subtended a total solid angle of 90 mst. Real coincidences were defined by requiring proper timing
between the detected tritons and alpha particles and by requiring that the tritons and the alpha
particles have appropriate energies (Ma90); Figure IV.B.3 shows an example of this coincidence
data, for the 4600-keV I9Ne* state (Er=1071 keV). Alpha-decay widths and gamma-decay widths
for some of these 150(a,T)resonances
corresponding

may also be scaled

analog resonances in the 15N(a,7) reaction (Ma87).

from measurements

of the

The resonance strength co'/

can then be determined from any two of the three parameters [F 7, Fa, and Ba-Fod(Fo_+F-¢)]
using one of the following relationships:

_

= coFTFJ(Fct+F, t) = coFTBa = c0Fct(1-Ba).
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These results are summarized in Table IV.B.1 for the six lowest energy 150(0_,'_) resonances.

As

an example of the potential danger in relying on nuclear systematics to determine the properties of
individual resonances, it should be noted that for the 1071-keV 150(cz,_,)resonance our measured
value for _

is 8 times larger that the "systematic" value used in previous discussions (La86) of

the role of this reaction, while our measured value for oJ'Tfor the 1020-keV resonance is 25 times
times smaller than the "systematic" value. On the basis of these measurements,

the 1071-keV

resonance will dominate the 150(_T) reaction rate for temperatures in the range from 7x108 "K to
3x10 9 "K. At typical nova temperatures,

2¢:_5x108 "K, this reaction rate is expected to be

dominated by the 504-kev resonance; however, the present experiments were not sensitive enough
to measure this o_-decay because of its small branching ratio, --10-4. Because this resonance is
currently one of the two most important resonances [see also the discussion of the 19Ne(p,T)
resonances below] in determining the conditions for the breakout from the HotCNO Cycle to the
rp-Process, we are continuing to actively examine alternate experimental techniques to measure Fct
or Bet for the 504-kev resonance.
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Table IV.B.I:
Measured

150(a,_,)19Ne Resonance Properties

quantities

(oy (meV)

E_(tgNe)
(keV)

Er
(keV)

F_")
(meV)

F_
(meV)

B'_f)
(F./ FT)

4033
4379
4549
4600
4712

504
850
1020
1071
! 183

73 ± 41
>60
39 +34
- ts
>13
43 ± 8

0,0072 b)
<3.8 c)
88+18 c)
420 ± 70 a)

0,044±0.032
0.07 ±0.03
0.25±0.04
0,82 ± O.15

5092

1563

FT(t_F) > 22

y(t_F) = 4.3 ± 2.7 e)

0.90 ± 0.09

_
to I_ + F_

Best value

_a(l - B.)F_,

coFvB.

coy

<6.8
198±51
227 ± 189

> 10
_ +4,8
.... 3,:
>9.8
106 ± 28

0.014
> !0
4.5 ± 2.5
198±,51
113 ± 17

0.014
<7,3
39 < ta3,< 264
117_ 22

<60

a) Widths from analog states in 19F.
b) Based on a reduced alpha-particle width of 0.06 (Fo86).
e) (Ma87)
d) (Ro72)
e) (Aj87)
f) 19F(3He,t)laNe(o0150 measurements desc'ribed above.

IV.C. Breakout from the HotCNO Cycle to the rp-Process lID: 140(ct,p)17F and 17F(p,T)18Ne
Resonances and the Level Structure of 18Ne.
[K.I.Hahn,

M.S.Smith,

A.Garcia(Washington),

N.Bateman,

S.Utku, K.Yildiz,

E.G.Adelberger(Washington),

(Washington), K.B.Swartz(Washington);

S.Freeman,

A.J.Howard,

P.V.Magnus(Washington),

P.D.Parker;
D.M.Markoff

and A.E. Champagne(Princeton)]

The 140(ot,p)17F(p,T)lSNe(13+v)lSF(p,oQ150

reaction sequence can provide a path around the

relatively slow positron decay of laO in the HotCNO Cycle, while the similar reaction sequence,
140(a,p)lTF(p,T)lSNe(13+v)lSF(p,T)lgNe,
to the rp-Process (Figure IV.B.1).
depend of the resonance

can provide an alternate path from the HotCNO Cycle

The rates of the 140(a,p)lTF

and 17F(p,),)lSNe reactions

stTengths of the 18Ne levels in the neighborhoods

(Ex-5.114 MeV) and 17F+p (Ex=3.922 MeV) thresholds, respectively.

of the 140+Ot

From a comparison with

its isospin mirror, 180, the level structure of 18Ne is clearly incomplete in this region (e.g., Figure
IV.C.1), and we have therefore recently embarked on a broadly based study of the levels of 18Ne
as they relate to the resonant reaction rates for the 140+a and 17F+p entrance channels and their
roles in the HotCNO Cycle and in the breakout to the rp-process.

Part of this study involves

searching for missing levels in 18Ne which are already well known in the mirror 180 nucleus, and
part of the study is directed toward a better measurement of the spectroscopic properties (Ex, I",
.In, etc.) of 18Ne states.
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_._

Fibre

IV.C.1;

These

experiments

Comparison of the Level Structure of 18Ne and 180.

160(3He,n)I8Ne
P.V.Magnus,

o"

have 'included a high-resolution
reaction

D.M.Markoff,

ac Seattle

time-of-flight

(in collaboration

and K.B.Swartz)

measurement

with A.Garcia,

of the

E.G.Adelberger,

in which a "missing" 3+ state (a possible l=0

17F+p resonance) was located at Ex=4.561 MeV (Ga91). This state/resonance is 230 keV higher
than had been suggested by earlier calculations, and therefore the predicted rate of this reaction is
reduced by a factor of I00. This reduction means that the supermassive stellar explosion model of
Wieschcr, Gorres, and Thielemann (Wi88) is not a viable scenario to account for the production of
the observed 170/180 abundance ratio and the large amount of 26AI observed in our galaxy.
Preliminary, high-resolution 20Ne(p,t)lSNe measurements utilizing our implanted neon targets and
the Q3D spectrometer at Princeton (in collaboration with A.E.Champagne) have allowed us to
make a better determination of the widths of the 5.09/5.15-MEV doublet [45+5 keV'and <12 keV,
respectively];

these high-resolution

(p,t) measurements

will be pursued further as part of our

search for missing states in laNe.
We have also initiated a series of heavy-ion transfer studies of 18Ne, using the momentum
resolution of our new split-pole magnetic spectrometer coupled with the particle identification
characteristics of its associated detector (see Section IV.F, below) to measure reactions such as
12C(12C,6He)lSNe for which we have achieved a resolution of =60 keV (e.g., Figure IV.C.2). Of
particular interest will be those transfer reactions such as 14N(12C,8Li)18Ne, 14N(10B,6He)I8Ne,
160(10B,SLi)I8Ne, and 19F(TLi,SHe)18Ne which do not preferentially populate natural parity states
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and which should therefore make it easier to locate many of the missing non-natural
18Ne. The selectivity

and sensitivity of this spectrometer

parity states in

make it an ideal instrument

these low cross section reactions.

for studies of

>
12C(12C,6He)ISNe

E(12C)=80 MeV
Oi.b(6He)=

7*

-

i

q

,

_

.

. ii ,ll

1

...... ,
Figure IV.C.2:

The relative

12C(12C,6He)ISNe

rates of the 18F(p,ot)lSO

140(¢x,p)-initiated

reaction

depend on the properties
a collaboration
properties

20Ne(3He,t)20Na,
P.V.Magnus,

The ]9Ne(p,y)20Na

and 18F(pp/)19Ne

reactions

leads to a breakout

Wiescher

determine

K.I.Hahn,

is planned

whether or not the
Cycle; these rates

at Ex---6.411 MeV, and
to measure

the decay

reactions such as 19F(3He,t)19Ne(o0150.

Cycle to the rp-Process

and the Location

•

from the HotCNO

and his colleagues

using coincidence

from the HotCNO

and Z.Q.Mao(Princeton)

Channel Number

of the 19Ne levels just above the 18F+p threshold

of these resonances

[M.S.Smith,

sequence

with Michael

IV.D. Breakout
Reaction,

Spectrum.

(III_

High-Re_olution

Study of the

of 19Ne(p,_,) Resonances.

A.J.Howard,

P.D.Parker;

A.E.Champagne(Princeton),

]

reaction is the second important

step in the breakout

(e.g., Figure IV.B. 1). If this reaction is not fast enough to compete
19F, then the 19Ne produced in the 150(ot,3,) resonances

from the HotCNO Cycle

with the beta decay of 19Ne to

will be returned to the HotCNO

Cycle via
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sequences such as, 19Ne(_+v)19F(p,o0160(p,T)17F(p,y)lSNe(_+v)lSF(p,o0150,
etc. The
reaction rate of the 19Ne(p,y)20Na reaction is determined by the properties of several resonances
just above the 19Ne+p threshold in 20Na. Previous measurements

(Ku88 and La90) of these

resonances utilizing gas targets to study the 20Ne(3He,t)20Na reaction achieved energy resolutions
of only 60-80 keV with a resulting uncertainty of +(16-20) keV in the location of the various
resonances.

Since the reaction rate has an exponential dependence on the resonance energy, we

have remeasured these resonances using the same 20Ne(3He,t)20Na reaction but utilizing implanted
20Ne targets.
The implanted Z0Ne targets were produced by bombarding 40-gg/cm 2 carbon foils with 20Ne.+
beams with energies between 15 - 60 kev and intensities of 100-600 nA from a 300-kV CockroftWalton accelerator.

The beam was rastered over an 8-mm diameter aperture in order to giv,_ a

uniform implantation distribution. The carbon foils were stress-relieved before bombardment Iby
exposing them to a camera flash, and the bombarding energy was varied during the bombardment
in order to spread the neon atoms throughout the foirs thickness.

In this way we were able to

achieve 20Ne implantations of 7.3+1 Rg/cm 2 in the 40 gtg/cm 2 carbon foils. In our subsequent
20Ne(3He,t)20Na measurements the energy loss of the 3He beam in these implanted targets was
only 6 keV, a factor of 10 improvement compared to the gas targets. No outgassing or thermal
damage was evident in these implanted targets at power densities as high as 40 mW/cm 2 during our
20Ne(3He,t)20Na measurements.

Our 20Ne(3He,t)20Na measurements

loo

3He
from athe100-pnA,
Princeton
AVF
were beam
made using
30-MEV
cyclotron; tritons were detected with

so -

AE®E particle identification

8o -

spectrometer.
focal
plane
IV.D.1),

at the

On the basis of the
of
the
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20Ne(3He,t)20Na Spectrum.
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(See Figure IV.D.2.) On the basis of its low energy, the 447-keV resonance is expected to play
the dominant role in determining the rate of this reaction at temperatures characteristic of nova
explosions and, therefore, the possibility of breakout from the HotCNO Cycle to the rp-Process.
The crucial measurement which is still needed in order to determine the strength (oy) for this
resonance is its gamma width, F_t.
Nuclear systematics suggest that 2x10"5<F_<10 "2eV. If Fv for the 447-keV 19Ne(p,T) resonance
does lie in the range (2x10"5<l"y<10 "2 eV) then the breakout from the HotCNO Cycle to the rpProcess will be determined by the rate of the 150((z,T) reaction, and if Fct for the 504-keV
\

150((x,T)resonance lies in its currently expected range (10 -5 <l"a<10 "3eV) then this breakout can
occur at the temperatures and densities characteristic of'hot nova explosions (e.g., Figure IV.D.3).
However, it must be emphasized that at this time there are still lEg¢, uncertainties in these two
important resonance strengths as well as in the isospin mirror identifications in Figure IV.D.2. We
are currently examining the practicality of a number of techniques for future measurements of F_,
for the 447-kev 19Ne(p,T) resonance, including (i) a coincidence measurement of 20Na recoils
resulting from the gamma-decay

of this resonance, (ii) a stronger identification of the isospin

mirror of this state in 20F together with a measurement of the lifetime of that 20F state, (iii) a search
for the suggested 6p-2h component of this state, using the 14N(12C,6He)20Na reaction, etc.
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IV.E. The NeNa and MgAI Cycles:
[A.J.Howard,
P.D.Parker,

P.V.Magnus,

Single-Nucleon

M.S.Smith,

Champagne(Princeton);

There is currently

Transfer

T.F.Wang,

Studies

N.Bateman,

K.I.Hahn,

S.Utku,

and B.Vogelaar(Caltech)]

considerable

interest

in the role of 22Na in explosive

nucleosynthesis,

because of questions about the synthesis of the excess 22Ne seen in meteorites
is fossil 22Na?) and partly as a reflection
of 22Na in the interstellar
such searches,

medium.

the questions

of on-going searches

While the GRO program

facing laboratory

the nuclear reaction rates for the production
the Mtinster
(3x1015

group has completed

atoms)
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understand
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with which
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the production
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can be compared

There are, however,

of ttr/values

Ex(keV)
=
7017
6999

O

the strengths,

Therefore,

begun a study using single _-

This work makes use proton-transfer
using a scaling

for very low energy resonances
strengths

and the directly

reactions

technique

or/values

Ex (keV)
9103
904t

_

(9000)

,

_-_ .......
"b_45 --r/,z2

_
0.1

(8894)
0.05

t

6752
6714

=ZNe+p
8793

ZZNo

jrr

9113

,,,3
3 *

T9

(8862)
8822
_8-'79-9

i

I/e+
" -

"

o

Figure Iy,E. 1;
22Na and 23Na Level Structure

because
such as

which allows the

whose spectroscopic
measured

1"..2.

.,,686 0 .,,
6834
(0.1)*";'1

""

00_, for

in order to better

to direct 0_ determinations

d_

'=''

6957

ZINc _. p
6740

using a -0.7mCi

(Ch83).

7077

Recently

at least 5 lower energy resonances

of 22Na, we have recently

(P,7) resonances,

to the spectroscopic

energy resonances

they were able to measure

but which are not accessible

of their low energies (see Figure IV.E.1).

indirect determination

on determining

of 22Na in such explosions.
reaction

of

to measure those 22Na and 23Mg states which are in the vicinity of the

21Ne+p and 22Ne+p thresholds

(3He,d)

are focussed

by direct (p,y) measurements.

and destruction

(How much of this

will greatly expand the sensitivity

nuclear astrophysics

and destruction

partly

for the gamma rays from the decay

a direct study of the 22Na(p,y)23Mg

down to Ecru=290 kev (Se90).

which are not currendy

K.Yildiz,

in the vicinity of the 21Ne+p and 22Ne+p Thresholds.

strengths
of higher
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This work is an extension of our earlier studies of the production and destruction of 26A1 which
were motivated by the discovery of excess 26Mg (fossil 26A1)in Al-rich minerals in meteorites and
by the observation of the gamma rays from the decay of contemporary 26A1 in the interstellar
medSum. Our 26A1 production and destruction studies utilized the (3He,d) reaction to identify an
important Ecru=57.5 kev s-wave resonance in 25Mg+p channel and to identify an important
Ecru-189 keV resonance in the 26Al+p channel. The 26Al(3He,d) measurements were performed
,

using a target which was produced (Vogelaar and Kavanagh) by evaporating
(26A1/27A1---0.06) onto a thin carbon foil; the 189-keV 26Al+p resonance

enriched A1203

was subsequently

confirmed by direct (p,),) measurements (Vogelaar, Ph.D. thesis). With the successful launching
of the Gamma Ray Observatory recently, we anticipate that in the near future the direction of this
aspect of our laboratory nuclear astrophysics program will be guided by the discovery of other
gamma-ray lines in the interstellar medium and in other astrophysical sites.

IV.F. Large Solid Angle Enge Split Pole Spectrometer
[P.V.Magnus, M.S.Smith, A.Caraley, K.Hahn, and P.D.Parker]
During 1989/90 we completed the installation and testing of our new large-solid-angle (Af_=12.5
msr) split-pole magnetic spectrometer.. We have built and tested a hybrid focal-plane detector
(Figure IV.F.1). At the front of the ionization chamber (as part of its anode) there are two
.

BC-404

E(Residual)

z(
,,,,

,

-

---,

Anode

'

Wire #2

Wire #1

0

5

, ,,I

10

15

J J

Figure IV.F, 1" Schematic Layout of the Yale Split-Pole Detector.

20

i

25

I

cm

8O
avalanche wires (with tapped-delay-line

pickups with 1-mm segmentation) separated by 10 cm,

which determine the position and angle of the particles at the focal plane; these wires provided
measured position resolution of 0.75 mm, fwhm. The gas ionization chamber is 30 cm deep and
measures both the energy loss (AE) between the two position wires and the total energy deposited
in the gas (E); we have observed ,,1% energy resolution for 60-MEV 12C ions in this detector.
This AE®E information can be used for particle identification for heavy ions which stop in the gas
volume of the detector.

Behind the gas volume, there is a quarter-inch thick plastic scintillator

(BC-404) which measures energy and timing information for particles which pass through the gas
volume. Using this detector system we can cleanly separate and identify individual nuclear charges
up to Z= 12 and masses up to A--26; in recent 12C(12C,6He)ISNe experiments we have measured
momemtum resolution of Ap/p_,l/1500 (at least half of which was due to target thickness). During
the past 2 years, our measurements at Yale have concentrated on heavy-ion transfer reactions using
this focal-plane detector. At the present time we are working to implement position-sensitive
detectors and/or a multi-wire detector (Be75) for high-resolution light -ion measurements.

Si
.

IV.G. Future Directions
In the immediate future we intend to continue to focus our efforts on nuclear spectroscopic
measurements in ISNe, 19Ne, 20Na, etc. related to open problems (noted in the sections above) in
the breakout from the HotCNO Cycle to the rp-Process. As part of these measurements, with the
development of our high-resolution detectors, we will transfer our current high-resolution light-ion
program from Princeton to Yale. As part of that transfer we will collaborate with Champagne
(TUNL) and Mao and Vogelaar (Princeton) in initiating a series of studies of reactions, such as
8Li(0t,n)llB

[in this case measuring P-Y coincidences

reaction], which are important in determining
scenario.

using the 9Be(0t,p)12B(n)I1B*(T)B

the conditions in an inhomogeneous

11

big bang

In carrying out these measurements we will make use of the unique capabilities and senstivities for
sma!! cross sections available in the combination of the ESTU tandem with its d.c. beams and the
energy resolution and unique particle-identification
spectrometer.

available with our large solid-angle magnetic
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V. proposed

Light-Ion

Research

Program

[F.W.K. Firk]
V.A. Radiative Cat_tureof Protons. Deuterons. and Alpha-Particles by Light Nuclei:
Studies of the electromagnetic decays of highly-excited states in light nuclei (A<40, say) continue
to provide important information on the reaction mechanism of the capture process and on the
structure of the states in question. The decay processes involve isospin and spin-parity selection
rules that account for the selectivity of the possible decay modes.
In the decade between 1967 and 1977, a productive program of radiative capture studies of
protons, deuterons, helions, and alpha-particles in light nuclei was carried out in this Laboratory.
The essential component in these studies was a large (12" dia. x 12" thick) NaI(Tt) spectrometer
with anti-coincidence

shielding and electronics that permitted measurements

of very low cross

sections in the presence of very high background rates. This spectrometer and its associated
electronics will be refurbished, beginning in the summer 1991.
The interpretation

by Londergan and Ludeking (Lo82) of anomalous transitions

to states at

excitation energies around 19 MeV, observed by Kovash et ai. (Ko74) in the reaction
llB(p,_t)12C for _ 25-MEV protons, in terms of a semi direct interaction reminds us of the
importance of this technique in providing details of the reaction mechanism.

Londergan and

Ludeking demonstrated in a convincing way the need to include an enhancement factor to the E1
direct-capture amplitude due to a semi direct mechanism. In the region of the giant dipole
resonance (GDR), the semi direct mechanism is dominated by the form

in which there is virtual excitation, via the residual interaction, of the coherent p-h states that make
up the GDR. This mechanism is of key importance in accounting for the energy and the overall
shape of the GDR. For example, the qualitative effect of coupling to the GDR is obtained by
multiplying the E1 direct-capture amplitude by an enhancement term:

83

1
where ADSD is the E1 amplitude including both direct and semi direct parts, AD is the directcapture amplitude alone, AE is the shift in energy of the dipole state from the unperturbed p-h
energy, ER and FR are the energy and width of the GDR, and Ev is the photon energy.
analyzing the energy-dependence

In

of the 11B(p,_,19)12C cross section at 60° (for proton energies

between 25 and 50 MEV), the id5/2 single-proton

state at 19.2 MeV, and found it essential to

enhar.ce the E1 amplitude by using AE = 4 MeV, ER = 23 MeV, and FR = 12 MeV. Furthermore,
the fit to the differential, cross section for the llB(p,),19)12C

reaction at Ep = 28.7 MeV was

improved in an essential way by the inclusion of the above enhancement factor.
The new program will piace emphasis on a systematic study of states in light nuclei excited by 40MeV protons that involve the semi direct capture mechanism.

Measurements in which the large

spectrometer is operated in coincidence with an existing 5"-dia. x 5"-thick Nai (Tl) crystal will
also be made. Such studies are known to give important information on the structure of selected
• states; they have not been wide-spread, and a great deal of work therefore remains to be done in
this field.
V.B. Fcw-N_el¢0n

Stvldies

Our understanding

of the fundamental nucleon-nucleon

interaction remains incomplete.

For

example, precise measurements of the analyzing power in p-p scattering made by Haeberli's group
(e.g., Ba82), have shown that at 10 MeV, and at many angles, the observed value differs by as
much as 20% from the prediction of the widely-used Paris potential (La80).
Barker et al.(Ba82) combined their precise measurements of the analyzing power in p-p scattering
at 5.05 and 9.8 j MeV with earlier cross section data to obtain model-independent

S- and P-wave

phase shifts. The effective range parameters were obtained by combining their data sets with the
3P1 and 3P2 phase parameters at 25 MeV (Bo76). The importance of precL-, measurements and
analyses of the p-p system at energies below 50 MeV in establishing significant constraints on the
parameters
comparison:

of models

of the nucleon-nucleon

interaction

is clearly

shown by following
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Reference

Scattering

Length,

3P 0

3P 1

-4.82 + 1.11

1.78:_ilG

-0.317+0.23

(La80)

-3.42

2.05

-0.30

Effective
3P 0

/

3P 2

(Ba82)

Reference

',/

aij (fm)

Range,

rlj(fm "1)

3P 1

3P 2

(Ba82)

7.14:1:0.93

-7.85 + 0.52

7.5 + 2.9

(La80)

4.00

-7.69

5.7

It is proposed to carry out precise measurements

_

'

of the analyzing power in p-p scattering for

incident energies between 20 and 40 MeV, and'at

angles between 5° and 175 °.

Initially,

measurements will be made using a source of highly-polarized protons from p-o_elastic scattering.
At 20 MeV, at a scattering angle of 80° (lab), the polarizatic,n is essentially 100%, while at 110° it is
very large and opposite in sign from that at 80° .
Eventually, this work would be part of a general program of proton polarization studies (including
radiative capture measurements)
polarized ion source.

that would need an intense beam of polarized protons from a

Ba82 M.13. Barker et al., Phys. Rev. Letts. 48 (1982) 918.
Ko79 Kovash et al., Phys. Rev. Letts. 42 (1979) 700.
La80 M. Lacombe et al., Phys. Rev. C 21 (1980) 861.
Lo82 Londergan

and Ludeking, Phys. Rev. C 25 (1982) 1722.

Bo76 G.E. Bohannon, T. Burt, and P. Signell, Phys. Rev. C13 (1976) 1816.
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VI._Nuclear and Ouark Matter
VI.A. Introduction
The relativistic heavy ion program at Yale had its beginnings five years ago, at about the time that
oxygen

beams were being extracted from the Brookhaven National Laboratory Tandem

accelerators and injected into the Alternating Gradient Synchrotron facility. It has since grown
substantially from one person being involved part time to a group of several persons. The past five
years have been an exciting period of growth and productivity. We attempt herein to share some of
this excitement with you in describing our present physics activities, and our plans for the future.
We intend to convince you of the vigor and vitality of our program, and to persuade you that it can
gr_ady benefit from further expansion.
Our main interest has been the production and investigation of hot and dense nuclear matter and
quark matter. We have been involved in experiment 814 at BNL, and we are now working towards
building experiment 864, utilizing the heavier Au beams which will be available from the AGS
facility in 1993. We are also working towards a letter of intent for the OASIS experiment at RHIC.
Thisreport

has been divided into several sections. We begin by providing you with an overview of

our program and the people who have contributed to this project. We then discuss in detail the
physics goals of our various endeavors, followed by a description of the instrumentation projects
we have completed, and are presently working on. In the final section we summarize our plans for
the near future and beyond.
The strategy in our program has been to have concerted efforts in physics and in instrumentation.
Our instrumentation projects have been tailored to support and enhance our physics initiatives. An
overriding consideration has been the education of students, both graduate and undergraduate, lt
has been our intent to provide them with the broadest possible exposure to the frontiers of physics,
as well as the frontiers of instrumentation technologies.
Our group consists of one Assistant Professor, research scientists, graduate and undergraduate
students. Our first graduate student Vicki Greene joined the group soon after it was formed. She is
now very close to completing her dissertation on antiproton production and will be the first Yale
thesis in this field from our laboratory. She will be taking up a post doctoral position at the
University of Colorado later this year. Jeff Mitchell and Joe Germani will be completing their work
for Ph.D. degrees early next year. Jeff is working on proton and deuteron distributions, and Joe is
analyzing data on Strangelet production, and the production of light nuclei. We have three new
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graduate students Mike Bennett, Kyle Pope and Jimmy Nagle working with us this summer. They
are dividing their time between R&D projects for E864 and OASIS. We anticipate that they will
continue to Work with the group on projects leading to Ph. D. degrees on E864.
Tom Hemmick was the first research scientist to join the group. He played a pivotal role in the
construction
software.

of the tracking detectors for E814, and in the writing of the pattern recognition

He left

Yale earlier this year to take up an Assistant

professorship

at SUNY

Stonybrook. Chris Winter has contributed to the hardware aspects of our computing effort, and
has with great enthusiasm managed our Vax workstations. His research interests have been in the
nuclear spectroscopy effort described elsewhere in this document. Guy Diebold joined us earlier
this year and has been spearheading our R&D effort for E864. He will be working with Joe
Germani on the analysis of the E814 data on strangelet production. Alexei Chikanian is going to
spend a year with our group working on the simulation of tracking and transition radiation
detectors for the OASIS experifiaent.
Several undergraduate

students have worked with us during the summers. They have spent their

time working on Monte Carlo simulations for E814, E864, and OASIS, and helping with the R&D
projects. We anticipate having several more undergraduates working with our group over the
course of the next several years. The education of graduate and undergraduate students has been
very high on the list of priorities of this laboratory, and continues to be one of the main functions
of our group.
As will become obvious in the discussions to follow, the projects we have been working on and
are planning to work on involve collaborations between several scientists from a large number of
institutions. We tried as clearly as possible to delineate those aspects of the work for which we
took on primary responsibility, lt is important to recognize that even in the work we describe, we
benefited from the generous support of several of our colleagues. Likewise, we helped others with
their efforts whenever the need arose. Our efforts in physics and instrumentation have been closely
coupled. It is therefore not surprizing that, in experiment 814, we have worked on those aspects of
the physics program that relied heavily on the use of the tracking detectors that we were
responsible for the implementation of. Likewise, in experiment 864, we plan to construct the time
of flight system, and expect to explore physics topics relying on its use. For OASIS, we expect to
be involved in the construction of the tracking and transition radiator system, and will work on the
physics that relies heavily on its use. We reiterate that it is the physics we are interested in that
leads us to the choice of detector technologies, and not the other way around.
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VI.B. Physics
VI.B.1. Overvie_
High energy collisions between nuclei have provided for the first time an opportunity to create and
study an extended system of hot, dense hadronic matter in the laboratory. Such matter is believed
to have existed in the early universe prior to the hadronization of quarks and gluons into nuclei, and
their nucleation into what we observe today.
Over the past five years, both the Brookhaven National Laboratory in the U.S., and CERN in Europe
have pursued fixed target relativistic heavy ion physics programs [Qar88, Qar90]. These have
attempted to answer a number of questions about the properties of hot hadronic matter. One of the
primary goals has been the experimental discovery of Quark-Gluon Plasma (QGP), a new state of
hadronic matter which has been predicted by lattice quantum chromodynamics (QCD) calculations
[Pet91 ] to form when hadronic matter is sufficiently heated or compressed. Other efforts have been
directed at improving our understanding of the complex multiparticle dynamics of the systems
formed in these collisions. Specific examples of some of the immediate questions which are under
study by the present relativistic heavy ion physics programs are listed below.
,How hot and dense is the nuclear matter created in relativistic heavy ion collisions?
*Is the environment suitable for the creation of a quark gluon plasma?
,Are other phases of nuclear matter being created?
,What are the dynamics of such collisions?
*How long do they last?
*What are the properties of the interaction region at freeze-out?
*Are thermal and chemical equilibrium established?
*What are the signals for quark matter formation or for that matter the presence of
hitherto unexplored phases of nuclear matter?
*How can they be identified?
'

Various facets of these questions are being d!_rectlyaddressed by the three AGS experiments which
presently comprise the experimental program of the Yale Relativistic Heavy Ion Group.

