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FOREWORD

This report highlights the research performed in 2005 in the Physics Division of Argonne
National Laboratory. The Division's programs include operation of ATLAS as a national user
facility, nuclear structure and reaction research, nuclear theory, medium energy nuclear research
and accelerator research and development. The mission of Nuclear Physics is to understand the
origin, evolution and structure of baryonic matter in the universe — the matter that makes up
stars, planets and human life itself. The Division’s research focuses on innovative new ways to
address this mission and 2005 was a year of great progress.

One of the most exciting developments is the initiation of the Californium Rare lon Breeder
Upgrade, CARIBU. By combining a Cf-252 fission source, the gas catcher technology
developed for rare isotope beams, a high-resolution isobar separator, and charge breeding ECR
technology, CARIBU will make hundreds of new neutron-rich isotope beams available for
research. The cover illustration shows the anticipated intensities of low-energy beams that
become available for low-energy experiments and for injection into ATLAS for reacceleration.
CARIBU will be completed in early 2009 and provide us with considerable experience in many
of the technologies developed for afuture high intensity exotic beam facility.

Notable results in research at ATLAS include a measurement of the isomeric states in 2?No that
helps pin down the single particle structure expected for superheavy elements, and a new low-
background measurement of ‘°N beta-decay to determine the *2C(a.,y)*®O reaction rate that is so
important in astrophysical environments. Precise mass measurements shed new light on the
unitarity of the quark weak-mixing matrix in the search for physics beyond the standard model.
ATLAS operated for 4686 hours of research in FY 2005 while achieving 95% efficiency of beam
delivery for experiments.

In Medium-Energy Physics, radium isotopes were trapped in an atom trap for the first time, a
major milestone in an innovative search for the violation of time-reversal symmetry. New
results from HERMES establish that strange quarks carry little of the spin of the proton and
precise results have been obtained at JLAB on the changes in quark distributionsin light nuclei.

New theoretical results revea that the nature of the surfaces of strange quark stars. Green's
function Monte Carlo techniques have been extended to scattering problems and show great
promise for the accurate calculation, from first principles, of important astrophysical reactions.
Flame propagation in type 1A supernova has been simulated, a numerical process that requires
considering length scales that vary by factors of eight to twelve orders of magnitude.

Argonne continues to lead in the development and exploitation of the new technical concepts that
will truly make an advanced exotic beam facility, in the words of NSAC, “the world-leading
facility for research in nuclear structure and nuclear astrophysics.” Our science and our
technology continue to point the way to this magjor advance. It isatremendously exciting timein
science for these new capabilities hold the keys to unlocking important secrets of nature.



The great progress that has been made in meeting the exciting intellectual challenges of modern
nuclear physics reflects the talents and dedication of the Physics Division staff and the visitors,
guests and students who bring so much to the research.

S U —

Donald F. Geesaman, Director, Physics Division
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|. LOW-ENERGY NUCLEAR PHYSICSRESEARCH

OVERVIEW

The structure, stability, reactions and decays of nuclei are studied in this research.
This information is crucia for understanding the evolution of the universe, the
workings of stars and the abundances of the elements that form the world around
us. The forefront area of research is investigating the properties of nuclei which
lie very far from stability, which are critical in understanding nucleosynthesis, and
provide stringent tests of our understanding of nuclear structure. Exploiting
nuclear beta decay to investigate weak interaction is another forefront activity.
Most of our research is based at the Argonne Tandem-Linac Accelerator
(ATLAS), anational heavy-ion user facility. During this year programs were also
mounted at the Relativistic Heavy lon Collider (RHIC), at Michigan State
University, at Yae University, and at other forefront facilities. The magjor thrusts
of the program are: @) studying the reactions that are important in the cataclysmic
events in the cosmos which lead to the synthesis of the chemical elements,
b) deepening and generalizing our understanding of nuclear structure to allow a
reliable description of all bound nuclear systems, and c) testing the limits of the
Standard Model, the fundamental theory that currently best represents our
understanding of the laws and fundamental symmetries of nature.

