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ABSTRACT

Nuclear Reactions with *C and *O Radioactive lon Beams

by

Fanging Guo

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Joseph Cerny, Chair

Radioactive ion beams (RIBs) have been shown to be a useful tool for
studying proton-rich nuclides near and beyond the proton dripline and for
evaluating nuclear models. To take full advantage of RIBs, Elastic Resonance
Scattering in Inverse Kinematics with Thick Targets (ERSIKTT), has proven to
be a reliable experimental tool for investigations of proton unbound nuclei.

Following several years of effort, Berkeley Experiments with Accelerated
Radioactive Species (BEARS), a RIBs capability, has been developed at the
Lawrence Berkeley National Laboratory’s 88-Inch Cyclotron. The current
BEARS provides two RIBs: a *'C beam of up to 2x10® pps intensity on target
and an **O beam of up to 3x10* pps intensity. While the development of the *'C
beam has been relatively easy, a number of challenges had to be overcome to

obtain the **O beam.



The excellent **C beam has been used to investigate several reactions.
The first was the **’Au(*'C,xn)?*®*"At reaction, which was used to measure
excitation functions for the 4n to 8n exit channels. The measured cross sections
were generally predicted quite well using the fusion-evaporation code HIVAP.
Possible errors in the branching ratios of a decays from At isotopes as well as
the presence of incomplete fusion reactions probably contribute to specific
overpredictions.

>F has been investigated by the p(**O,p)**O reaction with the ERSIKTT
technology. Several **O+p runs have been performed. Excellent energy
calibration was obtained using resonances from the p(**N,p)**N reaction in
inverse kinematics, and comparing the results to those obtained earlier with
normal kinematics. The differences between *N+p and *O+p in the stopping
power function have been evaluated for better energy calibration. After careful
calibration, the energy levels of *°F were fitted with an R-matrix calculation.
Spins and parities were assigned to the two observed resonances. This new
measurement of the °F ground state supports the disappearance of the Z = 8
proton magic number for odd Z, T,=-3/2 nuclei.

It is expected that future work on proton-rich nuclides will rely heavily on
RIBs and/or mass separators. Currently, radioactive ion beam intensities are

sufficient for the study of a reasonable number of very proton-rich nuclides.

Professor Joseph Cerny, Chair Date
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Chapter 1: Introduction

C H AP TER 1

INTRODUCTION

1.1 Toward and Beyond the Proton Dripline with

Radioactive lon Beams

Nuclear science, including both nuclear physics and nuclear chemistry, is
a subject that explores the structures and properties of atomic nuclei, nuclear
reactions, the nature of radioactivity, and the synthesis of new isotopes. Nuclear
properties, among which are mass, radius, relative abundance (for stable nu-
clides), decay modes and half-lives (for radioactive nuclides), reaction modes
and cross sections, spin, magnetic dipole and electric quadrupole moments,
and excited states [Kra88], no doubt are one of the most important sources for
understanding the nuclear system. There are about 2500 known nuclides and
among them approximately 270 are stable and 50 are naturally radioactive.
Figure 1-1 shows the nuclear landscape. The black squares, which indicate the
stable nuclides, define the valley of stability. So far, most experimental studies

of nuclear properties have focused on nuclei either in or near this valley



Chapter 1: Introduction
[Cas00]. The white region neighboring the stable nuclides represents known,

short-lived nuclides that have been produced and studied in the laboratory, to-
taling about 2000. For many of them, there is only evidence of their existence;
their basic nuclear properties remain to be measured. Beyond these nuclides,
but still inside the region delineated by the proton and neutron driplines, some
4000 additional nuclides are predicted to exist. The proton and neutron dripline
boundaries occur where the binding energy of the last proton or neutron be-
comes zero. When the driplines are reached and even crossed, many new in-
teresting phenomena can be observed, such as halo nuclei, neutron skin, and
new doubly magic nuclei.

The study of nuclei far from stability has received much attention re-
cently. As in other physical systems, measurements at the limits can provide
important results, which can, when contrasted with more stable systems, shed
new light on the underlying symmetries and lead to improved insights into and
understanding of the nuclear system. Prominent recent milestones have been:
the discovery of additional heavy chemical elements; the observation of neutron
halos in light, highly neutron-rich nuclei, which was immediately followed by a
widespread theoretical effort that has considerably advanced our understanding
of this phenomenon; and the experimental mapping of the nuclear shell struc-
ture far from stability, reaching in some cases the neutron or proton driplines.

On the proton rich side, many interesting questions arise. The proton
dripline lies much closer to the valley of stability than the neutron dripline.
Therefore, it has been possible to establish the proton dripline for most of the

2
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elements up to and even beyond lead. Near the proton dripline, many interest-

ing physics questions have been explored. Among them are proton radioactivity

proton number Z

a 8

Nuclear Landscape

126
less than 300 stable |

|
82 -

-FFF?'H

B \

F...!'ﬂ-' o ‘\‘-\Eneutron dripline
M-—5 ; terra incognita
= L m

proton dripline

known nuclei

20
2 2 -

neutron number N

Fig. 1-1: Nuclear landscape showing the known nuclel and terra incognita [Cas00]. The

black squares represent the stable nuclides. The adjacent region represents known short-

lived unstable nuclides. Beyond that, but inside the region bounded by the two driplines,

are nuclides that are yet to be explored (terraincognita).

and beta-delayed two proton emission, as well as nuclear structure beyond the

proton dripline; the effects of the proton-neutron interaction and the prospects

for emergence of nuclear superconductivity; possible isospin breaking interac-

tions in mirror nuclei; novel nuclear shapes; and the properties of nuclei impor-

3



Chapter 1: Introduction
tant in the nucleosynthesis in stars. Very proton rich nuclei are also important

for tests of the standard model and studies of the astrophysical rapid proton
capture process [CasO00].

There remain difficulties in reaching nuclei very far from stability. For ex-
ample, although near dripline nuclides may be produced in fusion-evaporation
reactions with the combination of stable nuclear beams and stable or near-
stable targets, the production cross sections can be very small. In addition,
such reactions are not very selective; many other radioactive nuclei will be pro-
duced simultaneously in far greater yields.

Several additional factors make the study of near dripline proton-rich nu-
clei particularly challenging. First, the high levels of radiation surrounding the
target during bombardment often require that the activity be transported away
from the target area for counting. Second, it is common for exotic nuclei to have
half-lives shorter than one second because the energy available for beta decay
increases rapidly as the dripline is approached. This necessitates that transport
methods be very fast. Third, beta-activity levels observed in these experiments
are many orders of magnitude greater than the direct proton or beta-delayed
proton activities of interest; thus, it is critical that the protons can be unambigu-
ously separated from the beta-decay “background.” Finally, the small reaction
cross sections for the production of nuclei far from stability make the maximiza-
tion of transport and detection efficiencies critical [Row98]. These challenges

have spurred the development of many novel experimental techniques. One re-
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cent area of progress is in the development of radioactive ion beams (RIBSs),

which provide variable energy beams of exotic nuclei.

With RIBs characterized by beam intensities of ~10%-10° parti-
cles/second, experiments studying near dripline or even beyond dripline nu-
clides may be produced with direct or compound nucleus reactions, and favor
cross sections which are large. The reaction mechanisms of interest can be
relatively simple and straightforward. However, the experiments using RIBs re-
quire complicated beam and detector technology development.

This thesis describes the efforts to develop a RIBs capability at Law-
rence Berkeley National Laboratory and examines the properties of several pro-
ton-rich exotic nuclei using the techniques of a-decay spectroscopy and proton

elastic scattering spectroscopy.

1.2 Thesis Organization

Following this introduction, Chapter 2 will present general background
about RIBs, including some discussion associated with RIB technology, which
will be necessary for understanding the experimental measurements in this the-
sis. Chapter 3 discusses the general aspects of the experimental apparatus and
techniques that have been utilized in this work. Chapter 4 specifically deals with
the research and development of *!C and **O RIBs produced by the Berkeley
Experiments with Accelerated Radioactive Species (BEARS) project. Chapter 5

presents the results from the first application of the 'C RIB produced by
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BEARS to investigate excitation functions in reactions of **’Au(*'C,xn)?%®*At.

Chapter 6 presents the results from the first application of the **O RIB produced
by BEARS to investigate the energy levels of °F by elastic scattering reactions
of p(**0,p)*0O in an inverse kinematics thick-target arrangement. Chapter 7
contains concluding remarks and discusses possible future projects with RIBs
provided by BEARS.

Since the pioneering experiments on the interaction cross sections and
nuclear radii of exotic He, Li, and Be nuclides with RIBs at Berkeley in the mid-
80s [Tan85a, Tan85b], experimental studies with RIBs have been widely ex-
panded. Using projectile fragmentation, high-energy heavy-ion beams have
been used to produce a wide variety of isotopes. Secondary beams of °He, ®He,
8Li, °Li, "Be, and *°Be were produced through the projectile fragmentation of an
800 MeV/nucleon B primary beam bombarding a Be production target
[Tan85b]. *Li was produced from a ?°Ne primary beam [Tan85b]. These exotic-
isotope beams represent one of the earliest experimental applications of radio-
active ion beams. Since the Bevalac and SuperHILAC involved in the RIB re-
search at LBNL were shut down in the beginning of the nineties, an ISOL type
BEARS project was proposed by Cerny [Cer96]. Following preliminary tests at
the 88-Inch Cyclotron, a transfer line was constructed to couple a cyclotron in
the Biomedical Isotope Facility with the 88-Inch cyclotron [Cer99, PowO0O0,
Pow03]. Currently, two beams have been developed: **C, with an intensity up to

2x10°% ions per second on target [Joo00, Pow00], and **O, with an intensity up

to 3x10% ions per second on target.



Chapter 1: Introduction
A relatively simple fusion-evaporation reaction **’Au(*'C,xn)?*®**At has

been investigated to demonstrate the application of the radioactive 'C ion
beams from BEARS. These results have been compared with those from
Y7Au(*?C,xn)***At with a stable *C beam producing the same astatine iso-
topes to test fusion-evaporation model code predictions, i.e., ALICE [Bla82],
HIVAP [Rei81], and PACE [Gav80]. These results are useful in understanding
the deexcitation process of the compound nuclei [Joo00].

In the late seventies, the energy levels of >F were investigated by Keke-
lis et al. [Kek78] and Benenson et al. [Ben78] with the low cross section transfer
reaction “°Ne(®*He, ®Li)*®F. Only two levels have been observed so far, the
ground state and the first excited state. The adopted values for the energies of
these two levels are 1.47+0.13 MeV and 2.77+0.10 MeV relative to the mass-
energy of the proton and **O [Ajz91]. The ground state is very broad with a
width of 1.0£0.2 MeV, which is difficult to measure accurately. The width for the
first excited state is 0.24+0.03 MeV. Since the cross sections were small, about
1-4 pb, the statistics were poor for both states. Recently, these two levels have
been re-investigated by several authors [Gre97, Lep03, Pet03, Gol04] with two
reactions: the elastic scattering reaction **O+p->*°F [Pet03, Gol04] and a trans-
fer reaction **O(*N,">C)**F [Lep03]. In addition, the properties of these two
states have been predicted from theoretical calculations using a conventional
Woods-Saxon potential plus a surface term deduced from the mirror nucleus
15C [Gre97]. While most of these experimental studies agree well with one an-

other on the position of the first excited state, questions have remained about
7
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the energy and width of the broad ground state. To clarify this question, a new

measurement of the *°F levels using elastic scattering of **O on a hydrogen tar-
get (polyethylene) in an inverse kinematics thick-target arrangement has been
completed and analyzed.

By presenting the results of the radioactive ion beam development and
the reaction measurements discussed in the preceding paragraphs, it is the
goal of this thesis to further demonstrate the value of radioactive nuclear beams
and corresponding technological development as new tools for probing the

properties of highly unstable proton-rich nuclides.



Chapter 2: RIBs

CcC H AP TER 2

RADIOACTIVE ION BEAMS

2.1 Introduction

The burgeoning field of Radioactive lon Beam (RIB) research is one of
the most exciting developments in nuclear science in the last two decades.
Since the pioneering experiments with modern projectile fragmentation type ra-
dioactive beams at Berkeley in the mid-80s, experimental studies with radioac-
tive ion beams have been widely expanded. The number of nuclei in the nuclear
chart able to be accessed with these beams has been increased. Numerous
experimental studies of far from stability nuclei with both stable and radioactive
ion beams show many important differences in their structure from that of stable
nuclei. New forms of nuclear structure, such as neutron halos and neutron
skins, have been found in unstable nuclei. There are changes in the nuclear
shell structure, for example the disappearance of the magic numbers known for
stable nuclei and the appearance of new magic numbers in unstable nuclei. The
importance of radioactive ion beams has been being well recognized in nuclear
science, astrophysics, and other fundamental and applied fields [Cas00, Ver03,

Jon03].
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Though the utilization of radioactive ion beams can be traced back to

1951 [Kof51a, Kof51b, Kof51c], the concept of radioactive ion beams was first
mentioned by J. P. Bondorf in 1966. He pointed out “the rich field of information
that would be opened by a future use of unstable targets and projectiles in nu-
clear reaction study” of nuclides far from the stability line [Bon67]. Traditionally,
the ions produced by an accelerator are stable or (sometimes) long-lived radio-
active isotopes (for example, **C, t1,= 5730 years). With radioactive ion beam
technology, beams of unstable nuclei are available from the new configurations
of accelerators. The half-lives of the unstable nuclei that can be utilized cover a
broad range, from milliseconds to hours. Given the rapid development of radio-
active ion beams during the past two decades, it is not possible to cover all the
details about these beams. Only the general aspects of radioactive ion beams
will be dealt with in this chapter.

Many different techniques have been used to produce RIBs [Nit90a,
Nit90b, Nit92, Nit93]. The two major techniques are Projectile Fragmentation
(PF) and the Isotope Separator-on-line (ISOL). While the Projectile Fragmenta-
tion technology was first tested in about 1972 with the Bevatron at LBNL
[Hec72], the ISOL technology was developed much earlier, in the fifties. This
latter technology was highly developed with the ISOLDE at CERN [Kof76]. The
ISOL technology will be used for the next generation of RIB accelerators: the
planned Rare Isotope Accelerator (RIA) in the United States and the European
Isotope-separation-on-line radioactive ion beam facility (EURISOL). Since the
ISOL method was the first to be used to develop radioactive ion beams and

10
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since, in addition, the BEARS project uses the ISOL technology, it is of interest

to describe the history of the ISOL method.

The earliest experiment with RIBs can be traced back to 1951 at the
Niels Bohr Institute in the University of Copenhagen, Denmark [Kof51a, Kof51b,
Kof51c]. The experimental purpose was to measure the recoil momentum of
heavy decay products from the (3-decay of neutron-rich noble gas isotopes of Kr
and Xe. Although the experiment was simple, it incorporated all the basic ele-
ments suggested for use in succeeding generations of RIB facilities.

The experimental arrangement included two main instruments of the
time: a cyclotron providing an 11 MeV deuteron beam and an isotope separator.
The deuterons bombarded an internal beryllium target producing neutrons.
These neutrons then bombarded a uranium target, after having been moder-
ated by paraffin surrounding the target. Gaseous fission products were trans-
ported out of the target by NH3, CO,, and H,O gases from the decomposition of
(NH4).CO3 baked under vacuum and brought to the ion source of the isotope
separator. At this point, isotopes of the noble gases Kr and Xe were ionized,
separated, and collected for decay measurements which were carried out with
Geiger-Muiller counters [Kof76, Han01]. This was the first time that the accelera-
tor, isotope separator and detectors worked simultaneously, providing a truly
on-line experiment. Notably, there was not even a term “on-line” until the early

sixties.
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2.2 Methods of Producing Radioactive lon Beams

Many radioactive ion beam facilities are in operation, under construction,
or being proposed. These facilities are mainly based on either Projectile Frag-
mentation or the Isotope Separator-on-line. Figure 2-1 shows the main features
of the two approaches.

In the PF method, medium to high energy (typically 50-2000 MeV per
nucleon) heavy ion beams are used to bombard a relatively thin target. The ex-
otic nuclear fragments which are produced are emitted, with much of the mo-
mentum of the incoming projectile, at forward angles in the laboratory system.
These fragments then pass through a mass separation device which selects a
particular A and Z by using a combination of magnetic and energy-loss devices.
The exotic beam of interest then proceeds to bombard a target for secondary
reactions, or one may make direct measurements on the exotic beam itself.

In the ISOL method, a high intensity (up to 200 pA), high energy (500-
1000 MeV) light ion beam (p, d, *He) bombards a thick, hot, heavy nuclear tar-
get. The products diffuse and desorb out of the target. They are then trans-
ported to the ion source of an isotope separator. After separation, the beam can
be either used at low energies or be post accelerated to higher desired energies

for nuclear reactions.

12
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Projectile Fragmentation

Heavy ion
accelerator

Fragment separator

Thin production

tarset Radioactive ion beam

ISOL

TIon source

Transfer tube
Isotope / isobar

separator

P'roduction
accelerator

Thick, hot targe
Production beam

TPostaccelerator

xperimen

Radioactive ion beam
Fig. 2-1: Schematic representations of the two basic types of radioactive ion beam fa-

cilities. From the 1997 Columbus “White Paper” Report, see also [Cas00].