In the

following section, these physics programs will be described and discussed, with particular emphasis
given to those projects for which we have taken primary responsibility.
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VI.B.2. Exueriment 814
VI.B.2.1. Overview

i,J-m

The prima_:g0a!!_f AGS experiment 814 (E814)has been a systematic study of nucleus-nucleus
collision_;_!?_r-:jt_
'/,broad
J range
of impact parameters.- Of particular interest has been the study of
baI_,ons fro('nv_ry c_ntral and very peripheral collisions. These have yielded insights on a number
of physics topics such as the Coulomb dissociation of the projectile nucleus, the projectile energy loss
or stopping power of the target nucleus, the rapidity and transverse momentum spectra of baryons
and antibaryons, and the production limits or cross sections for exotic particles such as stranglets and
pineuts.
TheE814 experimental strategy has been to couple excellent event characterization capabilities with
the simultaneous measurement of the spectra of particles detected in a zero degree spectrometer. This
feature is tinique in the relativistic heavy 1onprograms currently in progress at BNL and CERN. In
particular, E814 has the capabilities to measure global observables of the collisions such as charged
particle multiplicities, transverse energies, and zero degree charges and energies.

The particle

identification capabilities of the forward spectrometer allow a measurement of rapidity (y) and
transverse momentum (/9,)spectra of protons, neutrons, pions, kaons, antiprotons, and light nuclei,
as well as searches for exotic objects such as strangelets and pineuts.
Clearly, an experimental program of such diversity can only be supported by a strong collaboration
between several physicists. We list below the various institutions that have been involved in the
experiment. The names of the collaborating Physicists appears in the publication list.
Brookhaven National Laboratory
Los Alamos National Laboratory
McGill University
University of New Mexico
State University of New York at Stonybrook
Texas A&M University
University of Pittsburgh

_'
_,

University of Sao Paulo
Yale University (HEP)
Yale University (NP)
Of the physics topics described above, we have taken primary responsibility in the analysis of the
proton, antiproton, and light nuclei distributions in rapidity and transverse momenta, and the search
for exotic particles such as strangelets and pineuts. These will be discussed in greater detail in the
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sections below. We have also included in this document discussions of the physics of experiment 814
to which we have contributed. The data analyses forthese topics, such as peripheral collisions, global
event characterization and the first phase of the strangelet analysis were done by our collaborators.
VI.B.2.2..Chmmlng.x
The Yale Relativistic Heavy Ion Group joined experiment 814 in 1986. At that time' the experiment
was still in a very early stage and work had not yet begun on the construction of the apparatus.
During the course of the year, a minimal detector was assembled for our first data taking run in April
1987 with 10 GeV Si beams. As part of that effort, our group assumed responsibility for the writing
of the data analysis software. Our intent at that time was to continue in this capacity as well as take
an expanded role in the simulations of the experiment, and in the development of the trigger system.
These ideas were presented to the D.O.E. and the review committee chaired by Peter Paul.
Following the data taking period of 1987, the collaboration recognized that a reorganization of the
efforts within the experiment was necessary to ensure that the fully implemented detector system
would be completed on schedule. As a result, the main responsibility of our group changed to the
construction and implementation of the forward spectrometer tracking chamber system, DC1 - DC3.
While the tracking chambers were being constructed, the major detector components which had been
in use during the limited 1987 run were removed and reassembled in a new beam line. By 1988, an
apparatvs resembling that shown in fig. VI.B.2.3.1 had been assembled in time for a several week
data taking period with Si ions. During this run we were able to study the Coulomb dissociation of
Si nuclei, measure transverse energy distributions, and the rapidity spectra of neutrons.
By 1989 we had a fully implemented forward spectrometer.

Event characterization

had been

improved by the addition of a silicon multiplicity array. Using the tracking information provided by
DC1 - DC3, the measured baryon spectra were extended to include protons. During this running
period, the f'irst phase of exploratory searches for strange matter and pineuts were also completed.
By the 1990 running period, the E814 experimental apparatus was completed with the implementation of the participant calorimeter. We measured the spectra of antiprotons, and extended our studies
of central collisions. The peripheral collisions program concluded its measurements with studies of
neutron rich nuclei, and the exclusive measurements of multiparticle channels.
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In 1991, we measured the spectra of light nuclei, and extended the search for strangelets to greater
sensitivities, and to negative charges. The forward spectrometer was subsequently reconfigured and
data measured to larger values of transverse momenta.
We are hoping that there will be some data taking in 1992. At this time we are plan'_ing to extend our
measurements of antiprotons to greater sensitivities.
VI.B.2.3. Description of the Apparatus
Figure VI.B.2.3.1 shows the E814 experimental apparatus in a form prior to its reconfiguration in
1991. It features 41"Icalorimetry and a forward spectrometer. The target calorimeter (TCAL) and the
participant calorimeter (PCAL) provide measurements of transverse energy. The TCAL consists of
1000 Nai crystals arranged in five walls surrounding the target.

The four side walls have a

pseudorapidity coverage of-0.5 < rl < 0.8 and the back wall covers -2.0 < 1"1< -0.9. The PCAL is
a Pb / scintillator sampling calorimeter that also acts as a collimator for particles entering the forward
spectrometer.

Its front face is located 1.22 m from the target. It has an aperture of dimensions 64

mm x 41 mm through which particles enter the forward spectrometer. Charged particle multiplicity
is measured by two disk-shaped Silicon detectors containing 512 pixels each. The detectors have a
combined pseudorapidity coverage of 0.85 < rl < 3.8. The forward spectrometer consists of two
dipole magnets, a set of tracking chambers (DC1,DC2,DC3), a scintillator hodt
a set of 25 U/Cu/Scintillator

. _pe (FSCI), and

calorimeters (UCAL). lt measures the momentun.,, charge, times of

flight, energy, and charge of the particles traversing it. Its two analyzing magnets have a maximum
j"/_•dt of 6 Tm. The three tracking chambers, located at 3.98 m, 6.90 m, and 11.59 m from the target,
respectively, provide measurements of charged particle positions in the spectrometer, and will be
described in greater detail in section VI.3. The FSCI and UCAL detectors are divided into two
sections each. The section closer to the target is located behind DC3, 12.11 m from the target. The
farther section is located 31.3 m from the target. The closer detectors are further divided into two
sections on each side of the initial beam direction. Under normal magnetic field operation, negatively
charged particles are bent to the detectors on the left, and positively charged particles to the fight. The
forward scintillators are vertical plastic scintillator slats (BC404) with dimensions 10 x 120 x 1 cm3
in x, y, and z. The signals from the scintillators are read out by photomultiplier tubes on each end of
the scintillator. This allows the determination of the vertical positions of the particles striking the
detectors from both the pulse-height and time difference measurements. The position resolution thus
obtained is 3 cm, and the timing resolution 300 ps. The UCAL consists of 25 calorimeter modules
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FigureVI.B.2.3.1:A schematic
planviewof theE814experimental
apparatus.

each with an active area of 20 × 10cm 2 and a depth of 4.2 interaction lengths. Each module is divided
into twelve optically decoupled towers. The signals from the towers are read out via wavelength
shifter bars and photomultiplier tubes. The position resolution obtained from the UCALs, after use
of pattern recognition algorithms, is 1.3 cm horizontally and 1.8 cm vertically. The energy resolution
of this detector has beenmeasuredto be 80%/ _'E(GeV).
i

VI.B.2.4. ElectromagneticDissociationandNeutronRich Nuclei
When a silicon projectile passes a lead target at relativistic velocities, it sees the Coulomb field of
the target as an electromagnetic impulse. This impulse excites the giant dipole resonance in the
projectEe, which subsequently decays via the emission of neutrons and protons. The question we
address here is whether the electromagnetic fields seen by the projectile are strong enough to multiply
excite its giant resonance and produce a cold separation of the neutrons and protons.within it.
We have measured the inclusive and exclusive Coulomb dissociations of 28Si projectiles by targets
of Al, Sn and Pb [Bar90a]. The decaying projectile was detected in the forward spectrometer for
those events which were determined by lack of energy deposition in the TCAL and PCAL to be of
peripheral origin. Data obtained so far can be quantitatively understood in the framework of a model
wherein the dissociation cross sections are calculated by convoluting a photon spectrum obtained
using the Weisacker Williams method [Jac75], and cross sections measured for the (',/,n)and ('y,p)decay
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channels.

The cross sections in the more complex decay channels can be described qualitatively

models assuming

a statistical decay Of a 2ssi nucleus after excitation

Figure VI.B.2.4. I is plot showing

Figure VI.B.2.4.2
resolution

component

of the model described

above. They show a Z 1.8dependence

of the dissociation.

is a plot of the Q-value of the _Si --->Ip+_Al

measurement

channel obtained

of the four vectors of the decaying particles.
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the expected region of the _Si giant dipole resonance which is excited in these reactions. The plot
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Our experiments have also been studying the production of neutron rich matter, which we expect to
be produced with enhanced cross sections in situations where a multiple excitation of the dipole giant
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Figure VI.B.2.4.3: The cross sections for the production of 6He and 8He in the Coulomb dissociation
of=Si nuclei by targets of Al, Cu, Sn, and Pb. The curves are predictions of the model FRAGEN.

resonance leads to large amplitude separations between the protons and neutrons in the projectile.
Figure VI.B.2.4.3 is a plot of the cross sections for the production of 6He and SHe. The curves shown
in the figure are predictions of the model FRAGEN [Tak91 ]. Preliminary indications are that the
cross sections for the SHe nuclei are about an order of magnitude larger than expected. The
implications of these observations are presently under scrutiny.
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VI.B.2.5.

Ener_,v Flow and Sto_oin_

The extent and nature of the stopping
through measurement
information
collisions

of a 2sSi projectile

of transverse energy using a highly segmented

is relevant to the determination
and to the possible

of the energy densities

[Bar90b].

created in relativistic

This

heavy ion

achieved in these collisions. Our data indicate that 2aSi projectiles
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large probability
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formation of a quark gluon plasma, It is also crucial in the estimation

of the extent of thermalization
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in targets of Al, Cu, and Pb was studied
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Figure VI.B.2.5.1" E,distributions measured for 14.6A.GeV aSi nucleonsinteracting with targets of
Al, Cu, and Pb. The curves are the predictions of the Landau fireball model (no symbol) and HLIET
with (circles) and without (triangles)rescattering. Solid lines are theEt in theacceptance, dashed lines
are the Et measured bYthe detector after accounting for leakage.
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A.GeV, Transverse

energy (Et) distributions

Shi88] indicate that within the acceptance
the same amounts of transverse
degree of stopping.

with a minimal

E814 calorimeter

i s consistent

is a plot of the Et as measured

with Al, Cu, and Pb targets [Watg0].

with the expectation

and HIJET

Noteworthy

[Sho89] with and without rescattering

acceptance of the TCAL. Of this Et produced,

points are that the

including rescattering

of the Landau

as produced

within the

only a fraction is detected by the TCAL. The theoretical

curves have also been shown for this fraction observed.
•

of a high

by the TCAL for beams of 14.6

values of Et are tens of GeV, and increase with target mass. The curves are predictions
fLreball model' [Sta89]

[Bra89,

of the detector, the two heavier targets Cu, and Pb produce

energy. This observation

Figure VI.B.2.5.1

A.GeV 2sSi beams colliding

measured

It is clear from the plots that only HIJET

is able to describe the data. Supporting information

of particle

distributions

[Bargla,

Barglb].

multiplicity

distributions

measured

for the A1 Cu, and Pb targets. The curves are the predictions

HIJET with rescattering,
The calculations
results.

Figure VI.B.2.5.2

is obtained through studies

is a plot of the chargedparticle

and are able to describe the trends seen in the data in quantitative

have to assume a large degree of stopping in order to reproduce

of

fashion.

the experimental

Figure VI.B.2.5.2;_Charged Particle Multiplicity distributions measured in the silicon multiplicity
detector for 14.6 A.GeV asSi beams interacting with targets of AI, Cu, and Pb. The curves are the
predictions of HIJET with rescattering for AI(long dash),Cu (dash), and Pb (symbols). The solid curve
is a prediction of HIJET without rescattering for the Pb target.
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•VI.B.2.6. ProtonandNeutronRapidityandP,_Distribution
Complementary and supporting information about nuclear transparency and stopping is obtained
through measurement of the momenta and tnnsverse momenta of leading particles (protons and
neutrons) [Bail)1a]. Figure VI.B.2.6.1 is a,plotof the acceptance of theE814 spectrometerin rapidity
and transverse momentum. Particles to the right of the line in the left panel are accepted by the
apparatus.Since the entranceaperture of the spectrometer isrectangular,the acceptanceistransverse
momentum dependent. In the right"panel, we show the correction factors which have to be applied
to the spectra in order to account for the shape of the aperture. FigureVI.B.2.6.2 shows the rapidity
distributions forprotons emitted into the E814 forward spectrometer. Acceptance corrected data are
shown for Si+Pb collisions at three different levels of centrality as characterized by the transverse
energy measured by theTCAL. The three plots correspond to trigger cross sections of 593 mb, 102
mb, and 6.9 mb for thetop, middle, and bottom spectra, respectively. In each spectrum, a peak of
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Similar datahave beenobtainedfor neutrons.By integratingtheyield in thebeamrapidity peak we
cancalculatethe meanmultiplicity per eventof beamrapidity protons.Thesehavebeenplotted in
fig. VI.B.2.6.3, tor neutronsandprotons and for the three targets,as functionsof the transverse
energy measuredby theTCAL. The dataindicatethatwith increasingcentrality,theprobability of
therebeingbeamrapidity particlesreducesto very smallvalues(a meanmultiplicity of 0.03 for Pb
targets).This numberagainindicatesa small transparency,andallowsusto obtain an lower bound
of 28 mb for the interactioncrosssectionof anucleonin nuclearmatter.Thedataare presentlybeing
!

studiedin a simple model [Kum91 and sectionVI.B.2.11 ].
I

Transversemomentum distributions for different rapidity intervals have also been measured

Figure
VI,B.2.6.3"
Meanmultiplicity
ofbeamrapidity
protons
andneutrons
produced
pcrevent
ata
given
transverse
energy.

[Bar91a]. These distributions are shown in fig. VI.B.2.6.4 for neutrons. The data points for the
various rapidity intervals have been scaled by multiples of a factor of 5 to separate the data for the
different rapidity intervals. The curves are predictions of thexrnal distributions in transverse mass

io0

m, = ,_P_,+ m2 with effective temperatures of 150 (dashed), .10 (solid), and 5 (long dashed) MeV,
respectively. The beam-rapidity Ptdistributions can be described by a fragmentation model [Go174]
using a fermi momentum of 270 Mev/c. This number is larger than that describing Bevalac data
[Fri85]. The lower rapidity data are compatible with the 150-200 MeV slopes measured in thermal
....: .....

distribution fits of spectra measured by the AGS experiment 802 [Abbgl,Cos90].
Our detector acceptance prior to the recent 1991 run did not permit any direct comparison to other
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AGS heavy-ion experiments.

Also, it did not permit reliable measurements of the slopes of the Pt

spectra at rapidities less than 3. We have recently modified the acceptance of our apparatus to
improve this measurement.

This data, taken in March, 1991, will allow us to extend our

measurements of protons and pions into the region covered by E802; thus allowing us to determine
whether or not we agree with the E802 measurement at large Pr, and if there is an enhancement in the
spectra near Pr=0. The existence of a low-pr enhancement has been proposed as a signal for chiral
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symmetryrestoration
inthecollision,
andserves
asa probeofits
dynamics.Figure
VI.B.2.6.4
isa
plotofthepr--0
intercept
ofthetransverse
momentum spectra
discussed
above•
Thesenumberscan
becomparedwithmodelprediction
oftherapidity
densities
achieved
innucleus-nucleus
collisions
atAGS energies.
The information
iscomplementary
totheslopes
of thetransverse
momentum
spectra
measuredby E802,and willallowthedetermination
ofwhetherornotsuchspectra
show
enhancements at low Pr.The information from the rapidity and Pt spectra can be used to estimate the
energy densities achieved in these collisions.
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VI.B.2.7. Antivrotons
We are studying antiproton production as a means to probe the baryon density of the systems created
in relativistic heavy ion collisions. There are many factors that conspire to make studies of antiproton
production at AGS energies very interesting. The antiprotons are produced particles, and not part of
the original system. The high energy threshold for their production dictates that the antiprotons can
be produced predominantly in the first collisions between nucleons. This is unlike particles such as
the kaons and pions which are produced in fh'st and subsequent nucleon nucleon collisions. It turns
out that since the mean free path of protons in nuclear matter is about 2 to 3 fm, the antiprotons are
produced in the f'LrStfew fm from the surface of the target nucleus. They then must propagate through
the remainder of the colliding nucleus-nucleus system and emerge in order to be detectedl Their
survival probability is a measure of the amount of baryonic matter they have to traverse without
annihilation.

Recently, there has been much theoretical interest in antiproton production in high energy heavy ion
collisions. Some models predict that the antiproton production will be enhanced, while others say it
will be suppressed. It has been suggested [Gav90] that the study of antiprotons may give detailed
information about the baryon density of the system after the collision, or alternatively, a measure of
the ratio of the average freeze-out time to the antiproton formation time. The Relativistic Quantum
Molecular Dynamics [Sor89. Sor90] model predicts the suppression of antiproton production on
account of reabsorption. Other calculations[Ell89]

suggest enhanced antiproton production from

quark gluon plasmas. The experimental situation is still unclear since the results presented thus far
have not clarified whether antiproton production is suppressed or enhanced.
t
!

We have used the E814 apparatus to measure the production of antiprotons at zero degrees. The
combination of particle identification using the forward spectrometer and the target calorimeter and

I

multiplicity arrays which allow a determination of the centrality of the event make the apparatus well
suited to the antiproton measurements. In addition, we have developed a trigger system whii:h
enhances the sample of recorded antiproton events without introducing a bias on impact parameter
selection. The data were taken during June 1990 at the Brookhaven AGS facility and the analysis is
nearing completion. The targets used were Pb, Cu, and Al of thickness approximately

10% of an

interaction length. The thicknesses were chosen to maximize the antiproton yield while preserving
the characterization of the event.

The charged particle multiplicity distribution as measured by the Silicon detector for those events
that produced an antiproton in Si + Pb collisions is shown in fig. VI.B.2.7.1. Also shown is the
spectrum of multiplicity for ali events that satisfy the interaction pre-trigger. This distribution reflects
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the geometry of the collision with the more probable large impact parameter collisions producing the
lowest multiplicities. By calculating the ratio of the M=hdistribution for the antiproton events to the
pre-trigger distribution, it is possible to determine the antiproton yield per event at a given centrality.
Figures VI.B.2.7.2a to VI.B.2.7.2c shows this ratio for the three targets. Such results are unique in
the AGS experimental program.
In a simple picture in which the antiprotons are produced predominantly in first collisions between
nucleons and suffer no subsequent absorption, it is expected that the antiproton yield for all targets
will increase with increasing centrality until the number of first collisions reaches the number of
projectile nucleons. If absorption of the antiprotons does occur, the effect should be seen in the larger
target nuclet, s where the particles must on average traverse a larger amount of nuclear matter. A
comparison of the data from the different targets shows that the antiproton production per event from
the Pb target, at the highest multiplicities, falls below that of the lightest target. This is suggestive
of the presence of absorption of the antiprotons. Further analysis is in progress to determine the extent
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acceptance. Centrality is characterized by charged particle multiplicity measurements.

of absorption

in the context of a simple model of the collision

what implications
collisions

which these data have on the baryon environment

are being investigated•

known to be far below the sensitivities
by cooperative

antineutron

effects

of our measurement•

since direct production

Studies of their formation

our understanding
as strangelets,

in nucleus-nucleus

production. The yields of antideuterons

is sub-threshold

of both antimatter

in nucleus-nucleus

production

are however now

They, unlike antiprotons

and the antiproton are made in separate nucleon-nucleon

the antideutron.

produced

•

We had planned to also study antideuteron

created

[Kum91 and section VI.B.2.11 ]. Also,

and the formation

at AGS energies.

collisions,

collisions

can only be
The

and coalesce to form

could provide a basis for

of other produced particles

such

as discussed further below. We hope to pursue these studies in the new experiment

864.
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VI.B.2.8. Light Nuclei
v

l:_'incipal aspects of studies of relativistic heavy ion collisions are the deten_ination of temperatures
and densities. In addition, thermodynamic quantities such as entropy can also be studied. Most of the
entropy in nucleus-nucleus collisions is generated at the point of maximum temperature and density.
As the interacting system expands subsequently, and cools, there is little Change in the entropy. Once
the system has expanded to the point where the particles no longer interact (freeze-out), entropy is
conserved. It is at this point that the relative abundance of various light nuclei a__ determined, and
thus these yields are related to the entropy generated [Cse86].

Measurements

of densities,

temperature and entropy add to our understanding of the nuclear equation of state.
In the coalescence model for the production of light nuclei, the relative abundances of nuclei are
related to the radius of the system at the time of freeze out. Non-relativistic

coalescence models

describe light nuclear abundances quite well at Bevalac energies, but a relativistic theory is needed
at AGS energies [Dov9 lb]. Within this framework the yields of various species can be seen to scale
with the number of nucleons in the cluster. A measurement of the abundances of light nuclei will
enable us to test the coalescence models at AGS energies. Using the data, the production rates of other
nuclei, or more exotic objects, can be estimated from measured yields. The yield of coalesced alpha
particles is of particular interest to the strangelet program to be discussed below. Since alpha particles
have a central density about twice that of normal nuclear matter, as is expected for strangelets, the
observed probability of coalescing an alpha particle can be scaled to make predictions of the
strangelet yield. Current estimates of Strangelet production are made by extrapolating alpha particle
yields from measurements at the Bevalac to the AGS energies.
We have recently measured, in March 1991, the yields of light nuclei at central rapidities and small
transverse momenta. The experiment was designed to be sensitive to clusters with mass as high as
4 AMU. We plan to use these data to improve our understanding of the thermodynamics of nucleusnucleus collisions and nucleosynthesis by coalescence. The data may also allow us to understand why
antideuteron production in these collisions is suppressed [Cra91] and en'able improved predictions
for the yields of strange matter. Figure VI.B.2.8.1 is a plot of the mass spectra of particles identified
in our recent measurement.
protons, deuterons,tritons,

At this early stage in the analysis (approximately

10% of t_ data)

and 3He can clearly be identified. Such measurements will be extended

to heavier nuclear species (8He, etc.) and to studies of antinuclei and possibly strangelets in
experiment 864.
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MASSPLOT for S_+ Pb
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Figure VI.B,2.8.1' Mass spectrumof light nuclei with charge 1and2. The dataare preliminaryand
have not been correctedfor acceptance.

VI.B.2.9. _trange Ouark Matt+r.
Experiment 814 is engaged in a search for strange quark matter produced in nucleus-nucleus
collisions.

These are objects with net strangeness and can be produced either by coalescence of

particles with strangeness (K, A), or by the distillation of antistrangeness from a quark gluon plasma
[Gre90].

There are several theoretical predictions for the abundances of such particles. Our

experiment has presently set upper bounds for this production, at the 90% confidence limit, at 2 x
10-4per central collision [Bar90c]. The present limits of sensitivity as functions of Z and A are shown
in figure VI.B.2.8.1 These limits constituted the thesis of a student in our high energy group [Rot91 ].
They will be extended by J. Germani in our group by a factor of 30 for positive strangelets. He x+,ill

i07

Upper Limits on Strangelet Production
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Fi[ureVI.B,_.9.1:Presentupperlimitsfor strangeletproductionin Si+Cuinteractions.
also establish a limit on the production of negatively charged strangelets at a level of approximately
10-4 per central collision. These limits restrict the parameter space for strangelet production via
quark gluon plasma. They do not address, however, coalescence production, which predicts cross
sections on the order of 10-11 per central interaction.
The coalescence predicdoris provide the motivation for experiment 864, which we are now in the
process of building in collaboration with the Yale High energy physics group of J.Sandweiss and R.
Majka. The design goal of E864 is to have sensitivity for detection of strangeiets at a level of 2.5 x
10-11.

J

r_

:
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VI.B.2.10. Pineuts
We have engaged in a search for particles called pineuts. Pineuts are bound states of a negative pion
and two or more neutrons. There have been several predictions for their existence [Gar82]. To date,
several experimental searches have been conducted, anclhave set upper limits for the production of
these particles in experiments using both heavy ion and pion beams [Par89, Deb91]. The quoted
limits for these various searches are hard to compare with each other, because of differences of
possible production mechanisms. Our search is based on the unique production mechanism provided
by the relativistic heavy ion collision environment.

For example, in a peripheral collision, the

projectile can be excited into giant dipole resonances, effectively separating their protons and
neutrons. At the same time, it is known that many pions are produced in these collisions. We believe
that the density of pions and neutrons in phase space during these collisions is favorable for pineut
formation, if they exist. We have conducted a search for beam-rapidity pineuts containing two, three,
or four neutrons for 14.6 A.Gev Si+ Pb, Sn, and Al interactions.
.

• measurements

The particles were sought in

using a trigger which required a minimum energy del:osit in the two pineut

calorimeters. There was no requirement on the centrality of the collision. We collected data during
the 1989 and 1990 AGS heavy ion runs and the analysis has thus far found no pineut candidates. Very
preliminary upper limits for pineut production are shown in table VI.B.2.10.1. These limits are a few
orders of magnitude below simple theoretical expectations of pineut production from the decay of
a bound

An system. The corresponding

limits for objects produced in central interactions are

presently under study using our antiproton data set.