Many approaches are used to investigate reactions of astrophysical importance,
including the production and acceleration of short-lived nuclel in order to measure
key reaction rates, the measurement of ionsin traps, and the use of Gammasphere
to investigate the properties of states in the “Gamow window”. Gammasphere
operating on two beamlines offers world-unique opportunities for gamma
spectroscopy and a wide range of experiments are being carried out on very
heavy, neutron-rich and neutron-poor nuclei. The key thrust of spectroscopic
studies is to investigate the modification of residual interactions in nuclei that lie
far from stability. In addition, there are complimentary efforts in the use of
Accelerator Mass Spectrometry (AMS) for environmental research and in the
investigation of nuclear matter at relativistic energies. The ATLAS-based
research exploits the unique capabilities of the accelerator, both in the stable beam
program, and in production of accelerated beams of short-lived isotopes. The
experiments employ state-of-the-art research equipment, including the national
gamma ray facility, Gammasphere, the Fragment Mass Anayzer (FMA), a large
solid angle silicon array, “Ludwig”’, and the Advanced Penning Trap switchyard
that includes open- and mass-measuring traps. Several new detector initiatives
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are being pursued including a new superconducting spectrometer for light ion
reactions HELIOS, refining the “in-flight” radioactive beam facility and its
detector systems, improving the Advanced Penning Trap (APT) and building a
new high-efficiency FMA foca plane array, AEIDA. Effort continues in
developing the next generation gamma ray detectors in the GRETINA project,
and in completing data analysis for the PHOBOS experiment at Brookhaven.

Some key areas of effort are:

Making high-precision measurements of nuclear masses with the Canadian Penning Trap
(CPT), particularly the masses of N = Z nuclei which are of astrophysical interest and are
important for testing Conserved Vector Current (CVC) theory, and measuring the masses
of neutron fission fragments that lie close to the anticipated r-process path. We are
working to improve the efficiency for production, separation, cooling, transportation, and
trap loading of ions to increase sensitivity. The open geometry Paul trap for weak
interaction studies, and the “Advanced Penning Trap” high resolution mass-selection
switchyard are being commissioned.

Studying the properties of very heavy nuclel (Z > 100) through “in-beam”, "isomer", and
“decay” spectroscopy. The measurements reveal information on the single particle
sequence, shell gaps, pairing strength, and fission barriers of very heavy systems. These
properties govern the mass limits of nuclear existence.

Developing and utilizing beams of short-lived nuclei, °He 8Li, B, *'C, 0, *N, *"*®F,
202Na, Al *K, “Ti, ®Ni, and others, in order to improve the understanding of
reactions of astrophysical importance. Emphasis is focused on “in-flight” production of
short-lived ion-species using kinematically inverse reactions on light gaseous targets.
Considerable scope still remains for further improving the intensity and quality of these
beams in the future, and the beamline is being continually upgraded.

Designing and constructing new equipment needed for radioactive beam physics. In,
particular developing a high resolution efficient spectrometer for inverse-direct-reaction
studies. A superconducting solenoid design, HELIOS, is being pursued. We are also
working on position-sensitive germanium detectors, for “tracking” gamma rays in order
to alow the imaging of the source of radiation. The ANL focus is on developing planar
germanium wafer technologies, in parallel with involvement in the GRETINA project to
construct a 1m germanium tracking detector. These new technologies are essential for
fully exploiting radioactive beams in the future.