Each method has its strong and weak points. The PF methods have two
major advantages. First, the exotic nuclides are produced in PF almost instan-

taneously, within microseconds, which is significantly below the timescale of (3-
13



Chapter 2: RIBs
decay. (This is because the reaction products recoil out of the target at ap-

proximately the same velocity as the primary beam.) Secondly, there is no Z
restriction. All species produced in the target are available for isotope separa-
tion. The main disadvantages of PF relate to the beam intensity, quality and en-
ergy. Because of the lower primary beam intensity (~1 ppA) and the relatively
thin target (1g/cm?) technology, the PF method suffers from lower secondary
beam intensity and poorer beam quality, i.e., wider energy spread, higher level
of beam contamination (multiple Z values) and large emittance. Also the secon-
dary beam energies of ~50 MeV per nucleon or higher, found in many PF facili-
ties, may be suited for nuclear reaction studies and some nuclear structure
studies, but are too high for most of nuclear structure research. Although the
energy of the PF secondary beam can be decreased either by degraders or by
a storage ring (cooler and decelerator) to lower energies, there are still prob-
lems. The degrader approach involves multiple secondary reactions, scattering,
and straggling, therefore resulting in poorer beam quality. The storage ring
method is limited by secondary beam emittance/acceptance, long cooling times,
and space charge problems.

In contrast, the ISOL approach provides higher beam intensity, superior
beam quality and readily flexible beam energies. Exotic nuclei are produced by
an intense light ion beam (up to 200 pA of H, D, or *He beams) on, typically, a
thick heavy nuclide target (about 100 g/cm?). The secondary beam in ISOL can
be 10%~10° higher than in the PF. With its chemical separation, the beam has

much better Z selection but, of course, the ISOL approach is not necessarily
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applicable to all elements. With post-acceleration, the secondary beam can be

varied at will. The disadvantages of the ISOL method are the lower (or ~zero)
production rate for certain elements with special chemical properties, longer
separation times (~100 milliseconds or more), more unwanted radioactivity and
a possible high radiation field, and post-acceleration requirements.

The two methods are complementary both in approach and, frequently,
in physics. Hybrid methods combining both PF and ISOL features are being de-
veloped. For example, in a PF based ISOL method, the exotic nuclei are pro-
duced with a much thinner target than in ISOL, separated magnetically while in-
flight, stopped in helium gas, ionized, and re-accelerated. With this technique,
shorter lived exotic nuclei are much more accessible, beam contamination is
much decreased, and the beam intensity is still acceptable. The next generation
Rare Isotope Accelerator (RIA) in the United States will use this PF based ISOL

hybrid method. Figure 2-2 shows a prototype of such an RIB facility.

Thif

produchon
Dirtvier ancedaraion tanged
=;m i
I-mg:'url Qﬂr"’fr’
Projectile ~ *"* —\D—-—|—:ﬁ/ﬁ;§'
sam : a Past-accmlnraios
Fragment e

Fig. 2-2: A hybrid PF based ISOL RIB system [Ver03].
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Table 2-1: RIB facilities using the PF method, existing or under construction [Ver03,

Nol02]
_ RIB startin _ Fragment separ a-
L ocation g Primary accelerator 9 =
date tor
2 separated-sector cyclotrons
GANIL Caen, France 1985 P Y LISE SISS|
up to 95 AMeV
GSI Darmstadt, Ger- UNILAC+ SISupto1 A
1989 FRS, ESR
many GeV
Flerov Laboratory ACCULINNA COM-
. 1996 2 cyclotrons
Dubna, Russia BAS
KVI Groningen, Neth- Superconducting cyclotron
(2005) TRIMP
erlands AGOR K =600
NSCL East Lansing, 1001 Superconducting cyclotron A1200 Projectile Frag-
USA K 1200 up to 200 A MeV ment Separator
NSCL East Lansing, 2001 Superconducting cyclotrons | A1900 Projectile Frag-
USA K500-K1200 ment Separator
Ring-cyclotron up to 135 A
RIKEN Saitama, Japan 1992 gy oy P RIPS Saitama, Japan
3 fragment separators
Ring-cyclotrons up to 400 A storage & cooler rings
RIKEN Saitama, Japan (2005) g-eyelatronistp x g
MeV (light ions) up to 150 AMeV
(heavy ions)
RIBLL proposed stor-
. Separated-sector cyclotron K .
IMP Lanzhou, China 1997 age & cooler rings
=450, up to 80 A MeV
(2004)
ATLAS/ANL 1098 Superconducting linac split-pole
Argonne, USA 5-10 A MeV, 400 pnA FMA
MARS & Big Sol K500 superconducting cyclo-
9Sdl @ 1992 & 2002 P 9y MARS, Big Sol
Texas A&M, USA tron 100-200 pnA
TWINSOL apair of in-line super-
. FN Tandem . .
Notre Dame/UMich, 1987 conducting solenoid
10 MeV, 1 pA

USA

magnets

Table 2-1 lists RIB facilities using the In-Flight method, existing or under

construction. Table 2-2 lists the RIB facilities using the ISOL method and a

post-accelerator, either existing or under construction. Table 2-3 lists the next
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generation ISOL and In-Flight (PF) RIB facilities proposed in Europe and the

USA.

Table 2-2: RIB facilities using the ISOL method and a post-accelerator, either existing

or under construction [Ver03, Nol02]

L ocation RIB Starting Date Driver Post-acceler ator
Louvain-la-Neuve 1089 cyclotron cyclotrons
Belgium p, 30 MeV, 200 pA K =110, 44
SPIRAL: GANIL 2001 heavj gi?}:’tgs% A cyclotron CIME
Caen, France K =265, 2-25 A MeV
MeV, 6 kW
s/c linear accelerator
SPIRAL-II: GANIL (2008) LINAG cyclotron CIME
Caen, France heavy ionsup to 40 A K =265, 2-25 A MeV
MeV

REX ISOLDE: CERN 2001 PS booster Linac
Genéve, Switzerland p, 1.4 GeV, 2 uA 0.8-3.1 A MeV
MAFF reactor Linac
Munich, Germany (2008) 10" n/cm?.sec upto 7 A MeV
EXCYT (2004) cyclotron 15-MV tandem
Catania, Italy heavy ions 0.2-8 A MeV

cyclotron
HRIBF 1997 p, d, a, 50-100 MeV 25-MV tandem
Oak Ridge, USA T '

10-20 pA
ISAC-I: TRIUMF 2000 cyclotron Linac
Vancouver, Canada p, 500 MeV, 100 pA upto1.5A MeV
ISAC-II: TRIUMF (2005) cyclotron Linac
Vancouver, Canada p, 500 MeV, 100 uA upto 6.5 A MeV
BEARS: LBNL 1099 cyclotron Cyclotron
Berkeley, USA p, 11 MeV, 40 A K =140, 1-20 A MeV

Cyclotron
ATLAS: ANL 1994 p, 10 MeV, >100 nA FN Tandem + SC Li-
Argonne, USA ANL IPNS nac, 0.5-5 A MeV

P, 50 MeV, ~15 pA
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Table 2-3: Next-generation ISOL and In-Flight RIB facilities proposed in Europe and

the USA [Ver03, Nol02]

. . Post- Type of sepa-
L ocation Driver Fragment -
accelerator rator facility
synchrotron, ,
Europe (German ‘Super-FRS' In-Flight GSI
urope ( ) heavy ions: 1.5 A GeV P 'g
Europe: SC linac, up to
protons, 1 GeV, 1-5 MW 1SOL
EURISOL 100 A MeV
USA: (RIA) Rare 900 MeV protons : .
. ATLASIinac 4-dipole .
| sotope Accelera- heavy ions: 400 A MeV, ISOL, In-Flight
8-15MeV Separator
tor 100 kw

2.3 Opportunities with Radioactive lon Beams

Radioactive ion beams open new opportunities for the study of nuclear
structure, nuclear reactions, astrophysics and other fundamental and applied
fields. With radioactive ion beams, the properties of nuclei will be explored to
answer key scientific questions about the origin of the elements, the limits of
nuclear existence, the properties of nuclei with extreme ratios of neutrons to
protons, the equation of state of neutron-rich nuclear matter, and physics be-
yond the standard model of particle physics.

The general scientific opportunities with high intensity and exotic radioac-
tive ion beams are schematically illustrated in Fig. 2-3. This figure shows re-
gions of interest in the nuclear landscape that can be explored with a next-
generation radioactive ion beam facility. Each topic is given a circled number
which corresponds to an entry in Table 2-4 in which representative examples
for each area of interest are given in order to quantify beam requirements and

experimental approaches. The circled numbers represent examples of reactions
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and techniques, beams, desired intensities, and energy ranges for each area of

interest. The desired beam intensities, while not available from present first-
generation radioactive ion beam facilities, could be achievable with expected
new technological developments at an advanced radioactive ion beam facility.
These examples are generally representative of a large class of similar studies.
The examples are given to outline the overall performance characteristics
needed for an exploration of the new science opportunities. They are taken

from the “Columbus” White Paper 1997; see also [Cas00].

®)
O/
symmetry studies
A . -
@ with francium
100 slow neutron
capture process heavy element
(s-pracess) studies
proton dripline
100 fission limits
doubly magic ™" Sn
Z cle lei with |
| nuclei nuclei with large
50— (1) neutron excess

rapid proton

capture process rapid neutron

rp-process et ] capture process
Pp ) . " doubly magic 1326, (r-process)
T @ weakening of
% ——neutron driplines'_‘e" structure
(halo nuclei @ , [ o
50 100 150 ~

N

Fig. 2-3: lllustration of research opportunities with high intensity radioactive ion beams.

From the “ Columbus” White Paper 1997, see also [Cas00].
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Table 2-4: Representative examples of beam requirements for the general research areas

discussed in this report and schematically illustrated in Fig. 2-3. Only afew typical ion

species can be shown for each entry to exemplify the intensity and energy ranges

needed for performing experimentsin these aress.

10.

11.
12.

13.

*The numbers 1-13 refer to the corresponding labeling in Fig. 2-3.

Physics Topics*

rapid proton capture
(rp processes)

reactions with and
studies of N=Z nuclei,

symmetry studies
decay studies of ®°Sn

proton dripline studies

slow neutron capture
(s-process)

symmetry studies
with francium

heavy element studies

fission limits
rapid neutron capture
(r-process)

nuclel with large neutron
excess

single-particle states/

effective nucleon-nucleon

interactions

shell structure,
weakening of gaps,
spin-orhbit potential
(near) neutron-dripline
studies, halo nuclei

Reactions and Techniques

transfer, elastic, inelastic,
radiative capture,
Coulomb dissociation
transfer, fusion,

decay studies

decay

decay, fusion, transfer
capture

decays, traps

fusion, decay

fusion-fission

capture, decay,
mass measurement

fusion, transfer,
deep inelastic

direct reactions, nucleon
transfer

mass measurement,

Coulomb excitation, fusion,
nucleon transfer, deep inelastic

mass measurement,
nucleon transfer

Energy

Desired Intensities  Range

Beams

140, 150,
s, #Ar, *Ni

56Ni, GZGa, 64(38,
8Ge, 5As, 2Ky

1OOSn

56Ni, 64, 66(36,
72K r
134, lSSCS, 155Eu

AFr

50-52Ca 72N i

8iGe, BKr
140»144X el 142-

146Cs
142| 145- 148X e
147- iSOCs ’

130Cd 1325n 142|
’ ’

140»144X g, 142-
146Cs

142| , 145-148x e,
147-150(:S

13ZSn’ 133Sb
AKr, Asn, AXe

8He, 1L,
29N e 31Na, 76Cu

[particles/sec]

10%-10%
10°-10%

10*10°
1-10
10°8-10°
10%-10%
1011
10*107
10%-108
10’-10%
10*107
10*10°
10’-10%
10%-107

10%-10°

10%10°

10%-108
10%-10°

[MeV/y]
0.15-15

0.1-15

low energy

5
0.1

low energy

5-8

0.1-5

5-15

5-15

0.1-10

5-10

Among the research interests shown in Fig. 2-3 and Table 2-4, the appli-

cations of radioactive ion beams to proton-rich nuclei will be emphasized in this

thesis. One of the reasons is that BEARS provides two proton-rich radioactive
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ion beams, *'C and *O. With them, some proton rich nuclei can be explored.

Another reason is that the proton dripline lies much closer to the valley of stabil-

ity than the neutron dripline.

2.4 Summary

Radioactive ion beams as a new technology bring unprecedented oppor-
tunities to nuclear physics, astrophysics, and other fields. The RIB facilities, ei-
ther with the projectile fragmentation method or the Isotope Separation-On-
Line method, or a hybridization of both, are providing, or are going to provide,

exciting results for our improved understanding of nuclear matter.
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CcC H AP TE R 3

EXPERIMENTAL EQUIPMENT
AND TECHNIQUES

3.1 Preparation of Nuclides

All the experiments in this thesis were performed at the 88-Inch Cyclo-
tron at Lawrence Berkeley National Laboratory. All the beams except *!C and
1“0 originated at the 88-Inch Cyclotron. The *'C and *O were produced by a
small cyclotron in the Biomedical Isotopes Facility and transferred to the 88-
Inch Cyclotron for acceleration. This add-on capability of light radioactive ion
beams at the 88-Inch Cyclotron is called the Berkeley Experiments with Accel-
erated Radioactive Species (BEARS). The BEARS will be described in detail in
Chapter 4.

3.1.1 The 88-Inch Cyclotron

The 88-inch Cyclotron was constructed from the late fifties to the early
sixties and commissioned in 1962 [Kel62]. The cyclotron is an azimuthally-
varying field (AVF) cyclotron. Originally, the cyclotron was designed to acceler-

ate light isotopes exclusively. With improvements in ion source technology, i.e.,
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the electron cyclotron resonance (ECR) ion source, it can accelerate almost

every isotope from proton to uranium as well as a group of mixed isotopes

(cocktail mode) [Cla83, Xie91, Lyn98, Xie00, Lei03]. Currently three ECR ion

sources, LBL-ECR, AECR-U and VENUS, are (or will be) used to accelerate

both stable and radioactive isotopes. The maximum energy (and corresponding

intensity) for the ion beams used in this work [Lyn98] is: *H, 55 MeV/u (6 epA);

12C, 35 MeV/u (~1 epA); ¥*N, 35 MeV/u (~1 epA); *C, 35 MeV/u (up to 2x10°

particles/second on target); and **O 35 MeV/u (up to 3x10* particles/second on

target).

S

Fast Activity-
Catcher Wheel

CAVE 4C

GAMMASPHERE

CAVE 4B

S

88-INCH CYCLOTRON VAULT

|
ﬂ ! CAVE 4A ‘
[ \

0 5 10
METERS

Fig. 3-1: The 88-Inch Cyclotron Facility. All experiments were performed in Cave 2

and Cave 4A [Row98]. Some configurations of the caves have changed during this the-

siswork. Cave 2 is currently being re-configured as a neutron beamline.
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The beams were extracted from the cyclotron and directed into Cave 2 or

Cave 4A as shown in Figure 3-1. Cave 2, currently under upgrade, had three
different target systems. The upstream helium-jet target was used for produc-
tion of C for a preliminary study of **C radioactive ion beams for the BEARS
(Chapter 4). With different target and detector set-ups, **’Au(**C,xn)**®*"At and

197 Au(*2C,xn)?®* At reactions were also carried out in Cave 2 (Chapter 5).

Magnetic
Quadrupole

Chamber N N

XX

Fig. 3-2: Cave 4A beamline and the scattering chamber. The experiments to investigate

light proton rich nuclei are performed in this cave.

Cave 4A has a 60 inch scattering chamber equipped with two, step-servo
arms which hold detector modules. The two arms can be controlled to move be-
tween 0° and 180° with a precision of about 0.2°. In the center of the chamber,
there is an adjustable target holder. Its height adjustment permits 5 targets to
be available, with an orientation between -75° to 75°. All of the controls can be

performed with step motors, both in Cave 4A and in the counting area. The
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vacuum system is made up of a roots pump, an ion pump and a cryo pump.

The best vacuum can reach about 5x10® Torr but most of the time the vacuum
is 2x107 Torr. The investigation of levels in °F by elastic scattering of **O on a
hydrogen target (such as polyethylene) was performed in Cave 4A (Chapter 6).

3.1.2 Production Reactions for Proton-Rich Nuclides

Traditionally, with reactions of stable beams and stable targets, most
studies of proton-rich exotic nuclides have used one of three different nuclear
reaction types to produce the activity of interest: direct, fusion-evaporation or
fragmentation. The fusion-evaporation reaction has been used in the excitation
function measurement of *’Au(*'C,xn)*®**"At and *’Au(*?C,xn)****"At. With
more and more radioactive ion beams becoming available, other types of reac-
tions are accessible to explore exotic nuclei. Resonance reactions, for example
elastic resonance scattering, are important to explore the levels of bound or un-
bound proton rich exotic nuclei, which are usually difficult to reach with standard
techniques. Elastic resonance scattering has been used in the study of the en-
ergy levels of °F by *O+p->'F. While elastic resonance scattering will be dis-
cussed in detail later, a brief discussion of other reaction types will clarify why
they were used. A more detailed discussion of nuclear reactions may be found
elsewhere [Sat83, Kra89, Fes92].