Pineuts
_-2n
III

'

Al .
......
I

_'3n
IIHII

_-4n
'"'"

"' '"

304

Cu
1020

Sn
698

"713

437

137i

705

998

3472

10897

"5608

7934

lH

Pb

i

Table VI.B.2.10.1'Preliminarycross section upperlimits in nanobarnsfor pineut productionin
collisionsbetween14.6A.GeV_Si nuclei,and targetsof AI,Cu, Sn, and Pb.
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VI.B.2.11. Model Calculatio_
We have been performing model calculations to understand the global observable measurements of
our experiment and E802, our data on nuclear transparency, and the production of antiprotons
[Kum91 ]. There are two classes of models that attempt to describe nucleus-nucleus collisions. The
fhst class [Wer91, Sho89, And83, Sor89] traces the evolution of the individual nucleon-nucleon
collisions. The consequences

of interactions are modelled by various fragmentation

schemes,

conserving energy, baryon number, quark flavors, etc. The secondary particles are subsequently
propagated through the target-projectile nuclear medium with or without further interaction. The
second class of models [Bal91, Sha91, Bay87] do not follow the detailed evolution of the individual
collisions. Instead, they parametrize the distributions measured for proton-nucleus collisions, and
attempt to describe, by convolution, the nucleus-nucleus distributions. We follow a hybrid approach.
Individual projectile nucleons are propagated through the target, and the consequences of their
interaction,_iare parametrized. If antiprotons are generated, they are also tracked through the target
in order to ascertain whether they survive without annihilation.
Individual nucleons in the projectile are u-.ansponed through the target, which is assumed to be the
same for ali projectile nucleons. Interactions are Monte Carlo generated depending on an interaction
cross section. If a nucleon interacts, it contributes to the generation of transverse energy, and charged
particle multiplicity. The extent of this contribution is further determined by the distance from the
interaction point to the surface of the target nucleus. In this manner, the effects of multiple or rescattering are included. If a nucleon survives without interaction, it is treated as a projectile like
particle, and contributes to the mean multiplicity of leading baryons and to the zero degree energy.
Antiprotons are produced in the target at a rate commensurate with their p-p production cross section
at this energy. They are then propagated through the target nucleus assuming an annihilation cross
section that is the same as what has been measured in collisions aith protons. The antiprotons can
interact only after a formation time.
Figure VI.B.2.11.1 shows the correlation between charged particle multiplicity measured by the
Silicon detector and the zero degree energy as measured by the UCAL for 14.6 A.GeV Si beams
interacting with targets of Al, Cu, and Pb. The curves are the predictions of the model. The agreement
is rather good. Similar descriptions of the transverse energy and multiplicity distributions have been
equally successful in describing the data.
Figure VI.B,2.11,2 shows the mean multiplicities per event <M> of beam rapidity particles as
discussed in sec:ion VI.B.2.6. Again the curves are the predictions of the model under the assumption
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that the p-p interaction cross section is 30mb. The data indicate that this value is slightly high. The
agreement between the calculations and the data are encouraging. The model overpredicts <M> at
low E t because it assumes that ali particles detected with beam rapidity are either protons or neutrons.
We know experimentally that this is r:ot the case, and in fact, a substantial fraction of the energy is
carried in nuclear clusters. One should note that the model is able to describe, as discussed in the
previc_us paragraph, the total energy carried in these clusters.
Using our prescription for the generation of charged particle multiplicity and transverse energy, we
have also been able to describe the global observable data of experiment 802. Having established that
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FigureVI.B.2.11,.1.;.
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measuredfor collisions betweennSi nuclei, and targetsof AI, Cu, and Pb. "[hecurves are the
predictionsof themodelcalculations.
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we can reproduce these distributions, we have proceeded to study the E, and multiplicity distributions
of antiproton producing events. Figure VI.B.2.11.3 shows the predicted yields of antiprotons per
event plotted as functions of charged particle multiplicity. The top curve is calculated under the
J

assumption that every interacted projectile nucleon is able to generat_ antiprotons. This number will
be reduced by approximately a factor of 2 if we require further that the struck target nucleon not be
struck in a prior interaction. The lower curve shows the effects of absorption on the antiprotons,
assuming a formation time of 1.6 fm/c. The absolute magnitude of the yields have not been corrected
for detector acceptance. The trends in these curves are very similar to that seen in lhc data (fig.
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VI.B.2.7.2). We are now in the process of refining these calculations, and hope to be able, within the
assumptions of this model, to evaluate the role of rescattering and annihilation on antiprotons in
nucleus-nucleus collisions, lt will probably require models such as RQMD [Sor89] to evaluate how
the antiproton yields can be used as a probe of the baryon densities achieved in these collisions.

Model Predictions of Antiproton Absorbtion
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Figure VI.B.2.11,3: The yield of antiprotons per event plotted as functions of the event multiplicity
for 14.6 A.GeV Si+Pb collisions. The upper curve shows the production of antiprotons, and the lower
curve includes the effects of absorbtion. The yields have not been corrected for detector acceptance.
Charged particle multiplicities have not been corrected for target thickness effects.
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VI.B.3. Experiment 864
VI.B.3.1. Overview
Experiment 864 has recently been approved as one of four "second generation" fixed target
experiments to participate in the ongoing relativistic heavy ion program at the Brookhaven AGS. The
E864 collaboration consists of approximately 25 physicists from the institutions listed below. The
present spokespersons of the experiment are J. Sandweiss and R.Majka.of Yale.
Brookhaven National Laboratory
Massachusetts Institute of Technology
University of Massachusetts
McGill University
University of New Mexico
Pennsylvania State University
Yale University (HEP)
Yale University (NP)
The focus of E864 is to study centrally produced rare composite objects from collisions between
heavy ions such as Au - Au at 11.7 A.GeV/c. Utilizing a high rate, open geometry spectrometer, E864
aims to reach sensitivities for the production of rare composite objects at the level of 2.5 x 10-11 per
event. With this sensitivity, E864 has unprecedented discovery potential for a number of hypothesized exotic objects such as the H dibaryon, stable strange quark matter ("strangelets"),

chiral

solitons (di-hyperon bound states) and the quark-alpha. At the same time, a broad range of known
composite objects such as light nuclei and antinuclei lie well within the observable limits of the
experiment. The following subsection presents a summary of the measurements proposed by E864
along with a brief discussion of the physics motivation for these measurements.
VI.B.3.2. Physics Goals
The E864 physics program proposes to answer a number °f irnp°rtant questions relating to nonperturbative QCD through studies of relativistic nucleus - nucleus collisions.

One of the unique

features of relativistic heavy ion physics is that such collisions provide an opportunity to produce and
study an extended hadronic system in the laboratory. At AGS energies, the hadronic system formed
in the collision contains a large net baryon number, As a result, this environment provides an
excellent testing ground for phenomenological models of nuclear coalescence whereby the baryon
constituents of the interacting hadronic system may coalesce into light nuclei. Towards this end, one
of the proposed E864 physics objectives is to study the production rates of central rapidity light nuclei
produced in nucleus - nucleus collisions.
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Although the hadronic system under study has a large net baryon number, a number of antibaryons
may also be produced in the collision [Gre91a, Cra91], thus a study of light antinuclei coalescence
will also be pursued. In addition to questions of coalescence, the production rate of antinuclei also
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Light Nuclei

Predicted Ratea

Proposed Sensitivity

2H

,il00

=10-8

3H

_,10-1

,*10-8

3He

,,10-1

<10-8

4He

,,10 2

<10 -8

6He

,*10-4

<10 -8

6Li

,.10-4

<10-8

7Li

,.10-5

<10-8

7Be

,,10-5

<10-8

8He

,*10"6

< 10.8

8Li

,.10-6

8B

__.10-6

•

<10. 8
<.10-8

TableVI.B,3.2.1; Estimatedproductionrates perAu - Au collision and proposedexperimental
sensitivitiesfor variouslightnucleito be studiedin a 100hourrun.
a [DOV91]

115

,,

Light Antinuclei
i

_

i,ii

i

Predicted Rate
i

i

Proposed
iiii

111

Sensitivity
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,,,,
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=I0-7

=I0-11
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=I0-I0

=10-11

3He
i

i

i

=10-10

_

,,,,i

=i0-II

ii

i

iii

i

i

Table VI.B.3.2.2. Estimated production rates per Au. Au collision and proposed experimental
sensitivities forvarious light antinucleito bestudiedin a 1000 hourrun.
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.-_=-

= I0-5
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• - E= 10 "2
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Strangelcts

Negative

Strangelcts

i

i

ii

=10 "7

= 10-(A- 3 + ISI)

=10.11
=10.11

i

i

ii

iii

Table yI.B.3.2,3'. Estimatedproduction rates pcr Au - Au collision and proposed experimental
sensitivities for variousexotic objects to be studiedin a 1200 hourrun.
a [DOV91 ]
b proposed sensitivity percollision. This is dependentuponthe actuallength andtriggerconditions
of the runwhich may vary fordifferentcompositeobject s_arches.
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FigureVLB3.2.1: Therangeinbaryonnumber(A)andanti_trangeness
(S)of strangequarkobjects
observablebyE864assumingtheproposedsensitivityof 2.5 x 10"' [DOV91].
provides an important probe of the density of the hadronic system formed in these collisions. A list
of the light nuclei and antinuclei to be studied by E864 is listed in Table VI.B.3.2.1and Table
VI.B.3.2.2. Dover [Dov91 b] has estimated the rate at which various composite objects should be
produced in Au - Au collisions at 11.7 GeV/c per nucleon. These estimates are also listed in the tables
along with the proposed experimental sensitivity.
In addition to the coalescence of"ordinary" composite objects such as the light nuclei and antinuclei
mentioned above, exotic composites containing strange quarks will also be studied by E864.
Previous heavy ion experiments have established that the extended hadronic system formed in
nucleus - nucleus collisions at the AGS contain a large population of strange quarks [Abb90, Sau90].
Consequently, the hadronic system formed in the collision will be well suited to study the production
(coalescence)

and stability of strange quark matter such as multiple hypernuclei,

strangelets,

dibaryons and chiral solitons. A list of exotic objects which E864 has proposed to study is given in
Table VI.B.3.2.3 along with estimates of the production rate per event and the proposed experimental

1.t7

sensitivity.

Using the production estimates of [Dov9 lb], Figure VI.B.3.2.1 further illustrates the

range (in baryon number and strangeness) of strange quark objects which should be observable by
E864 assuming an experimental sensitivity of 2.5 x 10"11.
It should be stressed that the discovery and study of such exotic objects has direct consequences on
a number of outstanding questions in Nuclear and Particle physics. For example, several phenomenological models of non-perturbative QCD differ widely on the stability of dibaryons and chiral
solitons. In some cases, models make clear predictions within the sensitivities ofE864. As a result,
the E864 measurements of particular exotic objects, such as the H dibaryon orthe E'E- chiral solution,
will have a direct impact on our understanding of non-perturbative QCD by providing a clear basis
for differentiation between competing models.
Finally, the implications of the physics questions addressed by E864 are not limited to the fields of
Nuclear and Particle physics.

The general subject of strange quark matter has become a current

interest in Cosmology and Astrophysics. For example, stable strange matter has been hypothesized
as a candidate for the missing "dark matter" needed to close the universe.

The experimental

discovery of such stable strange matter would obviously have direct consequences on possible
solutions of this missing mass problem.
VI.B.3.3. Descrivtion of Avvaratus
The proposed configuration of the E864 experiment is shown in Figure VI.B.3.3.1. Out-of-beam
isochronous scintillation counters are envisioned to trigger on interactions in the target region. These
should also provide a measure of the collision centrality based on the total multiplicity recorded over
a suitable range of pseudorapidity.

A small fraction of the charged particles produced in a given

central collision will pass through the magnet apertures and into the down stream tracking system.
Straw tube planes S1 - $3 provide tracking information for ali charge particles tracks accepted by the
magnet apertures. At the same time, the time-of-flight (TOF) hodoscopes H1 - H3 provide precise
time and dE/dx information allowing one to track not only in space but in time and panicle charge
(Z2)as weil. Finally, the segmented calorimeter records the total energy of the particles and provides
additional TOF information.
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FigureVI.B.3.1.Elevationviewof theproposedE864experimentalapparatus.'
With this information at hand, one has several redundant means (momentum, TOF and calorimetry)
by which to determine the masses of particles recorded in the experimental apparatus. This, together
with the Z2 information recorded by the TOF hodoscopes enables one to identify composite objects
formed in the collisions. The high degree of redundancy designed into the particle identification
capabilities of this experiment provide a very powerful means of rejecting background at a level
sufficient for the proposed sensitivities.
In addition to excellent particle identification, to achieve the desired sensitivities, a high rate data
acquisition (D/A) system has been proposed based on a design currently in use at Fermi National
Laboratory experiment 79 I. The E791 D/A system is capable of recording data to tape at an effective
rate of I0 Mb/s. As a target for E864, one anticipates recording data to tape at a slower rate (- 4 Mb/
s) which corresponds to roughly 4000 accepted triggers per one second spill.
VI.B.3.4. Stotus _nd Responsibilities
At this time, the E864 experiment is fully approved and we are in the process of securing funds for
the development and construction of the experiment. The construction is expected to proceed over
the next two to three years depending upon various funding scenarios. As the measurements of light
nuclei production can be completed using only the TOF hodoscopes, it is hoped that the beam line
and hodoscopes will be ready for the 1993 AGS heavy ion running, with the full experiment in piace
by 1994. This scenario makes optimal use of the AGS running both in terms of physics output and
the shake-down of new experimental apparatus in preparation for the main physics runs of 1994 and
beyond.
'

.,
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In keeping with possible experimental schedules, the responsibilities for the main detector components
have been established. Brookhaven has assumed responsibility for the data acquisition system while
Pennsylvania State has volunteered to build the straw tube tracking chambers, S 1- $3. The Yale High
Energy Group has taken responsibility for the calorimeter.

The responsibility for the trigger and

multiplicity counters is presently being divided among several coUaboradng institutions. Our group
has assumed the responsibility

for the TOF hodoscopes, H1 - H3.

In association with this

responsibility, we have begun a detector R&D program for the TOF hodoscopes. The status of this
project is presented in Section VI.3.E.

i

VI.B.4. The O_,SIS Experiment at RHIC
VI.B.4.1. _
The experiments at the AGS have been probing the physics of hot and dense hadronic matter in an
environment where the baryon density is high. RHIC will provide, for the first time, the opportunity
to create an extended volume of high energy density which is essentially baryon free. lt is for such
an environment that theoretical calculations have predicted that a new phase of matter, the quark
gluon plasma, will be created. Our participation in the OASIS experiment at RHIC [Oas90] is an
attempt to create and study such a phase of matter, extending our search for quark matter in
experiment 864 to new and unexplored domains in energy and experimental technique. Below we
will describe the physics goals of the experiment and the proposed apparatus. Bearing in mind that
the project is an order of magnitude larger in complexity than our previous endeavors, we are
initiating a program of research and development specifically aimed to improve our understanding
of tracking and transition radiation detectors. This is described in section VI.3.F.
VI.B.4.2. Physics Strategy
The two main issues that we hope to address at RHIC will be the deconfinement transition of quarks,
and the restoration of chiral symmetry. The OASIS experiment intends to study several potential
signatures for these phenomena as functions of energy density e. These are described below, and
plotted in fig. VI.B.4.2.1. The horizontal axis in ali these plots is energy density. Such measurements
are achieved by triggering on the smallest impact parameter collisions, for nucleus-nucleus
interactions studied as functions of beam energy. The impact parameter in ali collisions is determined
through measurement ofcharged particle multiplicity dMch/dr i and transverse neutral energy dE0/drl.
The impact parameter selection that results has an accuracy of,-, !-0.3 fm, and the selection of energy
density should be accurate to within -,20%.

"
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VI.B.4.3. Low P Soectra
1_

-

Additional global characteristics such as the temperatures of the interacting systerr: can be studied
through measurement of the low -Pt spectra of hadrons. The source sizes of the same can be studied
via the Hanbury-Brown Twiss correlations between pairs of particles. Monte Carlo calculations for
the sensitivities of the measurement indicate that within a few hours of data taking, source sizes can
be determined with accuracies of 5% to values of 20 fm. using nn: correlations and up to 10 fm. using
KK correlations. Resonance decays such as cD--, K+ + K- can also be studied and _;:illbe discussed
below. Ali of the above require the measurement of particle momenta with high resolution, and will
be done in a limited portion (A# _ 45°) of the apparatus.
I
VI.B.4.4. < p > Measure_ragnts
The transverse energies of hadrons have been used to characterize the temperatures achieved ha
nucleus nucleus collisions. The mean transverse momentum, < Pt >, of hadrons produced in these
collisions has been predicted to saturate with increasing beam energy for hadronic matter. If, on the
other hand, there is a phase transition and a quark gluon plasma is created, the temperature of the
system can rise in accordance with the Stefan-Boltzman law e 0, T4. A potenti'al signature for the
formation of a plasma, therefore, is to see a rise in < Pt > with increasing energy density. Since st,=h
effects could also be caused by hydrodynamic flow, we intend to study the systematic behavior of
< Pt > for a variety of particle species, for example, n-_, K ±, p, m,d rf.
VI.B.4.5. J/riaPrgduc_ion
The NA38 experiment at CERN [Gro89] has been studying the suppression of the production of the
J / • as a possible signature for the formation of aquark gluon plasma. It has been predicted that
in a color conducting medium, Debye screening will dissociate the J / • which isa bound c_"s_te.
Alternative explanations exist for the observed suppression, and this effect therefore needs careful
study at RHIC. OASIS is planning to measure J / • production via their decay to e .e- pairs. The
mass resolution for this measurement will be of the order of 6-10 MeV/c 2. We are hoping to study
p ,to, and # mesons in a manner similar to that proposed for studies of the J / qJ. The rejection of
backgrounds requires that we be able to obtain zt"/ e discrimination at the level of 103. The masses
and wid_..asof these resonances are expected to be modified by the restoration of chiral symmetry.
The relative branching ratios @ .-o K . K- and @ _ e +e- are predicted to be a sensitive probe of chiral
symmetry restoration. Again, these will be studied as functions of energy density.

_

VI.B.4.6.
Photons

Virtual Photo_
am a penetrating probe of nucleus-nucleus

collisions

because of their low interaction

probability with hadronic matter. We are proposing to study virtual photons via th_,irdecay to ¢.¢pah's. While it is not feasible to measure the continuum ¢.¢" spectra in the 1 GeV mass region we
plan to study the mass region below the resonances at relatively high Pr. The expected yield of direct
low mass lepton pairs dme. e-/dy

is expected

gO ...> 77 which will scale as (dM_/dy).
mcasur¢mcnts

to scale as (dMz/dy)

In our estimation,

2 , unlike those produced from

our detector will b¢ capable of e*e -

in the range 1.5 < Pt < 10 GcV/c.

'

i

< PT>

$-K+K'/$--e .0"
i

_'--"'----

dET

dET

J/V

,
_r

(e'e')lo.mass
or

,:

'

'" d"7

dET

o (p'ir _]_
_

dy

e¢_iral

cly

MORESIGNATURES
pOUt
Jet (PT>P'_ut)/Jet (PT< -T )

._ dET
dy

IN THEFUTURE?

,,
t

S

dEm
'
+""'_ Oy
£deconf.

DECONFINEMENT
(LEFT)
ANDCHIRAL
SYMMETRY
CENTRALAu
+ Au
COLLISIONS
RESTORATION
(RIGHT)

Figure VI.B.4.2. l: The physics goals of OASIS. The variousplotsshow the expectedbehaviorof the
plottedquantitiesas functionsof energy density. The panelson the left are the signatureswe intend
toprobefor quark-gluonplasmaformation.Thepanels onthe rightamthesignals forchiralsymmetry
restoration.

'

.:.22

i

VI.B.4.7. Real Photons
Virtual photons are produced with very low cross sections at large transverse momenta. They
therefore not a very good probe of hard QCD scattering (q + g .--) 7 + q ). Direct photons are however
an important probe and provide valuable information about the quark gluon plasma, gluon structure
functions, and the propagation of jets in nuclear matter. At high Pt, when photons are emitted with
hadron jets, the photons propagate through nuclear matter relatively unscathed. This provides us with
the opportunity to study the propagation of the oppositely directed accompanying hadron jet through
nuclear or quark matter. At I < Pt < 5GeV/c photon production is dominated by the decays of neutral
mesons. It is in this region that the photon signal from a quark gluon plasma is expected to exceed
that from hadronic matter. In OASIS we are proposing to measure real photons at Pt greater than 6
GeV. The liquid Argon calorimeter planned for the experiment is designed to have sufficient energy
resolution, 6-8%1

.%lE(GeV), for this measurement. The photon measurement capabilities of our

detector permit us to study processes such as 7t° --) 77, 77"=')77, 7/' .-) 77, too --) a:°7, etc, at
relatively high Pt.This information will complement studies of mesons and baryons discussed
previously.
0

VI.B.4.8. Jet Production
Studies of jet production at RHIC are complicated in calorimetric measurements by the presence of
minijets. This large background results in poor signal to noise ratios for all but those jets at the highest
transverse momenta. There, luminosity becomes the constraining factor. We are proposing to study
jets via their leading particles. We will be using a combination of tracking, Cerenkov and Time of
Flight detectors to identify particles to Pt of I 0 GeV/c. lt is well known that with a probability of
0. 1%-1% high Pt quarks do not fragment, but appear as a single particle, with an additional 10%
probability for this particle to carry half the jet energy.
VI.B.4.9. Composite Ob iects
The enhanced production of antinuclei has been proposed as a signature for chiral symmetry
restoration. We are proposing to study the production of nuclei, anti-nuclei, and strangelets as
complementary probes of quark matter formation, and the freeze out properties of the system formed
in relativistic nucleus-nucleus
experiments 814 and 864.

collisions. This program will directly expand on our efforts in
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VI.B.4.10. Description of Apparatus
In order to address the needs of the physics program outlined above, the OASIS collaboration has
designed an axial field spectrometer shown schematically in figure VI.B.4.3.1. It covers a limited
range -0.3 < y < +0.3 in rapidity, and the full 2n in azimuth.
The interaction vertex will be located by Silicon drift detectors positioned on both sides of the
interaction region. There will be six 4 x 4 cre. detectors on each side of the beam, and will use
approximately 200 tracks from Au+Au interactions to locate the vertex to a precision of better than
100 i.tm.Event characterization will be performed by Silicon multiplicity detectors which will cover
the rapidity range -3 < y < +3. The detectors will be located on the pole faces of the magnets. Their
anodes will be divided into small pads, and their cathodes into sectors, each covering several pads.
The ,',ummed charges from these sectors will be used in the selection of the events to be recorded to
storage media. The event characterization will be augmented by measurement of neutral energy
(dE °dr l) in the liquid argon calorimeters.
The spectrometer magnet has its symmetry axis along the beam. It is capable of generating a field
of total _/_•dl of 4.5 Tm. At such a field setting, particles with Pt < 0.5 GeV/c are trapped within
the field. This reduces the multiplicity burden on those detectors outside the region of the field. The
radial field gradient of the magnet focuses into the detector charged particles with Pt just above the
minimum escape value, from regions outside the nominal -0.3 < y < +o.3 acceptance.
Charged panicles are tracked by a hybrid tracking and transition radiation detector positioned 3.7 m
from the interaction axis. hs design is presently evolving, but as envisaged a few months ago, it
consists of eight layers of tracking detectors interspersed with radiator material Each layer has about
10000 anode wires. Charged tracks deposit ionization in a 2 cm drift space. This ionization is
digitized in time, with an amplitude resolution of four bits. This information is used to determine
whether the tracks came from hadrons or electrons. Electron tracks have transition radiation photons
depositing large amounts of ionization in the vicinity of the charged particle tracks. The numbers of
such charge deposits will be used to distinguish between electrons and hadrons. During low field
operation we would like the detec,or.to be able to handle large track multiplicities. For this purpose,
a limited portion of the azimuth it is augmented by a higher segmentation pad chamber. The
momentum resolution expected of the device is limited by multiple scattering to 0.2% at the high field
setting, and 1% at the low field setting. This permits a high resolution mass reconstruction for
panicles such as the J/W.
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Behind the transition radiation detector is a Ccrcnkov detector. It is filled with Freon at 1atmosphere,
and aids in _K separation
3.1 GeV. At such momenta,
azimuth. The segmentation

to high values of Pr. The threshold momentum
the multiplicity

for the detection of x is

of charged particle tracks is less than 10 over the full

of the detector is therefore chose to be 10 times this value. The depth of
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FigureVI,B.4.3.1:The OASIS expcrimcntal apparatus.
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the detector is 25 cm.

Backing the Cerenkov detector are time of flight hodoscopes. Their segmentation was chosen to be
such that their occupancy is no worse that 10%. The design time of flight resolution is about 50 ps
(_) and will aid in hadron identification to 3GeV/c, and electron identification to 0.8 GeV/c.
The outermost detector is an electromagnetic calorimeter. It will operate with liquid argon and will
be constructed in 8 or 16 modules, each with its own cryostat. Its transverse segmentation will be
better than a moliere radius, giving it a position resolution of 0.5cre. The energy resolution of the
calorimeter is 6-8%

/ alE(GeV).

VI.B.4.11. Timeline
We are now in the process of developing a second version of a letter of intent. A program advisory
committee, and a technical panel will meet this summer to evaluate this and other competing
proposals to select the ones to proceed to the next round of evaluation. Our new design explores
staging options, and the construction of a smaller sized version [Oasgl ]. We are hopeful to be one
of few experiments to be asked to proceed to develop a full proposal. Once the experiment is
approved, we are confident we will be able to construct the experiment over the next several years,
and be ready to take beam in 1997.
Our group has concentrated thus far in the design and development of the tracking and transition
radiation detectors. Our intent is to continue with this development, and eventually build the detector
system for the experiment.
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VI.3. Ins_'ument_ltion
VI.C.1. _Y.f,ly.J.f,_
Our group has been involved in several instrumentation projects, These are described below. They
r

include the construction and implementation of several state of the artdetectors and the writing of
software packages to complement their performance. Our strategy in these endeavors has been to
assume responsibilities forcrucial aspects of the experiments. This has allowed us to take a leadership
role in the analysis, understanding and dissemination of the physics. Cases in point are the
construction and implementation of a set of three tracking detectory for experiment 814. These
detectors form the heart of the forward spectrometer, andhave been operated with great success. For
the E864 experiment we art, presently prototyping scintillation counters, which we anticipate will
perform the crucial function of tracking particles simultaneously in both space and time. For the
OASIS experiment at RHIC we are presently testing a prototype transition radiation and tracking
detector. We have benefited greatly, in these various projects, through collaboration with the physics
and instrumentation divisions of the Brookhaven National Laboratory.
Additionally, our efforts have centered around two computer hardware projects, data analysis and
simulation. These have been crucial in enabling us to perfolxn timely analyses of data and allow us
to design future detectors and experiments.
We plan to continue to pursue vigorously the development of state of the art instrumentation to enab.le
us to sustain an ambitious and exciting physics program.
VI.C.2. Drift and Pad Chambers
We have completed the construction and implementation of a set of tracking detectors, which form
part of the forward spectrometer in experiment 8 _4. The spectrometer identifies particles emitted in
an angular cone of approximately 0.8 degrees centered around the beam direction as shown in figure
VI.2,B.3.1. The set of tracking detectors are used with two dipole magnets to determine the rigidities
(momentum/charge)

of charged particles. This information when combined with measurements of

charges and times of flight using scintillators, and energies using calorimeters, determines particle
momenta, masses and charges. The physics goals of the experiment pose some technical challenges
for the detectors which have to operate in the environment described below.
• A 28Si beam flux of 1 M Hz. passing right through the chambers
• High multiplicities of charged particles (up to 14 in the spectrometer acceptance).
• Simultaneous presence of high-Z beam fragments and minimum ionizing particles.
• Large 8-ray production effected by the high-Z fragments.

r
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Studies of peripheral interactions, as discussed in section VI.2.B, involve the complete reconstruction of events in which a 28Siprojectile is dissociated electromagneticaUy by the virtual photon fields
of target nuclei. The resulting heavy ion fragments, protons, and neutrons pass into the forward
spectrometer. Reconstruction of the energetics of such interactions requires that the drift chamber
system track simultaneously, the heavy ion fragments and protons, with a resolution of 200 grr,. Also
tracks, such as those from delta rays, not originating from the target, must be identified and discarded.
t

We have designed a set of three tracking detectors to meet these requirements. The fin'st is a pad
chamber (DC1) using a resistive charge division scheme, and the second and third (DC2 and DC3)
are each combinations of six planes of drift chamber and one pad chamber. The pad chambers in the
latter two detectors use a geometrical charge division scheme. These detectors have been described
in detail elsewhere [Deb90,Fis90,Gre91].