Studying the structure of neutron-rich nuclei in order to understand the modification of
shell gaps and the apparent changes in spin-orbit splitting. Studying transfer reactions on
spherical tin isotopes, the decay and Coulomb excitation of exotic nuclel produced in
fragmentation, and the most neutron rich nuclei that can be reached by multi-nucleon
transfer and heavy-ion fusion.
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Study the shapes, stability and decay modes of nuclei along the proton dripline in order to
improve understanding of partially bound nuclel and study proton tunneling through
deformed barriers, in order to increase the spectroscopic information obtained through
proton radioactive decay rates. The techniques for proton-radioactivity now alow the
study of excited states in nuclei beyond the dripline using the recoil-decay tagging
technique to trigger Gammasphere. This approach is being continually refined and is key
to accessing very heavy nuclei and approaching ®°Sn.

R&D studies for future radioactive beam accelerators continues and we participate in all
efforts to refine the designs for the accelerators, target stations, post accelerator, and
experimental equipment. Intense effort is being directed to development of the “gas
catcher” technology for cooling primary beams, and in making reliable estimates of
accelerator yields.
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A. REACTIONS OF ASTROPHYSICAL IMPORTANCE

Research into nuclear reactions that are relevant to astrophysical processes is at the core of our
science program, and encompass both neutron rich and neutron deficient nuclei. A wide variety
of techniques are currently used, exploiting ailmost al of our equipment, including experiments
with radioactive beams, studies with Gammasphere, measurements with the Canadian Penning
Trap (CPT), and the use of Accelerator Mass Spectrometry (AMS) for trace element analysis.

al. A New Measurement of the E1 Component of the Low-Energy *C(a,y)'°O Cross
Section (X.D. Tang, K. E. Rehm, | Ahmad, J. Greene, A. Hecht, D. Henderson,
R. V. F. Janssens, C. L. Jiang, D. Kahl, F. Moore, R. C. Pardo, N. Patel, G. Savard,
J. P. Schiffer, S. Sinha, B. Shumard, M. Notani,* M. Paul,T A. Champagne,f C. Brune,§
L. JisonnaJ R. E. Segdl,f and A. Wuosmaa||)

The elements carbon and oxygen are crucia to al
living organisms. Their main isotopes, *C and *°0, are
produced by helium burning in red giant stars, with
their ratio determined by the competition between the
triple o process (o. + oL + oo — **C) and the 2C(a.,y)*°O
reaction. This ratio also has an effect on the future
evolution of the star during its carbon, neon and oxygen
burning phases. While the cross section of the triple
o, process is experimentally quite well determined, our
knowledge of the C(c,y)™°O reaction under typical red
giant conditions (E, ~ 300 keV) is still inadequate and
is considered as the most serious uncertainty in
nucleosynthesis.

During the last three years we have been working on a
new detector system consisting of two pairs of twin-
ionization chambers which are used for a measurement

attenuation cell

of the beta-delayed alpha decay of °N. A schematic of
the setup is shown in Fig. I-1. A N beam
(E ~ 60 MeV) produced by the in-flight technique via
the d(**N,*®N)p reaction is slowed down in the gas-
filled attenuation cell and stopped in a thin carbon foil
mounted on arotating wheel. After an irradiation time
of about two half-lives (~15 sec) the fail is rotated by
120" and placed between one of the two pairs of
ionization chambers for the coincident detection of
2C-o. pairs. During the counting period, which lasts
15 sec, asecond foil is being irradiated for a subsequent
measurement in the other pair of detectors. Some of the
advantages of ionization chambers over Si detectors,
which have been used in previous measurements, are
the absence of dead layers and the very low sensitivity
to beta particles.

Twin ICs

wheel/cathode

Fig. I-1. Schematic of the experimental setup used for measuring the S-delayed o decay of **N.
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In a first experiment performed last year, about 2 x 10°
2C-o. pairs were accumulated. Very clean and
background-free o spectra extending down to energies
below 500 keV had been obtained (see Annual Report
2004). A comparison among the o spectra from earlier
experiments™? indicates a somewhat shallower slope in
the low-energy part of the spectrum obtained in Ref. 2,
when compared to the results from Ref. 1. In this
energy region our spectrum is in better agreement with
the results from Ref. 2.