Direct reactions (or peripheral reactions) proceed directly from the en-
trance channel to the exit channel without the formation of an intermediate
state. The reaction products are formed in a single step which occurs on a nu-

clear time scale, ~10"** seconds. Direct reactions include elastic scattering, ine-
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lastic scattering, stripping and pickup reactions, quasi-elastic scattering, etc.

The energy levels of the nucleus of interest can be measured from the reaction
products directly. The spin and parity of the nuclei can often be deduced from
the angular distribution of the reaction products. For example, the mass of °F
was first determined using the *’Ne(®*He,®Li)**F pick-up reaction with a cross
section of ~100 nb/sr [Kek78, Ben78].

As mentioned before concerning the production methods for radioactive
ion beams, proton rich exotic nuclides are produced in fragmentation reactions
employing high-energy, heavy-ion projectiles (typically, 50-100 MeV/A) bom-
barding light nuclide targets. After in-flight separation (on the order of us), the
nuclides of interest are recorded with their energy, magnetic rigidity and time of
flight (TOF) through the system, which allows their A and Z to be directly and
uniquely identified.

In previous chapters, the opportunities with radioactive ion beams have
been described as leading to a new frontier in nuclear science. Since many ra-
dioactive ion beams are still in the development stage, their intensities are
rather low compared with stable beams. While developing techniques will im-
prove the radioactive ion beam intensities for use in future experiments, some
relatively unique experiments utilizing the current radioactive ion beams have
been used to investigate interesting nuclear problems. One of the experimental
techniques currently being utilized is the elastic scattering resonance reaction in

inverse kinematics with thick targets, which is especially suitable for nuclei
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around the proton dripline which are explored with low beam intensity radioac-

tive ion beams.

3.2 Elastic Resonance Scattering Reactions in Inverse

Kinematics with Thick Targets

Elastic Resonance Scattering in Inverse Kinematics with Thick Targets
(ERSIKTT) combines the high cross sections of elastic resonance scattering
with the energy-scanning efficiency of a thick target and still permits reasonable
energy resolution [Art90, Ben93, Hue98, Mar00, Mar01, Gal0l1]. The inverse
kinematics produces forwardly focused reaction products and creates the pos-
sibility of making measurements at 0° in the laboratory (180° c.m.).

In this method, a heavy-ion beam at rather low energy (<10 MeV/u) is
brought into a scattering chamber and impinges on a thick target, which typi-
cally contains hydrogen or helium atoms. The thick target serves simultane-
ously as an energy degrader for the primary beam, a scattering target and a
beam stop. Detectors are placed at forward angles for detection of the energy
and angle of the scattered light target ions. The incoming beam ions are con-
tinuously slowed down in the thick target, and if their energy at some point
along the path corresponds to a resonance in the compound system, the cross
section for elastic scattering increases dramatically. The light scattered nuclei
have a relatively high energy and a much smaller stopping power than the

heavy ions and pass through the target to reach the detectors. To observe reac-
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tions at 0° lab (180° c.m.), the target thickness must be chosen so that the

beam is stopped in the target.

ERSIKTT is well suited for radioactive ion beams. The relatively low in-
tensities of radioactive ion beams require reactions with large cross sections
and experimental setups with high efficiencies. The elastic resonance reactions
can have cross sections around 1 barn in the c.m. and even larger (up to 4
times) in the lab system with inverse kinematics.

Depending upon the method of production, the quality of radioactive ion
beams can be relatively poor. The energy spread is often not as narrow as that
of the stable beams due to production and/or separation requirements. How-
ever, using ERSKITT, the energy resolution of the beam is not a primary factor
in determining the experimental setup. In addition, the lab resolution and energy
spread will be reduced by approximately a factor of 4 in the c.m. system for an
experiment performed in inverse kinematics (see section 3.2.1).

3.2.1 Inverse Kinematics

In a conventional experimental setup, the projectile is usually lighter than
the target, except in reactions between very light nuclei. Elastic resonance scat-
tering of light particles (p, d, a...) was performed with conventional kinematics
by varying the energy of the light particle in steps of a few keV. The first study
with this technique was measuring energy levels of *’F; it was carried out at the
Wisconsin electrostatic generator in the early 50’s by scattering of protons on a

thin *°0 target [Lau51].
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Fig. 3-3: Spectrum of a particles produced from the interaction of 45 MeV N with a
thick “He target at 0° (8.m =180°) [Art90]. In the inset, a conventional kinematics

measurement at 6., =169.1° is given [Smo61l].

As research moved from light ion beams to heavy beams, it became
possible to observe the same scattering experiment using an inverse geometry,
i.e., with the heavy ion as the projectile and the light ion as the target. This has
been shown to have several advantages, especially for radioactive ion beams.
One of the early experiments was to scatter >N on a thick “He gas target to in-
vestigate o-cluster states in '°F [Art90]. Figure 3-3 compares conventional

kinematics with inverse kinematics for the *He+'°N reaction. The first elastic
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scattering experiment in inverse kinematics with a RIB was performed to inves-

tigate a low-lying 1" resonance in **O by scattering **N on hydrogen in 1991 at
Louvain-la-Neuve [Del92].

If an elastic scattering reaction in inverse kinematics is m(M,m)M, where
M is the heavy projectile and m is the light target ion which is then detected (p,

d, a...), the relationship between the detected laboratory energy of m, E

m,lab ?

and the beam energy E,, ,, Is:

mMcos?0,,
- (m+ M)z—I *Eq oo -1

m,lab

It is of interest to compare the detected energy of m in inverse kinematics,

Enw . With the energy of m in a conventional kinematics (CK) M(m,m)M ex-
periment:
4M?cos’0,,
m, lab :(m+—I\/I)2Ib m, lab, CK (3-2)

The E,, .., ok IS the laboratory energy of m using conventional kinematics ge-

ometry.

The energy of m in the center of mass, E is related to the detected

cm.?

energy of m, E by the following equation:

m,lab ?

oMM (3-3)
™ 4Mcos®0,,

The angle and cross section in c.m. are related to those in the lab by:

0., =180°-20,, (3-4)
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and

&)l
dQ )., 4cosh , \dQ )/

From Equation 3-2, one finds that the proton energies are about a factor of 4
larger in inverse geometry than in conventional geometry. This “magnifier” ef-
fect is very useful for studying low-lying resonances. For example, for protons,
the detection limit with a silicon detector telescope is about 700 keV [Row98]. In
the reaction p(**0,p)**0, this 700 keV inverse kinematics corresponds to about
187 keV in conventional kinematics. Thus the detected low limit is lowered to
187 keV. Another advantage is obvious. Also, the resolution in the c.m. can be
much better than the experimental resolution (see Equation 3-3).

The scattered light ions in typical inverse geometry cover forward angles
in the lab, narrower than the angle range of 0°-180° found in conventional kine-
matics. This narrower geometry focuses the light ions into a smaller cone and
therefore increases the detection solid angle (see Equation 3-4 and 3-5). Due to
reference frame transformation, the cross section in the lab is about 4 times that
of the c.m. This is especially useful for experiments with low intensity radioac-
tive ion beams.

Usually, inverse kinematics is used with a thick target. If the target thick-

ness is sufficient to stop the beam, it is possible to measure the scattered light

ions at 0,,,, which corresponds to 180, , . Measurement at 180; , simplifies the

theoretical analysis, for example R-matrix theory analysis; in addition, the inter-
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ference from the nonresonant (Coulomb and potential) scattering is minimal

compared to the resonance scattering [Kra88b].
3.2.2 Thick Target

There are advantages and disadvantages to using a thick target in ER-
SIKTT, which stops the beam completely. With a thick target, while the beam is
gradually slowed down, a continuous range of energies can be “swept” for
resonances. The thick target also shields the detectors from the direct beam for
0° measurements [Art90]. With this simple but effective set-up, many reso-
nances can be investigated simultaneously with one bombardment. This is es-
pecially valuable for radioactive ion beams, due to their low beam intensities.

The disadvantage of targets thick enough to stop the beam is the dete-
riorated energy resolution due to beam projectile and product straggling (see
Figure 3-4). This will be a serious problem for products near the end of the
stopping range. Therefore, a thinner target may be used for more precise infor-
mation on the energy and width of one state or a few states after they are sur-
veyed by a thick target run.

Hydrogen may be prepared as a solid or a gas target while helium is only
used as a gas target. Compared to a solid target, the advantages of a gas tar-
get are mainly its homogeneity and the possibility of easily modifying the target
thickness by adjusting the pressure. This is convenient for changes of the beam
and/or the beam energy during a run. Using a solid target simplifies the target
preparation and also simplifies the solid angle calculations which are used for

the final cross section determination. With a solid target, the solid angle calcula-
32



Chapter 3. Experiment

tion is simple since the thickness of the target (<500 pm) is trivial compared with

the distance between the target and the detectors.
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Fig. 3-4: Energy straggling of 90 MeV **O beamsin polyethylene targets: a) 140 um, b)

14 pm. Calculated by SRIM 2003 [Zie034].
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With a gas target, the target thickness can be up to a few tens of centi-
meters, and the detector may be right behind the target. Different interaction
locations, therefore, have different solid angles. (Of course, using a composite
solid target, such as polyethylene for hydrogen, requires that background runs
be made on the additional element.)

There are also special technical problems associated with a hydrogen
target when it is used in inverse kinematics [MarO1]. Due to the technical diffi-
culty of making a pure solid or liquid hydrogen target and the special precau-
tions necessary to use a pure hydrogen gas target, a chemical compound con-
taining hydrogen, for example methane gas CHy, is used. This again will require
background measurements. Sometimes use of composite targets will increase
the uncertainties and errors in the measurements, if the contribution from the
carbon background is large.

3.2.3 Energy Resolution

Characteristic of all our **O+p experiments is a total energy resolution of
about 55 keV, in the center of mass frame. Even though in these experiments
the energy resolution has little effect on the final R-matrix fit, it is important to
understand the most significant factors determining the resolution.

In this particular case, the main contributions to the observed resolution
come from the intrinsic detector resolutions, which were about 100 keV for the
72 pum thick Si-AE detector and about 150 keV for the 3 mm thick Si-E detector.
These two detectors were used together in all our **O runs as a 0-degree Si-

telescope. The total resolution of this telescope is about 180 keV in the labora-
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tory frame of reference or about 45 keV in the center of mass frame of refer-

ence.

At the 88-Inch cyclotron, the typical energy spread of a beam is about
+0.5%. In the case of a 120 MeV 0O beam this means about +0.6 MeV initial
energy spread. While the beam is slowing down in the polyethylene [CH;], tar-
get, the energy spread is further increased to about 3 MeV near the end of its
range in the target. For simplicity, let us now assume a narrow resonance at a
certain excitation energy in °F (see Fig. 3-5). Because of the energy spread
AE, this resonance will be excited at different depths in the polyethylene target.
The importance of this depth variation to the final energy resolution of our ex-

periment can be evaluated using Equation 3-6 [MarQ0]:
E~—— (3-6)

where z and Z are the proton numbers of the scattered target and projectile nu-
cleus. In the case of +3 MeV energy spread of the **O, out-coming protons will
have a spread of about 12 keV in the laboratory frame of reference and only
about 3 keV spread in the c.m. system.

However, in the c.m. energy 1.0 to 3.5 MeV range for the detected pro-
tons, much larger contributions to the energy resolution will originate from the
straggling of the protons in the polyethylene (about 23 keV), from the size of

beam spot and the “size of the detectors” (10 to 30 keV).
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Fig. 3-5: Schematic drawing that illustrates the slowing down process of the beam in the

[CHy], target.

Generally, the energy spread of the radioactive beam does not restrict
the applicability of the method. In reality, an effective energy resolution of 30
keV in the c.m. frame is feasible by using proper experimental set-ups. At an-
gles other than 0° lab (180° c.m.) the resolution deteriorates, mainly due to kin-

ematical broadening of the energy for protons scattered at different angles.
3.2.4 Inelastic Scattering Competing Reactions

There is an assumption underlying the ERSIKTT technique that the elas-
tic cross section at a resonance is the dominating contributor above all other
processes. Often the only other candidate that must be considered is the inelas-
tic resonance scattering. The inelastic scattering probability is strongly related
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to the level structure of the nuclei involved. Level structure is important, since in

inelastic scattering, part of the kinetic energy is converted into internal excita-
tion. The 120 MeV 0O + p reaction is relatively simple in this sense since the
proton does not have excited states and the first excited state in *O lies quite
high, at 5.17 MeV (see Fig. 3-6). In the **O + p runs (see Chapter 6), the beam
was degraded to about 84.5 MeV before it entered the thick polyethylene target.
With such a beam, one is able to probe states in *>F up to about 4.15 MeV. As
shown in Fig. 3-6, even theoretically under these conditions there is only a very
small energy window for possible inelastic scattering. For the ground- and the
first-excited-state-resonances in *°F, elastic scattering is obviously the only

open channel.

4.15 MeV

Statesupto4.15 1 5.173MeV
MeV are populated

(5/2) 1.3 MeV

(1/2  0MeV

15F
1.48 MeV

0+ 0 MeV

140+p

Fig. 3-6: Level structurein *°F.

37



Chapter 3: Experiment

3.2.5 Cross section

It is easier to extract cross sections from thin target experiments than
from thick target experiments [Rol88]. The main additional complication in thick
target experiments, such as the one discussed above, arises from the fact that
the beam is stopped inside the target. As is well known, in such a process one
cannot assume a constant stopping power for the beam. In other words, during
the slowing down process a beam particle will “see” different amounts of target
nuclei at different energies. Therefore, to relate the observed yield of protons to
a relative cross section versus energy, one must correct for the changing en-
ergy loss of the bombarding ion as it slows down. The energy loss rate effec-
tively determines the distance the ion travels in the target while in a specified
energy interval, and thus the effective areal density of target protons. Thus, ob-
served yields must be multiplied by a function related to the beam ion energy
loss to calculate the elastic scattering excitation function:

o Y x dE/dx (3-7)

3.2.6 Applicability of ERSIKTT to Radioactive lon Beams

In summary, the ERSIKTT method is a powerful tool for the studies of
low to medium energy resonances in exotic nuclei. The low intensities of radio-
active ion beams are counteracted by the large cross sections characteristic of
elastic scattering, the forwardly focused scattered protons and the scanning of
the whole energy region by every beam particle due to the thick target. The tar-

get thickness also allows for measurement at 0°, (180°:,.), where other scat-
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tering amplitudes have their minima. In this approach, the rather large energy

spread of radioactive ion beams does not seriously deteriorate the energy reso-
lution. The inverse kinematics makes the proton energies larger than in conven-
tional measurements, and the transformation from the lab to the c.m. improves
the resolution. A further benefit is that the theory of elastic scattering has been
in use for half a century and is well understood.

There are also some obvious problems related to this technique. One of
them is of course the difficulty of producing the needed radioactive ion beams
(RIB). This technical problem will be at least partly solved with the second gen-
eration RIB facilities like the Rare Isotope Accelerator (RIA) in the USA. Another
obstacle may be the more difficult interpretation of the data, especially when

both the spin of the projectile and that of the target are non-zero.

3.3 Radiation Detection

3.3.1 Radiation Detectors

Only conventional surface barrier silicon detectors (with thickness less
than 1000 um) and Si(Li) detectors (3-5mm) were used in this thesis. A so
called Si-telescope constructed from such detectors makes particle identifica-
tion possible. The different detector configurations used in this work are dis-
cussed in Chapters 4-6. Detailed operating principles for silicon detectors can
be found in the literature [Kno79, Tso83]. Therefore, only the most important

specific features relevant to this thesis are discussed in the following.
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3.3.2 Particle-ldentification Telescopes

One way to distinguish between protons, alphas and other heavier parti-
cles is to rely on the difference between their stopping powers. The stopping

power dE/dx [Ber93] for ions varies as:

2 2 2
_E:MTEbDTeZDmeC EEZZL(,BZ)D Mz
dx B uA E

(3-8)

where pis the density of the stopping material (for example Si); re and m are
the classical electron radius and mass; 3 is the velocity of the incident ion rela-
tive to the speed of light; u is the atomic mass unit; Z and A are the atomic
number and mass number of the stopping material; z, M and E are the charge,
mass and energy of the incident ion, respectively. The quantity L(B?) is called
the stopping number; it takes into account fine details of the energy loss proc-
ess and depends on specific properties of the stopping medium. Equation 3-8
does not hold for incident ions at low energy (<~250 keV for protons, <~1 MeV
for alpha particles, depending on the medium). As the ion velocity approaches
the velocity of the atomic electrons, the ions will begin to capture electrons from
the stopping medium; this will cause the stopping power to decrease with de-
creasing energy. Figure 3-7 shows stopping power curves for protons and alpha

particles in silicon.

40



Chapter 3. Experiment

1500

1250 -

1000 -

750 -

500

250

Stopping Power [keV/(mg/cmZ)]

0 5 10 15 20 25 30
lon Energy (MeV)

Fig. 3-7: Stopping power curves for protons and alphasin silicon, from the SRIM calcu-

lations [Zie034].