We have included several features in the design of these

detectors to address the physics needs of the experiment, High rate capability has been handled
through use of small cells, which in combination with the two dimensional position sensing
capability of the pad detectors enables operation in a high multiplicity environment. Table VI.C.2.1
summarizes some of the parameters relevant to the three detectors,,
Figure VI.C.2.1 shows a schematic drawing of DC1. Figure VI.C.2.2 shows a schematic drawing of
our two drift/pad chambers DC2 and DC3. DC 1consists of a wire plane of alternately positioned field
and anode wires, which is placed between a cathode window and a cathode pad plane, as shown in
fig. VI.C.2.1. The cathode pads and guard strips are etched onto the top layer of a three layer printed
circuit board. This board is positioned with respect to the wire plane to piace the pads immediately
below the anode wires and the guard strips below the field wires. The second layer of this board is
a ground plane. Read out leads are etched onto the third layer and are connected to the pads by leads
plated through the second layer. Connections are made between the pad plane and separate boards
that carry the preamplifiers and voltages for the various active sections of the detector. The flamess
of the pad plane is maintained to better than 50 l.tmby gluing a Hexcell honeycomb structure between
the pad plane and a thin sheet of fiberglass. The construction of the pad planes in the detectors DC2
and DC3 is similar.
The difference between DC1 and the other two pad detectors lies in the position determination
scheme. The pads in DC1 are connected along the length of each anode wire by a layer of resistive
ink. In the high resolution region of the detector, there is a read out positioned every 4mm along the
resistive ink. Charged particles passing through the detector ionize the 50-50 Argon Ethane gas
mixture in the detector volume. This ionization creates an avalanche in the vicinity of the anode wire
which induces charge on the cathode pads. Position along the anode wire is then determined by the
centroid of the charge distribution induced on the pads, In DC2 and DC3, the pads have a "chevron"

DC1

DC2

DC3

Active Area (cre)

16x26

30x80

50x2_0

Pad Read out Channels

1016

456

576

768

960

Drift Read out Channels

Wires per plane

40

128

160

Field to Anode Wire distance (mm)

2.0

3.18

6.35

Pad Anode to Cathode Foil Distance (mm)

4.0

6.35

6.35

Pad Anode to Cathode Pad Distance (mm)

2.0

3.18

6.35

Thickness (% Radiation Lengths)

0.6

0.7

1.9

Design Pad Position Resolution in x (_tm)

100

3185

6350

Design Pad Position Resolution in y (Dm)

2000

500

10(X)

i,

Design Drift Position Resolution in x (_m)

200

200

r

Table VI.C.2.1: Design specifications and parameters for the three drift/pad chambers constructed
for BNL experiment 814.

shape and are readout individually.

The position is determined using geometrical charge division

wherein, the charge induced on each pad is proportional to the area of the pad in the vicinity of the
avalanche.
The drift planes of DC2 and DC3 are conventional drift chambers. The 50-50 Argon Ethane gas
mixture used has a drift velocity at operational voltage of approximately 50 I.tm/nsec resulting in
maximum drift times of 65 nsec and 130 nsec in DC2 and DC3 respectively. The ability to track
simultaneously heavily ionizing and minimum ionizing prxrticles has been handled through use of
very thin anode wires. This leads to a gain saturation in :he avalanche process thereby reducing the
dynamic range requirement on the read-out electronics. Discrimination against delta rays has been
facilitated by the use of aluminized mylar foils to separate the different detector planes.
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FieureVI.C.2,..]:
A schematic
drawingof thepadchamber
DCI.Thefigureshows
lhcfront
window,theanodewireplane,
andthecathode
padplane.

Each read out channel of a cathode pad consists of a charge sensitive preamplifier whose output
passes through pair of transformers into a shaping amplifier. This drives the input of a 15 bit LeCroy
1885F ADC. The readol,t of each drift chamber channel consists of a preamplifier, a unipolar shaping
:_mplifi¢'_',a two level discriminator, and a LeCroy 1879 TDC. The dual discriminator is designed
such that its lo_,_'_rthreshold is sensitive to the leading edge of the ionization for ali the tracks. The
upper level is designed to be blind to minimum iomzmg tracks, and measures the centroid of the
charge distribution for heavily ionizing tracks. This read-out is designed to improve position
resolution in the measurement of high-Z fragments.
As seen by the heavy ion beam, our coordinate system is defined such that the positive Z-axis points
in the beam direction, the positive Y-axis points straight up, and the positive X-axis points to the left.
The wires in DC1 run parallel to the X-axis resulting in a precise measurement of position in the X-
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Figure VI.C.2.2: A schematmc
drawingof thedrift and pad chambersIX:II and DCIII.

direction, and a measurement accurate to the extent of the wire spacing in the Y-direction. The wires
in DC2 and DC3 run along the Y-direction. The DC2 and DC3 pad planes therefore measure position
in the Y-directi.)n, and the drift planes measure position in the X-direction. Table VI.2.B.1 li:as the
design expectations of the position resolution of these detectors. We have used the detectors in both
test measurements in the laboratory and in as part of thedata taking in the E814 experiment. The DC2
and DC3 position resolution in the drift sections have been measured to be 250 rtrn for minimum
ionizing particles, and 120 I.tmfor heavy ions. Laboratory tests of DC 1, using X-ray sources resulted
in position measurements accurate to 70 lira. Tests of prototype detectors using "Chevron" readouts,
as in DC2 and DC3 have resulted in position measurements accurate to 100 pm. We therefore believe
that the performance of our detectors have exceeded design specifications.
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VI.C.3.

Software

VI.C.3.1. Overview
We have been developing a set of computer programs to perform pattern recognition and tracking
functions in for the E814 spectrometer. The program combines information from tracking detectors,
calorimeters and scintillators to enable particle identification. The software takes advantage of the
high speed graphics capabilities of our VAX workstations to provide detailed displays of the events.
These programs were used in the recent data taking period to provide rapid evaluation of detector
performance and data quality.
VI.C.3.2. pattern Recognition
One of the major software projects we have undertaken has been the pattern recognition software for
track reconstruction in the E814 forward spectrometer. This section contains a description of the
pattern recognition algorithm and its performance_ The pattern recognition groups the hits from the
three drift chambers, the scintillators, and the calorimeters, into tracks. It is based on a depth-first,
or "tree" algorithm [CAS81 ]. The general strategy applied to the data is to begin by f'mding track
segments within each drift chamber.

The tree algorithm is desireable in this case since it solves

successfully the left-right ambiguity when reconstructing these track segments and is designed to
assemble tracks that contain hits in as few as three of the six planes within each drift chamber, thus
allowing for detector inefficiencies. The efficiency for finding a track segment within a drift section
using this algorithm is very close to 100% as determined from Monte Carlo generated events. The
resulting track segments can be projected to any other detector in the spectrometer.
The pattern recognition then attempts to connect the information from ali of the spectrometer
detectors into a three-dimensional straight-line track for the field-free region past the magnets. The
method applied at this point is again based on the tree algorithm.

The algorithm forms "links"

between the hits in each of the detectors and then groups the links into tracks using comparison
criteria customized for the detectors being linked together. For example, when connecting track
segments in DC2 to DC3, one requirement is that the segments must point towards each other, within
measured uncertainties. Again, this algorithm handles events in which ali or part of the information
from a detector could be missing. The efficiency of this step is better than 98%.
Once the tracks are completely constructed downstream of the magnets, they are projected

back

through the magnets in the bend plane to the target using a simple magnetic field model defined by
a uniform dipole field. At this point, information from DC1 and the beam vertex detectors are
incorporated to further define the track. The overall efficiency of the pattern recognition for

identifying single minimum ionizing tracks is near 100%. This was determined by analyzing data
provided from a mono-energetic proton test beam with a momentum of I0 Gev/c provided by the
AGS. The analysis was done on events where a single proton was traversing the spectrometer. The
momentum resolution for the proton measurement as determined from the test beam is op/p < I%
for p=I0 Gev/c. After all tracks have been constructed, particle identification is accomplished by
comparison of the momentum and velocity of the constructed track. We have successfully identified
pions, kaons, protons, deuterons, and tritons and antiprotons with our pattern recognition'software.
As mentioned previously, this software also takes advantage of the high speed graphics capabilities
of our VAX workstations to provide detailed displays of the event and the reconstructed tracks. This
•

feature has been used to quickly evaluate the performance ofthe detectors and the pattern recognition.
We have just commenced the development of pattern recognition algorithms for the E864 and OAS IS
experiments. For E864, we are planning to develop algorithms that will enable the identification of
exotic neutral objects from energy ant time signals measured by a sphagetti calorimeter. Particle
identification will be done through comparison of time of flight and energy measurements. We hope
to be able to disentangle closely shaped showers by studying shower propagation in both space and
time. Sphagetti calorimeters have the advantage that the incident particles, and the light they generate
in the calorimeter via scintillation propagate in the same direction. This results in improved
measurements of time from the calorimeter.

We are also planning to develop detector dispaly software to taking advantage of the high speed
graphics capabilities of the new RISC workstations. As was the case for the E814 experiment, we
anticipate this will allow us to gain additional insights into the performance of our pattern recognition
software, and that of the whole experiment.
For the OASIS experiment, we plan to develop tracking and pattern recognition software. A
preliminary version was operational in the tests of the tracking and transition radiation detector
which concluded in June 1991. Our intent is to develop this and the software f'or the E864 experiment
on computers which will be closely coupled with the data acquisition system. When the software is
sufficiently mature, we hope it can be used for the rejection of events on-line to reduce the volume
of data recorded to tape.
VI.C.3.3. Monte Carlo Simullations
We have been performing Monte Carlo simulations of detector performance to aid in the design of
the tracking and transition detector (discussed in detail in section VI.C.6). These calculations have
been done using the program GEANT. Figure VI.C.3.3.1 shows the expected momentum resolution
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for the proposed detector calculated including the effects of multiple scattering, and assuming that
the momentum resolution is determined by the first three tracking layers. Our plans are to extend
these studies to investigate the perforn'mnce of the device both as a tracking and as a transition
radiation detector. We will also study the capabilities of the detector for providing dE/dx information,
which can also be used for particle identification. Presently, the program GEANT does not have the
ability to generate transition radiation photons. It will therefore be modified to allow for this. The
simulations will be aided by the data _;e have measured using a test detector. We hope it can be
tailored to become a program that can predict reliably the performace of the detector under various
design criterea.
We have also been perfomling calculations of detector acceptance. An examp!e of this is shown in
figure VI.B.2.6.1 for the acceptance of the E814 apparatus for protons. Similar calculations for the
acceptance of the apparatus for different particles such as antiprotons and light nuclei. Such
calculations are an integral part of the data analysis, and have also been invaluable in determining
the operational parameters of data taking.
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VI.C.4. ComD.ter Pro i_cts
VI.C.4.1.
Computing has become an essential and integral partof research in nuclear and high energy physics
today. The timely analysis and publication of data, the theoretical modelling of rresults, and the
simulation and design of future experiments are some of the reasons why we have come to rely so
heavily on computers. Experiments are becoming very complex and are forcing changes in the
sociology of science. There is today anincreased need forcollaboration and communication between
scientists. Large facilities and projects such as RHIC, CEBAF, and Gammasphere axerelying on the
participation and involvement of university groups such as our own. We have a responsibility to train
and educate students to understand the latest technologies and use them effectively to conduct
research both within our laboratory, and at the premier national and international facilities. The needs
of research computing, education, and communication compelled us in 1988

to suggest the

establishment of acomputing facility in the Wright Nuclear StructureLaboratory atYale University.
Our proposal was funded and implemented soon thereafter. The facility has since been used
extensively by all of the scientific staff in the laboratory, and outside collaborators. Its success and
oversubscription prompted us to submit for an upgrade in 1989, which was subsequently approved.
The initial project and the upgrade are described below.
VI.C.4.2. Computer Project I
Figure VI.C.4.2.1 shows a schematic view of our initial system. It consisted of a Vaxstation 3200
(CASTOR) serving as a boot node for a Local Area Vaxcluster (LAVC). This and a second 3200
(POLLUX) were configured with 16Mb of memory each, and 4-plane monochrome graphics
capability. Each processor served two 850Mb CDC Sabre disk drives for a total formatted capacity
of about 3.2Gb. One of the nodes was equipped with a TK50 tape drive for system software
installation, and the other with a 9-track 6250 bpi drive. A double ended SCSI bus connected the two
CPUs with two TTI8200 8mm video drives. The drives were therefore accessible to both machines.
A third Vaxstation 3200 (HYDRA) acted as a communications router. It connected the LAVC to
HEPNET via a 14.4 Kb/s leased phone line to the Brookhaven National Laborotory, and to the Yale
computer center and BITNET via a 56Kb link. A laboratory wide ethernet connected the 3200s, four
diskless Vaxstation 3100/30 (SMb single plane mono) and two Vaxstation 3100/30 (SMb, 8 plane
color). Each of the color workstations has a 54Mb page/swap disk. One of the color machines
connects to an 8mm TTIS000 video drive on its SCSI bus. The system represented a total processing
power of 24.3 VUPS (Vax Unit of Performance). A high speed line printer, an AppleLaser Writer
IINTX printer and several graphics and ANSI terminals were connected to the system via two
terminal servers. The terminal servers also provided a low speed link to the data acquisition
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VI.C.4.3.

Computer

Figure VI.C.4.3.1
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shows a schematic

diagram of the upgraded computer

to be a Vax 3200 (CASTOR).

Its capabilities

system. The server node for

have been improved

by installing

a

760Mb CDC Wren VI systems disk. This connects to the macine via a SCSI host adaptor.

As a result, the average wait time for a systems request has been reduced by greater than 20%. The
memory

of the server has been increased

to 24Mb and its graphics

boards have been removed

resolve interrupt conflicts that existed with the 9-track tape drive controller. Ali Vax3200machines

to
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have been upgraded with high speed DELQA-YM ethernet controllers. Ali Vaxstation 3100/30
machines have been upgraded to the 3100/76 CPU, resulting in a per node speed increase of about
300%. The memories of ali machines except the server are now at 16Mb. In addition, we have
purchased two new 3100/76 computers. One of them is equipped with an SPX graphics accelerator
board. The CDC Sabre disk drives that were being serviced by CASTOR and POLLUX are now
being served by POLLUX and HYDRA. All the machines now have local page/swap disks. This has
substantially reduced network load. These disks are the 760Mb CDC Wren VI for ali except the two
computers that had 54Mb disks previously. Two additional 8mm Tri8210

tape drives are connected

to two of the Vaxstation machines via their SCSI ports. The upgraded VAX system represents a total
processing power of 68.9 VUPS, which is a factor of 2.8 greater than the previous system. The total
disk space has been increased from 3.3 Gb to 8.2 Gb. This now facilitates the transfer of large volumes
of prescarmed data to disk and increases the speed of subsequent analyses.
The lowest Cost per MFLOP (Million Floating Point operations per second) is achieved today mostly
through use of RISC (Reduced Instruction Set Computing). The operating system UNIX which is
supported on these machines is therefore becoming the standard. Since several of our applications
are very compute intensive, we have decided to proceed with the implementation of UNIX/RISC
machines. After analysing the very competitive market we decided to purchase IBM RS6000/320
machines. The server has monochrome graphics capability, and 32 Mb of memory. The other two
machines have color capability, and are equipped with 16 Mb of memory each. Ali three machines
are equipped with 120Mb and 760Mb disks. The server machine has in addition an 8mm video drive,
and a CD ROM. The server also has two ethernet cards, one connecting to a UNIX network and the
other to the VAX network. In this fashion, we hope to isolate the waffle in the two network segments.
The operating system in use on these processors is AIX. Included in the implementation is the
Network File System (NFS), and the TCP/IP communications

package. These machines are

presently being configured as nodes on INTERNET. The total processing power of the system is
approximately 68.5 MIPS, and the disk space is about 2.4 Gb.
we inherited from the accelerator controls five Hewlett Packard HP9000/300 processors. These are
1 MIP processors, and are being used primarily as X-stations. They run the user interface OSF/
MOTIF under the HPUX operating system. These machines have local page/swap disks also, and a
several 100 Mb systems disk.
In addition, we have purchased a 80486 processor based PC clone for use in CAD/CAM work. This
and other PCs within the laboratory are being fitted with ethernet capability. A Macintosh CI was
purchased for a data acquisition system to be used with detector tests. This has been implemented
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successfully, and is described in greater detail in a later section.
We have implemented connectivity between the VAX and UNIX networks through use of the UCX
facility on the' VAX machines. Files are exchanged between the machines through use of the TCP/
lP set of prot, ,cols. We have also installed an Ethernet to appletalk bridge cap: _qeof rou:in g F)ecnet
and TCP/IP traffic. This facilitates the exchange of information between the various computers, and
increases the speed of communication

between the computers and printers (which are now on

Appletalk).
We have upgraded the terminal server capability by upgrading the existing servers from having LAT
to LAT and TCP/lP capability. We have also expanded the number of ports in the servers from 28
to 44. lt is our intent to provide every member of the research staff in the laboratory with easy access
to the computing facilities.

L38

The printing capabilities in the laboratory have been upgraded with the addition of a color thermal
wax QMS Colorscript 100 printer. This is also installed on the Appletalk network.
In summary, we have expanded the data analysis capabilities of the laboratory over the course of the
past two years. With anticipated increases in the data volume to be processed (new experiments at
the AGS and RHIC and the Tandem and associated simulation studies) we plan to expand the system
at a suitable rate to keep up with our needs.

VI.C.5. Time of Flight System
In conjunction with the Yale Relativistic Heavy Ion group's commitment to AGS e_:periment E864,
a time of flight detector development program has been initiated. The primary goal of the effort is
to develop and prototype plastic scintillator hodoscope elements to meet the TOF and dE./dx needs
ofE864.
The TOF hodoscopes required fbr E864 will comprise approximately 750 scintillator elements
arranged in three separate arrays. Each scintillator element will be monitored by two photomultiplier
tubes (PMT's) which will provide two dimensional position information for each hit in a given
hodoscope as well as improved time and dE/dx resolution. To achieve the proposed sensitivities of
E864, excellent timing resolution is required of the TOF hodoscopes. A design objective of 200 ps
(RMS) timing resolution has been proposed to achieve the physics goals and sensitivities laid out in
the E864 proposal,

lt is desired to exceed this objective since any improvement in the timing

resolution will increase the sensitivity of the experiment.
As E864 has only recently received approval from the Brookhaven Program Advisory Committee,
the work ;.n progress on the development of the E864 TOF hodoscopes is in an early stage.
Nonetheless, several types of plastic scintillator and PMTs have been isolated as promising candidate
components based on available technical specifications.

These components,

listed in Tables

VI.C.5.1 and VI.C.5.2, are now in hand and are currently being tested in the laboratory.
To begin to assess the timing characteristics of various plastic scintillator - PMT combinations, a
benchtop test has been constructed.

This test configuration is shown in Figure VI.C.5.1.

Data

acquisition for the TOF tests is accomplished via a single CAMAC crate interfaced to a Mac llci using
a MgcVEE Crate controller and NuBus card. This system is relatively flexible and may be expanded
to include multiple CAMAC and VME crates. As the proposed data acquisition system for E864 is
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a VME

based

implemented

system,

it is envisioned

that the VME capabilities

of out test system

will be

in the future.

The immediate

goal of the TtF

bench tests is to study a number of types of scintillators

in order tO identify combinations

which provide satisfactory

goal has been achieved,

questions

aim towards a complete

hodoscope

and PMT's

timing and dE/ctx resolution.

of light guide design and performance

Once this

will be addressed with an

element prototype.

Aside from the choice of scintiallator

and PMT, there are a number of other outstanding

technical

issues which we plan to address en route to the final detecter design. The large number of independent
detector

channels

discrimination
solution.

(,=1500) suggests

threshold,

PMT high voltage,

is produced

within

[Coc32].

controllable

thereby eliminating

also considering

for readout

at DESY [Lu91].

base by an RF oscillator

The RF oscillators

are powered by

driving

or functional

a Cockcroft-Walton
and individually

the need for numerous high voltage cables and connectors.

the idea of incorporating

the timing characteristics

(e.g.

In this system, high

low DC voltage

pan of the readout electronics

in the PMT base itself in an effort to reduce the amount of conventional
improve

and control

the use of a large scale high voltage distribution

tor the ZEUS experiment

each PMT

accelerator

approaches

etc.) may not be the most economic

For this reason, we are contemplating

system based on that developed
voltage

that conventional

We are

(e.g. pulse discrimination)

cabling required and possibly

of the system.

PMr

Diameter

Window

Rise(ns)

T.T.S.(ns)

Cost' ($)

R1635

3/8"(8 mm)

borosilicate

0.8

0.7

340.00

R3478

3/4"(15 mm)

borosilicate

1.3
i

i i i

iiiii i

0.4

i

ii

310.00
i ii

iiiiiiiii

Table VI.C.5.1 Characteristics of two Hamarnatsu photomultiplier tubes under consideration for
the E864 TtF hodoscopes, a Cost per assemblyfor 1500pieces includingPMT.mu metal andbase.
Approximately$70.00less for PMTalone.
Type
BC404

Rel.Output
0.68

120

RiseTime(ns)
0.7

Rel.Cost
--1.3

BC408

0.64

300

0.9

1.0

BC420

0.64

110

0.5

_,2.7

Latumuatlon

(eta)

Table VI.C.5.2 Characteristics of three types of Bicronplastic scintillator under consideration
for the E864 TtF hodoscopes.
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VI.C.6.

Tracking

and Transition

Radiation

Detectors..

The OASIS collaboration at RHIC is planning studies of nucleus-nucleus collisions at relativistic
energies with the intent of identifying simultaneously, potential signatures for the formation of a
quark gluon plasma [Oas90, Oas91]. The experiment relies on an open geometry, modular construetion, and a focusing magnet to address several physics topics, including the following:
• Measurement of spectra of identified particles for transverse momenta (Pr) in the range 100
MeV/c to tens of GeV/c.
•Two particle interferometry
,

.Studies of electron pairs over the momentum range including the anomalous region (100 500 MEV), and the resonance regions of the co, _ and the J/tlJ.
The hybrid tracking/TRD detectors [Kum90] will provide space point information for tracking
charged particles emitted in the region of central rapidity in collisions between nuclei at energies of
100-250 GeV/nucleon.

Additionally, they will identify electrons by detecting transition radiation

emitted by the electrons during their passage through radiator material forming an integral part of the
detector.

The detector design will accommodate both the high multiplicities of central Au+Au

collisions and the high rates of p+p collisions.
Figure vI.C.6.1 shows the capabilities of various techniques in particle identification. What is shown
in the upper panel are the lengths of detectors required to separate pions from kaons and pions from
electrons, plotted as functions of particle energies. The lower panel plots the number of transition
radiation photons emitted by electrons, pions, and kaons, as functions of their energy.

The

effectiveness of transition radiation detectors of modest length in separating electrons from pions
over a wide range of energies encourages us to use this technology in our experiment. We plan to
use a combination of time-of-flight

measurements, threshold Cerenkov and transition radiation

detection to achieve four orders of magnitude in rejection of pions from electrons, over energies from
about 100 MeV to tens of GeV.

The proposed detector, shown schematically in figure VI.C.6.2, consists of 8-10 layers of radiators
interleaved with time projection chambers.

The first three layers of the detector will not have

radiators in between. One such layer has been shown in the figure. The anode wires run parallel to
the axis of the spectrometer, and lie on surfaces of concentric cylinders. Charged particles pass
through the detector radially, and deposit charge in the lcre drift space between the anode and the
cathode.

This charge drifts towards the anode, and is amplified, collected and digitized by an
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Figure VI.C.6.2_ A schematic view of a single plane of the tracking and transition radiation
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electronics read out using flash ADCs. Electrons traveling through the detector generate transition
radiation during their passage through the foam radiator. These X-ray photons also deposit charge
in the drift space of the TPC, and produce large amplitude signals which are superimposed on the
ionization generated in the drift space by dE/dx. The flash ADC readout then allows us to identify
electrons off-line by either counting the number of large amplitude signals or X-ray photons
generated along a track, or by the magnitude of the total charge integrated along a track. We are
hoping to use the charge information (dE/dx) as an additional means of particle identification.'
Several other groups have either studied or constructed TRDs [Do186, Ans87, Det88, Kor90] Based
on their findings we anticipate that our detector, with ten layers of polyethylene, polyurethane, or
polystyrene foam, and wire chambers, will detect on the order of 10 charge deposits above a given
threshold for electron tracks, compared with about 2 for a pion. We therefore expect to achieve easily
the two orders of magnitude in e/_: rejection over a wide range of energies. Our R&D efforts will
focus attention on such questions as choice of radiator material, and chamber gas mixture, to achieve
optimal performance.
The physics topics listed in section VI.2.D require that we design a high granularity detector for a
limited solid angle (45° in cp)and a coarser grained detector for the rest of the acceptance. This could
be achieved through a combination of pad chambers and radially segmented time projection
chambers.

The time projection chambers will cover 2_ in cp. There will be 8-10 layers of these

detectors. The low segmentation regions will have radiator material placed between the tracking
layers 3 -8 to induce the emission of transition radiation photons.

The tracking detectors will

therefore serve to both track charged particles and detect transition radiation photons.
One concept being studied extends a TRD design used by the NA34 Helios experiment [ref]. The
existing detector consists of eight layers of a multi-wire proportional chamber interspersed with
radiators. Our plan is to modify this detector design and instrument each anode read-out channel with
flash ADC electronics. The flash ADCs could contain simple 4-bit ADCs. The anode wire spacing
would be -2.5mm with a drift space of 1 cm in front of each wire. The flash ADC would contain 1020 time slices which would cover the full drift time in each cell of 1 },tsec.This segmentation implies
a single hit pixel occupancy of,,,9% for low field and ,--3%for high field operation. With this design
a single TRD layer covering 2r_in our detector would contain 10000 wires.
The tracking detectors are expected to provide space point information in two dimensions.
dimensional position information can be obtained by several techniques.

Two

One way is to use small

angle stereo on the cathodes. The cathode plane nearest the anode wires is divided into strips and

'
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is positioned to be at a small angle ( 15o) with respect to the anode wires. An avalanche in the vicinity
of the anode wire will induce charge on the cathode.