In this first experiment the pressure in the ionization
chamber (P = 150 Torr) was chosen to optimize the

detection of low-energy apha particless As a
consequence, particles above an energy of 1.9 MeV
were not completely stopped. In a second set of runs,
performed in FY 2005, we have increased the pressure
in the ionization chambers to 190 Torr in order to
obtain a spectrum where o, particles with energies up to
2.4 MeV were stopped. The spectrum measured in this
experiment is shown by the solid points in Fig. I-2
compared to the result from the previous year (solid
line). While on the high energy part of the spectrum the
expected change is observed, the data agree on the low
energy side within their statistical accuracies.

103t

counts/channel

|

100 A |

0 ~ 1000

2000

E(channels)

Fig. I-2. Bdelayed o-spectra from the decay of *°N measured with the twin-ionization chamber at two different
pressures: p = 190 Torr (solid points) and p = 150 Torr (solid line). The differences at the highest energies are
caused by incomplete stopping of the « particles.

With this new experiment the number of “C-o
coincidences was doubled (to about 4 x 10°). A
preliminary analysis of the data from one set of
detectors (~2.2 x 10° events), using the R-matrix
formalism, resulted in a S-factor S(E1) = 73 + 17 keV.
The uncertainty does not include systematic errors and
will be reduced, once the full data set is analyzed. The
systematic errors in previous experiments were
dominated by uncertainties in the energy calibration

and in the value of the relative branching ratio between
the two 1" states populated in the beta decay of **N. To
improve the energy calibration extensive tests of the
twin-ionization chambers have been performed (see
section h.7.). To improve the contribution to the error
budget resulting from the relative branching ratio, a
new measurement of the beta decay of °N will be
performed at Gammasphere in the near future.
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*Joint Institute for Nuclear Astrophysics, tHebrew University, Jerusalem, Israel, ¥University of North Carolina,
§0hio University, Northwestern University, |Western Michigan University.

'R. Azumaet al., Phys. Rev. C 50, 1194 (1994).
27. Zhao et al., Phys. Rev. Lett. 70, 726 (1993).

a2. The Spin of the 2.643 MeV Statein ®Na Studied Through the ®Ne(*He,d)*Na
Reaction (K. E. Rehm, J. Greene, D. Henderson, R. V. F. Janssens, C. L. Jiang,
R. C. Pardo, N. Patel, J. P. Schiffer, B. Shumard, X. D. Tang, L. Jisonna* R. E. Segel ,*
M. Notani,T M. Paul,f N. Goodman,8 J. Lightall,§ S. Marley,§ A. Wuosmaa,§ and

J. Fernandez-Niellof)

The temperature-density conditions in a nova are such
that neither the *O(0.,y)**Ne nor *®Ne(o,p)*Na route
can lead to an appreciable breakout from the hot CNO
cycle into the rp-process. In an X-ray burst, however,
higher density-temperature values are achieved,
resulting in a considerable breakout from the hot CNO
cycle into the rp-process, first proceeding through
2O(o,y)*Ne and, a higher temperatures, through
BNe(o,p)”Na.  The O(a,y)Ne reaction is then
followed by the proton capture reaction **Ne(p,y)*Na,
whose rate is still unknown. This uncertainty originates
from the two possible spin-parity assignments (1 or 3%)
that have been proposed for the 2.643 MeV state
through which the capture proceeds.

We have performed an experiment to determine the
spin of this state through a measurement of the angular
distribution of the 2.643 MeV state populated in the
one-proton transfer reaction *Ne(®*Hed)®Na.  The
groundstate spin of *®Neis %2". Therefore, a 1" state in
“Na will be populated mainly via an | = O transition,
while a 3" state requires | = 2. For | = 0 there is a
minimum and maximum in the angular distribution
between 6., ~ 30-60", while for | = 2 we expect a
continuous fall off in thisregion.