The dependence of the stopping power on the charge, mass and energy
of the incident ion can be used for identification. A popular method based on
this idea is the use of particle-identification (Pl) telescopes, which are usually
composed of a thin “AE” detector and a thick “E” detector [Gou75]. The thin
“AE” detector measures the differential energy loss. After the AE detector, the
ions are fully stopped in the following “E” detector; the telescope allows meas-

urement of the total energy. Using results of Equation 3-8, it has been found
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empirically that the AE and E detector signals may be combined according to

the equation:
Pl = (E+AE)"™ -E*™ O Mz? (3-9)

to produce a particle identifier signal that is proportional to the mass M and the
charge squared z? of the ion; light ions (e.g., p, a, etc.) will produce different
peaks in this spectrum. By gating on these peaks, either in hardware or soft-
ware, a separation of events based on the charge and mass of the species de-

tected may be achieved.

3.3.3 Counting Electronics

Figure 3-8 depicts a typical electronics configuration for the AE-E tele-
scope used in this work. The counting electronics may be divided into two cate-
gories according to function: the energy determination and the event discrimina-
tion. This separation does not take place immediately. In both cases, the pre-
amplifiers first integrate and amplify the charge collected by the detectors. The
collected charge will be proportional to the energy lost by the ion in the active
region of the detector. To reduce the noise, the preamplifiers are located as
close to the detectors as possible. Preamplifier signals are then fed into the
main amplifier, which has both slow (1 psec) and fast (0.2 psec) outputs. The
energy/slow output is directed into an analog-to-digital converter (ADC) while
the ‘fast’ output goes to a constant fraction discriminator (CFD). In the CFD, the

fast pulse is reshaped into a nuclear instrument module (NIM) format and en-
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ergy thresholds are set at the same time. Output pulses from a NIM are sent to

a gate and delay unit and then to a logical AND unit. Such a unit generates a
NIM output only in the case when incoming signals from the AE and E detectors
have a time overlap of at least 100 ns. The output from the logical AND unit
goes to a master gate unit and to an overall control box for the CAMAC.VME

data acquisition system.

Si AE Preamp|l—{Shaping Amp] <2
fost
CAMAC]
[isminaa—{ 25 1
i scriminator
Gate Gen A? CAl\;lAC/
Logical [ Master | “VME
55 AND OR Gate Controller
[Discriminator}—, g | T i}
T Gate Gen
fast 3
Data Acg.
[si E}+——[Preamp]—{Shaping Amp]=>* =
] Computer

Fig. 3-8: Generalized counting electronics. See text for an explanation of abbreviations

and functions of individua modules.

When the CAMAC/VME controller registers an appropriate signal, it trig-

gers the ADC modules to read all of their inputs and also triggers the crate con-

troller, in either CAMAC or VME type, to read the ADC’s. When the memory of
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the controller module is full, its contents are dumped to the data acquisition

computer, where events are stored.

As mentioned earlier, the ADC’s read the slow outputs of the shaping
amplifiers. Silicon detectors have a rapid charge collection and therefore one ps
shaping times in amplifiers are usually sufficient. The ADC'’s are peak sensitive,
producing a digitized signal proportional to the pulse amplitude. The width of the
master gate that triggers the read operation must be matched to the longest
shaping time in use to ensure that the maximum amplitudes are recorded.

The relationship between the energy lost in the detectors and the signal
measured by the ADC’s may not be precisely linear [Row98]. Though this non-
linearity of the slow-signal electronics is not large, in many cases it must be ac-
counted for in order to obtain a reliable energy calibration. This is especially
true when it is necessary to extrapolate to a region outside of the available cali-
bration range. The typical integral non-linearity was ~0.3% for most regions of
the experimental spectrum [Row97, Row98].

In our experiments the singles count rate of the silicon detectors was
typically limited to about 40 kHz in order to keep the number of random coinci-

dences between the E and the AE detector at a statistically-low level.

3.4 Data Analysis

3.4.1 Data Reduction in Software
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The data are stored in the so called event mode. Such a data format
permits off-line analysis including AE-E matrix presentations of the coincidence
data and corresponding multidimensional gating. Two-dimensional gating of the
AE-E matrix can be used efficiently to separate the different exit channels from
one another. The data acquisition and analysis codes used in this work are:
CHAOS [Rat91], Kmax [EIf97, Spa04, Bak92, Pie9l], and SpecTcl [Fox96,

Fox03].
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Fig. 3-9: An example of 2D-gating process: *N+p-> 0.
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When the data are displayed in the SI-AE vs. Si-E projections, one can
usually separate the light ion species of interest. Sometimes overlap occurs at
low energies due to effects related to the resolution of the detectors, and more
importantly, to energy-loss straggling in the AE detector.

Figure 3-9 illustrates the two-dimensional gating of the AE-E spectra.
The reaction studied was 120 MeV **N on a [CH]. target and the gate is drawn
around the detected protons. As can be seen, the alpha particle reaction chan-

nel is also open in this reaction.
3.4.2 Calibration of Detector Systems

In our **O+p experiments, the calibration of the Si-detectors was mainly
based on the proton spectrum from the p(**N,p)**N reaction. This will be dis-
cussed in detail later in chapter 6. In addition, standard o sources (e.g., *>°Gd,
3.182 MeV; *!Am, 5.486 MeV) and a precision pulse generator were used. To
optimize the accuracy of the measurements, we always tried to calibrate with
the *N beam before and after the main **O run.

The N calibrations are accurate to about 15 keV in the center of the
mass frame over the entire energy range of 1 to 5 MeV. However, a significant
correction is required to use this calibration with **O+p. The higher energy loss
of 0O in the degrader foil and target lead to interactions occurring at a shal-
lower depth in the target, relative to the equivalent scattering by **N. Thus, pro-

tons scattered by *O have lost more energy as they emerge from the back of
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the target. The calculated energy loss corrections for **O and *N beams are

shown in chapter 6.
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C H AP TER 4

BEARS: PRODUCTION OF
RADIOACTIVE ION BEAMS
OF "C AND “O

4.1 Introduction

For many years, the Lawrence Berkeley National Laboratory (the Lab)
has been one of the leaders in the research, development, and application of
radioactive ion beams. The first re-acceleration of radioactive nuclides was
done in 1970 with experimenters from what was then called the Lawrence Ra-
diation Laboratory [Che70]. Fission fragments spontaneously produced by #**Cf
were accelerated to energies of ~200 MeV using a model MP Van de Graaff
accelerator at the High Voltage Engineering Corporation in Burlington, Massa-
chusetts. While the purpose of this work was to investigate new methods of
producing heavy ion (>Ar) beams for the study of super heavy nuclei, it is one of
the earliest works on radioactive ion beams.

Following another approach, projectile fragmentation experiments were

first tested in 1971 by Heckman et al. in the Lab [Hec71, Hec72]. These ex-
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periments were carried out at the Bevatron on the nuclear fragmentation of ni-

trogen-14 ions at an energy of 2.1 GeV per nucleon on carbon and hydrogen
targets. This effort was continued in the 1980’s by Tanihata et al. [Tan85a,
Tan85b]. Experiments measuring the interaction cross sections and nuclear ra-
dii of exotic He, Li, and Be nuclides were performed with radioactive ion beams
from the Bevalac at the Lab.

In the meantime, different radioactive ion beam facilities were intensively
discussed in the Lab by many authors [Alo84, Alo89, Cla90, Fei90, Kre87,
Kre91, Mye90, Nit84, Nit88, Nit89, Nit90a, Nit90b, Nit92, Nit93, Nit94]. Among
them, Nitschke was one of the strong advocates for an ISOL-type radioactive
ion beam facility in North America.

Since the Bevalac and SuperHILAC involved in the radioactive ion beam
research at the Lab were shut down at the beginning of the nineties, these ef-
forts have been continued by experimenters at the 88-Inch Cyclotron. After a
small Biomedical Isotope Facility (BIF) cyclotron was installed in the Lab
[Van97], the idea of coupling the BIF cyclotron with the 88-inch cyclotron was
proposed: this became Berkeley Experiments with Accelerated Radioactive
Species (BEARS) [Cer96].

The basic BEARS system involves isotope production in a N, gas target
at the BIF low-energy proton cyclotron, transport as CO, via a 350-m-long capil-
lary to the 88-Inch Cyclotron, cryogenic separation of the activity from the target
and carrier gases, and injection into the 88-Inch Cyclotron's advanced electron-
cyclotron resonance ion source for ionization and subsequent acceleration
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[Cer99, Pow00, Pow03]. We have initially focused on the production of *'C

(t12=20 min) and **O (t,,=71 s), both produced from a nitrogen gas target. The
maximum thick-target production yields are approximately 1x10' atoms/s of
1C and 5x10° atoms/s of **O [Pow03]. Finally, two beams have been used for
experiments: *C with an intensity up to 2x10° ions per second on target [Joo00,
Pow00] and O with an intensity of up to 3x10* ions per second on target

[Guo03, Guo04].

4.2 Test Experiments

4.2.1 Tests with Mimicking BIF at the 88-Inch Cyclotron

Prior to the construction of a radioactive isotope activity transfer line be-
tween the two accelerators, tests were carried out entirely at the 88-Inch Cyclo-
tron, which was used to mimic the BIF Cyclotron, producing up to 10 pA of 10
MeV protons. These proton beams were directed into the target chamber of a
nitrogen gas-jet transport system. **C and **O were produced via (p,n) and
(p,a) direct reactions on the nitrogen, which acted as the target and carrier gas.
The *C and *O were then sent to ECR ion sources for ionization and further
acceleration (Figure 4-1).

The ECR ion sources, particularly the upgraded Advanced ECR source
(AECR-U) [Xie98], can reliably achieve good ionization efficiencies at high-
charge states with a vacuum of less than 10° Torr. Therefore, a central techni-

cal challenge of BEARS was the coupling of the isotope production system to
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an ECR ion source. Two methods were tried for coupling the isotope production

system to the ECR ion source systems. One was a skimming method [Mol97]

and the other was a cryo-trapping method [Pow98].
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(~1.3 atm N2) Targets (cooled by gas flow)
] —
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( Exit Windows
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Entrance Windows -
(cooled by gas flow) (slotted cylinder)

Fig. 4-1: Nitrogen gas-cell target system [Row98].

First, the skimming method was tried. Since the gas-jet system required
a pressure of one or two atmospheres, a highly effective gas-skimming system
was constructed and coupled directly to the ECR, with four differentially
pumped skimming stages (see Figure 4-2). Aerosol clusters (made from ethyl-
ene glycol) containing the radionuclides of interest and carrier gas entered the
first stage in a jet at near-sonic velocity. The heavier clusters exited in a nar-

rower cone than the expanding gas, allowing them to pass through the small
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holes in the three successive skimmers. Once inside the ECR, the aerosols

were caught on heated surfaces, which vaporized the activity. Tests showed
that the gas pressure could be sufficiently reduced so that, with a full target gas
load, the ECR performance was not significantly degraded.

Unfortunately, it was found that this system failed to transport significant
amounts of **C or 0. This was traced to the majority of the activity forming
gaseous compounds and thus not attaching to the aerosol clusters. The amount
of C in a chemical form that could be transported was only on the order of 0.1-
0.5%. Nevertheless, a beam of *C was extracted and detected, although at

very low intensity.

4th STAGE
TURBO PUMP

GAS JET
CAPILLARY

3rd STAGE
DIFFUSION
PUMP

Fig. 4-2: A four component, differentially pumped skimming system for injecting aero-

sols into the ECR ion source.
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In the second approach, the cryo-trapping method, the N, target gas

flowed continuously from the target region through a plastic capillary of 3-mm
inner diameter (i.d.), to an area next to the ion source, where it passed through
a cryogenic trap consisting of a stainless-steel coil submerged in liquid nitrogen.
A pump at the outlet kept the pressure in the coil well below 1 atm, preventing
the condensation of the nitrogen gas, but allowing the trapping of such gases as
CO,, N0, etc. (Fig. 4-3a). After stopping the flow of target gas and pumping
away the residual nitrogen, the liquid nitrogen surrounding the trap was re-
placed with a dry ice and alcohol bath, raising the temperature enough to re-
lease gases such as CO, while keeping any water contamination frozen (Figure
4-3b). The gas was slowly passed into the ion source through an adjustable
valve, at a rate low enough to prevent overloading of the source. Beams of *'C
and **0 in various charge states were extracted from the ECR source, and their
yields were measured by selecting these beams using an analyzing magnet
and then measuring the build-up and decay of radioactivity in a Faraday cup.
For each test the ion source was first tuned for the same charge state as a cor-
responding stable isotope.

Both *'C and **O were successfully trapped and released, in quantities of
about a third of those estimated from the known production vyields [Kit90].
Beams of several different charge states were extracted from the ion sources. A
summary of the measured ionization efficiencies is given in Table 1, along with
similar results for stable carbon and oxygen, taken with a calibrated CO leak
under carefully tuned conditions. The AECR-U was found to have good efficien-
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cies for the radioactive isotopes, with a maximum of 11% for **C*" and 3.6% for

1406+

. These numbers are lower than the measured stable-isotope efficiencies,

possibly because of the relatively high gas load coming from the trap [Xie99].

a) to Pump
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and
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Fig. 4-3: Cryogenic trapping system: (a) trapping and (b) release at dry ice temperatures

into the ECR ion source.

Table 4-1: lonization efficiencies and hold-up times of the 88-Inch Cyclotron's ECR ion

sources
lon ECR AECR-U lon AECR-U with stable CO
leak (**C and *°0)

% % Trast (SEC) % Trast (S€C)

llcl+ 1.1

llCZ+ 07

11C3+ 0.4 4

e 0.9 11 24 l2ca 24 5.6

11C5+ O. 1 4 12C5+ 14

llCG+ 2

1403+ 0.4

14O4+ 04

14O5+ 0.4 1605+ 12'5

1408 3.6 1608+ 27 7.1

o™ 1.2 20-30 o™ 6

14OB+ 04
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It is important for efficient RIB production that the time the radioactive

species spends in the source, the “hold-up” time, should be short in comparison
to its lifetime. Source hold-up times in the AECR-U have been measured for
stable CO and found to be of the order of 5-7 sec (Table 4-1). When the decay
of the activity is measured for *'C and *O, two components are seen in the de-
cay curve. The fast component is on the order of 20-30 sec for both species,
which is associated with the holdup time of ions in the plasma. The slow com-
ponent is on the order of 360 sec for **C, which is associated with sticking of
the plasma-dissociated components of CO to the ion-source plasma-chamber
walls. If one could shorten the hold-up times in the source for **C and **O to be
nearer to that of stable carbon and oxygen, the ionization efficiencies should
approach those of the stable species. This is particularly important for the 71

sec 0, for which nearly an order of magnitude improvement could be made.
4.2.2 Batch Mode Coupling of BIF to the 88-Inch Cyclotron

In parallel with construction of the transfer line between the two accelera-
tors, development of accelerated *'C beams continued. During a second series
of tests, now using BIF, *C was produced as CO, and cryogenically separated
from other gases. It was then transported by truck to the 88-Inch Cyclotron in a
lead-lined Dewar, where it was injected into the AECR-U and ionized. Each
batch of *'C was produced for a period of about 50 min, separated and trans-
ported in 15 min, and injected into the source over a period of 15 to 30 min. It
was during these batch tests that a **C beam was first accelerated using the

88-Inch Cyclotron.
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Due to the low intensity of radioactive beams, it was necessary to tune

the cyclotron optics with stable analogue beams. A scattering foil and a particle
identification telescope were used to analyze the accelerated beam after extrac-
tion from the cyclotron (Fig. 4-4). The cyclotron was initially tuned on *’Ne®",
then the cyclotron frequency was adjusted to accelerate the trace amounts of
residual *B*" always present in the ion source (see Figure 4-4a). The *C was
introduced; however, cyclotron frequencies for !B and *'C, with a separation of
only 1.4 kHz, make them unresolvable (see Fig. 4-6b). The measured *'C beam

intensity was 0.5 to 1x10° ions/s, which was maintained over a period of about

20 min.
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Fig. 4-4: Particle Identification of (&’Ne** and*'B**, (b)*'C** and*'B**, and (c)**C®".

The B to 'C beam ratio was about 1% during the initial test, but in-
creased by more than three orders of magnitude in a later experiment when the

AECR-U had been contaminated with boron. However, the boron component of
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the beam could be eliminated easily by stripping the beam after acceleration

and magnetically separating fully stripped **C°®* from *B>" (Figure 4-4c).

4.2.3 Transfer-Line Mode for Coupling BIF to the 88-Inch

Cyclotron

Figure 4-6 shows the 350 m long capillary transfer-line coupling the two
accelerators. A short gas-transport time is required, both to reduce decay
losses suffered by short-lived isotopes like 71-s **O, and to minimize radiation
levels during transit and outside the two accelerator buildings. Tests were car-
ried out, without radioactivity, by using bursts of helium gas in a flow of nitrogen
gas. The differing response of a thermal-convection vacuum gauge to helium
and nitrogen allowed timing measurements to be made. It was found that the
fastest transport times could be achieved by pre-evacuating the transport capil-
lary for a few minutes before applying pressurized gas. For these tests, a vol-
ume of helium, comparable to the amount needed to fill the BIF gas target, in-
jected in front of the driving nitrogen, traveled the 350 m distance in 12-30 s.
The exact time depended on the capillary size, the drive-gas pressure, and the
degree to which the capillary was pre-evacuated. The regime investigated
spanned 2—-4 mm inner capillary diameters, 1-8 atm pressure, and 1 to 5 min
pump-out. Capillary evacuation could be improved by supplying drive gas for
only a short time, approximately 10 s. Longer drive times did not result in no-

ticeably faster transport.
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Fig. 4-5: The transfer-line connecting the BIF (Building 56) and the 88-Inch Cyclotron

(Building 88).