This charge deposit on the cathode will be

correlated in amplitude with a signal on the anode. Figure VI.C.6.3 shows the anode and cathode
structures of such a stereo readout scheme. The Cathode plane has been shaded in grey, The
procedure of correlating the cathode hit with the anode hit by using the ADC values of the hits would
be required if we employ stereo readout in a high multiplicity environment. This technique may also
require the use of 7-8 bit flash ADCs.
A second way to measure position along the lengths of the anode wires is through use of pad chamber
technology. We propose to implement such detectors in a 45o segment of the detector to handle the
high multiplicities of low field operation. These high granularity chambers will be similar to the DC3
detector described in section VI.2.B.
The anticipated position resolution of the detector in the q_direction varies as a function of the incident
angle of the track on the detector. For tracks incident normal to the detector, the position resolution
(a) per plane is I/-J'_

the wire spacing, or 800 l,tm. For tracks incident at an angle of 45°, a con-

servative estimate of the per plane resolution is 250 l,tm (for 20 time slices). The tracks are measured
in the TPC planes over the full 27tand additionally in the pad planes over 45° in q_. As mentioned
previously, the present pad plane design calls for a resolution of I000 ],fm along the anode wire.
Stereo read-out on the TPCs give a resolution of I cm along the anode wires.
A conservative estimate of the momentum resolution is given by:
AIC)
= _]A2 + (0.07%xpl 2
P
where A = 0.2% for the high field setting and A = 1% for the low field setting, and p is measured in
units of GeV/c. Typically we obtain Ap/p ~ 0.2% for the high-field setting and about 1% for the lowfield setting. An insertion of He gas between the interaction point and the chamber has been proposed
to minimize the effects of multiple scattering.

A two track separation can be done with slightly

reduced accuracy.
The expected event rates at RHIC are 6 x 106 for p+p interactions and 1.6 x 103 for Au+Au. The
proposed detector has a drift time of approximately 11.tsec. For p+p interactions there may be more
than one event in the detector at a given time. Since the multiplicities in such events are low, we
believe we will be able to separate them quite effectively.
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We have been, together

with grotaps from BNL and Columbia University, testing a prototype

detector with proton beams at the BNL AGS facility. Data have been measured to study the TRD
and tracking capabilities of the detector. The Yale group is presently working on the data analysis
with particular emphasis on pattern recognition and event display aspects of the effort

.
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VI.D. _.inm_%
We havedescribedin thepastseveralsectionstheprogramof physicswehavepursuedin experiment
814, and hopeto pursuein experiments864 andOASIS. The commonthreadin ali theseefforts is
a desire t_ understandthe propertiesof nuclearmatterand quarkmatterand the phasetransition
connecting the two. We havedescribedthe complementaryhardwaredevelopmentsof drift/pad
chambertrackingdetectors,andtheproposeddevelopments
of atime of flight system,andatracking
and transition radiationsystem.,Our projectsin computinghavebeen aimed to supportboth the
physicsandthe instrumentationefforts.
In the introduction, we have described the contributions of various individuals to our physics
program. Their support and collaboration has been invaluable in bringing us to the state we find
ourselves in today. Our group is now in a position to attract the best young people, and be aggressinve
in pursuing what we think is the best physics to be done in studies of nuclear and quark matter.
Keeping in mind our geographic proximity to RHIC, our laboratory sees this area of intellectual
activity as lacing one deserving of substantial growth. Several universities in the neighbourhood have
already expanded their manpower in this field and what we are proposing to do here is to bring our
commitment to relativistic heavy ion physics at par with those of our neighbours. In the graphs below
we descritm our intent by quantifying our projected manpower needs, and the division of our efforts
between the three experimental projectswe are involvedin.
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VII. Correlated Pairs from Heavv-lon Collisions:Search for New

Low.Mass

Resonances Counled to e+gIntroduction

Althoughthecorrelated
emissionof monocnergetic
electron-positron
pairsfrom heavy-ion
collisions
was first
observedby theEPOS (Yale,
GSI,Frankfurt,
Heidelberg)
collaboration
in
1985[Cow86],theproduction
mechanismforthepairsand,indeed,
theunderlying
interaction
responsible
remaintobeidentified.
WiththeEPOS spectrometer
we haveobserved
atleast
three
suchsetsofcorrelated
e+e"pairs
[Cow87,Sal90],
and two ofthesehavesincebeencorroborated
by measurements
withtheORA_qGE spectrometer
atGSI [Koc89,Bcr90,Koc90].
The very different
experimental
arrangementsand detectorgeometriesused in the two
measurementsmake itveryunlikely
thatsimilar
structures
wouldbe duplicated
by instrumental
response
inthetwo experiments,
particularly
since
thee"ande+ peaksarehighly
correlated.
This
conclusionhas alsobeen extensively
testedby Monte Carlo simulations
and auxiliary
measurementswithbothdetectors.
Inaddition,
an explanation
fortheappearance
ofthepeaks
cannotbe foundin presently
known processes
involving
conventional
atomicand nuclear
phenomena. Neitherinternal
pairconversion
in thecollision
nucleiatrestor inflight
nor
quasiatomic
mechanismsappear
tobecompatible
witha numberofthefeatures
foundinthedata.
Thereis,
ofcourse,
alwaysthepossibility
thatcomplexnuclear
and atomicphenomenacan be
devised
toexplain
theobservations,
although
theuniqueappearance
oflow..energy
mofioenergetic
positron
emissionemphasizes
theunexpected
aspects
ofthes.c
observations
and suggests
thatan
explanation
may havetobcsought
inmercunorthodox
mechanisms.
Several features of the data arc particularly relevant and potentially interesting.

As illustrated

below, there appears to be a close duplication of more than one e+e" sum-energy line in several of
thecollision
systems.Moreover,thesesum-energylinesarenominallyfreeof theDoppler
broadening
associated
withtheindividual
e+e"peaks,
suggesting
thatthekinematic
Dopplershifts
fortheindividual
c+e"lines
tendtocancelby a strong
kinematic
correlation.
The appearance
of
boththesefeatures
hasespecially
motivated
some proposals
thattheorigin
ofthepairs
may bethe
two-body,
back-to-back
decayofpreviously
undctcctcd
neutral
sources
withrestmassesbetween
I-2MeV. Theseappeartobecommon tothedifferent
collision
systemsbutexternal
totheheavyioncollision
complex. Bothelementary
particles
and compositeQED systemshavcbccn the
subjects
ofspeculation.
They involve
either
unusualnew ideaswithintheframeworkofknown
physics
ornew physics.
Inspite
ofthevcryspeculative
nature
ofsuchpossibilitics,
theintcrcst
in
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this phenomenon

persists

since no reasonable

explanation

of the observations

has been

forthcoming either based on physics or pathological r_sponses of the detectors.
ltisimportant
tonotethatnew data[Cow87,
Sa390,
Koc89,Berg0,Koe90],on several
collision
systems,
obtained
sincetheoriginal
observations
[Cow86],indicate
thatthesituation
hastobe
more complexthanthesimplescenario
ofa two-bodydecayofa freeparticle.
Inthisrespect
it
appears
that
thenuclei
involved
inthis
collision,
either
intheprimary
scattering
r_ocess
orina two
stepprocess,
may beparticipating
notonlyintheproduction
mechanismbutaisointhedecayvia
final
state
interactions
whichcanaffect
theenergyandspacial
distributions
ofthee+ ande"aswell
asinfluence
theHfetime
ofthestate.
Inthis
connection
theroleplayed
by thehighZ environment
may bcpartl.culafly
relevant.
x IG$1)

I
I
_0
"_,

I

t
• m¢.!I

F/g. I

- Ez_uded domain in the ma_tj.fetime ptane fer weakl_ Znteracing pa,_ti_es coupted :to the
e_ec_on and decayi)u3 into _*¢"
pa,b_

152

It also bears emphasis that so far the e+c" peaks appear to be associated with experiments involving
only the heavy-ion collision complex. Searches for monoenergetic c+e" pairs with invariant masses
between 1-2 MeV in a variety of production and decay processes,

such as bremsstrahlung

production in a beam dump, decay of charm and beauty systems, nuclear transitions

and e+e"

scattering, have all turned up with negative results. It therefore appears very unlikely that new
eleracntary particles are the origin of the pairs observed in the heavy-i0n coUisions, at least not for
•

the lifetime regions explored (see figure. 1). Also since the peaks are connected to heavy-ion
scattering, it seems that the heavy-ion collisions provide the selective environment for producing
the pairs. Particularly there is evidence that nuclear contact is involved, as noted below, but the
effect of high Z is yet to be determined.
One can think of several explanations

for the absence of the pairs in the elementary particle

searches and their appearance in the superheavy collision systems. Among the scenarios that have
been considered are the possibilities that the source of the pairs is an extended composite object
[Sch88, Gra89, Won86, Arb90, Spe91, GraB9, Gra91, Cal87] with finite size and a substructure,
that the object's lifetime is long and is quenchable by strong fields, that its production is enhanced
or is made at all measurable by the strong fields, and that the high electron density encountered in
the superheavy collision systems is necessary for production. Particularly, the consideration of a
composite particle-like object with finite size and substructure is compatible with many aspects of
the experimental results: A sufficiently large size (~ 100-1000 fm) can explain the negative results
of the beam dump experiments

[Seha88]; the occurrence of several lines fits in with an internal

structure; production by a non-perturbative mechanism that rexluh"csa strong Coulomb field could
be associated with a particle with charged constituents [GraB9]; the small particle velocities (CM),
which would follow from the.latter mechanisms, would be compatible with the observed Doppler
broadening and shifts; a strong polarizability of the composite system can lead to bonding to the
outgoing heavy ion whose Coulomb field distorts the energy distribution and angular correlation of
the e + and e- expected from back-to-back decay of a free particle [Ste91]. There is, however,
presently no direct evidence that we are dealing with such an extended object.

Of course, the

notion of a composite particle, either mesonic or electrodynamic in origin, is an ad hoc proposal
which has no theoretical basis presently.
There are also several aspects of the data that remain a puzzle within the context of any of the
proposed scenarios. As presented in more detail below, these include a resonance-like production
of the peaks at bombarding energies near the Coulomb barrier, small but noticeable shifts in the
sum-energy peaks from system to system, and a variation in the electron-positron

opening angle

.
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and energy sharing for what seems to be a specific sum-energy line observed in different collision
systems.
It appears, therefore, that besides the main feature of the narrow sum-energy

lines which can

represent a general phenomenon independent of the nuclear species and are difficult to account for
except in some context that involves the decay of a neutral system into e + and e-, there are a
number of features to explain that do not conform in a simple way with such a scenario. Some
observations are vague, presently, and need further clarification to form a consistent picture of the
data. These are related to a number of questions to be addressed regarding both the production and
decay of the source of the lines. In addition, there is still the possibility to explore that we are
dealing with a trivial effect that has escaped identification so far.
To follow up on these questions and, particularly, to further investigate the spectroscopy of the
positron lines, we are, pursuing two programs of measurements which are outlined below. With
)

our focus centered around exploring the possibility that the source is a elementary system decaying
into e+e", one set of experiments follows up on measurements with the heavy-ion system. It may
turn out that the strong fields play the pivotal role in these phenomena.

The presence of the heavy

ions clearly complicates the situation and interpretation with the many parameters involved and
variable. But, as noted above, the heavy-ion system remains the only demonstrative source for the
e+e" pairs at the present time. The other experimental program addresses the elementary e+e"
system directly in e+e" scattering. It would obviously provide the most direct test for new neutral
objects, elementary

or composite;

however,

there is no direct connection

to strong fields.

Eventually it could, of course, lead to spin, parity and decay mode information if a positive result
were obtained in our search.

With regard to the heavy-ion related experiments, our work at GSI has now been terminated.

We

have chosen instead to continue to pursue this work in an experiment being staged at ATLAS with
collaborators from Argonne National Laboratory, Michigan State University, Princeton University,
Florida State University, the University of Rochester and the University of Washington (Seattle).
This new effort is outlined below.
measurements.

The ATLAS facility will be ideally suited for these

The personnel from the Yale University faculty that are involved are Jack S.

Greenberg, C.J. Lister and Partha Chowdhury.

We also have A. Chishti, a research associate,

and two graduate students K.C. Chan and N.I. Kaloskamis

working on this project.

One

student's dissertation will principally involve the question concerning the two-body feature of the
e.e" decay. The other dissertation will concentrate on the production mechanisms, particularly
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those questions relating the sum-energy peaks to nuclear parameters, bombarding energy, strong
fields duration of interactions and decays, and Z dependence.
The search
fors-channel
production
ofneutral
objects
indirect
e+e"interactions
isbeingpursued
withtwo types ofmeasurements
thataredistinguished
by thelifetime
rangesbeingexplored.
As
notedbelow,accessibility
toa broadrangeinlifetimes
may constitute
an important
aspect
ofsucha
march.Boththesemeasurements
explore
a broadrangeof¢+e-invariant
masseswhichcoverthe
entire
mass regionsuggested
by theheavy-ionexperiments.
They alsobothsharethesame
detector
butemploydifferent
target
arrangements
corresponding
toelastic
scattering
andproduction
experiments.
Employingexcitation
functions
inelastic
scattering
from thintargets,
one typeof
measurementissensitive
toresonances
withlifetimes
shorter
than-.,
5 x I0-13sees.A production
experiment
probesthelow-masslong-lived
states
withlifetimes
between7 x I0"10to7 x 10"13
sees.Theseexperiments
haveallbeencompletedandtheresults
areoutlined
belowaswellas
possible
new directions
tobe pursued.
The e+e"interaction
experiments
arebeingcarried
outwiththeBrookhavenNational
Laboratory
Dynarnitron
andpositron
source
incollaboration
withKelvinLynn and hisgroupofcollaborators.
Insome aspects
ofthemeasurements
M. LubellandAsokaKumar fromCCNY alsoparticipated.
The participants
from YaleareJackS.Grcenberg,
Jim McDonough,'S.D.Hendersonand B.F.
Phlips.
The latter
two aregraduate
students,
and Mr. Hendersonhascompletedhisdissertation
entitled
A Search for Low.Mass Long-lived StatesCoupled to e+e". Mr. Phlips
dissertation
isinits
final
stages
ofcompletion
andreports
on theelastic
scattering
measurements.
Below are discussed the recent results of this research program and experiments in progress and in
planning.
VII.A. e+g" Emissioq

in Nuclear

Collisioqs

(Combiqed

Z,, >

VII.A.1 State of Experimental Information: iT. E. Cowan, J.S. Greenberg, J. Schweppe]
The observation of narrow line structures in the positron spectra emitted in heavy-ion collision is
now well established.

There is little doubt, presently, regarding the statistical significance of the

observations, and for some collision systems the results have been studied and reproduced both by
the EPOS and ORANGE spectrometers groups several times. The possible connection originally
contemplated between these single lines and the process of spontaneous emission in supercritical
electric fields has been abandoned for several reasons. It was found that the dependence of the
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peak intensities and energies are grossly at variance with the spontaneous emission process, that
the lines also appear in subcritical
subsequent experiments

systems, and, most particularly,

it was discovered

in

[Cow86, Cow87, Sal90] by our group that the e+ peak emission is

accompanied by equally narrow electron peaks and even narrower structures in e+e" sum-energy
distributions which appear to be free of the Doppler broadening associated with the individual e+epeaks. The latter observations have especially generated a great deal of interest.
/

The e+e" very narrow sum-energy lines are now also well established in experiments with the two
spectrometers

at GSI, at least with regards to their appearance

Cow87, Sal90, Ber90, Koe89, Koe90].

and gross behavior[Cow86,

Some earlier apparent discrepancies in the reported line

energies, beam energy dependence and Z dependence between the two spectrometer set-upshas
since been resolved. There still remain some differences in the production cross-sections reported
by the two groups, but this may very well be explainable in terms of a combination of presently
unknown e+e- angular distributions
experiments.

and the orthogonal

detector, geometries used in the two

The lines in the singles positron spectra and the coincidence
connected by a correspondence
represent the same phenomenon.

sum-energy

in energy and cross section of production.

lines appear to be
They thus seem to

As already mentioned above and illustrated in some data

discussed below, the explanation for the appearance of both singles and coincidence lines has to be
sought in something more complicated

than a two-body decay scenario, although the original

observations appeared to suggest this picture.
Figures 2-7 and Tables 1 and 2 present some of the main features of the results from the Yale-GSI
experiments which can be summarized as follows.
VII.A.2. Summary_ of Positron Lines in Singles Spectra
1. Lines have been observed in singles positron spectra emitted from a variety of collision systems
formed with U and Th projectiles and Ta, Th, U and Cm targets (figure 2 [Sal90]). In the context
of supercritical

fields these systems cover a range of combined nuclear charge, Zu, from 163

(Th+Ta), which is subcritical,

to 188 (U+Cm) which is the highest Zu studied so far. These

nuclei represent substantially different nuclear structure.
2. The lines appear to cluster into three groups at mean energies of ~ 320 keV, 360 keV and 440
keV, with the individual energies within a group essentially equal, Since neither the projectile or
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Fig. 2: The family of singles positron lines for collision systems with 163-<Zua<188 observed by
the EPOS spectrometer.
The spectra are ordered in columns for increasing line energies -320 keV,
-360 keV and -440 keV. Each row is labelled with the collision system. Total spectra are shown
as
well as spectra (last three column) for which a cut has been made in the heavy-ion scattering
angle.
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target nucleus is common

to ali the systems

involving

source for each group of lines is a derivative

' collision

system

'

ruth ..t-2"JCm
"sU + mU
-trh . mU
_U + ruth
ruth + ruth
nr/'h + '_Ta

line energy, it appears

of the reaction common

' '

mu+ "cm

a particular

that the

to ali systems which is not

mean"ilne energies [keV] .........

32s±9

'

326±10
313±8
323:]:10
318±9
e

-

'

3,58±9
348±9
358±11
375±8

'1

440±'12
'"
427±11
445±9
439:1:13
448+10
-

L

Table 1.

PositrQn singles line energies for the colUsion systems given

directly identified with an individual
is independent

3. Typically

nucleus.

In this sense some common source is implied which

of the collision system.

the widths of the line is ~ 80 keV. For the EPOS spectrometer

angles are averaged,
which are Doppler

this is just the width that would
shifted and broadened

be expected

where ali e+ emission

for monoenergetic

in energy by a source moving

positrons

with the center-of-mass

velocity of the collision system.

4. The positron

peaks are observed

at beam energies

close to the Coulomb

barrier;

a window of

favorable energies AEproj= 0.2 to 0.3 MeV/u appears to exist around the point of nuclear contact.
Central collisions
experiments
MeV.

dominate

are associated

Because

problems,

and reaction characteristics

require clarification.

and generally

However,

collisions

detailed

the peaks observed

in the EPOS

where AA < 5 amu and AQ < 20

and extensive

information

on beam-

has been difficult to obtain and a number of points

wherever studies have been made there is indication

of a sensitive

on beam energy which would be expected if nuclear contact played a role.

5. Measurement
simulations

process

with elastic or quasielastic

of target deterioration

energy correlations

dependence

the production

of T-ray and electron

of Doppler

as an explanation

broadening

spectra as well as experimental

studies

and Monte Carlo

appear to exclude the nuclear internal pair conversion

for the single positron peaks.

The absence of any dependence

for this conclusion,
as does even more convincing
correlated e+e - emission.

information

obtained

process

on A also argues

for the data on the
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VII.A.3. _Correlated Emission of ElectronrPosi_¢n Pairs
1. Similar to the positron singles lines, three groups of narrow structures also have been observed
in the sum-energy

spectra of e" emitted in coincidence

with e + (figure 3, [Cow86, Cow87,

Sal90]).

collision

E.,m

< Et >

I

Mt

< EA>

AE_

system
mU 4- ruTh

[MeV/u]
5.86 to 5.90
-- 5.83a_
5,87 tO 5.90
6,24 to 8,38

[keV]
608 :t: 8
760 4- 20
809.4:.8
525 ± 8

I

[keV]
25__3_)
<80
4n+4 b)
20_3c!

[keV]
"- -- 10
" + 10
"-- + 30
"-. + 30

[keV]
" 170
"-'140
-- 130
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75 4"17"
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105 ::1::20
41 + 10

27+3 "_
,

."- + , 220
i

" 280
,

49 4-14

mU 4- _"Ta

5.93
to6.1:3
6.24 to 6.38

i

a): from
[CowB85"]
i i
Table 2.

Properties

i

r484.8
805 4. 8,,,

b): intrinsic

COunts

33Z-5 I --+15o ---45o

resoiution ,,,, " 13 keV c): intrinsic

resolution

12o+25

"- 10 keV

of the sum-energy lines.

In the EPOS original and subsequent measurements they center about mean energies of- 610 keV,
a 750 kev and -- 810 keV. There is an obvious close correspondence between these line energies
and lines at approximately half these energies found in the singles positron spectra, particularly if
one takes into account the asymmetry in the unequal sharing of the sum energy between the e- and
e + which occurs for some systems and usually favors the e+ energy.

Where a direct effort to

associate the coincidence and single lines has been feasible, as illustrated in figure 4, there appears
to be a one-to-one correspondence.

The cross section for line production in the singles and

coincidence experiments are also consistent with each other and are ~ 5 ub/sr. It should be noted in
connection with detecting narrow lines in the singles e + Spectra, that a broad diswibution in the
difference energy spectrum of e+ and e- (see below) implies very broad lines in the e+ spectrum
due to Doppler broadening.

In these cases lines in the e + spectra are difficult to identify over the

background since they only appear as broad enhancements.

It is also clear that closely lying lines

that are resolvable with the narrow structures of the sum-energy spectra may not be resolvable with
the much wider Doppler broadened structures encountered in the singles e+ spectra.
Recent e+e - coincidence measurements

[Koe90] by the ORANGE collaboration have found an

additional line at ~ 555 keV in the U + U system as well as the lines at ~ 630 and ~ 810 keV.
Where the data from the EPOS and ORANGE experiments overlap in U + Ta(Zu = 164), there is
good agreement in the reproduction of the lines. However there are also some puzzling differences
not understood presently.

U + Pb measured by ORANGE appears to have the main lines at ~ 6013

keV and ~800 keV shifted down in energy by ~ 20 keV [Koe89, 90]. Also, as mentioned earlier,
the pair emission probabilities for the sum energy lines in U + U and U + Pb are smaller than those

i
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Fig. 4: Comparison of singles and coincidence positron lines for U+Th collisions; (a) singles
positron spccu'um (b) positron spectrum gated by electron line. Both spectra correspond to the
same heavy-ion angular window cut.
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generally found in the EPOS measurements

and also smaller than observed in the singles e+

spectra [Koe90]. Here such variables as sharp beam energy dependence, target thickness effects
and,as already mentioned,
differences.

e+e - angular distributions

may be factors that can explain these

2. As is the case with the singles e+ lines, the coincidence sum-energy lines occur at the same or
nearly the same energy, implying that a common source is responsible.

However, with the much

better resolution provided by the much narrower sum-energy lines, differences in energy of lines
within a group become apparent and may be significant if they cannot be attributed to measurement
conditions only. Particular cases in point may bethe difference between 608 5:8 keV in U + Th
and 625 + 8 keV in U + Ta found in the EPOS measurements, and the shift in line energies for the
U + Pb system observed with the ORANGE spectrometer,

lt is not clear, presently, whether

experimental factors can account for these differences or whether we are dealing with a real effect.
If its.basis is in the underlying physics, it may provide intbrmation on the source of the pairs.
3. The widths of the sum-energy peaks have been found to be < 40 keV, and they vary with the
individual lines and collision system. Although in most cases there appears to be a contribution to
the widths beyond the detector resolution of-

10 keV, the sum-energy

lines are still much

narrower than expected from combining the e + and e" Doppler broadened widths unless a strong
kinematic cancellation of Doppler shifts is occurring.

The distribution found in the difference-

energy, E.e+ - F-.e.-- AE, spectra are consistent with such a back-to-back correlation for the leptons.
They exhibit the maximum

combined

widths of the e+e - lines expected in this ease.

The

difference-energy spectra reflect the Doppler broadening and seem to indicate source velocities up
to --0.2C.

The combination of a very narrow sum-energy line together with a very broad difference-energy
distribution appears to be an important signature since known pair production processes do not
lead to this unique combination of distributions.

Indeed, this part of the observations provides a

very convincing argument against nuclear internal pair creation as an explanation for the correlated
e+e - pairs, as detailed Monte Carlo simulations have shown. Some form of focussed emission
seems to be dictated by the data on line widths, unless there is some very selective detection of the
coincident

leptons from other than two-body decay or from a stationary source.

The latter,

however, is contradicted by the widths of the individual e + and e" lines, lt should be noted that
beyond the general features the widths in the individual cases are yet to be understood.
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4. Beyond the general broad distributions

shared by ali the difference-energy

spectra, each

presumably reflecting the Doppler broadening, the details of the distributions

vary with the

collision systems.

The leptons do not always share their energies equally, as was found in the

original measurement [Cow86] and as would be expected for the two-body decay of a free system.
As illustrated in figure 3 for the ~ 810 keV line the energy shift depends on the system. It appears
that the - 610 keV line group in both U + Ta and U + Th has a narrow sum energy peak, a broad
AE and almost equal sharing of the energy between e + and e'. The ~ 750 keV peak in U + Ta is
very broad and asymmetric in AE. There appears to be no set pattern visible presently.
L

5. The timing of detecting the leptons relative to the scattered heavy ions also plays a role in
observing and enhancing the sum-energy peak structures in the spectra (figure 5, [Sal90]).

This

could provide a measure of the opening angle between e+ and e-.
6. Attempts to measure the e+e- opening angle more directly in both the EPOS and ORANGE
measurements have led to the following results: The ~ 810 keV line appears to be consistent with
back-to-back emission (figure 6 and [Koe90]). The situation seems to be ambiguous for the ~ 610
keV line with the angular correlation depending on the collision system.

The ~ 750 keV line

observed in the EPOS measurements with the U + Ta system shows a forward correlation, but the
details are not consistent with nuclear internal pair creation (figure 6).
7. The production probability for the sum-energy lines display the same dependences on the beam
parameters as the singles e + lines. They occur only in the vicinity of the Coulomb barrier, they
depend sensitively on the beam energy and central collisions dominate the cross section. These
points are illustrated
characteristic

in figure 7 for the case of the 748 keV line in U + Ta collisions. The

fall-off with the distance of minimum approach, Rmin, lies between the steeper

dependence typically observed for one nucleon transfer and the less rapid dependence found for
quasiatomic

processes such as dynamic pair production.

This kinematic dependence

on the

internuclear separation also shows up in the corresponding occurrence of a narrow interval in beam
energy, 0.2 to 0.3 MeV/u, where the line is produced.

A similar behavior onthe

heavy-ion

kinematics is found for the other lines. Close collisions, therefore appear to be an important factor
in the production of the lines, although from these data alone it is not clear whether nuclear contact
plays a role.
In this context, one of the interesting results to emerge from recent measurements by the ORANGE
group is the observation that there is a strong enhancement (xl0) in the production of the 635 keV
line in U + Ta collisions when deep inelastic collisions or fusion fragment production are chosen as
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triggers [Ber91]. Whether this is indicative of a general effect such as the prolongation of contact
times which could enhance the effect of strong electric fields is not clear, but the role of nuclear
interactions has to be considered in this case either as enhancing the main effect or as the primary
source of the pairs.
VII.A.4 OgdenOuestions
Considering all these observations, it appears that the e + peaks in the singles spectra and the
correlated narrow sum-energy lines represent the same phenomenon. The studies of the heavy-ion
correlations indicate that close collisions are an important aspect of the production

process,

although little is known specifically whether the primary mechanism involves quasiatomic strong
fields or nuclear reactions. The interest in the origin of these lines is sustained by the unifying
features that seem to persist in the data and suggest a source that may represent a new
phenomenon.

Particularly, there is the consistent appearance of the narrow sum-energy lines

accompanied by the wider distributions in difference-energy lines which seems to be independent
of the collision complex. It is especially difficult to explain these observations except in the context
of the two-body decay of common neutral systems, although including ali the data it is clear that it
cannot simply be the decay of a free body. In this respect the circumstances are those of not
having sufficiem information to rule out this potentially interesting explanation for the lines. Also
in this context there are clearly a number of questions to be addressed in new experiments in order
to clarify a number of issues. Some of these can be summarized as follows.
1. How many e+e - sum energy structures are there, and what is the relationship
between these structures?

2. Is there a connection to nuclear parameters, and in this respect what meaning are
we to attach to the apparent small shift in sum-peak energies observed for different
collision systems? Are the peaks universal?
3. Is there a special role played by the high Z, either in production or in quenching
the decay?
4. What is the Z dependence of production?
systems?

Ar.¢ the peaks produced in !ighg

5. What is the role of nuclear contact? Does the observed strong dependence on
beam energy indicate resonance, threshold or other nuclear reaction dependences?

.
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Is the possible prolongation of strong fields by nuclear reaction times a factor in the
peak production cross section?
6. Can we measurethelifetime
ofthesource?

..

7. Ifnotback-to-back
decay,assome ofthedataindicates,
whatisthesourceof
theverynarrowsum-energy
lines
whichappeartobe freeofDopplerbroadening?
Are we somehow missing
theidentification
ofstationary
pairemission
sources?
8.

What role can final state interactions

play, and can they account for the

deviations from the 180° e+e - opening angles and equal sharing of e+e - energies
observed for some systems? Is there a discernable pattern to these distributions?
9. Can we measure the invariant mass of the e+e- pairs and with what accuracy?
10. A critical i_;$u(_centers around the question whether there are S-channel
resonances in e+e - scattering which correspond to the sum-energy peaks. In this
connection lifetime and structure become important points that have to be explored.
As noted previously, we are pursuing the questions relevant to the l_eavy-ion experiments with the
APEX detector at ATLAS.

VII.B. APEX

ExDeriment (K.C. Chan, A.A. Chishti, P. Chowdhury, J.S. Greenberg, N.I.

Kaloskamis and C.J. Lister)
A proposal for an ATLAS positron experiment (APEX) was submitted to USDOE in February,
1989.

It was funded and is presently in the process of being assembled

by a collaboration

consisting of seven institutions, Argonne National Laboratory, Florida State University, Michigan
State University, Princeton University, Rochester University, University of Washington and Yale
University.

It is anticipated that the first experiments will be initiated early in 1992. The main

scientific goals and the experimental design are discussed in detail in the proposal submitted to the
USDOE. Briefly they are the following.
The aim of the APEX experiment is to be able to address the questions listed above by significantly
increasing the data available both in statistical relevance and in scope. Particularly, the multiparameter facets of the e+e" production will be studied in sufficient detail to provide the information
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needed to resolve the question of a neutral system origin for the e+e" pairs, to investigate the
production mechanisms and their relation to the reaction parameters and strong fields and to study a
variety of collision systems including light systems. In order to achieve these aims the following
capabilities are included in the detector scheme.
(a) As a general requirement the electrons and positrons are detected in coincidence with
heavy-ion reaction products, each with good energy resolution and emission angle definition.
There is effective suppression

of y-ray background,

unambiguous

definition of scattered-ion

kinematics and positive identification of the positron among the large electron background.

The

detection system combines high efficiency and broad bandpass for singles e+ and coincidence e+eevents from the target source and suppresses such events from secondary sources by a large factor.
(b) The data accumulation rate provides more than an order of magnitude improvement
)

over that previously available. This is achieved with a combination of increased accelerator duty
factor, increased beam current on target and improved detector efficiency.
(c) The broad energy-band acceptance for the leptons is sufficient to investigate both the
symmetric and asymmetric sharing of the e+e. sum-energy over the range previously investigated at
a single setting.

This range is extendable towards higher and lower energies by tuning the

transpori system.
(d) The invariant mass of the e+e" can be determined to- 25 keV FWHM.
(e)

The detection of the heavy ions provides

mass resolution

of (-8-10)

amu, or

equivalently 20-30 MeV Q-value resolution, over the range of interest.
The APEX detector consists of a solenoid transport system which exploits axial symmetry
detection

to enhance efficiency

for detecting e + and e" and to suppress backgrounds.

configuration is very similar to our previous EPOS spectrometer.

Its

The positrons and electrons in

the target spiral along the solenoidal magnetic field until they hit electron and positron detectors on
the axis of the solenoid. There is, however, an important addition to the EPOS system: APEX is
capable of determining the e+e" emission angle with a precision better than the spread due to
multiple scattering in a typical target (~ 10o FWHM for a 300gg/cm 2 target). The latter capability
dictates the use of a much larger solenoid for APEX than used for EPOS and a multiple detector
array to detect the e+ and e'. After considerable study the large solenoid detector was selected over
other possible designs,

a Double Orange Spectrometer,

an Inverted

Fly's Eye Detector, a

Cruciform Detector in a solenoid and a Time Projection Chamber.
Figure 8 shows schematic views of the detector. The main components are (a) a large volume axial
magnetic field, (b) 2 silicon detector hexagonal arrays (216 per hemisphere),

36-cm long,

consisting of PIN junctions, (c) two cylinders, 55-cm long, made up of 24 position sensitive Nai
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scintillation

bars, (d) 2 electron/gamma

stops and (e) heavy-ion detectors (not shown).

The

electron/gamma stops shield the Nai detectors from direct illumination by target gamma emission
and cut-off the copious low-energy 8-electrons from overwhelming the e+,e- counters. The silicon
counters provide the position, energy and time-of-flight information that determines the angle of
emission of the e+ and e- and measures their energy. Accurate angle information is obtained when
the time-of-flight resolution is smaller than the cyclotron period of the spiralling e + or e'. The Nai
arrays are used to identify the positrons using the back-to-back annihilation radiation emitting by
the stopped positrons. They also provide the main trigger for a good e+e" event and determine
the position of the stopped e+ in the silicon army. The latter information is especially critical since
the large multiplicity of 5-electrons accompanying each heavy-ion scattering is a potential source of
confusion and represents one of the limitations for all these e+e" experiments.

The heavy-ion

detectors determine the reaction kinematics and identify reaction products.
Some of the main performance

characteristics

projected for the APEX detector are listed in

Table 3, and comparisons between the APEX, EPOS and ORANGE spectrometers are presented
in Table 4.
Extensive Monte Carlo simulations for many scenarios have been carried out for the APEX
detector studying the various backgrounds, the ability to measure the angular distribution of the
leptons, the expected resolution in invariant mass and other important points such as the problems
introduced by the high multiplicity of/5-electrons which can confuse event identification.

These

studies have shown that the resolution in invariant mass is expected to be ~ 25 keV, including
multiple scattering.

The polar and azimuthal angle resolution are respectively ~ 70 and ~ 21o,

which again includes multiple scattering. The emission angle information, which is derived from
the energy (ZkEe+e._
= 5 keV), flight time (z_te+e.<2ns) and the axial position of a hit (t_Z_. 3-ems),
can be especially important in determining the production mechanism as well as entering the
calculation of the invariant mass. With its symmetry for detecting e+ and e- on both sides of the
beam line, the APEX detector should readily be able to differentiate between the tendency to coparallel emit the e+ and e" in internal pair creation andthe back-to-back emission expected for the
two-body decay process. With regard to the 8-electron pile-up problem, the Monte Carlo studies
have indicated that the location of the e+ events in the silicon arrays by the Nai tomography will be
confused for only a few percent of the correlated e+e" events if the position resolution is better than
~ 3 cms FWHM. The identification of the correlated e" among the 8-electron background depends
on the source of the e-e + pair, but the efficiency for detecting the correlated e.e" pair can be
diminished significantly by the _5electron flux. The sensitivity to isolating an invariant mass peak
will depend on the details of the e" distributions.
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Table 3
Expected

Performance

of APEX Spectrometer

Energy Acceptance (B=300 Gauss)
Positron Efficiency (Singles)

200-650 keV
9.0%

Electron-Positron Coincidence Efficiency a)

5.6%

Energy Resolution

5 keV

Time-of-Flight Resolution

<2 ns

'

Angle Resolution
Theta:
intrinsic

2 degrees

with multiple scattering

7 degrees

Phi:
intrinsic

'

20 degrees

with multiple scattering

21 degrees

Energy Resolution Annihilation Radiation Detector
Position Resolution Annihilation radiation Detector

<100 kev
2.5 cm

Heavy-Ion Mass Resolution

8-10 u

Heavy-Ion Q-Value Resolution

20-30 MeV

'

a)For near equal energy back-to-back particles.
Table 4
Comparison

of APEX, EPOS, and ORANGE

•
Energy Acceptance (keV)
Singles Positron Efficiency
Positron-Electron
Coincidence Efficiency

Spectrometers

APEX

EPOS

ORANGE

200-650

100-900

9.0%

9.6 %

3.3 %

5.6%

1.4%

1.5 %

250-550

Ali the main components of the APEX detector are well on their way towards being assembled. A
projected time-table

is given in Table 5. The total effort has been divided

up among the
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Table5
"

'

.......

i

.

i

IVlay
1091
20
21
22
23

i

_

ii

i

i

iii

'

ii

!0

ii

-Complete Pumps
-Com_lete Pumps
-Com_lete Pumps
-Com )lcrePumps; Signal
Proc. Electronics
PK to FERA (Talk with MSU)
;Complete Pumps .
.

,
'

_

June 1991
i

.........

i i

iii

24
i

.....

iii

i

-Wire up solenoid
-Nal Array <1 complete
-Monitors
-Field map

'
i,

i,

,i

July 1991
1

"

......
15
....
i

lH

September 1991
1
,,.
,i

=.

-Bearnline and Switching
Magnet

--

.....

-Nai Array IH 2 complete
,|,

October 1991
1

,

i

,,,,

..
m.

•December 1991
1...........

,,,,

i,

i

-Si Array II! 2 complete
._

January 1992
1

i
,

-Si Array II 1 complete
-Heavy Ion Array II Complete
-Preamps and CFD's

...........
ii

-Vacuum
....
-Nal Array II 1 complete
'
-Heavy Ion Array 12 counters
-Gamma Stops
-Racks Installed and Clean

i

August 1991
15
i

i ,

-Signal Electronics
Power
-Si ArrayI - 2 Rings (Mother'
Boards)
-Targets
-DAQ System (6/21)

'

,

.

--

-Beam from ATLAS

.
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participating groups and our responsibility is the Annihilation Radiation Detector, and the Data
Acquisition and Analysis Software.
Desi_ and Developrnen) of APEX Trigger and e+ Identification De)ector_;
VII.B.1. Design Goals
The annihilation radiation detector serves two functions; to signal positron-producing

events of

interest have occurred which initiates a readout of the experiments many parameters, and also to
locate which element of the silicon array had been struck by the positron.

The annihilation

radiation detector, therefore, need be as efficient as possible and be position sensitive with a
position resolution approximately equivalent to the size of an element on the silicon array (3.0 cm).
The presence of an intense background of electromagnetic radiation requires the detector has the
best energy resolution which can be achieved.

Based on'these considerations

the detector was

designed as a segmented barrel of Nai(T/) bars which were position sensitive and equipped with
photomultiplier tubes which would operate in the magnetic field of the solenoid.
VII.B.3. M)chanical _gnfiguration
The annihilation radiation detector are mounted outside the vacuum chamber housing the rest of the
detectors.

This configuration

was selected in order to facilitate the operation of the detector

system. However, it resulted in a loss of event identification efficiency of i 8% due to absorption
of photons in the chamber walls. To partially compensate for this, the length of the Nai(T/) barrel
was increased by 10% to 55.0 cm. lt was also decided to mount ali the Nai(T/) bars in a common
hermetic container instead of separately. Again, with the loss of some efficiency (-5%) the choice
of physically separate detectors was made on the grounds of practicality, ease of manufacture and
testing, and on the prospects for reliable operation with ali systems working.
A rigid stainless steel mounting frame has been designed and constructed, and the incorporation of
this mounting frame into a lead shield to reduce background is in progress. The entire detector is
mounted on rails to permit full access. The APEX experiment is symmetrical along the solenoid,
so two such full detector systems are under construction.
VII.B.3._Testing

Prototype Detectors

Several designs of NaI(Tl) bars of 50 and 55 cm have been manufactured
performance.

and evaluated for

The position sensitivity is achieved by attenuating the light which passes along the

bar and measuring the ratio of amplitudes at the ends of the bar. However, the loss of light leads
to a reduction of energy resolution.

The compact Hammamatsu

tubes which are designed for

high field operation further reduce the overall energy resolution of the system. For optimum

II
•

•
II

o
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position resolution, the attenuation of the light along the bar should be exponential.

However, as

can be seen from figure 9, this is difficult to achieve. The ends of the bar and the connection to the
photomultiplier

tube are very difficult to compensate for and require special treatment.

This

problem now appears to have been solved and current bars retain good linearity along most of their
length.
Our original design goals were to achieve reconstructed on-axis position resolution of 3.0 cm
FWHM and 15% energy resolution for 511 keV photons.

As illustrated in figure 9 the position

resolution specification as well as accuracy in the absolute mean position can now be achieved and
detectors are being measured with energy resolutions in the range 15-16%.
t

VII.B.4. _hedule

for Construction and Testing

The design of the bars has been finalized and full scale manufacturing of 3-5 bars a week is in
progress and should be complete by the end of August.

We hope to have a first barrel (24

detectors) complete by the end of September and transferred to Argonne. Source tests to optimize
performance and stability are in progress. The final details of the cabling and interfacing of the
detectors to the electronics is underway.

Initial beam tests to evaluate and reduce the levels of

background radiation are to start in August and several detectors will be Shipped to Argonne for
these tests. The second barrel should be complete by the end of October and the entire system
operational by December 1991. In September, the two graduate students and the postdoc involved
in the project will move to Argonne for full time installation.
VII.B.5. First Measurements
As noted above, the first experiments are expected to be initiated early in 1992. Following the
verification of some of the EPOS and ORANGE results with the APEX detector, the measurements
are most likely to proceed towards detailed studies of the e+e- angle correlations, since the test of
the hypothesis for decay of a new neutral particle has mainly motivated these experiments.
the point of view of target stability, a Ta target is most desirable.

From

However, it is not quite clear

whether the U+Ta system represents the best initial case for testing the two-body decay scenario.
In this respect U+Th will also be investigated depending on how the target development mms out.
The results from these experiments will guide the subsequent program of measurements.
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VII.C.

Search

for Resonances

in Electroq.Positroq

Scatterin_

[J.S. Grcenberg, S.D. Henderson, J. McDonough, and B.F. Phlips]
If the explanation of the correlated e+e"pairs observed in heavy-ion collisions is to be found in the
production of a light neutral object, then the most direct and model independent way to address this
possibility is to explore the time-reversed process of e+¢- scattering. Unlike the situation found in
some of the other experiments that have explored this question with negative results, in principle,
the production of the system in e+¢"scattering only reflects its decay characteristics and the results
are much more definitive and cannot be argued away easily. Also the e+e- collisions can provide
the quiet and elementary environment to study the properties of the system free of the complicating
features of the heavy-ion complex. Yet, in this respect, it should be kept in mind that the fields, of
the heavy ions may be necessary to observe the decay of the system.
After our discovery
measurements,

of the e+e" peaks in 1985, plans were made to begin e+e" scattering

but were postponed until funding could be obtained in 1987. The experiments

were then constructed at Brookhaven National Laboratory in a collaborative effort between Yale
University, a Brookhaven group (Kelvin Lynn and colleagues), and the City College of New York
(M. Lubell and colleagues).
implementation
acquisition

Very broadly, the Yale group was responsible for the design and

of the measurement

apparatus and associated electronics

system and analysis, the Brookhaven

positron source and positron moderator

including the data

group was responsible for the accelerator,

and focusing

systems, and the CCNY group was

responsible for the beam and monitoring systems. The construction was begun in the spring of
1987. The proportional chambers were assembled at Brookhaven over the following year along
with an extensive reconditioning and modification of the 3 MV electrostatic accelerator.
beam line was also constructed.

Data-taking

A new

in final form was begun in January 1989 after

preliminary results in the fall of 1988.
The experiments divide up into two categories, which, as mentioned above, are distingui:;hed by
the lifetime regions being explored.

For the first time both the range of lifetimes and the whole

broad region of invariant masses spanned by the heavy-ion experiments

are studied in e+e"

scattering with an apparatus capable of complete e+e" kinematic reconstruction and a positron beam
possessingwell

characterized spatial and energy resolution as well as excellent stability. As it has

turned out, these experiments have been carried out concurrently with a variety of measurements at
other laboratories, mostly confined to the invariant mass region around ~1830 keV and mostly not
using kinematic reconstruction

to identify e+e- elastic or inelastic scattering events other the

coincidence sum energy [Hen91].

lt should be noted that the cuts in data allowed by kinematic
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reconstruction
in

our experiment are especially important for enhancing the expected signal and

suppressing background which in turn enhance the sensitivity to lifetime ranges accessible.
VlI.C.1.

Constrain(s on Experiments

In essence several factors determine the sensitivity of the experiments. The EPOS data sets bounds
on the particle's lifetime that has to be probed. A minimal lifetime is inferred by the width of the
sum-energy lines to be >10 "19sees, while the fiducial volume of the EPOS spectrometer limits, the
long lifetimes to ,f_,10"9see. Thus the heavy-ion data restricts the lifetime to 10"19< I: < 10.9 sec.
In addition an important lower limit on the lifetime is imposed by the precision in the measurement
of the anomalous magnetic moment of the electron; comparing the agreement between current
experimental and theoretical values sets lower lifetime limits for elementary particles between 10"14
and 10"13 sec depending on their coupling to e+e'° (Form factors can modify these constraints).
Taken together with the EPOS constraints, these' considerations restrict the lifetime of a previously
undetected elementary particle to the range 10-13 < _ _ 10.9 sec.
Translating the lifetimes to peak cross sections given by the unitary limit yields --2000 barns at x ~
10.13 sec. However, this large cross section cannot be exploited directly due to momentum spread
inherent in the beam and in the bound electrons of the target material. Taking into account the
broadening of the resonance width from its intrinsic value of °,,mev to ~10 keV for the most
favorable targets and a beam spread of.--3 keV reduces the peak cross section into the region of ~2
mb at the g-2 limit of 10-13 sec. This is to be compared to the non-resonant e+e" (Bhabha)
scattering background

at these energies of-200

mb (integrated over a typical experimental

acceptance) so that at the g-2 limit the expected resonance contribution is only -1% of the nonresonance background. Figure 10 illustrates this point explicitly using a Monte Carlo simulation of
what is expected in our apparatus using the outside limits of the cross section given by g-2. The
target used is 2.5 rag/cre 2 Li. It provides the smallest electron momentum broadening available in
a solid target. The beam intensity is 5 x 105/sec, and the counting time is 100 min per point.
lt is clear that thin target e + Scattering is not sensitive to lifetimes much longer than the limits
allowed by g-2. Therefore, in order to probe the remaining more than three orders in lifetime not
ruled out by the heavy-ion experiments,

in addition to the elastic scattering experiments

a

complementary production, type experiment was carried out which exploits the spacial propagation
of a state with non-zero lifetime. It should be noted that this covers the vast majority of the masslifetime space to be investigated.
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VII.C,2. Detector St_!g._.
The thin-target elastic scattering experiments

and the production pxperiments

use a common

detector system and beam. The target for the production experiment has a specialized geometry
and composition d_scribed below. A tunable monoenergetic positron beam was developed and
operated at Brookhavr ,_National Laboratory for the purposes of these experiments.

At the target,

the beam is -1 mm in radius, has an energy width g3 keV, and an angular divergence of-10 mrad.
The beam is tunable from 1 MeV to 2.5 MeV, and operates, typically, with an intensity of-4 x
105e+/s.
Figure 11 shows the essential features of the detector being used. The detector is divided into two
,

functions measuring the position of the e+e" events and thus the scattering angle, and determining
the e+e" energies.

It consists of a 4-fold symmetric array of multiwire proportional chambers

(MWPC's) and plastic :cintillators positioned symmetrically about the beam direction, outside of
vacuum. For each scattered charged particle, the energy measurement is obtained from the plastic
scintillator pulse-height (AE = 11% /
and a 2-dimensional position measurement is
provided by the readout of both the MWPC anode and cathode. For each charged particle track in
an MWPC, the polar angle 0(A0--0.5°), and aximuthal angle _p(Aq_-.1%
are reconstructed relative to
the known target position. The detector subtends the angular range 60°<0cm<120 ° in the center of
mass, providing

-30%

of 4rr solid angle coverage.

scintillator triggers in any two quadrants.

Coincidences

are identified by plastic

The kinematics of each coincidence event are fully

reconstructed from the measured energies and positions of each charged particle providing the
following kinematic quantities:

the coplanarity (A(p), e+e" opening angle (_0), e+e" sum energy

(EE) and e+e" invariant mass (-_fs). The DC nature of the positron beam, as well as its well
defined spacial properties, lead to coincidence measurements which are essentially free of "chance"
background.

As shown in figure 12, the signals both in angle and energy from a thin target are

essentially background free which makes cuts very reproducible. The angular spread is mostly due
to multiple scattering in the target. It should be noted that the low density gas used in the MWPC's
largely eliminates the photon background.
VII.C.3. Probe of Shor_ Lifetime States Coupled to ¢+._"
As was demonstrated

above, in the situation where the resonant e+e" scattering

cannot be

distinguished spatially or otherwise form the non-resonant background, the :;,msitivity to resonance
scattering is limited to states with lifetimes,6.<10-13 sec. The characteristic response of our detector
to longer-lived

states, for example,

is illustrated

in figure 13 for x-10 "10 sec where the

distributions in opening angle and invariant mass are plotted. Therefore a measurement of elastic
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Fig. 13: Monte Carlo simulation showing the long lifedme behavior of the opening angle and
invariant mass distributions, for M x. = 1832 KeV, T+ = 2285 keV, 1 = 0 and 't = 1 x 10-10 sec.
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scattering from a thin target where this delayed signature is not detectable amounts to a search for
the shorter lived states with I: < 10"13sec.
We have carried out a series of measurements of elastic e+e" scattering from a Li target (3 keV
energy loss) over a range of invariant masses from 1560-1860 keV (beam energy scan from 13502300 keV) [Wu91].

The data was accumulated for steps of--3 keV in beam energy with a

statistical accuracy of better than 1/4% (300,000 events collected per point). The step size was
selected to aUow approximately 10 points over a resonance in Li. The Li target was used because it
affords the smallest average resonance width available for a solid target. In this case the width
deduced from the Compton profile is 20 keV in the laboratory system and the corresponding peak
cross section is 2.46 mb. Be and A1 targets with larger widths, respectively 33 and 34 keV, were
also studied.
At each beam energy setting both coincidence e+e"and single e+ were recorded, the latter providing
the Mott scattering normalization. The Mott scattering is distinguishedby

the energy measurement.

All the line profiles in figure 12, both energy and angle distributions, have been reproduced in
Monte Carlo simulations and are well understood, including multiple scattering effects. The
particles that produce the two triggers (single scintillator for Mott scattering and two azimuthally
opposite scintillators for coincidence events) consist of electrons, positrons, and photons.

The

photon background from annihilation of positrons in flight or at rest is essentially negligible in this
experiment relative to the elastic scattering due to the insensitivity of the MWPCs to non-charged
particles. The stability of the detector system was monitored continuously during the experiment,
and especially the spacial stability of the beam could be controlled to within better than a fraction of
a mm using the azimuthal symmetry of the MWPC's. The stability and reproducibility of the target
position is also an important factor. Since it is used to calculate the kinematics it could also be
monitored and corrected for by utilizing the fact that in the CM the scattering angles of the electron
and positron are equal. (1 mm movement of the target corresponds to 1.50 shift in the alignment of
the e+ and e"scattering angles in the CM).
The data collected over a four month period is displayed in figure 14 which shows the whole data
set and also breaks it up into four regions for closer examination.

No obvious large structure was

found. More specifically, the data is analyzed using a Lorentzian to represent a resonance shape
which is superimposed on a third order polynomial to represent the non-resonance background.

A

Lorentizian is a good approximation to the resonance shape calculated from the Compton profile
[Hen9 I]. The width of the resonance was taken to be 21 keV which is a combination of the widths
contributed by momentum distribution of the electrons, the beam energy and the target thickness.

L84

o_
Ooml
0..1.9

L

_

_

-'*'dC

','+",;;f',r,,+'Y,,
l:dkl'

r

I:

r'

N(h:dl::

'

0:!5

0.11
0.09
t

0.0'7

13oo moo

&Ii

- -- • • , ....

, ....

17oo . 19oo
,loo
BeamEnergy(keV)

".-_-_

. . •

0.1,1
. _.

2300

. . ,,,.,,.
. .,,.., .,,,.. . , ....

ii

'

I

ee#
_t e ,_o .k++

°e

I+

.....,..
1°, .....,,,,

eeool_*°°
ot

°++(0

,o_

•"*

_1

eoo° • °

,''

*

!

_ee
eel eoeee

oo •
oo

0.I0
IMO

II_

0.100 "" " _-" , " ""

WIO

" , ....

tlm

tom

, - "'" + v ....

o,=

, • - • -

....
llm

_

,t ....

, .
ImO

_

. _ ++- , • • . ',,, ....

, ....

.

.

,

I

o,=

.__.._

s+,,+...,¢
+

m,

+ +

e../, °

.. ,,,'"
_'

• -

/+
'_''m'+'+

../.,,,.

o:4+

,

1410O

+,....,

."_:

+

,

_

o,_

+

,,@"*

(
,,"
o.. e,++,
'+++*"°

,pO
O.L,I

',

.A_*,...,...,i
II_0
IOOJ

....
I?10

_

l..,.j._t..
1740
_

Inwrtaat.Ma-, (keV)

_

O.lO ....
_

' ....
I786

' ....
1800

_-art_

* ....
1816

* ....
1030

I_

_l_eV)

_ ....
IBMI,

+

Fig. 14: Ratio of Bhabha to Mott mattering as a function of c++beam energy and invariant mass. A
Li foil is use,d,-3rag/cre 2. Data taken in --3 kev beam energy steps. There arc -300.000 c/s pcr
point.

,

185
o

Figure 15 shows the results obtained for the height of the Lorentzian by fitting the residuals from
the polynomial fit (plotted as a fraction of the smooth background). Ali the systematic errors have
not been treated in this analysis as yet and the results are preliminary.

Any effect appears to be

confined between the 2¢_limits. Using these numbers should provide an upper limit for the height
of a resonance.

This height can be translated into a intrinsic width and thus lifetime through the

relationship between those quantities and the limit on the Lorentzian height, A(Xo)

4_ _ me AElabA(Xo) _ d_df
f_cm 2 MX.
fL.

_ = _aOl.,
2

where a ° is the intrinsic resonance height, F is the width and ¢_Bis the Bhabha cross section
[Wu91].

Using a 90% C.L. for A(Xo), and considering a spin 0 particle, these measurements

appear to rule out the existence of such a particle produced directly in e+e" collisions with lifetimes
shorter than -2 x 10"13 see over the whole range of invariant mass from 1560 keV to 1860 keV.
As shown in the following discussion, together with our other experiment,

only an interval

between ..2 x 10" 13 to "8 x 10"13 remains open.
VII.CA. A Search for Lgw-Mass L0ng-Lived States _901_ledjo e+eSince it is the large non-resonant cross section that interferes with exploring the longer lifetimes,
and scheme to study this region of lifetimes has to incorporate a suppression of this background
and the inherent limit that it imposes.

We have carried out a systematic search for long-lived

(x>10"12sec) states coupling to e+e" over a very broad range in e+e - mass by eliminating the
Bhabha background is its entirety with the utilization of an active target arrangement and the spatial
propagation of the state [Hen90, 91]. The limitation on the longest lifetimes that can be studied
now becomes a question of production rate and thus depends on the intensity 'of the e+ beam
available.