4.3 Final BEARS Configuration

The final BEARS configuration has been described in detail by Powell et
al. [Pow00]. BEARS is a highly automated system. In addition, radiation control
and safety systems are installed to protect personnel and the public. The follow-
ing sections describe the entire BEARS system along with its typical operation
for the production of *'C beams. The same system is used for **O beams with

significant modification only in the production of the C**0**0.

4.3.1 Target System at BIF
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Figure 4-6 shows the BIF gas—target system [Van97]. The target, 80 mm

deep and 13 ml in volume, is filled through valve V1 to 22 atm with the nitrogen
target gas. The gas is then bombarded for 5 min with 10 MeV protons, typically
with intensities of ~30 pA. During bombardment, the pressure in the water-
cooled target increases to 50 atm due to beam heating. After 5 min, the beam is
shut off, and the irradiated gas is unloaded through valve V2 into a "holding
tank” where the gas is held prior to transport. After unloading, the target is re-

filled and the cycle is repeated.

unload
10 MeV Target @ valve: V2

roton Holding
pbeam - ‘8}-* Tank

load valve: V1

Target Gas

NITROGEN )

Fig. 4-6: Target system for activity production at the Biomedical Isotope Facility.

In order to be transported and cryogenically separated by the rest of the
BEARS system, the *'C activity must take the chemical form of CO,. By control-
ling an exact fraction of oxygen introduced into the nitrogen target gas, a bal-
ance was found with both a good *CO, yield and a gas load low enough for
good AECR-U ion source operation. An additional load valve and gas supply

were added to the gas—target system shown in Figure 4-6; the target was first
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partially loaded with 1% O, plus 99% N, to 4.4 atm, then topped off to 22 atm

with pure nitrogen. The optimum oxygen fraction was found to be around 0.2%.
4.3.2 Transport

Figure 4-7 illustrates the components of the transport system, which car-
ries the activity from the BIF facility to the 88-Inch cyclotron. While the BIF cy-
clotron is preparing a 5-min batch of *'C, the transport capillary (polypropylene;
3.0-mm i.d.) is evacuated from both ends, both through valve V7 at the 88-Inch
Cyclotron, and through valve V6 at BIF. The holding tank (a 3 m length of 4.5-
mm i.d. tubing) is also evacuated at the same time (valves V4 and V6 open, V2
and V3 closed). Valve V4 is closed just before the target is unloaded through
V2 and the activated target gas is held in the holding tank for 1 to 2 min to allow
some of the **0, not needed during *'C operation, to decay. To transport the
gas, 6 atm of nitrogen is applied through valve V3, driving the target gas down
the evacuated transport capillary (V2 and V6 closed; V3 and V4 open). The
drive gas (V3) is shut off after about 10 s, and the pump-out valve (V6) is
opened soon after. The approximately 3 min of pumping serves to reduce the
pressure in the holding tank to less than 0.2 atm before it is valved off for the
next target-unload cycle. Transport between the two buildings takes 20-23 s.
All the activity arrives at the 88-Inch Cyclotron within a spike of about 2 s, indi-
cating a lack of mixing with the drive gas.

During most of the 5 min cycle, the downstream end of the transport cap-
illary is connected directly to the high-capacity pump through the three-way

valve V7. Simultaneously, the cryogenic trap, a stainless-steel coil submerged
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in liquid nitrogen, is being maintained at vacuum by a second "low-pressure”

pump. For about a 10 s period, centered on the expected arrival time of the
transported activity, the gas flow is diverted through the trap via valves V7-V10
and then to the high-capacity pump. After the activity arrives, the flow is redi-
rected to the high-capacity pump, and the remaining nitrogen gas in the trap is

removed by the low-pressure pump through valves V9 and V10.

BIF Cyclotron 88-Inch Cyclotron
/III///IIIII///IIIII///IIII////IIII////I
Target Unload V8 To Reservoir Section
350 m Low-
Transfer Pressure
Capillary Pump
/L V7

/4
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@Guage

High-
Capacity
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Fig. 4-7. System for transporting activity between the two accelerator buildings. Valves

are indicated by V2-V10.

Figure 4-8 presents, for a typical transfer, the pressure at the capillary

outlet as measured after the trap (this gauge is marked in Figure 4-7), and the

activity measured in the cryogenic trap by a radiation detector.
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Fig. 4-8: Capillary-outlet pressure (solid line) and activity observed in the cryogenic
trap (dashed line; arbitrary units) during a typical transfer between the two accelerator

buildings. Transport was started (V4 openedyat

4.3.3 Cryogenic System

Before being injected into the AECR-U ion source, the *C activity must
be released from the cryogenic trap by heating. The trap itself consists of a
small coil of thin-walled (0.4 mm), 4-mm i.d. stainless-steel tubing. The entire
coil is enclosed within a 5-cm vertical tube of low heat-capacity foam insulation.
This open-bottomed tube is partially submerged in a liquid-nitrogen bath such
that the liquid level completely covers the trap coil. To warm the trap, pressur-
ized room-temperature dry nitrogen is applied to the outer tube, displacing the
liquid nitrogen and bubbling out through the bottom of the tube. The flow of gas
past the trap coil causes it to warm. A thermocouple, fixed inside a separate

section of identical steel tubing, monitors the temperature. With the thin-walled
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steel tubing currently used, the trap can be warmed from 77 to 220 K in about

20 seconds.
4.3.4 lon Source Injection

Figure 4-9 shows a schematic diagram of the BEARS system from the
cryogenic trap to the ion source. After most of the nitrogen drive gas has been
pumped away through valve V9, warming of the trap is begun. When the tem-
perature of the trap reaches ~120 K, pumping is ceased (V9 closed) and the
trap is connected to a "reservoir" section through three-way valve V8. The res-
ervoir is located as close to the ion source as possible, about 3 m from the trap.
The reservoir itself is of small volume, formed mostly by the 40 cm?® internal vol-

ume of the thermal convection gauge tube used to monitor the gas pressure.

Control
Voltage

Feedbac

Reservoir

To AECR

Proportional .
10N source

Helium bleed Valve

Pumping

TRAP V9

Fig. 4-9: System for injection of activity into the AECR-U ion source at a controlled

rate.
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As the trap continues to warm, *'C activity, as *'CO,, is released from

the trap and passes into the reservoir. A slight flow of helium bled into the sys-
tem at a controlled rate from just in front of valve V9 aids in purging the activity
from the trap. When the trap reaches ~230 K, it is disconnected from the reser-
voir. Pumping through valve V9 is resumed, and the trap is cooled again to lig-
uid-nitrogen temperatures in preparation for the next trapping cycle. The trans-
fer is monitored by three PIN-diode radiation detectors: one on the trap; a sec-
ond on the reservoir; and a third, attached just after valve V8, that observes the
activity flowing in the tubing between the two. Figure 4-10 illustrates data from a
typical transfer, showing the cryotrap temperature and the readings in the three
radiation detectors. The activity can be seen leaving the trap, passing through
the line, and entering the reservoir.

The gas in the reservoir is bled into the ion source at a controlled rate
through a proportional solenoid valve controlled by simple feedback from a
thermal convection gauge. This feedback maintains the pressure at the outlet at
a set value, as long as sufficient gas is available in the reservoir. Stable opera-
tion can be easily maintained for reservoir pressures less than a few Torr. The
line connecting to the ion source is 4.5-mm i.d. stainless steel and about 3 m
long. The conduction of this line is low enough that, even though the AECR-U
ion source operates at pressures of a few 107 Torr, the pressure required at the
valve outlet is several milliTorr, which is high enough to be measured and con-

trolled by the thermal convection gauge.
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Fig. 4-10: Transfer of 'C activity from the cryogenic trap to the reservoir. The tempera-
ture of the trap is plotted in (a) while (b) displays the measured activity at three points:
the trap (solid line), the reservoir (long-dashed line), and the line connecting the two

(short-dashed line).

4.3.5 lonization and Acceleration

The controlled injection of activity is crucial to achieve stable operation of
the AECR-U ion source. The *'C is ionized, extracted, and accelerated accord-

ing to the techniques described in the earlier section on development tests. A
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stripper foil is located at an appropriate point of the beam line and the *'C®

beam is selected by an analyzing magnet in order to completely eliminate *'B
contamination. Once a small amount of fully stripped carbon has been obtained
on an amplified Faraday cup (>2 pA), the AECR-U, injection line, cyclotron, and

beam line elements may be fine tuned to maximize the *'C yield on target.

4.4 Production of a Radioactive **O lon Beam

Development of *O as the second BEARS beam also presented consid-
erable technical challenges, due to its short half-life of 71 s and the complicated
radiation and surface chemistries of oxygen in the target and on the chamber
surface. The usual techniques developed for medical uses of O involve the
addition of significant amounts of carrier oxygen, which in our case overloads
the ECR ion source. As a solution, **O is produced as water in a carrier-free
form, and is chemically converted in two steps to **O-replaced carbon dioxide, a
form readily usable by the BEARS. The radioactive carbon dioxide is again
cryogenically separated from the helium transport gas before injection into the
88-Inch Cyclotron’s AECR-U ion source.

4.4.1 O Chemistry in BIF

Producing an *O (t1,=71 sec) beam required considerable additional
development, which is described in detail in [Pow03]. Figure 4-11 shows the
system for production of H,'*O and its conversion to [**O]CO.. In brief, **O was

first produced in the form of H,**O by bombarding a high-pressure gas target
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composed of nitrogen with a few percent hydrogen. The H,*O vapor was sepa-

rated from the unloaded target gas through momentary freezing at —40°C, and
chemically converted to [**O]JCO, in two steps: H,'*O - C*O through reaction
with graphite at 1000-1100°C followed by oxidation to [**O]CO, over a platinum
catalyst. Target unloading, water separation, and chemical conversion took
about 15 seconds, after which the [**O]CO, was transferred by the helium driver
gas to the 88-Inch Cyclotron using the same BEARS systems developed for

1c0o, [Pow00]. Each batch of activity typically was produced every 90 seconds.

Crygen

Cold Air | |;':'_:

Target Cas
wrget Gas (40°C)

10 by
prodons

l.||j-:|-|

Carhon Furnacs

Helium ¥ Waste ["'ojco,

Fig. 4-11: System for production of H,™O and conversion to [**O]CO.. The target gas
is unloaded to waste through a small coil of stainless steel tubing kept cold by a flow of
—40 °C air from a vortex tube, in order to freeze out and separate the H,**O. The activ-
ity, released by applying a strong electric current to resistively heat the cail, is carried in
a flow of helium through two chemical conversion steps. The first converts H,*O to
C*O over graphite at 10001100 °C; the second oxidizes the carbon monoxide to

[1*0]CO, over platinum at 180 °C [Pow03].
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At the 88-Inch Cyclotron, the cryogenically separated [**O]CO, was in-

jected into the AECR-U ion source, using a variable valve to produce a steady
gas flow. Although the method of producing **O first as H,'*O was chosen so as
to avoid introducing additional carrier oxygen, there was always some additional
carbon dioxide which threatened to overload the ion source. Care needed to be
taken to keep the entire system upstream of the chemical conversion steps
clean and dry.

As had been previously observed with **C beams [Pow00], there was a
significant slow component in the hold-up time for **O in the AECR ion source.
The beam of oxygen-14 remained a significant time after [**O]CO, injection.
When corrected for the radioactive decay of **O, the beam intensity dropped
with a halflife of about three minutes. This may reflect **O radicals sticking to
the source walls, possibly with isotopic exchange effects. Unfortunately, though
this effect is of little importance with the 20-minute *'C activity, with 71-second
10 it leads to large decay losses.

4.4.2 lonization and Acceleration of **O

Another difficulty was faced when the **O beam was extracted from the
ion source in the 6+ charge state and accelerated to higher energy. As seen in
Table 4-1, the ACER-U has the highest ionization efficiency for the *O 6+ state.
To get as high as possible transmission through the 88-Inch Cyclotron [Cer99]
and nearly fully stripping efficiency at about 10 MeV/u, a **O beam energy of
120 MeV was chosen. The mass difference between **O and **N nuclei is very

small, only 0.001u, resulting in a 2.6 kHz resonance frequency difference for the
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120 MeV 6+ ions with the 88-Inch Cyclotron. The cyclotron can only separate

frequency differences of 5 kHz. Because the cyclotron cannot cleanly separate

140%" from the much more intense residual **N°®", the beam was fully stripped to

140% by using a thin 204 pg/cm? aluminum stripper upstream between two

magnets, M32 and M41 in Cave 3. However, it was found that the beam was

14N7+

still contaminated with lower energy of the same magnetic rigidity, pre-

sumably from scattering from beamline components (Figure 4-12a). Careful RF

tuning was done to minimize this effect and obtain reasonable **O transmission

14N7+

efficiency while allowing less than 1% contamination (Figure 4-12b).

i (a)- - (b) -
- 120 MeV 014 o - - 120 MeV O 14 3. -
200 — 3 - 200 }— 2=
_ 92 MeV N-14 1 - i i
- R B . _ - -
4 w

pd 3 7 Z B b
< - _ . z - ) -
5 100 f— T — g 100 |— - —
O - 1 ) 1 l 1 1 1 1 l 1 1 1 1 l 1 ] O - 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 ]

0 100 200 300 0 100 200 300

CHANNEL CHANNEL

Fig. 4-12: The AE-E spectra showing the 0 beam quality (a) the RF was not optimized
for O; (b) RF was optimized for **O. No *N was seen. The different beam pile-ups

are: 1, N pile-up; 2, ¥*N-*0 pile-up; and 3, **O pile-up.

The final **O beam had an intensity that averaged about 8,000 pps on
target, with a maximum beam of about 30,000 pps. This is much lower than the
maximum of 2x10° pps achieved with the **C beam. Partly, this is due to the 20
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times lower production yield of **O versus *'C [Kit90] as well as losses in the

additional chemical processing steps. However, much of the difference also ap-
pears to be due to hold up and isotopic exchange losses associated with ioniza-

tion in the AECR-U.
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CcC H A P TE R 5

USING RADIOACTIVE “C ION
BEAMS TO MEASURE EXCI-
TATION FUNCTIONS IN THE
REACTIONS “Au(“C,xn)™ At

5.1 Introduction

Nuclear models and corresponding computational codes are essential to
nuclear research. For fusion-evaporation reactions, a few codes based on sta-
tistical models have been developed, such as ALICE [Bla82], HIVAP [Rei81],
and PACE [Gav80]. The reliability of these codes needs to be evaluated for dif-
ferent constraints, for example, by changing mass number A, nuclear charge Z
and neutron-proton ratio N/Z as inputs. While these codes work reasonably well
for reactions involving nuclei near the valley of stability, their validity needs to
be tested when nuclei away from this valley are involved in the reactions. It is
only recently that radioactive ion beams have become available to perform this

particular type of experiment.
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In the framework of the BEARS, a relatively simple fusion-evaporation

reaction, **’Au(*'C,xn)?®**At, has been investigated to demonstrate the applica-

tion of radioactive *'C ion beams from BEARS. These results are compared

with those from *’Au(*2C,xn)****At with a stable *C beam, which produce the

same astatine isotopes to test fusion-evaporation model code predictions

[Joo00].

Table 5-1: a-decay properties for At and Po isotopes.

Isotope Halflife E« [keV] BR [%]
27t 26.2 min 5902 10
-\ 9.2 min 5951 3.8
7\ 7.4 min 6087 31
202At 184 sec 182sec 6228 6135 18 8.7
i 89 sec 6344 71
200t 47 sec  43sec 6412 6464 43 57
202pq 44.7 min 5587 1.9
lpg 15.3min  8.9min 5683 5786 1.6 2.9
200pq 11.5 min 5862 11.1
199pgq 55min  4.2min 5952 6059 7.5 24
19%pg 106 sec 6181 57
¥7pg 56sec  26sec 6282 6383 44 84

Since gold is monoisotopic, the only compound nucleus in the reactions

of ¥’Au(*'C,xn)?®®*At is 2®®At. Each of the astatine isotopes shows a unique

signature in its a-decay line, so different isotopes can be identified simultane-

ously by analyzing the a-energies and half-lives (see Table 5-1). Moreover the

polonium a-decay

lines due

to

197Au (llC ' pxn)207-XPo
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7Au(MB,xn)?®*Po reactions (because of possible *'B impurities in the beam)

can be easily separated. Table 5-1 shows the a-decay energies, branching ra-

tios, and half-lives for the relevant At and Po isotopes.

5.2 Experiment

Of the three codes mentioned above, HIVAP has generally been found to
be in closer agreement with experimental cross sections. However, HIVAP is
less efficient than ALICE [Bla82] because HIVAP uses a Monte Carlo approach,
in which enormous numbers of trials are required to obtain precise predictions
of these cross sections. While HIVAP was used for the final cross section fit,
ALICE has been used for experimental planning. The cross sections for the
(**C,xn) reactions on gold were calculated using ALICE and are shown in Ta-
bles 5-2. The fairly large cross sections enabled us to measure these reactions
even with the relatively low beam intensities for radioactive ion beams. With a
gold target of 1 mg/cm?, the yield per mb cross section and for 10° *'C ions/sec

can be calculated by

v = 1x107° g [em™
1979 ol ™

(6.023x10”°mol ™)(o x107* ecm?)(1 x10° sec™)

=0.3101 (sec') (5-1)
where o is the cross section in mb and | is the beam intensity in 10® *'C

lons/sec. With a 10® 'C lons/sec beam intensity and the predicted cross sec-

tions given in Table 5-2, the yields for most of the astatine isotopes are from a
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few to 200 nuclei per second. The yields can be optimized by proper irradia-

tion/counting cycles using the known a-branching ratios, and half-lives as well

as the choice of target thickness.

Table 5-2: Predicted®’Au(*'C,xnfF**At cross sections at differehiC beam energies.

o [mb]
205At 204At 203At 202At 201At 200At
E. [MeV]

50 0 0 0

60 0.4 30 59 0

70 0.5 19 473 92 0

80 0.1 3.6 117 686 86 0
90 0 0.9 22 254 728 27
100 0.3 7.3 70 531 456
110 0.1 2.2 20 166 557
120 0 0.9 7.8 59 260
130 0.4 3.2 19 85
140 0.2 1.7 14 52
150 0 0.7 3.8 16
160 0.3 2.7 10
170 0.2 1.2 4.7
180 0 0.7 2.7

The Coulomb barrier E. for *'C on '*’Au is calculated to be about 65
MeV by equation 5-2:

leZ

1/3

E. =144
C ro +

(5-2)

1/3

where Z,, A, Z,, and A, are the nuclear charge and the mass of the projectile

and target nucleus, respectively, and r, is the radius constant with a value
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taken to be 1.3 fm. As Table 5-2 shows, the cross sections for most astatine

isotopes are small when the beam energy is above the 120 MeV *'C beam en-
ergy. Therefore, the energy range investigated was from about 65 MeV to 120
MeV.

The data were taken in three runs during both the development and the
commissioning phases of the BEARS system. During the development phase,
before completion of the transfer line, two runs were dedicated to tests of the
injection of *C into the AECR source, following by ionization and acceleration
through the 88-Inch Cyclotron. For this purpose, a total of twelve =1 Ci batches
of 'C as CO, were produced at the BIF cyclotron and trapped in a portable
lead-lined Dewar. The Dewar was transported to the 88-Inch Cyclotron and the
1c0, was injected into the AECR ion source using a prototype BEARS system.
Each batch produced a beam of typically (0.5-1)x10® ions/sec for a period of
=20 min. The third run was performed during the commissioning phase of the
activity transfer line, when *C bursts of =200 mCi were transferred every 5 min
and continuously fed into the AECR ion source.

In all runs **C*" ions were accelerated to E,, =120 MeV. Before entering

llc
Cave 2, the beam passed through a 1.2 mg/cm? aluminum stripper foil mounted
in front of the last bending magnet in the 88-Inch Cyclotron vault to fully strip the
1C to the 6+ charge state. This permitted the separation of the *C ions from

llB4+

the co-resonant ions also produced by the ion source. As described in
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Chapter 4, the high quality radioactive *'C ion beam guarantees minimum con-

tamination from *!B.

Figure 5-1 shows the target and detector set-up. To measure excitation
functions, the beam energy was varied using aluminum degrader foils of 3.2 to
21.2 mg/cm? thickness. Thus, after the degraders, the initial beam energies
were from 116 MeV (3.2 mg/cm?) to 93 MeV (21.2 mg/cm?). These varied ener-
gies allowed the measurement of a large number of data points in a given beam
time. The beam intensity was monitored by measuring Rutherford scattering on
a 5 mg/cm? gold foil using a silicon AE-E particle-identification telescope
mounted at an angle of 15° to the beam. The telescope was calibrated for the
absolute ™C beam intensity by comparing its measured elastic scattering rate
with *C activity that was collected on a catcher foil directly behind the scatter-
ing target and subsequently counted offline.

The target setup consisted of three 250 pg/cm? gold targets mounted at
an angle of 15° towards the beam axis, resulting in an effective target thickness
of 966 pg/cm?. The gold foil acted as both targets and catcher foils for astatine
recoils. The thin target minimizes the energy loss of the a-particles in the target
foils (when they are counted; see below). On the other hand, the larger effective
thickness obtained by the 15° angle maximizes the yield of the astatine iso-
topes. Between each pair of targets 7.5 mg/cm? aluminum foils were mounted
to decrease the beam energy by steps of ~5 MeV, thus allowing three energy

points to be measured simultaneously. These degrader foils were backed with a
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1 mg/cm? gold layer in order to compensate partially for recoils leaving the tar-

gets. With degraders between targets, the lowest energy that was reached was
about 65 MeV. For the first target, the elastic-scattering target served the same
purpose. The setup was mounted on a plunger system, thus allowing the tar-
gets to be simultaneously moved in less than 1 sec from the beam axis to a po-
sition between individual pairs of 500 pm thick, 450 mm? Si detectors, each
about 7 mm from a target. There the a-particles are stopped in less than 35 um
of detector material. The solid angle for the detection of the astatine a-decays
was =17% of 41 sr for each detector, depending on the size of the beam spot
on target for a given set of degraders.

The detector resolution was on the order of =27 keV FWHM. The energy
loss in 250 pg/cm? thick gold targets is AE = 53 + 7 keV for 6 MeV a-particles by
SRIM calculation. However, depending on the origin of the decay in the 250
Hg/cm? target and the angle of the emitted a particle, an energy loss of up to
100 keV in the target was taken into account.

For a given initial energy, the measurement was performed in a cyclic
manner with alternating irradiation and counting periods. To optimize the yield,
the irradiation and a-decay counting times were chosen based on the half-lives
of the expected astatine isotopes (ranging from 43 sec for ?®At to 29.4 min for
206At):

A= Nyl (1-e™ J1-e7) (5-3)
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Side View
5 mg/cm?
Gold fail

Beam axis 75mg/cm’® 250 pglem?  Si detectors
Telescope Al degrader  Gold targets

3.2-21.2 mg/cm?
Al degrader

Target plunger

Fig. 5-1: Target and detector setup. Both the side view and the top view are shown. See

text for details.

where N, is the target density, o the cross section , | the beam intensity, t;

. o L In(2
the irradiation time, t, the counting time, A the decay constant ( ( )]. The re-
1/2

sults were corrected for contamination by prior irradiations. The a-decay ener-
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gies range from 5703 keV for At to 6464 keV for *°°At [Fir96, Sch87a,

Schs7h).

5.3 Results and Discussion

5.3.1 a-spectra

Figure 5-2 shows a typical a spectrum from the experiments during the
“batch” runs with a degraded 93 MeV **C beam. Besides the a-decay groups of
the astatines, the decay lines of polonium isotopes can also be observed.
These predominantly resulted from the decay of the EC daughter nuclei of the
astatine isotopes. The observed resolution is primarily due to the energy loss of

the a-particles in the 250 pg/cm? gold targets.
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Fig. 5-2: Measuredx-spectrum at a degraded 93 MEC beam.
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Figure 5-3 shows a-decay spectra obtained at different bombarding en-

ergies for the *’Au(**C,xn)?***At and **’Au(*'C,xn)*®**At reactions. The *'C

data obtained in the continuous-beam mode (Figure 5-3e and Figure 5-3f) had
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Fig. 5-3: a spectra from thé®’Au(*C,xnf*°*At and **’Au(**C,xn¥*®*At reactions at
various energies. (3fC at 76 MeV and 93 MeV (dashed line); tf¢ at 110 MeV and
132 MeV (dashed line); (&)C in batch mode at 81 MeV; (#)C in batch mode at 94

MeV; (e)*'C in continuous mode at 84 MeV; (}'C in continuous mode at 107 MeV.
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much better statistics than the data obtained in batch mode (Figure 5-3c and

Figure 5-3d), decreasing the statistical error significantly. The detector resolu-
tion combined with energy loss in the targets made it impossible to resolve a
lines such as the 5951 keV decay of **At and the 5901 keV decay of 2®At, or
the 6135 keV 2°?At and the 6087 keV 2%*At peaks, using energy information only.

Decay curves based on the halflives of the a decays were used to sepa-
rate these decays. This worked very well for data with high statistics, such as
the **C data. However, for low statistics, such as the ™C data in batch mode,
this method can cause significant errors. Because the 2n and 3n channels were
not observed in the *'C data, only the 6135 keV ?%?At and the 6087 keV ?®At a
decays had to be separated. This was achieved by measuring the 6228 keV
292At o decay. Using the known branching ratios, a calculated 6135 keV *°?At a-
decay branch could then be subtracted from the “°?At/*At peak. However,
since the branching ratio of 6135 keV ?°?At a-decay is 8.7+1.5% with a large
uncertainty, the error for this subtraction is large.

5.3.2 2'Au(**C,xn)?***At

Prior to using the *C beam, the *’Au(*?C,xn)?***At excitation functions
were measured for the 3n to 9n channels at beam energies ranging from 60 to
130 MeV. These results were compared with earlier data by Thomas et al.
[Tho62] and Bimbot et al. [Bim68], corrected for the more recent a-branching
ratios of [Fir96, Sch87a, Sch87b]. The results of these two earlier measure-

ments differ as much as a factor of 3, making a remeasurement desirable. Fig-
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ure 5-4 shows the cross sections for the **’Au(*?C,xn)****At reactions obtained

in this experiment compared to the previous data. Our errors include the statis-
tical errors as well as those due to uncertainties in beam intensity of =10% and
in detector efficiency and recoil collection efficiency of =5%. The results of this
experiment are more consistent with the measurements of Thomas et al.
[Tho62]. However, deviations can be seen in the 4n channel and for energies
higher than 110 MeV. In the 4n channel, the Thomas et al. data show a sharp
dropoff after reaching the peak of the excitation function. However, the Bimbot
et al. [Bim68] data suggest a much smoother trend, comparable to our data.
The cross sections we obtained for energies above 110 MeV are generally
higher than those in the Thomas et al. data [Tho62]. The curves indicate results
of a calculation using the fusion-evaporation code HIVAP [Rei81]. The best
agreement with our data was obtained using the “default configuration” with a
=10% reduced scaling parameter of the level density constant. Moreover, all
calculated cross sections had to be divided by a factor of 4 to match the data,
which still is in good agreement within the predictive power of the statistical
model used in fusion-evaporation codes. The general agreement of the pre-
dicted excitation functions with the data is good with the exception of the 6n
channel leading to ?*At and the 8n channel leading to ***At, where the maxi-
mum cross section is still overpredicted by a factor of more than two. This dis-
crepancy may also be similar to results found in the incomplete fusion reactions
with light heavy ion beams (*2C) [Ver93, Par91, Lun99, Mor04]. It is notable that

the agreement of the summed cross section over all exit channels is very good.
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Fig. 5-4: *Au(*?C,xnf°*"At excitation functions. The filled circles are the current

data. The open circles represent the data of Thomas et al. [Tho62] while the open trian-
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gles are the data of Bimbot et al. [Bim68]. The lines represent the predictions of the

HIVAP code optimized for these data.

However in another experiment producing the isotope ?*At, no discrep-
ancy between the measured and the statistical model predictions regarding
203At evaporation residue (see Figure 5-5a) was found in the 4n channel of the

fusion-evaporation reaction of *°F + %80s [Mah03].
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Fig. 5-5: Measured evaporation residue and fission excitation functions are compared

with statistical model calculations for (BF + **®0s and (b)'°F + %0s system. The

continuous, the dashed, the dotted, the dot-dashed, the short dashed and the dot-dot-

dashed lines represent the statistical model fit for 3n, 4n, 5n, 6n, 7n, and fission cross-

sections, respectively [ MahO03].
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Mahata et al. [Mah03] pointed out that the discrepancy between the

measurement and the statistical model calculation reported in our work could be
due to the use of an incorrect branching ratio in evaluating 2°*At formation
cross-sections, rather than deficiencies in the statistical model calculation. If this
is true, the branching ratios reported in the literature will require further investi-
gation.

5.3.3 ¥Au(*'C,xn)*®*At

Figure 5-6 shows the cross sections for the 4n to 8n channels in the
197 Au(tC,xn)?*®*At reactions obtained in our experiments. The data taken in the
continuous-beam mode have significantly smaller errors due to the improved
statistics. The larger errors in the 4n and 6n channels are due to the low a-
branching ratios of 3.8% for ***At and 4.3% for the 6228-keV line of ?°?At. The
8n channel also shows higher uncertainties. Here the short half-life of %At
leads to a smaller saturation yield and, therefore, to a significantly reduced
count rate, especially for the batch-mode data.

The curves in Figure 5-6 again show the predictions of the HIVAP calcu-
lations using the compound-nucleus parameter set optimized for the
Y97 Au(*?C,xn)****At reactions (and again divided by four). The agreement of the
predictions with the data, though not as good as for **C, is fairly reasonable.
The deviations are larger close to the barrier, where fusion-evaporation codes
are generally very sensitive to the input parameters. The 6n channel is repro-
duced very well. For the 4n channel, the magnitude of the predicted cross sec-

tion agrees with the measurement; however, the maximum is observed at a
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higher energy than predicted. The 5n channel and the 7n channel leading to

23at and 2°*At, respectively, are still overpredicted by a factor of approximately
three. The excitation function summed over the 4n-8n exit channels shows that
the HIVAP code generally overpredicts the yield. However, the summed 4n-8n

cross section (when divided by four) agrees within a factor of two with the data.
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Fig. 5-6: *"Au(*'C xn)®®*At excitation functions. The open circles are data taken in
batch mode, while the filled circles represent the data taken in the continuous-beam

mode. The lines represent predictions of the HIV AP code. See text.
86



Chapter 5: *'C + *’Au
5.3.4 Comparisons of *Au(*C, xn)*®**At with *’Au(**C,

Xn)zog-x At

Table 5-3 compares the measured cross sections in the (*'C,xn) and
(**C,xn) reactions. The resulting cross section ratios are compared to HIVAP
predictions. One can see that the use of a radioactive **C beam leads to higher
cross sections for the production of neutron-deficient astatine isotopes when the
required beam energies are well above the Coulomb barrier. This is not surpris-
ing, since one neutron less has to be evaporated using a **C beam to produce
the same final astatine isotope. However, the increase in the cross sections is
only on the order of a factor of two. Taking the lower beam intensity of a radio-
active ''C beam into account, it is evident that the use of this beam is advanta-
geous only when using a stable **C beam is not convenient.

Although the cross sections for the (**C,5n) and (*'C,7n) reactions (when
divided by four) are overpredicted by a factor of up to three, the predicted and
measured ratios of the **C and **C reaction cross sections leading to the same
final isotopes agree reasonably well. The reason might be that the correspond-
ing (**C,6n) and (**C,8n) reactions are overpredicted as well. In this context, it is
also worth noting that the xn channels following these overpredicted channels
[(**C,6n), (**C,8n), (**C,7n), and (**C,9n)] open up at energies below the pre-
dicted ones. The code appears to treat either the cutoff of the overpredicted
channels or the opening of the subsequent channels incorrectly. Apparently, the

deviations of the predictions from the measured cross sections are caused by
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an effect related to the produced isotopes, not the xn channel involved. This ef-

fect could be due to nuclear structure and requires further investigation. In gen-
eral, however, predictions of the (**C,xn) cross sections using the fusion evapo-
ration code HIVAP give reasonable results; in particular, the ratios of the *'C
and *2C cross sections are reproduced satisfactorily in the energy region well
above the Coulomb barrier. Therefore, this code appears to be a good tool for
estimating yields for reactions using beams of radioactive ions near stability,
especially when the cross sections involving a stable isotope of the same beam

element are known.

Table 5-3: Measured and predicted cross section ratios in (**C,xn) and (**C,xn) chan-

nels.
Measured Predicted
| sotope Reaction Omax [Mb] o o
Ulzc Ulzc

DAt (*'C,4n) 41.1+7.6 0.24+0.05 0.31
(*?C,5n) 173.5+22.9

237t *'c,5n) 40.1+5.1 0.60+0.11 1.05
(*?C,6n) 66.7+8.0

2027t (*'c,6n) 87.5+15.5 1.98+0.42 1.60
*?C,7n) 44.3+5.3

2t *c,7n) 26.1+3.4 1.34+0.23 1.67
*?c,8n) 19.5+2.1

207t *'c,8n) 12.1+2.6 1.89+0.47 1.69
*?c,9n) 6.4+0.8
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5.4 Conclusion

In conclusion, the first experiment using BEARS, the light-ion radioac-
tive-beam capability at the LBNL 88-Inch Cyclotron, was successful. A *'C
beam with intensities of (1-2)x10® ions/sec on target was used to measure the
excitation functions for the 4n to 8n exit channels in the **’Au(*'C,xn)**®*At re-
actions. The measured cross sections were satisfactorily predicted using the
fusion-evaporation code HIVAP. To investigate the overpredictions for even-
neutron final nuclei, a detailed comparison of our data to the code needs to be
performed. Also, possible errors in the branching ratios of a decays from At iso-
topes and the presence of incomplete fusion reactions are probably contributing
to the overpredictions.