The active target system, shown in detail in figure 16, consists of a layered arrangement
beryllium-plastic scintillator-platinum-plastic

of

scintillator. The first of two versions of active targets

used in these er.periments is shown in the figure. The total thickness of the composite target
system is -3 mm, including

the reflective mylar covering of the plastic scintillator pieces.

Positrons strike the Be side of the target. The first scintillator provides a signal for any positrons
passing through the Be, or interacting in the Be to produce charged particles. The platinum and
scintillators are thick enough to stop the primary beam as well as the first generation of charged
particles produced in the "shower".

The last scintillator provides a signal for any secondary

charged particles leaving the Pt, such as would be produced by 3' conversion inside the target.
This active target arrangement

not only allows for the suppression of the Bhabha scattering

"

186

4,04

- i

-

,m

_

,,

-

•.

0.00-

_

-0.02-

-0.04

__.__
V

V

?

1.

-...... i- ' ' 'l -

1500

'

-

+_._..-

1600"

1700

__

._

i

1800

1900

Invariant Mass.ikeV)

.,_"ig.15: The amplitudeof aLorentzian,representinga resonance, is determined byfining the
residuals from a third order polynomialfit to the datashown in figure 14. The fits are carded out
over beam-energy regions of 70 kev at a single step. The :1:2a limits are shown.

187

background and any other charged particles emanating from the target, but it also provides a
method of restricting the possible particle production to the Be alone, so that an ordinary excitation
function can be carried out. This is accomplished by forming two classes of events, depicted in
figure 16: 1) those in which and active target veto signal is present (a so-called "vetoed" event) or
2) those in which no active target veto signal is present (a so-called "unvetoed event).

By

examining events of the latter type, the production of a neutral object may be restricted to the Be
'

alone, and the charged particle trigger is provided by the decay of the neutral object after it has
propagated through the target material, as depicted in figure 16b. Furthermore, by restricting
production to the Be, the kinematics of the decay should be identical to elastic e+e" scattering. A
particle decay would appear as an ordinary e+e'- elastic scattering event in the detectors, and the
absence of an active veto signal. These unvetoes events would be composed of coplanar charged
particles (Atp.--180°) having sum energy and invariant mass appropriate for the beam energy. The
expected signals for unvetoed events are illustrated by the Monte Carlo calculation shown in figure
17.

Figure 18 shows the results of a Monte Carlo simulation of the expected normalized event rate for
the realistic experimental conditions, as a function of the lifetime, for both the unvetoed and vetoed
event types. In obtaining the event rate, the realistic resonance shape, including the motion of the
target electrons was calculated from the expe,imentally measured Compton profile of Be. The
sensitivity curves are dominated at short lifetimes by the lose of the particle yield due to decays
•within the active target, and at long lifetimes by the particles escaping the fiducial volume of the
detector system and, additionally, the falling productioncross _ecti0n. It is important to emphasize
the increased detection efficiency displayed at short lifetimes for the vetoed event class, which
arises due to the penetration of the positron beam deep within the target before resonant production
occurs.

The experimental data was accumulated in a 14 month period, for two data sets, one from the 3
nam active target, and the other from a 2 mm active target of similar design. The first set consists
of an excitation function scanning the mass region 1500 < MX0 -< 1850 keV with a step size equal
to -13 kev (less than half the laboratory resonance width). The data from this run consists of~90
data points, measured at on(: day per point.

A very interesting

enhancement

in the vetoed

coincidence rate suggested in the early data (see figure 19) motivated a second run with a thinner
active target, in order to increase the sensitivity in the short lifetime region, in the possibility that
the enhancement might be due to a true signal with extremely short lifetime. Although Monte Carlo
calculations predicted an increase in the vetoed event rate of a factor of 3 with the thinner active
target, for a true signal, no increase was observed, lt is presently considered that the structure in

t

188

"

Plastic

,.

,

.

I
e

+

,

X0

I
!

Plastic

so

(6)

/ Pt _

,,

4-

-

lz "x.4
i
I

i

,

Fig. 16: ACTIVE TARGET: Two types of events identified by the active target: (a) an event
which produces no active target veto (an unvetoed event) and CD)an event which fires the active
target (a vetoed event).

o

189

2soo

0 =

o

"'_

_

"",

'" -- _'' "=

_oo _o _x_o_oo _ooo

(c)

0

- _

_o _

' _-

' ' T

,

.o _o _o _o _

i --

_

(d)

o,+S=(degrees)

e'e"
hvork_t
Moss
(keV)

Fig. 17: MonteCarlosimu; .....mof the X0decaysignatureforM_. = 1832keV,T+ = 2285keV,
'_--- 1 x 10"li sec,.and J = 0: (a) the sum energy, (b) the coplanan_y,

(c) the opening angle, (d) the

invariantmass. Also shownarethecuts whichareappliedintheeventselection,andthe selection
efficiency

of each individual

cut. These differ from those in figure 12 by the broader distributions

(particularlyin Ot -02) producedby multiplescatteringin thethickerBe foil.
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figure 19 is spurious, although a detailed explanation is.lacking. The second data set consists of a
set of points near the .region of enhancement

(~1700 keV), with several long (--5 days)

measurements at energies corresponding to the three GSI-Yale lines, and additional background
runs.

The data from the 3 mm active target set are presented in figure 20 [Hen90, 91, Hend91]. Figure
20a shows the raw (uncut) normalized event rate of unvetoed events as a function of e+e" mass.
Figure 20b shows the event rate of candidate events after the appropriate kinematic cuts are made.
In each case events have been normalized to the total integrated beam intensity, as measured by the
active target itself. There appears to be no obvious evidence for any states in the entire mass range
stu_ed (see comparison to predictions).
two candidate events per day of running.
processes:

The remaining unvetoed events amount to only one or
This extremely small background is due to two rare

1) cosmic ray showers after the existing cosrnie veto counters, and 2) e+e" _ 27

annihilation in flight of positrons in the Be target, followed by Compton conversion of both
photons away from the active target, but before the MWPC's.
Lifetime limits have been obtained from the data shown in figure 20 by averaging data points
within a 30 keV wide beam energy interval. An estimate of the background was made from the
remaining data points, and upper limits on the deviation from this background.

For the case of a

pseudoscalar resonance, the resulting lifetime limits are shown in figure 21 together with other
constraints and previous experimental results. Also shown are the limits obtained from the 2 nam
active target at each of the three GSI-Yale energies. The decrease in total thickness of the second
active target extends the sensitivity by nearly a factor of 2. Thus, this study excludes the existence
of any non-interacting states in the mass range 1500 < MX0 < 1860 keV in the lifetime range ~1.4
x 10"12 see to -4 x 10-10 see (for J---0states), and from -7 x 10"13 see to -5 x 10"10see at each of
the three GSI-Yale energies. It should be emphasized that significantly better limits are obtained
for J=l resonances due to the 2J+l enhancement in the production. For example, at the three GSIYale energies, these measurements

exclude J=l states from -7 x 10-13 see to -,9 x 10-10 see.

Taken together with the previous results, the thin target experiment and constraints shown in the
figure 21, only two narrow lifetime regions remain unexplored for elementary particles coupling to
e+e-, from 6 x 10-10 to ~1 x 10-9 see and from -3.5 x 10-13 to "-.8x I0 "13 sec.
If we consider the possibility that an extended object is responsible for the EPOS sum energy lines,
the interpretation of the data is complicated by the possibility of attenuation of the particle yield in
the target material.

The results presented above assume that the object would propagate freely

through the target material. Pararneterizing the absorption in terms of an absorption cross-section
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per nucleon, our results remain unchanged for absorption cross sections below ~1 barn/nucleon
and even at 3 barns/nucleon, the region excluded is --8 x 10"13 see to ~3 x 10"10see. Figure 22
displays the limits in absorption-lifetime space.
The active target measurements have enabled the search for non-interacting particles to be extended
into a region of lifetimes inaccessible to the elastic scattering experiments.

We now have covered

not only the mass regions near the heavy-ion sum-energy peaks but the entire mass range from
-1500 keV to 1850 keV.
VII.C.5F_l_ure Experiment_
It is evident that these resultsi considerably diminish the possibility that the e+e, sum energy lines
associated with heavy-ion c011isionsiare dueto non-interacting particles. There arc, however, several
remaining caveats to a more general con_clusion.
i'
I,

One involves the question of absorption or some form of interaction with matter. As fig. 22 shows, if
the absorption is large enough the present experiment with a thick active target loses its sensitivity.
But if this is 'he case, then it is also difficult to understand how a point-like particle interacting

so

strongly (~ few barns/nucleon) would not show up in other phenomena, possibly assuming the role
of the pion in strong interactions [Sch89].

The other type of situation considered, by Graf et ai.

[GraB9], is a system that can be strongly polarized in the presence of electric fields, lh its passage
through matter it can scatter and lose energy. Here again absorption becomes a factor. Although
these possibilities are unusual unless new physical interactions are entertained, the remote question
that absorption is an issue remains a point to investigate with a method which excludes the Bhabha
background at the same level as achieved in our active target experiments.
The other caveat that merits consideration is the possibility that even longer lifetimes are involved.
Firstly, the long lifetime limit of-- 10-9 see used from the EPOS data is only very qualitative, lt could
readily be longer. Secondly, there exists the possibility, as suggested by Spence and Vary [Spe91]
for their new predicted e+e- resonance in the continuum, that the resonance width is very narrow and
decay is only initiated by the interaction of the system with external fields. This can happen in the
heavy-ion experiments by the production of the ._ystemin the presence of the nuclei or in subseqoem
scattering

from the target nuclei.

The decay conditions

can be absent in the e+e - scattering

experiments using low Z targets.
With regard to both these caveats, we have been designing an experiment to investigate the absorption
and long-lifetime possibilities.

One of the necessary requirements for exploring long-lifetimes is a
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more intense e + beams since the production
being made to improve
plans in the near future°

our beam intensity

cross section is proportional

to the width.

Plans are

by as much as a factor of 1190. We hope to pursue these
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VIII.

Develonment

Neutrino

Double.Beta

of Xenon

Ionization

Chamber

for Use in a Search for Zero.

Decay in 136Xe'.

[J.K. Markey and C. Levin]
The possibility that the neutrino which participates in nuclear beta decay may be massive or mixed
with other neutrino mass eigenstates continues to be a central problem in nuclear physics. Zeroneutrino double-beta decay can be used as a probe of the Dintc/Majorana nature of the neutrino and
serve as a balance on which to measure the mass of the neutrino if it is non-zero. A xenon
ionization chamber operating near the thermodynamic critical point of xenon will be used in order
to study the zero-neutrino double beta decay of 136Xe. We have achieved an energy resolution of
1.5% at the end point energy of 136Xe double beta decay using a prototype detector of similar
design to our zero neutrino experiment. This is the best energy resolution of any xenon detector
designed for use in double beta decay studies.
We have obtained I000 liters of xenon enriched in 136Xe w 55% from Ultra Centrifuge
Netherland. A 4.4 liter high pressure .xenon detector has been built along with a newly designed
purification system. The purification system includes a high purity Ti getter of 51 volume and a
Zr, Fe, Va alloy getter. The construction materials of the detector were tested for U and Th
radioactive background level using mass spectrometry. The detector system will be used for an
initial zero neutrino double beta decay study within the WNSL. Signal processing techniques will
be studied for the purpose of background suppression and double beta event recognition. A low
noise amplifier and wave form digitizer is attached to the anode of the chamber in order to directly
measure the total charge deposited and the spatial distribution of the charge in order to study rise
time and charge attenuation. Monte Carlo studies predict that events generated by U and Th
contamination in the detector and the shielding can be distinguished from true events by their extent
along the electric fie!d, resulting in a large reduction in background.
Initial charge collection and gas purity measurements have begun with two detectors of differing
lengths with a common anode. Measured high voltage stability and noise are very good, with
noise at 100 e's rms, about 5 kev FWHM.

Energy resolution and charge collection will be

measured after purification with each getter several times. Once purity is achieved, internal sources
will be removed, and background studies can begin. Then this detector will first be used with
passive and active shields in WNSL as an initial search for zero-neutrino double-beta decay.
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IX.A. Studies of Nuclear Structure Through Nuclear Mamaeric Moment Measurements:
IN. Benczer-Koller, G. Kumbartzki, T. Vass, R. Tanczyri, and C. Whitaker] [Rutgers]
The measurement of magnetic moments of excited nuclear states has traditionally provided a means to
understand the nuclear dynamics such as vibrations or rotations, to determine details of the nuclear
wave functions and to establish the structure of the low-lying states. Precise measurements are also
expected in special cases to provide information on sub-nucleon degrees of freedom.
+In recent years the emphasis has moved to the study of nuclei under extreme conditions, be it high
spin, high temperatm'e, or nucleonic distributions far-from-stability.

The techniques that have been

perfected over the years to measure magnetic moments of short lived nuclei, have to be further
developed to accommodate these new studies. Whereas in 'the past most nuclear states were excited
by Coulomb excitation, the new regions of interest are accessible by a variety of more complex
mechanisms, such as fusion-evaporation reactions. The transient magnetic hyperfine field technique,
so profusely used in conjunction with relatively low energy Coulomb excitation of low-lying states,
has to be calibrated at the higher velocities used to produce the nuclei of interest. Furthermore, t_naing
procedures have to be developed in order to ensure that the nuclei are actually in the state whose
magnetic moment is being measured when they traverse the magnetic foil.
IX.A.1. Experim)ntal

Activities:

1990-1991

In the past two years, we have established a magnetic moment measurement beam line facility at the
Yale WNSL and have assembled the elements for a data handling system compatible with the Yale
computers. Several experiments have been carried out to"
1. Check out the hardware and software components of the new system.
2. Establish the transient hyperfine field calibration at higher velocities required for the next wave of
experiments.
3. Measure the magnetic moments of the iow-lying states of the even Pt isotopes.
4. Measure the magnetic moments of the 2+,4+,6+,8+,10+ in 156Gd and even Dy isotopes in order to
determine, the structure changes due to particle alignment just below backbending regions.
A brief outline of the results of these experiments follows.
1. Establishment of the facility
"lhc beam line and detector arrays, either four Ge(Li) or Nai(T1) counters in coincidence with a Si(Li)
particle detector, were set up satisfactorily from the very beginning of our presence at Yale. The data
acquisition system had to be set up to accommodate the special requirements
measurements:

of transient field

particle-gamma coincidence &tta ale recorded for two magnetic field directions. The

w
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magneticfield directionhas to be switchedby the acquisitionsystem _cording to the particle counting
rate. Dam are recordedin list mode on magnetic tape. The damtapes are then token to Rutgers and
replayed for final dam analysis. New softwarehad to be written because of the differentcomputer
systems involved.
Experimentswere carriedout on the magnetic moments of the well studied2+ state in 150Sm. 32S
beams at 80 MeV were used at fhst to reproduceolder Rutgers results and check the Yale system.
58Nibeamsat 230 MeV were then employedtOcontinuethe testing of the system, andfurtherdevelop
the event recording mode of operation suitable for the Yale environment. The calibrationof the
transienthypeKme field at highervelocities was also checked in these experiments.
a

The mechanicalphase of theoperationis completed. The data acquisitionsoftware appropriatefor
magnetic moment measurementshas been tested. A few modifications will still be required, The
major hurdlethat has not yet been overcome concerns the need for on-line data analysis. Progressin
this directionis beingmade.
i

2. 150Sm

•

The measurements of the magnetic precessionof the gamma-raysdeexciting the 2+ state of 150Sm
have been carriedout with both iron andgadoliniumfoils wkb Ni beamsof 230 MeV. The absolute
calibrationof the transienthyperfinemagneticfield is beingextracted from the_ data,as well as the
relative field strengthsfor these two magnetic environments, a quantity of some importancein the
microscopic understandingprecessions. A summaryof the results will be presented at the DNP
meeting inEastLansing in Oct. 1991.
3. lh isotopes
The magnetic moments of the 2+ states of the even Pt isotopes have been the subject of considerable
controversy for several years. The debate focuses on whetherthe measured effects reflected a small
magnetic moment for the 2+ state in 194pt,or a hyperfine transientfield smaller for Pt ions traversing
iron that for Os ions under the same.experimental conditions. Both these questions have serious
implications in nuclear structure as well as in the study of the interactions between fast ions and
magnetic solids. In order to settle these questions and measure the Pt moments accurately, several.
experiments have been carried out on a variety of targets having either iron or gadolinium as the
magnetic material. These experimentsarestill in progress,
4
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4. High spin states of 156Gd and Dy isotopes
Experiments have been started on these isotopes. They are to be excimd by Coulomb excit,,.tion up
into the 12+ state with the higher energy Ni beams available at Yale. Magnetic moments will be
measured by the standard application of the transient field technique.

However, the simultaneous

excitation of several levels and the cascade feeding between them requires new data analysis
techniques which are being developed.
IX.A.2.

Exverimental Proto'am: 1991-1994
-

A number of experiments are being planned which will span a variety of problems in the nuclear
structure of light to heavy nuclei. In the A---20region, microscopic shell model calculations will be
probed. In the heavier nuclei region, the interplay between single particle and collective degrees of
freedom will be investigated via a systematic study of magnetic moments of the low-lying levels of
odd nuclei. In the intermediate weight regime, around Z=90, the relative contribution of neutrons and
protons to the high spin structure originating around the backbend will be measured.
1. Light nuclei: test of independent particle motion in the f7/'2shell.
Light nuclei provide a fertile environment for shell model calculations. In particular, the measurement
of magnetic moments can supply a stringent test of the wave functions of single particle states, or ore
realistically, of the purity of mixing of the relevant states, as well as of the symmetry gove,rning the
interchange of protons with neutron holes or of neutrons with proton holes.

If, for example, all

nucleons are constrained to reside in the f7t2 shell, the predicted g-factors of any particular spin state
increase linearly with A. However, if one nucleon is allowed to roam freely through the P3/'2,f5/2, or
Plt2 orbits, the linear behavior is altered.
As a test of the nucleonic structure in the f7/2 shell, the magnetic moments of the 4+ and 6+ states of
46Ti, 48Ti, and 50Cr will be measured.

The (HI,2p) reaction on light nuclei is a reaction Which

excites low-lying high spin states directly and with relatively high yield. In several cases, the reaction
leads to cold nuclei with only about 4 to 7 MeV of excitation.
evolution

Under such circumstances, the time

of the decaying nucleus can be followed as the nucleus recoils through a layer of

ferromagnetic material; the gamma-ray angular distributions measured in coincidence with the two
protons emitted at 0 and 180 respectively. The technique will be tested on 42Ca, which is abundantly
produced by the 12C(32S,2p)42Ca reaction; the 6+ state magnetic moment is known, and can be used
to calibrate the transient field for Ca nuclei.
Another set of reaction leading to nuclei of considerable theoretical interest are the ,_,_.actionswith 32S
beams on Ca targets. These reactions lead to excited states in Fe nuclei for which there have been

)
!

,,

'
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extensive shell model calculations but no experimental measurements of magnetic moments to check
the theory.
2. Odd nuclei: single particles and collective degrees of freedom
The structure of even-even nuclei is fairly well understood in terms of collective vibrations and the
magnetic moments of the relevant 2+ states have been remarkably well calculated within the IBA
(Interacting Boson Model). The extension of these ideas to the neighboring odd nuclei was carded
out and tested via magnetic moment measurements. The magnetic moments of the low-lying states of
the odd proton nuclei, 102Rh and 107,109Agand of the odd neutron nuclei, I11,113Cd and 123,125Te
have revealed very striking interactions between the valence particle and the underlying collective
motions. It appears that while the addition of an odd proton deforms a vibrational nucleus into a
tr,

triaxial rotor, the odd zie.Utronnuclei exhibit rather complex structures in which single particle states
coexist with coUective excitations.
The moments of the low-lying states of 135,137Ba will be measured in order to complete the
understanding of the effect of a valence particle on the structure of an even-even collective core as Z or
N approaches shell closure.

Similar behavior will be sought for in the odd rare earth isotopes of

157Gd, 159Tb, 171Yb and 187,189Os, 191,193Ir,199,201Hgand 203,205T1.
3. Even-even nuclei: excitation of intermediate spin states in the region of the backbend
The excitation of levels in the region of the backbend in a manner compatible with the requirements of
transient field measurements is quite difficult. However, multiple Coulomb excitation and specific
heavy ion fusion evaporation reactions some of which involve an isomeric state can be used in
specific cases.
Several nuclei in the mass A= 100 region will serve as an entry into this realm of measurements.

The

spectroscopy of medium weight nuclei (Sb, I, Tc, Zr, and Sr) has been extensively pursued in several
laboratories, and by the Yale group of K. Lister and P. Chowdhury in particular. These experiments
are considerably more complex than the standard transient field measurements insofar as they require
Ge detectors with Compton suppressors, multiplicity filters and, often, neutron detection.
In particular the level scheme of 88Zr and 90Zr nuclei have been thoroughly studied and display very
interesting features. For example, the first 8+ states are long-lived isomers whose magnetic moment
have been measured. The 8+ state of 88Zr corresponds to neutron holes in the g9/2 orbit and a prolate
configuration, while the 8+ state in 90Zr corresponds to a proton pair occupying the g9/2 orbit and an
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oblate config_ration. Measurements of the short-lived states above and below the isomers will
indicate how two protons and two or four neutronsadded to the 88Srcore _tructumthemselves.
86Zris mother nucleus in this region which has been thorougklyinvestigated by the Yale group. The
nucleus displays two parallel bands with spins 8+, 10+, 12+,...One of these bands is probably
constructed by proton pairs decoupling from the core while the other one is most likely formed by
neutrons decoupling." The measurement of _hemagnetic moment of these states will unambiguously
determine theirstructure.
We have already investigated the l_C(76Se,2n)86Zr and the 12C(77Se,3n)86Zrreactions at Yale by
detecting gamma-rays in coincidence with forward scattered neutrons. These reactions create the
residual nuclei in a cold state appropriate for the geometry and time sequence required for transient
field measurementS, "lhe excitation cross section was measured at energies of 220 to 260 MeV. The
background with iron-backed targets was observed to be negligible. The counting rate is quite
adequate for transient field measurements, fhe next experiment, planned for the Fall of 1991 will
involve positioning the neutron detector and four Compton-suppressedGe detectors on the magnetic
moment beam line.

<

.
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IX.B. Search
forResonance
Structure
in28Si+ 20Neand_Mg + 20Ne.:
[S.Barrow,
R.ZurmUhle,
D. Benton,
Q. Li,Y. Miao][Umversity
ofPennsylvania]
At present the observed resonance structurein 24Mg+ 24Mgelastic and inelastic scatteringexcitation
functions [Zu83] representsthe clearest evidence forthe existence of molecularstructurein medium
mass nuclei. Severalrecenttheoretical calctflationsbased on HartreeFock calculations [Zh90]the two
center sbeU model [Ma88], a molecular model [Ue89], and even the alpha cluster model [Ra pc], are
in good agreement with the observed properties of the resonances. It is perhaps surprising that
resonances which come so close to what one expects for a molecular state still have only a 20%
probability of fissioning into two 24Mg nuclei at low excitation.s. Recent theoretical estimates of
reduced widths [Ma90] are, however, in good agreement with this observation. The 28Si + 20Ne
fission channel would appear to be a good choice fora searchfor some of the missing strength.
1X.B.I: 285i + 20Ne --# 28Si+ 20Ne and28Si + 7-ONe
--_ 24Mg+ 24M_:
During the summerof !990, excitation functions for 28Si+ _0Ne were obtained using a 28Si beam
provided by the WrightNuclear StructureLaboratoryat Yale University. These measurements
provided adequatestatistics for the exit channels 20Ne + 28Si and 24Mg+ 24Mg. The 160 + 3_2S
channel was also observed, but the cross section was quite small and the data were not analyzed.
The 20Ne(2SSi,24Mg*)24Mg*
_;action channels shown in Fig. IX.B.1 have a considerable amount of
structure. However,there appearsto be verylittle correlationbetween the excitation functions and the
resonances in 24Mg(24Mg,24Mg*)24Mg*also shown in Fig. IX.B.1. Possible exceptions are the
three resonances at 45.7 MeV, 46.65 MeV, and 47.25 MeV, which are weakly excited in the two
transferchannels. The strong resonance at 50.5 MeV in 24Mg(24Mg,24Mg)24Mg(2+)
is totally absent
in all otherreactions. Angularmomentum mismatchcan be ruledout as a possible explanation for the
absence of these decay branches because the Q-value for the transfer is quite small. The most
plausibleexplanation is that these resonances stronglyfavor the symmetric fission channel because of
their internal structure. As a consequence, a large pm1 of the decay strength of these resonances
remains unaccounted for.
IX.B.2: 20Ne + 24Mg --_20Ne+ 24M_'and 20Ne+ 24Mg --_ 160 + 28Si:
The phenomenon of correlatedresonances is not restrictedto systems which have an oc-particlemasssymmetricexit channel. A notable example is the 24Mg+ 28Sisystem [Wu87]. In an attempt to learn
more about such systems we undertook a study of the 24Mg + 20Ne system. The high energy part of
the excitation function was measured at the Wright Nuclear StructureLaboratory at Yale, while the
lower energies were obtained using the Tandem Accelerator at U. of Penn. At present there exists a
gap in the excitation functions which we hope to close this summer. Once again wc had sufficient
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statistics
tostudytwo rezctions:
20Ne(24Mg,20Ne*)24Mg
* and 20Ne(24Mg,160*)28Si*.
,We could
alsoresolve
the1242
+ 32Sexitchannel,
butitwas tooweak topermit
study.The excitation
functions
arcshown in Figs.IX.B.2and IX.B.3.The 160 + 28Siexit channelsshow a greatdealof
pronounced
s_n_ucture,
much ofwiiich
iscorrelated'between
thedifferent
exitchannels.
The 20N¢ +
24Mg channelsshow lessactivity,
althoughcorrelated
resonances
can be seenintheexcitation
functions.
More analysis
willbedonewhen theexcitation
function
isextendedovera widerenergy
range.

Ma88 R. Maass and W. Scheid, Phys. Lett. 202B (,1988) 26.
Ma90 R. Maass and W. Scheid, J. Phys. G: Nucl. Part. Phys. 16 (1990) 1359.
Ra pe W.D.M. Rae private communication.
Ue89

E. Uegaki and Y. Abe, Phys. Lett. 231B (1989) 28.

Wu87 A. Wuosmaa, et al., Phys. Rev. C36 (1987) 1011.
Zh90

D.C. Zhe,'ag, et al., Phys. Rev. C42 (1990) 1004.

Zu83

R. Zurmtihle, et ai., Phys. Lett. 129B (1983) 384.
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IX.C. Measurement of the Isospin Characterof Low-Lying States in 90,92,94,96Zr"
lD. Horen] [ORNL]
A discrepancy exists between the Mn/Mp ratios for the first 2 + and 3" states in the even-even
zirconium isotopes as determined from (a) inelastic alpha scattering [Ry87], (b) from an analysis
[Wa88] Ofdata from inelastic proton and neutron scattering, and (c) results of a schematic model
nuclear structure calculation

[Ma84].

The Mn/Mp ratios deduced

from the alpha data are

considerably larger. The alpha scattering makes use of the interference between the Coulomb and
nuclear amplitudes to provide a signature in the differential cross section which is sensitive to the
Mn/Mp admixture in the transition.