The BEARS system was also used to measure excitation functions in the
7 Au(tt213C, fission) reactions [Pea00]. These additional data will be very use-

ful in understanding the deexcitation processes of the compound nuclei.
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C H A P TE R 6

ENERGY LEVELS OF “F

6.1 Introduction

Light nuclei near and beyond the driplines provide a test bed for new nu-
clear structure phenomena, both from the experimental and the theoretical point
of view [Lep03]. In the past two decades, new phenomena such as halo nuclei
[Tan85a, Tan85b, Tan88, Kob88], as well as the disappearance of magic num-
ber effects [Nav0O] along the neutron dripline and the concomitant appearance
of new magic numbers [Oza00] have been observed. It is of great interest to
see whether similar phenomena can be discovered near the proton dripline. To
explore these phenomena, it is essential to have accurate and detailed informa-
tion of these exotic nuclei, i.e., their energy spectra, and the spins and parities
of their levels. With the development of new beam technologies, such as radio-
active ion beams, it is possible to get information on nuclei far from the valley of
stability that is difficult or impossible to acquire by traditional methods.

Proton rich beams provided by BEARS [Pow00, Pow03] make it possible
to explore nuclei at or beyond the proton dripline. With the **O beam, the T, = -

3/2 nucleus *°F has been investigated by elastic resonance scattering of **O on
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a target containing hydrogen. *°F has been of nuclear structure interest in a va-

riety of calculations including predictions of the energy levels of T, = -3/2 nu-
clides [Ant88, Bri98], Thomas-Ehrman shifts across T=3/2 multiplets [Oga99]
and the disappearance of magic number effects due to unbalanced neutron-
proton ratios [Pet03, Tho03]. The mass of *°F is also critical for evaluating the
relative di-proton decay probability of *°Ne compared to the one proton decay
probability [ThoO1].

>F is a member of a T=3/2 isobaric quartet, which also includes *°C, *°N,
and 0. Energy levels of °F can be used to establish systematics within this
isobaric multiplet, an example being the assignment of a T=3/2, J" =1/27,
Eex~11 MeV state in °O [Ant88].

Another interest lies in investigating the Thomas-Ehrman shift (TES) be-
tween *°C and its mirror nuclei *°F -- the asymmetric effects in the energy levels
between mirror nuclei [Tho52, Ehr51] (see Figure 1). The TES can be used to
predict distortions in the expected energy spectra of mirror nuclei, especially for
Z>N nuclei from their N>Z mirror nuclei. The systematic study of TES will help
theorists correctly calculate the energy spectra of proton-rich nuclei [Oga99].

The magic numbers in the valley of stable isotopes reflect the shell clo-
sures of nuclei [Kra88c]. As one moves toward and beyond the dripline, the
“standard” magic numbers may disappear and new magic numbers may
emerge [Nav00, Oza00, Pet03, Tho03]. A question has been raised about the
possible disappearance of shell closure around Z=8 for T,=-3/2 nuclides. The

focus of this issue is the position of the ground state of *°F.
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Fig. 6-1: Known energy levels of °F and °C [Ajz91].

In the seventies, the energy levels of *°F were investigated by Kekelis et
al. [Kek78] and by Benenson et al. [Ben78] with the low cross-section transfer
reaction *°Ne(®*He, ®Li)'®F. Only two levels have been observed so far, the
ground state and the first excited state (see Fig. 6-1). The adopted values for
these two levels are 1.47+0.13 and 2.77+0.10 MeV relative to the mass-energy
of a proton and **O [Ajz91]; their widths are reported to be 1.0+0.2 MeV and
0.24+0.03 MeV, respectively. Since the cross section is small, about 1-4 ub, the
statistics were poor for both states. Recently, these two levels have been re-
investigated by several authors [Lep03, Pet03, Gre97, Gol04] using two reac-
tions: the elastic scattering reaction *O+p->'F and the transfer reaction
*0(**N,**C)**F. While most of these experiments agree quite well with one an-

other on the position of the first excited state, questions have remained about
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the energy and the width of the broad ground state. To clarify this question, a

new measurement of low-lying *°F levels using elastic scattering of **O on a hy-
drogen target in an inverse kinematics thick target arrangement was completed

and analyzed.

6.2 Experiment

The experiment applied the ERSIKTT technology described in Chapter 3

and the *O beam described in Chapter 4. An 120 MeV **O beam was directed
onto a target consisting of a 17.8 um Nickel degrader followed by a thick poly-
ethylene foil (200um [CHa],, density 0.92 g/cm®). The target combination was
chosen to completely stop 120 MeV **0O (and N, as a beam used for calibra-

tion).

Ni+200 umPE 72 pm Si +3mm Si
14
120Mev 0 || oroton || 0

I I

Fig. 6-2: The experimental setup for the Yo+ p thick target elastic resonance scattering

experiment.

Scattered protons from the polyethylene (PE) were observed in a AE-E
silicon detector telescope at 0° in the lab (see Fig. 6-2). The AE and E detectors
were 72 pm and 3 mm thick, respectively, and were at a distance of 14.6 cm

from the target, subtending an angle of about +5° in the lab frame (correspond-
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ing to £10° about 180° in the center of mass). The beam intensity was occa-

sionally measured by removing the thick target and counting the direct beam. It
ranged between 1000 and 30000 **O ions/s. Because of variations in beam in-
tensity, the total beam on target during runs could only be crudely estimated.
The advantage of this thick-target inverse-kinematics technique is simul-
taneous collection of the entire elastic-scattering excitation function, as the **0
ions lose all their energy in the polyethylene target. The observed proton ener-

gies E ,, can be directly translated to the excitation energies of the reaction,

Ec,m. ) by Equation 3-3:

__ _m+M E (6-1)
2 m, lab
4Mcos“0,,,

As discussed in Chapter 3, a correction must be made to the observed proton
energies due to energy losses in the target. Interactions at lower excitation en-
ergies occur deeper in the thick target thus reducing the amount of material re-
maining to retard the scattered proton. Thus, an energy loss correction factor
can be calculated as a function of center-of-mass energy, using knowledge of
stopping powers, incoming beam energy, and target thicknesses. Stopping
powers for **O, *N, and protons were calculated from SRIM [Zie03].

As discussed in section 3.2.5, to relate the observed yield of protons to a
relative cross section versus energy, one must correct for the changing energy
loss of the bombarding ion as it slows down. The elastic scattering excitation
function is calculated from yields multiplied by beam ion energy loss by Equa-
tion 3-7:
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o 0Y xdE/dx. (6-2)

The detector system was calibrated by using a beam of 120 MeV *N.
Figure 6-3 shows the resulting spectrum of protons, which has been energy-
matched to previous experimental determinations of **N+p using conventional
kinematics. The excitation functions from two such experiments are shown:
lower energy measurements at 6., =168.1° from Olness et al. [OIn58], and
higher energy data at 6., =159.1° from West et al. [Wes69]. A small nonlinear
correction has been made for the calculated energy loss of the protons exiting
the polyethylene target; otherwise the calibration is linear. The yield of protons
in the thick-target inverse kinematics experiment has been corrected by the en-
ergy loss of **N in polyethylene in order to produce a relative cross section.

The presence of several peaks and structures can be readily seen in the
inverse kinematics data. These structures sit upon a significant background
contributed by protons from **N reactions on the carbon component in the poly-
ethylene target and on the nickel degrader foil. This background was investi-
gated with a pure carbon target in place of the polyethylene target and was
found to be smooth in shape.

The experimental resolution can be determined from the width of the nar-
row resonance just below 3 MeV; it is found to be about 60 keV in the center of
mass frame. The major contributions to this resolution are estimated to be 40
keV from the E detector; 27 keV from the AE detector; 30 keV due to the +10°

angular spread in the center of mass; and 19 keV due to the beam spread and
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the straggling of both the incident beam and the scattering proton inside the de-

grader and target.
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Fig. 6-3: The proton spectrum for the p(**N,p)**N reaction. The solid line is from this
experiment. The dash lines are from conventional kinematics: the lower energy data are
from Olness et al. [OIN58], and the higher energy data are from West et al. [Wes69].

See text.

The features in the **N+p spectrum permitted a good linear calibration of
the detector telescope energy. This calibration is accurate to about 15 keV in
the center of mass frame over the entire energy range of from 1 to 5 MeV.
However, a significant correction is required to use this calibration with **O+p.

The more rapid energy loss of **O in the degrader foil and target lead to interac-
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tions occurring at a shallower depth, relative to the equivalent energy scattering

by N. Thus protons scattered by *O lose more energy as they emerge from
the back of the target. The calculated energy loss corrections for **O and **N

beams are displayed in Fig. 6-4.

Target: 17.8 um Ni + 200 um Polyethylene
% —0— 120 MeV “O+p

0.4 —0— 120 MeV “N+p
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Fig. 6-4: The energy corrections for protons produced by two beams: 120 MeV N and

140.

6.3 Results and Discussion

6.3.1 R-matrix Formalism

The *O+p data were fit with an R-matrix formalism [Lan58]. In this ap-
proach, the cross section, other than the Rutherford component, is expanded in
terms of phase shifts for a spin 1/2 proton interacting with a spin O particle, as
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described in [Lau51]. The differential elastic scattering cross section can be ex-

pressed with the following formula from [Lau51]

do

52 =|A(6)+ Ar(6)" +[8(e) 63
where j—g is the differential cross section, A(6) is the Coulomb scattering,

A,(6) is the nuclear scattering coherent with A (8), and B(6) is the incoherent

nuclear scattering. They are expressed with these formulas:

R ipisng2) ]
AlO)= 552 (6-4)
A(6)= %i[(z +1)(€"7 -1) +/(e"” ~1)]e" P (cos6) (6-5)
B(6) = %i(e” - "% )" P! (cosb) (6-6)

2

Here n= € |Z is the Sommerfeld parameter; A :i, the reduced wave
artg, ) v 7y

length; e, the electron charge; &,, the permittivity of free space; z, the projec-

tile charge; Z, the target charge; 7, the reduced Planck constant; v, the veloc-

ity of relative motion; u, the reduced mass of the system; @, the scattering an-
gle; ¢, the orbital angular momentum; & and J,, the parallel and antiparallel
nuclear phase shifts; P,(cosé), the Legendre polynomials; P'(cosé), the first
order associated Legendre polynomials; and w,, the Coulomb phase shift with

the expression:
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14
Zarctan(lj (>0
W=~ m (6-7)
0 /=0

Explicitly the e”“ is expressed in this way,

I ol Rl Ay Sl ol RN
e’ =l-int-1-in 2-inl-in (6-8)
1 (=0

The nuclear phase shift for each partial wave is taken to be equal to a
hard sphere phase plus a possible resonant term that may contain one or more

states:

PR
1-(S, _bj)Rj

O; =—¢, +arctan (6-9)

@ =arctan(F, /G,) (6-10)
where ¢ refers to the hard sphere phase shift, F, and G, are the regular and

irregular Coulomb wave functions; J, and J, again refer respectively to the

partial waves with proton spin aligned parallel or antiparallel to the orbital angu-

lar momentum 7; P, and S, are the energy dependent R-matrix penetration
and shift factors; R’ is a sum over resonance terms yj/(EA —-E) representing

levels of each partial wave with reduced widths y7; and b is the boundary con-

stant. For cases where no more than one resonant term is required for each

partial wave, the phase shift can be more simply expressed as:

Py
Of = —¢@ +arctan A (6-11)
o E, ~E~(S -b)y;
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The formal R-matrix state parameters, E, and )., depend on the arbi-

trary boundary constant for that partial wave. Following the standard conven-

tion, the boundary constant is set to be equal to the shift function at the state
energy, by =S,(E,); with this choice, E, is defined as the “observed” reso-
nance energy. To define an “observed” resonance width that is independent of
energy, the penetration factor is approximated by its value at the state energy

P(E,), and the S, -S,(E,) term is approximated by a series expansion about

E =E,, keeping only the first non-zero term, (E- EA)dS/dE|E:EA , leading to:
of =-q + arctan—21 4 (6-12)
' ' E,-E
where the “observed” width is defined as
——ZP"Vj (6-13)

' 1+ 2 dS/dE|
An additional important R-matrix parameter is the channel radius, which
defines the “hard sphere” as well as the penetration and shift factors. We nor-

mally take this to be a simple estimate for *O+p: 1.25(AY*+1) with A=14. How-

ever, it can also be varied as a free parameter.

6.3.2 Results

The results of two runs of 120 MeV **O on hydrogen are shown in Fig. 6-
5. The yield from each run has been divided by the energy loss of **O per unit
thickness, dE/dx, in order to produce an excitation function. The first run in
March 2003 was on a 17.8 pum nickel degrader and a 200 pm polyethylene tar-
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get; the calibration of this run used the **N data of Fig. 6-3, as modified by a

calculated correction for the different energy loss (see Fig. 6-4).

The second run, (performed in October 2003), differed by having a thin-
ner 14 um nickel degrader. Unfortunately, detector and electronics problems
prevented the determination of a good calibration spectrum for this run. Instead,
the calibration was only determined by matching (with very poor statistics) to
the two largest peaks in the **N + *H spectrum, leading to an energy uncertainty
of about 50 keV in the lower energy range. Despite this uncertainty, the shape
of the two runs is very similar. The second run also exhibits what appears to be

a higher background at higher energies. This may reflect beam contaminants.

D12
Ol
Mas

S0 ¢

do/dQ (arbitrary unit)

Fig. 6-5: The excitation functions for two p(**0,p)**O runs. Also as protons from

12C+0 reaction. The sharp “peak” in around 6.5 MeV is dueto ADC overflow.
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A background run is also shown in Fig. 6-5, for a 14 um nickel degrader

backed by a 28.0 mg/cm? carbon foil. This spectrum has been nominally energy
calibrated and analyzed in the same way as the second **O+p run. The overall
yield has been determinated using estimates of the **O beam intensity during
these runs; this is accurate to only about 50%. The energy calibration should
also include a different correction to account for the different target. However,
since the background is a smooth featureless function, precise calibration is
unnecessary.

The background from **O+carbon has been subtracted from the first
1“O+polyethylene run, thus producing an excitation function for elastically scat-
tered protons on *O. This is displayed in Fig. 6-6, and is preferentially used in
the analysis because of its superior energy calibration.

The *O+p scattering excitation function was fit with two R-matrix reso-
nances, a 1/2" ground state (#=0) and a 5/2" first excited state (¢=2). The fit is
shown in Fig. 6-6. Because of possible background at higher energies, the fit is
made only between 1 MeV and 3.2 MeV. The fit has been convoluted with an
estimated experimental resolution of 50 keV, in the center of mass frame,
though the exact resolution has little effect on the fit. Also shown are the sepa-
rate contributions from each state, calculated by setting the other state to zero.

Table 6-1 lists the best overall fit parameters.
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do/dQ (arbitrary unit)

! 15

Ecm. .(MeV)

Fig. 6-6: Thefina excitation function and fitted curves.

Table 6-1: The R-matrix parameters for *°F from p(**O,p)*O.

T 1
HEARS
Scu Fa

L) —

L«

Evo+ 1.23+0.05 MeV
[ 12+ 0.5-0.84 MeV
Espo+ 2.81+0.02 MeV
I 50+ (Observed) 0.30+0.06 MeV
Channel radius 4.26 fm
x?/degrees of freedom 27.9/16

The channel radius, used in defining the R-matrix hard sphere phase

shift and penetration factors, was set equal to 4.26 fm, corresponding to

1.25(AY3+1) for *O+p. If allowed to be a free parameter, it was found to fit at

4.59 fm with a slightly better x* of 26.8, and overall it lay within a range of

roughly 3.5-5.5 fm. Variation in this range did not produce changes in the best

fit parameters larger than the uncertainties given in Table 6-1. Varying the angle
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used in the fitting, from 6.,=180° down to 170°, the maximum angular range of

the detector, also produced only small changes in the parameters.

Due to the uncertainty in the exact amount of **O+carbon background to
subtract, this correction was varied by plus or minus 50% to investigate its ef-
fect on the best fit parameters. This is incorporated into the errors given in table
6-1, as are uncertainties in the energy calibration.

Other spin assignments were investigated. The only one giving a possi-
ble, though poorer, fit was assigning the first excited state to be 3/2*, the other
¢ =2 possibility. This fit was notably worse than with the preferred assignment of
5/2*, giving a best x? of 39.2 versus 27.9. Good fits could not be obtained with
other choices of the angular momentum.

The excitation function was measured up to about 5 MeV, and there is
no evidence of further resonances. However, the R-matrix calculations show
that scattering from a *°F mirror analogue of the 1/2" second excited state in *°C
at 3.103 MeV would have only a relatively small effect, and such a state could
easily be hidden in the data. Better understanding and control of the back-
ground would be needed to identify or exclude such a state.

A comment should be made on the observed width of the broad /=0

ground state. As seen from the definition of the observed width in Equation 6-

13, for large values of y;dS/dE, the observed width reaches a maximum of

2P,(dS/dE)™, independent of the reduced width. This limit is 0.84 MeV for the

ground state. Near this limit, the behavior of the partial wave is determined
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mainly by the energy dependence of the penetration and shift functions, and by

interference with the Rutherford scattering component. The best fit occurs at
this limit, but reasonable fits are obtained for observed widths down to about 0.5

MeV.

6.4 Discussion

6.4.1 Comparison

These data can be compared with two other recent measurements of the
“O+p spectrum. Figure 6-7 displays the final excitation function of a National
Superconducting Cyclotron Laboratory (NSCL) at Michigan State University
group [Pet03], as well as the fitted result for 6.,,=180° from a Texas A & M Uni-
versity group [Gol04] (this fit is also based on data at other angles, but it rea-
sonably describes the 180° data in that work). Also plotted is the R-matrix fit
from Fig. 6-6.

There is disagreement among the three experiments. Our results agree
reasonably well with Ref. [Gol04] as to the shape and position of the excited
state, while showing systematic disagreements with the data of Ref. [Pet03].
The current work disagrees with both previous measurements as to the position
of the leading edge of the ground state resonance, placing this edge roughly
150 keV lower. This shift is larger than can be accounted for by the estimated

energy uncertainties.
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LBNL Bes 1)
Towm A&M
1 NSCY

do/dQ (arbitrary unit)

4

Ec.m. -(M eV)
Fig. 6-7: The comparison of results from three different labs using the same p(**O,p)**0

reaction.

Comparisons to past results for *°F [Lep03, Pet03, Kek78, Ben78,
Gre97, Gol04], which are summarized in Table 6-2, are complicated by the
various possible definitions of the excitation energy and width of the broad
states. In many cases, the relevant energy comparison is to the point of maxi-
mum cross section, which for the current work is 1.33+0.08 and 2.73+0.03 MeV
for the ground state and first excited state, respectively. Note the shift from the
R-matrix values even for the narrower excited state, due to interference with the

ground state. With the appropriate quantities compared, the current measure-

ment is in general agreement with past work.
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Table 6-2: Comparison of the results for the energy levels of *°F.

Level JuT Ref. Ex (MeV) Cem (MeV)
[Ben78] 1.6+0.2 >0.9
[Kek78] 1.37+0.18 0.8+0.3
[Gre97] * 1.2 0.5
[Lep03] 1.41+0.15 0.8+0.3
90° +
os U2 32 [Pet03] m:x(es ) 1:2;_0.11 (1.47) |12
[Gol04] | Omax () | 145757
Wmax 1.29 tg:gg 0.7
This Omax (3°) | 1.33
work: E,, (Obs) 1.23+0.05 0.50-0.84
[Ben78] 2.8+0.2 0.24+0.03
[Kek78] 2.67+0.1 0.5+0.2
[Gre97] * 2.4 0.2
[Lep03] 2.54+0.07 0.27+0.07
90°
Fes | 5232 [Pet03] 3211 ™) 3:22310.045 0.34
[GOI04] | Omax (8°) | 2.795+0.045 0.325+0.06
Wi 2.795+0.045 0.325+0.06
This Omax (0°) | 2.73+0.03
work: E,,,- (Obs.) 2.81+0.02 0.30+0.06

* Theoretical estimation.

6.4.2 Isobaric Multiplet Mass Equation of T=3/2, A=15

The quadratic isobaric multiplet mass equation (IMME) predicts the mass
M of a multiplet member as:

M(A, T, T,)=a(A,T) +b(A, T)T, +c(A, T)T? (6-14)
where M is the mass of a multiplet member, A, T, and T the mass number, iso-
spin, and the projection of T, and a, b, and ¢ are parameters. The analog
masses for the T=3/2, J'=1/2" state in *°F found in °C and N are 9873+0.9

and 117164 keV. The T=3/2, J"=1/2" state for >0 has not been experimentally
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assigned. There was a tentative assignment of the 11151+7 keV (unknown J")

level to a T=3/2 state in O with systematics from the analog T=3/2, J"=1/2",
16770+130 keV (Eex=1.47+0.13 MeV) state of °F [Ant88]. Two other states in
150, at 10938+3 and 11025+3, were not selected. However, with the new

Eex=1.23£0.05 MeV, for this state, the assignment may be problematic.

Table 6-3: The IMME fitting parameters for J=1/2*, T=3/2 in O with different values

for the °F ground state.

Eo Of °F (MeV)| Assumed A (keV) | (keV) [c(keV) d(keV) x%n
T=3/2, J=1/2" |andog level

of 20 (keV)
1.23+0.05
This work 10938+3  [12721+3 [2089+5 [127+4 65.3
12699+4 |-2059+6 [223+13 (709
11025+3  [12756+3 |-2168+5 [164+4 9.51
12748+4 | 2157+6 [201+13 [27+9
11151+7 [12804+4 |-2276+7 [215+5 15.3
12819+6 |2299+8 [169+13 36+9
1.47+0.13
[Ant88] 10938+3  [12724+3 |[2080+4 [119+3 25.9
12684+6 |2049+7 [284+23 1111+16
11025+3 [12757+3 |-2166+5 [162+4 0.58
12733+9 |[2147+8 [262+33 -68+22
11151+7 [12805+4 |-2290+8 [224+5 0.0417
12803+9 |[2289+11 [230+33 [5+22

As shown in Table 6-3, which considers all three O states, the x%n for both
the 11151 keV level and the 11025 keV level is large; neither of them is consis-
tent with the IMME parameters. When referring back to reference [Ajz91], these
two states (11151 keV and 11025 keV) are populated by one of these reactions:

2Cc(°Li,n™0, N(p,y)*°0, ¥N(p,p)**N, and **O(*He,a)* 0. None of these reac-
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tions will populate T=3/2 states in *>0. A X fit to the analog masses of *°C, **N,

and °F (1.23 MeV) (T=3/2, J"=1/2") gave the following results:
a=12778+8 keV, b =-2218+17 keV, ¢ = 1879 keV
From these coefficients, the calculated analog mass of °0O (Tz=-1/2) is 13934

keV, and the deduced analogue level of O would be around 11079 keV.

6.4.3 Thomas-Ehrman Shift

Because of the charge independence of the strong nuclear force, the
wave functions and energy levels of isobaric multiplets are nearly identical.
Hence, these analog states are usually used to estimate the level structures of
unknown proton rich exotic nuclei from their mirror partners. However, near the
doubly magic nuclide *°0O, there is a large discrepancy between the low lying
analog states of mirror nuclei. For example, the 1/2* first excited state of *N is
720 keV lower than its analog state in **C. This effect is called the Thomas—
Ehrman shift (TES).

The TES has been conventionally treated as an effect of the Coulomb in-
teraction between a loosely bound or unbound s;, proton with the relatively
tightly bound core. In light nuclei, frequently the last proton in the proton rich
member of a mirror pair is unbound or very loosely bound. In this case, the pro-
ton has a larger probability to tunnel through the barrier and give a broad radial
distribution. The effect is especially pronounced if the proton is in an s-shell, so
there is no centrifugal barrier and the proton wavefunction can stretch far out.
This will reduce the Coulomb energy which has a 1/r dependence, and the state

appears at lower energy than the analog state for a valence neutron [Mar01].
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Fig. 6-8: TES: Experimental and calculated energy levels of the *C — *°F mirror nuclei
[Oga99]. (a) Data from [Ajz91], Es = 1.30 MeV; (b) Data from this thesis, E«=1.58

MeV.

Recently, it has been argued whether this mechanism is sufficient to ac-
count for the TES in various mirror nuclei [Oga99]. With a phenomenological
method focusing on effects of the residual nuclear interaction (RNI) on the TES,
the energies of the low-lying 1/2* and 5/2* levels of *°C and *°F (T,=%3/2) have
been calculated in the (Opi,) ™0 (0dsz1s12)" model space. Figure 6-8 shows
the calculated energy levels together with the experimental data from reference
[Ajz91] and from this thesis. Experimentally, it has been known that level inver-

sion occurs (when compared to the simple shell model), thus the 1/2" states,
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instead of the 5/2" states, lie lowest in both nuclei. This inversion can be repro-

duced by the shell model Hamiltonian [Oga99], due to the stronger repulsion
between Op1> * and 0ds/, than between 0p1, * and 1sy,.

This RNI shell model yields Eex(5/21)=0.563 MeV for °C and 1.40 MeV
for °F. The 5/2" level is observed at E.,=0.74 MeV in *°C, and at 1.30 MeV
from the adopted value [Ajz91] or 1.58 MeV from our data in *°F. The TES in
the **C—"°F pair is thus described with reasonable accuracy within the frame-
work of the phenomenological shell model. A large discrepancy is found in
E(1/2") of *C, which is overestimated by 0.176 MeV [0ga99]. If we take the Eey
= 1.58 MeV for °F, it seems that the calculated E(1/2%) of °F is overestimated

by 0.180 MeV.
6.4.4 Disappearance of the Magic Number Effect

The magic number phenomenon in the valley of the stable isotopes re-
flects the shell closures of nuclei [Kra88c]. When experiments probe nuclei to-
ward and beyond the dripline, the magic numbers may disappear and new
magic humbers may emerge [Nav00- Oza00, Pet03, ThoO3].

The systematics of neutron and proton separation energies can be pow-
erful tools for studying nuclear structure at and even beyond the driplines.
There is evidence showing the disappearance of the N=8 shell closure when
close to the neutron dripline [ThoO1, Tho03, Pet03]. The vanishing of the N = 8
shell close to the dripline can be observed in the systematics of single neutron
separation energies for nuclei with a given isospin as a function of neutron

number (see Fig. 6-9a). At shell closures the neutron separation energy shows
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a sharp drop between adjacent nuclei. The absence of this sharp decrease in-

dicates the disappearance of a shell, as is seen in Fig. 6-9a for nuclei with

T,=3/2.
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Fig. 6-9: Single-nucleon separation energies. (a) S, for neutron rich T,=1/2 and T,=3/2
nuclei. The N=8 shell closure has clearly disappeared for the T,=3/2 nuclei. (b) S, for

proton-rich T,=-1/2 and T,=-3/2 nuclei. See text.
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Similarly, proton separation energies can be used to study proton shell

closures. It is arguable whether the disappearance of the Z=8 shell closure hap-
pens when close to the proton dripline. Figure 6-9b shows the single proton
separation energies for odd Z, even N nuclei with isospin -1/2, and —-3/2. The
T,=-1/2 shell closure is clearly seen. Two different proton separation energies
for °F are shown in this figure for the T,=-3/2 nuclei: -1.23 MeV (dash line) from
this work and -1.48 MeV (solid line) from the most recent compilation [Aud03].
For T, = —-3/2 nuclei, it depends on which S, for *°F is chosen, whether the
(small) discontinuity vanishes. Our data would indicate the disappearance of the

Z = 8 shell for proton-rich nuclei which are beyond the dripline.

6.5 Summary

Since the first successful delivery of **O as a radioactive ion beam, sev-
eral **O+p runs have been performed. Excellent energy calibration can be ob-
tained using *N+p in inverse kinematics and comparing the results to those ob-
tained earlier with normal kinematics. The differences between *N+p and
“O+p in the stopping power function have been evaluated for better energy
calibration. After careful calibration, the energy levels of *°F were fitted with an
R-matrix calculation. Spins and parities were assigned to the two observed
resonances. This new measurement of the *°F ground state supports the disap-

pearance of the Z = 8 proton magic number for odd Z, T,=-3/2 nuclei.
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CcC H AP TER 7

SUMMARY AND FUTURE
WORK

7.1 Summary

As discussed in previous chapters, radioactive ion beams have been
shown to be a useful tool for studying proton-rich nuclides near and beyond the
proton dripline and for evaluating nuclear models. RIBs bring unprecedented
opportunities to nuclear physics and astrophysics. The RIBs facilities, either
with the projectile fragmentation method or the ISOL method, or a hybridization
of both, are providing or are going to provide exciting results for our improved
understanding of nuclear matter.

To take full advantage of radioactive ion beams, an experimental
method, elastic resonance scattering in inverse kinematics with thick targets,
has been intensively discussed and proven to be a reliable tool for investiga-
tions of proton unbound nuclei. ERSIKTT offers an economical but still good-

guality method to utilize the present, low-intensity, RIBs.
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Following several years of effort, BEARS, a radioactive ion beam capa-

bility, has been developed at the LBNL 88-Inch Cyclotron. The current BEARS
provides two radioactive ion beams: a 'C beam of up to 2x10° pps intensity
and an **O beam of up to 3x10* pps intensity. While the development of the *'C
beam has been relatively easy, a number of challenges had to be overcome to
obtain the **O beam. It is hoped that the planned development of an O beam
will be easier, since it utilizes the technology developed for the **O beam.

The excellent **C beam has been used to investigate a few reactions.
The first was the **’Au(*'C,xn)?***"At reaction, which was used to measure ex-
citation functions for the 4n to 8n exit channels. The measured cross sections
were generally predicted quite well using the fusion-evaporation code HIVAP.
Possible errors in the branching ratios of a decays from At isotopes as well as
the presence of incomplete fusion reactions are probably contributing to specific
overpredictions. To investigate the overpredictions of the yield for even-neutron
final nuclei, a more detailed comparison of our data to the code still needs to be
performed. Further *'C studies are discussed below.

®F has been investigated by the p(**O,p)**O reaction with ERSIKTT
technology. Several **O+p runs have been performed. Excellent energy calibra-
tion was obtained using resonances from p(**N,p)**N in inverse kinematics, and
comparing the results to those obtained earlier with normal kinematics. The dif-
ferences between “N+p and *O+p in the stopping power function have been
evaluated for better energy calibration. After careful calibration, the energy lev-

els of °F were fitted with an R-matrix calculation. Spins and parities were as-
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signed to the two observed resonances. This new measurement of the °F

ground state supports the disappearance of the Z = 8 proton magic number for
odd Z, T,=-3/2 nuclei.

It is expected that future work on proton-rich nuclides will rely heavily on
radioactive ion beams and/or mass separators. At the current time, radioactive
ion beam intensities are sufficient for the study of a reasonable number of very

proton-rich nuclides.

7.2 Outlook

Research is an ongoing process. Besides the work mentioned above,
several additional projects have used or will utilize the **C and **O radioactive
ion beams. Using the *C beam, the **C(d,n) **N reaction has been investigated
to extract its direct interaction cross section, which plays a significant role in the
production of *?C nuclei for the CNO cycle of p-p burning: "Be(a,y)*'C or
8B(a,p)*'C, and *C(p, y)**N. For the **O beam, a few unique experiments have
been proposed, such as using the *He(**O,t)**F reaction to study the unknown
exotic nuclide **F and the **O(a,2p)*®0 reaction to search for two-proton radio-
activity.

Two-proton radioactivity, the spontaneous breakup of elements with
emission of two protons, was predicted to exist near the proton drip line by
Goldansky in the sixties [Gol60]. A two-proton decay may proceed either via

’He emission or by the simultaneous emission of two protons which are uncor-
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related in space (direct three-body decay with no final state interactions). For

those nuclei considered to be candidates for 2p radioactivity, one-proton emis-
sion is forbidden in terms of energy conservation. A two-proton decay mode has
been postulated for °Be [Gee77, Boc92] and for *?0 [Kry95]. Although for these
light nuclei, the centroid of the intermediate one-proton daughter state may lie
higher in energy than the two-proton emitting state, a sequential two proton de-
cay branch is always found to be open, because all the states involved are very

broad as a consequence of the small Coulomb barrier for these light nuclei.

310 1/27
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Fig. 7-1: Decay scheme of ®Ne. Spins and parities taken from Ref. [GOmO01].

Recent experimental efforts have focused on the observation of direct
two-proton decay. There have been experiments showing indirect evidence for

two-proton decay of “*Fe [Gio02, Pfii02] and correlated two-proton (*He) decay
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from a 6.15 MeV J™ = 1" excited state of *®Ne [G6mO01]. In the latter case, the

6.15 MeV J™ = 1" excited state of *®Ne was populated by *’F+p. These authors
have explored what appears to be a unique example in light nuclei where se-
guential two-proton emission is not possible. Hence, the only mechanisms for
two-proton emission which are possible are He emission or simultaneous un-
correlated emission. The decay scheme is illustrated in Fig. 7-1, which is taken
from Gomez del Campo et al. [GOmO1]. Unfortunately, as they report, their "en-
ergy and angular distribution data do not distinguish between the[se] two ex-

treme decay mechanisms."
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Fig. 7-2: Population of the 6.15 MeV 1" resonance in **Ne with 4.67 MeV 0.
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The results in [GOmMO1] have been criticized by Grigorenko et al. [Gri01,

Gri02]. The conclusion from [Gri01, Gri02] is that the two-proton decay of the 1°
state is sufficient to explain only a small fraction of the events reported in the
reference [GOMOL1]. It is plausible that the balance of the observed 2p events is
connected either with (i) excitation of a 2" state located a little higher than the 1
state or with (i) the breakup of *’F. For example, the breakup of *’F induced by
proton in the target could be an important source of two-proton events.

An alternate experiment with a goal to remove these uncertainties is to
study the two-proton decay of the **Ne 6.15 MeV, 1, resonance populated by
the O + “He reaction at 4.67 MeV (see Fig. 7-2). Using the **O + “He reaction
prohibits population of the 2" state since it is spin-parity forbidden, and it also
precludes significant break-up of the projectile due to the greater proton binding
energy of **O (4.6 MeV). Hence it may be possible to observe an unambiguous
signature of the two-proton decay mode of the 6.15 MeV, 1 state in *®Ne, which

lies at 1.04 MeV c. m. in the **O + *He reaction.
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