This technique in conjunction

with the deformed optical

potential model has been used very successfully in heavy-ion measurements for determining
Mn/Mp for the giant quadrupole resonances [Ho88,Ho90] in 208pb and 118Sn' as well as bound
states [He tbp] in 204,206,7-08Pb.The success of the technique in deducing Mn/Mp for the lowlying states in the lead isotopes which include both highly collective excitations

(i.e., pure

isoscal_) as well as isospin mixed transitions (fh'st 2+ states in204,206pb), makes the zirconium
alpha scattering results somewhat puzzling.
The alpha measurements were made at 35 MeV and show nuclear-Coulomb interference at small
angles. The deduced Mn/Mp are considerably larger than N/Z even for the 3" states which are
supposed to be fairly collectiveand,

hence, expected to be nearly pure isoscalar and to be well

described by deformed optical model calculations. Satchler has reanalyzed these data [Ry87] using
a folding model and simple microscopic transition densities and also obtained large Mn/Mp
ratios[Sa89] although not quite as large as the original authors. At this point, it is not at ali clear
why the deformed potential model does not seem to work for these alpha data when it does work
well for heavy ions. Possible explanations are (1) that there is something wrong with the data and
(2) that there is a component of the interaction that is not included in the optical model potential.
We plan to make measurements on the zirconium isotopes using alpha particles initially at 48 MeV.
As can be seen from Fig. IX.C.I., the differential cross section for exciting the lh'st 2+ state in
92Zr shows, both a signatureat small angles as well as considerable difference in magnitude that
can distinguish between Mn/Mp ratios. The proton-neuh'oncomparison gave 1.05 [Wa88] and the
alpha measurements 2.91 [Ry89]. It is expected that our measurements will clarify whether alpha
particle scattering and the deformed potential model can yield Mn/Mp values in accordance with
other techniques or whether there is a missing ingredient in the analysis that as yet is not
understood.
Ho88
Ho90

D.J. Horen, J.R. Beene, and F.E. Bertrand, Phys. Rev. C37, 888 (1988);
D.J. Horen et al., Phys. Rev, C42, 2412 (1990).
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He tbp
Ma84
Ry87
Sa89
WaS8

D.J.Heron etal.,Phys.Rev. C, to be published.
V.A. Madscn and V,R. Brown, Phys.Roy.Lett.52, 176 (1984)
D. Rych¢l etal.,Z. Phys.A-Atoms and Nuclei326, 455 (1987)•
G.R. Satchler,
Nucl.Phys.A491, 413 (1989).
Y. Wang and J.Rapaport,Z. Phys.A-Atoms and Nuclei331,305 (1988).
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IX.D. Investigafion_ of Extr_m_ Sulf-barrier Fission
[N.N. Ajitanand, A. Narayanan, T. Ethvignot, H. Yu, J.M. Alexander] [SUNY Stony Brook]
[B. Lund and M. Gai] [Yale]
In order to follow up on an earlier hypothesis about the fission of 235U induced by Coulomb
excitation [e.g., Aj87 _.nd Aj89], we have used 150 and 200-MEV gold beams from the Yale tandem
accelerator to bombard thick 235U targets. An annular photo-voltaic detector was used to detect heavy
fragments at back angles when 235U and 238U targets were bombarded with a range of accelerator
beams.

The associated gamma rays were recorded in a 5" x 5" Nai(T1) detector kept in close

proximity to the target.

The fission-y coincidence

detection efficiency measured with a 252Cf

spontaneous fission source was 40%. Coincidence events were recorded for the following cases:
a)
b)
c)
d)

4-12 MeV protons on 238U
4-12 MeV protons on 235U
200 MeV gold on 235U
20-80 MeV carbon on 235U

Cases a) and b). (See Figures IX.D 1. and IX.D.2.) were carried out to test the sensitivity of the
technique.

These measurements

are consistent with the known fission excitation function.

machine had permitted we would have continued the measurements

If the

below 4 MeV where a marked

deviation of the cross-section from the expected steep fall has been reported (Aj87 and Aj89).
A yield of about 20-2:10fissions per 9x1014 incident projectiles was obtained for the gold run. This
may be ascribed to fission of a low-lying level in 235U excited by Coulomb excitation.

From the

proton and alpha induced fission cross section measurements in the extreme sub-barrier region (Aj87
and Aj89) the branching ratio to fission is estimated to be about lxl0 "5. Using this value and the
calculated Coulomb excitation cross sections by gold, it is possible to put a lower limit on the energy
of the level involved.
Figure IX.D.3. shows the result of the measurements with a carbon beam. It is interesting to note the
change in slope below 50 MeV where no previous measurements are known.
expected for a transition from compound-nucleus

fission to fission of the Coulomb excited target

nucleus. It is proposed to repeat these measurements
multiplicity and a photo-voltaic

with multiple y-ray detectors to record the y

detector on the downstream

determine the background due to neutron induced fission.
Aj87
Aj89

Such a behavior is

N.N. Ajitanand et al., Phys. Rev. Lett. $8, 1520 (1987)
N.N. Ajitanand et ai., Phys. Rev. C40, R1854 (1989).

side of the thick target in order to
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X. Accelerator

Ooeration:

[H. R. Hyder and J. Ashenfelter]
X.A. Summary of Op_eratiQnm
Experiments with the ES'IU tandem accelerator began in September 1988, following a successful
series of electrostatic tests in 1987 and the subsequent installation and commissioning of the ion
source, accelerator tubes and beam transport system. Betwc'en September 1988 and the end of
March 1989 the ESTU was at voltage for 1500 hours, providing a variety of heavy ion beams for
eleven experiments at beam energies of to 180 MeV. During this period, new operations staff were
trained and the essential systems on the accelerator were brought into operation.
In the following yevx beams were provide,d for thirty experiments and the accelerator ran at voltage
for over 4000 hours. Thirteen beam species were accelerated and the working terminal voltage
was raisv_ to 19.4 MV. Progressive improvements to the ion source, voltage generator and
control system resulted in improved reliability and versatility.
Between April 1, 1990 and the end of March 1991, further improvements in pefformanc" were
achieved. The maximum terminal voltage with beam was increased to 20.9 MV; 24 different beam
J

species -- 1,2H, 3,4He, 7Li, 9Be, 10,11B, 12,13C, 14,15N, 16,180, 19F, 24Mg, 28,29Si, 3lp, 32S,
35C1,58Ni, 76So, and 197Au -- were accelerate,d; 45 experiments were provided with beam; and the
accelerator was operational for 288 days.
Over these three years of operation, the performance of the accelerator has been studied in detail
and the operations staff have developed the skills and experience necessary to operate and maintafft
it with high efficiency.
X.B. Voltage PerforrrlanceA
Prior to the operation of the ESTU, the performance of large tandem electrostatic accelerators with
intershields had been mixed. Retrofitting an intershield to the MP tandem at Strasbourg resulted in
operation at voltages up to 18 MV, in contrast to the experience at BNL where the intershield
appeared to produce no benefit.

The geometry of the ESTU is such that the benefit of an

intcrshield should be much greater than in an MP, and the results obtained during initial tests and
subsequent operation have confirmed that the intershield works as intended, resulting in increased
terminal voltage, without concomitant surge damage.

Successful operation of a tandem with an

intershield must take account of the need to control the column gradients inside and outside the

d,
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intershield,
ifthebenefit
ofreducedradial
field
isnottobenullified
by field
enhancement
inthe
column.By modifyingthePelletron
charging
systemtosupply
a controlled
chargedirectly
tothe
intershield,
ithas provedpossible
toSustain
a uniformcolumngradient
and thusreapthefull
Q

benefit
oftheintershield,
Further
changestothevoltage
control
and measurementsystemarein
handwhichwillretain
thebenefit
oftheintershield
during
doublestripping.
The Pelletron
chargingsystemhas,
operated
weil,usingonlyfourof thesixchainsoriginally
envisaged.
Chainwearhasnotyetbecomeapl_arcnt,
theconducting
pulleys
work asdesigned
end
,
thevoltage
stability
isexcellent.
Some components
haveafinite
life
andchainalignment
iscritical
forsatisfactory
operation.

The accelerator tubes are the standard HVEC inclined field stainless steel type, graded by Vivirad
resistor assemblies and capable of individual conditioning, using the installed shorting rods. Their
performance is affected by the vacuum conditions. When ti_e system is leak free, the internal ion
pumps achieve pressures at or below 10-7 mbar without detectable SF6. The individual tube
sections can then be conditioned from a threshold of 3.5 MV to a maximum of 4.5 - 4.8 MV.
Tube section 1 was originally fitted with a gridded entrance lens and limited below 4 MV, but after
the lens was removed and an external einzel substituted its performance improved, almost to the
level of the other sections.

The accelerator tubes are capable of handling intense beams. In experiments with gold ions, the
stripped beam current entering the high energy tubes has exceeded

60 microamps.

The

transmission efficiency for light ions is high, but improvements to the vacuum and focussing are
needed to reduce transmission losses for the heavier ions.

During high voltage tests with beams of nickel and silicon, stable operation was demonstrated at a
terminal' voltage of 20.9 MV(209 MeV 28Si9+).

Further increases should be possible when

improvements to the gradient control and terminal stripping have been completed.
X.C./qegaIive

Ion Sources:

The Model 860 sputter source has also been modified to improve its reliability and output. The
number of different species used has increased, and the production of molecular ion species has
become routine.

A small proportion

of the experiments require helium beams which are produced in a duo-

plasmatron with a lithium charge exchange canal. This source was supplied with the MP tandem

t
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and has required extensive maintenance in order to achieve acceptable output current and life. It is
due to be replaced by a high intensity source of modem design.
X.D. Acceler_t0r Control:
Control of the ESTU is by an 80486 PC with CAMAC interfaces to the controlled devices. The
control program, written mainly in "C", has been expanded to include safety interlocks, new beam
lines and more comprehensive monitoring of the machine state. A total of sgven beam lines and
related experimental stations have been set up with quadrupole lenses and steerers whose control is
integrated with the accelerator control.

The interfacing hardware is mainly commercial, but

substantial effort has been put into developing improved voltage measurement and control of the
ESTU and into enhancing the operator interface.

Specially designed sir amplifiers, generator

voltmeters and a multi-function voltage c0ntroller have proved reliable in two and a half years of
service. Some tests were carried out with a UNiX-based control system using softwv::edeveloped
at CEBAF. Implementation of this system has been deferred until it becomes possible to take
advantage of the built,-in logic and graphics capabilities without sacrificing the speed and user
convenience of the PC system.
)

X.E. Gas Handling:
A major progra m of work has been carried out over the.last thr_:, years to upgrade the gas handling
system. The three major objectives were to reduce turnaround time, to reduce leakage and assure
the integrity of the SF6 inventory, and to ensure personnel safety. A manhole was constructed to
provide permanent access to the buried storage tank and pressure and temperature monitors and a
pneumatic isolation valve were installed in the manhole.

A number of undersized carbon steel

pipes were replace by flanged stainless pipes of larger bore. A microprocessor controlled gas
reheater was instaUed, primarily to heat the expanded gas from the storage vessel before returning
it to the ES'IU. Digitized instrumentation now provides pressure and temperature information for
ali critical points in this system. Four oxygen monitors and an SF6 specific gas monitor have been
placed in the gas-transfer system area to provide remote indication of gas leakage. Completion of
these changes has safely reduced the gas transfer time from twenty-seven hours to six. Further
q

wor, is in progress to upgrade the performance of the dryer and purifier circuit.
X.E. Accelerator Improvement Projects:
X.E.1. New ESTU Terminal;
The ESTU is operating at present with a high voltage terminal containing equipment very similar to
that supplied with the original MP. Terminal Pumping, in the form of a 450 1/s ion pump, has

'_
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been added, but the gas stripper is not differentially pumped and the ion pump is unable to handle
the gas load resulting from a stripper of equilibrium thickness. There is a combined quadrupole
lens and steerer, but no charge state separation.
Gas stripping is mandatory for intense beams of very heavy ions, which can reduce foil life to
minutes.

Charge state separation

identification certain.

is essential for double stripping in order to make beam

Double stripping of the heavier ions can result in as many as 50 to 100

separate beams, many nearly degenerate in magnetic rigidity.
Preliminary specifications for an advanced high voltage terminal containing two foil strippers, a
recirculating gas stripper, an off-axis quadrupole triplet charge state separator, Faraday cup and
quadrupole lens were developed in 1989 and detailed design of the mechanical and electrical
components was completed in 1990. Ali parts are cumplete and final assembly is now in progress.
+After tke necessary pressure and vacuum testing. At the same time, a fast multi-channel control
system, using VME based transputer hardware, has been built and tested with the active help of the
Yale Robotics Group. The vacuum assembly, double screened control system, vacuum pumps
and valves and infra-red serial links are being mounted in a test jig so that complete functional
testing with beam can be carried out before installation.

i

+

The new terminal (Figure X.E. 1) will include two foil changers, each with 256 foils and position
read-back, a gas stripper with a recirculation factor of about 100, resulting in extremely low gas
leakage to the accelerator tubes, a charge state separator with resolution of I in 15, a Faraday cup
with remote current read-out at a bandwidth of 200 Hz, a stripper voltage modulation and Pelletron
down charge control. In addition the terminal will contain a generator voltmeter, reading terminal
to intershield voltage. Beam position indication may also be included to facilitate beam transpoic
through the high energy tubes. An on-axis quadrupole singlet will be used to provide vertical
focusing and steering.
X.E.2. High Resolution Negative Ion lniector:
The ESTU is designed to accelerate ions of ali masses to energies which are of interest in a broad
based program of research.

The negative ion injector should therefore be able to produce and

resolve ions of ali masses so that an isotope of low natural abundance can be separated from more
intense components of neighboring mass. This calls for a mass resolution, dM/M, of at least 1 in
200. The existing 350 inflector magnet has a mass resolution of only 1 in 30, and its replacement
has been a high priority since the ESTU was commissioned•

However, the limited width of the

accelerator vault restricts the size of the high voltage platform and hence the radius of the new
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inflector
magnet.Inordertoachieve
therequired
resolution,
a doublefocusing
dipole
magnetwith
multipole
correction
and curvedentrance
and exitpoleshasbeenpurchased.
Thismagnethasa
radius
of 14inchesand a resolution
inexcessofI in300.ltwillbe located
on thehighvoltage
platform
neartheposition
ofthepresent
magnet,bendingbeams withenergies
of20 to40 keV
(SeeFigureX.E.2.).
ltisdesigned
tomatchtheexisting
pre-acceleration
tubeand thesubsequent
beam optical
systemandthese
componentswillnotneedtobcmodified.
Becausethenew magnet
hasa single
entrance
port,
theionsourcevacuum manifold
hasbeendesigned
toaccept
either
a
GIC Model 860 sputter
sourceora highintensity
duo-plasmatron
withchargeexchangecellfor
heliumbeams. The manifold
can be isolated
from themagnetbox and ispumped by a turbomolecularpump closetothesource.The beam from thesputter
sourcepassesthroughtwo
electrostatic
einze!
lenses
toa waistatthemagnetobject.
With this
arrangement,
thesizeofthe
beam spotattheobject
can bevaried
by usingthetwo lenses
asa zoom system,
thusoptimizing
beam matching
fora rangeofsputter
target
diameters.
The secondofthesetwo lenses
isusedwith
the charge exchange source to refocus the beam from the charge exchange canal to the object. The
duo-plasmatron head carries a small diameter lens which refocuses the divergent beam from the
source onto the canal. In contrast to the present helium source, the head of the new system is at the
potential of the main platform and the helium beam is reaccelerated after charge exchange to emerge
withreduceddivergence
atan energyof30-40keV. Usingsodiumvaporforchargeexchange,
this
source
hasgenerated
heliumbeamsof15micro-amps.
Detailed
designofthenew injector
was completedearlyin1991and alltheoptical
and vacuum
componentsofbo'_h
sourcesystemsarcavailable.
The inflcctor
magnethasbeencarefully
field
mappedand assembly
ofthecomplete
systemisinprogress.
The powersupplies
and controls
arc
generally
similar
tothoseinuseon theexisting
sourceand,by makinguseofavailable
spares,
it
willbepossible
torunthenew source
on thebenchandconf'n'm
thebeam optical
behavior
before
proceeding
withinstallation.
The helium source will also be bench tested, after some necessary refurbishment

of the duo-

plasmatron head and the charge exchange canals. Because of differences between the old and new
helium sources, additional power _upplies and temperature controllers were obtained and schemes
for remote control of these units have been devised. The new injector system is also furnished
with adjustable slits at the magnet object and image. These will be used to measure the quality of
the beam in operation and to define the beam diameter so as to obtain maximum transmission
efficiency with minimum loading of the ESTU.

',

Figure X.E.2
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Layout of the new 90"-AnalysisSystem for the Yale ESTU Negative Ion-Source,
This system is currently in the construction-and-assembly stage, lt will be benchtested this fall and will be installed on the accelerator during 1992.
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X.F. Pul_ing and Bunching System:
X.F.I. Experimental Reouirements:
._

a. Nanosecond Bunches
In order to achieve pulse widths of a nanosecond with separation of 100 nanoseconds or more,
klystron bunching of the low energy beam is the technique of choice, since it preserves intensity
and introduces

acceptably

small

energy

modulation.

The injection

requirements

of

superconducting

linac boosters have led to the development of high performance harmonic and

double drift bunchers operating at a few MHz, capable of bunching 60% of the DC beam to pulses
of less than I ns, separated by I00 to 200 ns. Such a double drift buncher, capable of being tuned
to operated over the range 5 - I0 MHz, situated between the negative ion injector and the ESTU
tube object point, would be able to bunch ions of all masses of interest to a width of = I ns at the
high energy end of the ESTU. A transverse chopper, running at half the fundamental frequency of
the buncher, would be required to remove the unbunched background beam. The ESTU analyzer
magnet is a 1.7 m radius single focusing dipole, lt is not isochronous when used as designed for
maximum energy resolution. By altering the focus conditions, it can be made nearly isochronous
and for many experiments the concomitant loss of energy re,_olution would not matter.
The combination
ofa low energydoubledrift
buncher,
a postacceleration
chopperanda magnet
operating
innearly
isochronous
mode appears
to_ capable
ofdelivering
bunched,
pulsed
beams
of adequateintensity
and pulsewidthscloseto 1 ns,sufficient
formany of thetime-of-flight
measurements contemplatedat present. The extracomplicationof a high-poweror
superconducting
post-acceleration
rcbuncher
deesnotappear
tobcessential
inthelh'st
instance.
Following
theproposal
ofJ.D.Larson,
further
enhancement
ofintensity
couldbeobtained
by the
useof a prebunchcr
workingon thebeam from theinflector
before
pre-acceleration.
However,
thisscheme would require
extensive
rebuilding
of thenegative
ioninjector
and isnot being
pursuedatpresent.
b. ChoppedBeams forDecayMeasurements
For pulsewidthsintherange0.l ).ts
to l ms, wherebunchingisnotrequired,
a nonresonant
chopperisappropriate,
either
in thelow cncrgybeam lineor afteracceleration.
The post
acceleration
chopperdesignedforuse withnanosecondbunchingcan bc opcratcdatlower
frequencies with a sinusoidal modulating vo',tage to generate pulses whh widths in the microsecond
range.

Without bunching,

the intensity

of these pulses would be reduced

but for many

experiments this method is acceptable• For wider pulses and lower repetition rates, square wave
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modulation
usingthyratron
ortriode
switching
becomespossible,
enabling
theratio
ofthepulse
widthtopulseseparation
tobeselected
atwill.
An alternative
topostacceleration
choppingistoinstall
an electrostatic
deflector
betweenthe
negative
ioninjector
andthetubeobject
point.BecauseF_./Q,
theenergypercharge,
isaboutone
hundredth
*hatoftheaccelerated
beam,thedeflector
voltage
wouldbecorrespondingly
less
ifthe
plate
dimensions
anddrift
length
werethesame.Infact
thelimited
sr:_ace
available
forthedeflector
and thehigherdivergence
of thelow energybeam result
ina voltagereduction
of aboutten,
compared witha post-acceleration
chopper.Thissimplifies
thedesignand costof thedrive
electronics.

When the pulse width becomes comparable with the response time of the accelerator voltage
stabilizer it is necessary to chop the beam after energy analysis. A reciprocating beam interrupter
has been installed between the analyzing slits and the triplet quadrupole which can operate at cycle
time up to 1Hz. Between 1 Hz and 250 Hz a motor driven rotary beam interrupter would be
required to generate pulses with a fixed width to separation ratio and widths between 400 ItS and
1O0 ms.
-

X.F.3. Component Costs
a. Double Drift Buncher
Detailed designs and test data exist for a suitable double drift buncher operating at 9.2 MHz.
Construction

of this buncher, modified to permit operation at lower frequencies

as well as the

design frequency, would cost $25,000.
Broadband RF amplifiers for the fundamental and the harmonic cost a total of $15,000. A suitable
frequency synthesizer costs $8000. Construction of the necessary frequency divider and the phase
and amplitude control circuits for the post-acceleration chopper as well as the buncher is estimated
to cost $30,000.

Design of these circuits would follow closely similar equipment

used with

superconducting linac boosters.
b. Post-Acceleration Chopper
The design of a conventional balanced.electrostatic deflector for operation at a maximum frequency
of 4.6 MHz is estimated to cost $10,000 and construction $30,000. A broadband 1 kW amplifier
is listed at $23,000.
c. Mechanical Choppers
A reciprocating chopper for low frequency operation is in use on the ESTU. lt makes use of a
ferrofluidic seal and a rotary solenoid. A rotating beam interrupter with magnetic coupling and a
controlled variable speed motor drive and start pulse generator is estimated to cost $5000.

,
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d. Pulse Monitor and Phase Detector
A number of designs exist for sensitive phase detectors able to provide suitable control signals
from beams of a few nanoamps.

Construction, testing and integration of such a monitor into the

buncher control system is expected to cost $40,000.
e. Computer Control and Interface
The analog control and monitor circuits will be interfaced via VME to the accelerator control system
and will require a local and a remote workstation with high resolution color monitors and
appropriate peripherals.

The sum of $40,000 is estimated for hardware and software costs,

including local processors and interface boards.
f. Commissioning and Testing
A provision of 20% of the hardware costs is made to cover the commissioning and testing of the
buncher, chopper and control and RF systems. This amounts to $45,000.
The total estimated cost of these systems is $271,000.

2?4

XI. Computer

Facilities:

[L Baris and Ch. Winter]
XI.A. Accelerator Control

i

The entire accelerator system(from the ion source to the end of each of the beam lines)>is
controlledunderan 80486/33MHz IBM-AT clone(Club American Technologies)communicating
with 5 CAMAC cratesin the AcceleratorVault andthe Control Room. This systemcurrently has
an 80 megabytedisk drive and 8 megabytesof core memot3rand supports2 independentcolor
monitorsfor displayingany 2 of 14 pagesavailable in the control system. Primary selectionand
controlof all acceleratorfunctionsis througha mouse. The 80486/33MHz computeris capableof
executing

21 million instructions per second and approximately

1.6 million floating point

operations per second, making it comparable in speed to a Vaxstation 3100. The system cun'endy
monitors and controls about 325 accelerator parameters. This includes beam transport and
diagnostics (magnets, Faraday cups, slits, beam position monitors, electrostatic steerers, and
strippers), vacuum systems, temperature control, interlocks, and alarms systems. The computer
control system

can be expanded beyond its current capability and capacity

to allow for

incorporation of additional or more sophisticated control functionality as the need arises. The
80486/33MHz computer's core memory can be extended to 16 megabytes, and disk space up to
and beyond 1.3 gigabytes. The computer chassis can be extended to accommodate additional
input/output, video and peripheral controller boards, as needed.

_

XI.B. Data Acqu_
At the present time, primary data acquisition is carried out using the HHIRF Data Acquisition and
Analysis Package through two independent Model 3230 Concurrent computers, each of which is
interfaced

to 3 CAMAC crates.

Each of these computers has a 125-ips high speed (Storage

Technologies) tape drive, 16 megabytes of core memory and approximately 800 megabytes of disk
storage space; these two computers share a pair of Exabyte 8-mm 2.3-gigabyte tape drives with a
Model 3280 Concurrent computer which is used for replay and analysis. These computers execute
about 1 million
approximately

instructions per second and achieve a floating
0.I I million operations per second.

point processing speed of

Data transfer rate can be about 300,000

parameters (16 bit words) per second from CAMAC to tape, with a histogramming rate of I0,000
counts per second. Events can consist of up to 512 parameters per event and the number and
complexity of on-line histogramming is limited only by the available disk space. The system uses
the Event Handler, developed by Dave Hensley at Oak Ridge National Laboratory as a data
acquisition interface between CAMAC and the computer. The overall speed at which the system
can process events to tape and perform on-line histogramming is determined by the number of
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parameters that make up the event, but typically a 20 parameter events could be processed at about
6000 events per second.
dimensional histograms.

Each system has a 21 inch color monitor to display one and two
The data acquisition and analysis software is very versatile, and can be

used as is or it can be extensively customized to adapt to specific hardware or experimental
requirements.
XI.C. Data Analvis. Simul_tiQn,and General Purpose_Computing:
The laboratory's needs for general purpose computing, data analysis and computer simulations are
served by several computer systems including a Concurrent model 3280 single processor, a cluster
of 11 Vaxstations, 5 Hewlett-Packard Model 9000 series 300 workstations, and 3 IBM RISC
System/6000 Model 320 workstations.
The Concurrent 3280 runs at 6 million instructions per second and executes about 0.87 million
floating point operations per second. This system has 8 megabytes of core memory with 1.8
gigabytes of disk storage space. There are 4 nine-track tape drives and 2 8-mm Exabyte 2.3
gigabyte tape drives on the system. This system is capable of supporting extensive data replay
activity.

Since this system is networked to the data acquisition computers and runs the same

analysis code (the HHIRF Data Acquisition

and Analysis Package), data analysis is greatly

simplified.

•

The Vaxcluster consists of 11 computers (one Model 3100-76SPX, 3 Model 3200's and 7 Model
3100's), running under the VMS operating system.

Each of these Vaxstations has at least 16

megabytes of core memory, and within the cluster network have access to 9 gigabytes of disk
storage space, four 8-mm Exabyte tape drives, and one 9 track 6250 bpi tape drive. The cluster
also includes 2 Emulex 32-port terminal servers and is connected to the BITNET, DECNET, and
HEPNET networks.
3280.

The processing speed of each Vaxstation is comparable to the Concurrent

We have also recently acquired 3 IBM RISC Systemg6000 Model - 320 computers which are
running under IBM's AIX UNIX operating system.

Each of these computes has at least 16

megabytes of core memory and about 1 gigabyte of disk storage space, and a 21 inch color or
mon_>,:hromemonitor. They process data at a rate of 27.S million instructions per second or can
perform about 7.4 million floating point operations per second. On the cluster is an 8-mm Exabyte
,.,,v_,igabyte tape drive and a CD-ROM drive. Each system also has a 3.5 inch floppy drive and
since they can run in PC simulation mode we are able to read and write PC-DOS formatted disks.

i
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The cluster is connected to the INTERNET network and is a subnet of the Vaxcluster, facilitating
exchange of data and access to the Vaxcluster peripherals.
In addition we have also taken_the 5 Hewlett-Packard workstations, which were originally used to
control the accelerator using theeCEBAF software package, and added them to the VAX and IBM
cluster network. There are five of these Model 9000 workstations (three Series 320, one Series
350 and one Series 330 ) each with 8 megabytes or core memory, and they share about 900
megabytes of disk storage spa,ce and three streaming cartridge tape drives. Since they are
connected to Ethernet backplane, of the IBM RISC system, they have access to the resources of
both the IBM and VAX clusters.

i
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