The Ne beam was produced via the °F(p,n)**Ne
reaction by bombarding a hydrogen- filled gas cell
(p = 1.4 bar and cooled to liquid nitrogen temperatures)
with a *°F beam from the ATLAS accelerator. Because
of the strong kinematic shift of the inverse (*He,d)
reaction, the beam spot of the secondary beam had to be
reduced with a collimator to a diameter of 2 mm. With
a 60 pnA primary °F beam a secondary beam intensity
of 4 x 10° Ne/sec was obtained under these
conditions.

For the reaction target a 1.5 mm long gas cell filled
with 700 mbar of *He and cooled to 90 K was used. To
reduce the small angle straggling of the outgoing low-
energy particles, the exit foil of the gas cell (normally
1.3 mg/cm? of Ti) was replaced with a 1.3 mg/cm? thick
Kapton foil. The outgoing particles (d and *°Na) were
detected in coincidence in an array consisting of three
annular position sensitive Si detectors and a Bragg-type
ionization chamber at forward angles.

The data from this experiment are presently being
analyzed.

*Northwestern University, tJoint Institute for Nuclear Astrophysics, $Hebrew University, Jerusalem, Israel,
8Western Michigan University, TTANDAR, Buenos Aires, Argentina.

a3. In-Beam Spectroscopy of the rp-Process Nucleus ®Si (D. Seweryniak,
M. P. Carpenter, R. V. F. Janssens, T. Lauritsen, C. J. Lister, S. Sinha, P. J. Woods,*
T. Davinson,* D. G. Jenkins,t C. Ruiz,} J. Shergur,8 and A. Woehrf))

Quantitative understanding the abundance of the
recently observed cosmogenic y emitter 2°Al requires a
determination of the ®Al(p,y)*Si reaction rate. The
ZAl(p,Y)®Si reaction is dominated by a handful of
states situated just above the proton threshold in #Si.

In order to determine the properties of these resonances
and other subthreshold states in *Si an in-beam y-ray
experiment was performed. The *C(*0,2n)%*Si
reaction was used to populate states above the threshold
in ®Si.  Their y decay was detected using the
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Gammasphere array. The Argonne Fragment Mass
Analyzer (FMA) was used to select A = 26 reaction
products. Their atomic number was deduced by
measuring AE-E in the ionization chamber place behind

the FMA focal plane. Figure I-3 contains a clean °Si
y-ray spectrum. A preliminary ®Si level scheme is
shown in Fig. 1-4. The energies, spins and parities
shown in Figs. I-3 and |-4 are tentative.
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Fig. I-3. The®S yray spectrum selected in the FMA.

The data allowed a more precise determination of the
level energies and provided evidence for spin
assignments complementary to earlier transfer studies.
Among others, a triplet of states at 4798, 4810 and
4831 keV was observed and spins 4%, 2° and O,
respectively, were assigned to these states. This triplet
was not resolved in previous studies due to an inferior
energy resolution. The proton capture on Al is
dominated by 3 states above the threshold at 5670 keV,

5912 keV, and 5946 keV, respectively. Only the first
and the last state are expected to have a significant
v-ray branch. The 3879 keV transition, which can be
seen in Fig. 1-3, was observed in coincidence with the
1797 keV transition and was interpreted as
corresponding to the decay of the 5670 keV resonance.
The impact of the new %S level scheme on the
structure of °Si and on the astrophysical ZAl(p,7)*Si
reaction rate will be presented in the forthcoming paper.

*University of Edinburgh, United Kingdom, TUniversity of Y ork, United Kingdom, $Simon Fraser University,
Burnaby, British Columbia, 8University of Maryland, fUniversity of Notre Dame.
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Fig. I-4. Apreliminary **S level scheme.
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B. WEAK INTERACTIONS

Studies of B-decay have always played an important role in nuclear science, as a major tool for
elucidating the properties of the weak interaction, as a laboratory for seeking physics beyond the
standard model, and as a tool for investigating nuclear structure. The opportunities in this
domain at ATLAS have been growing, and will continue into the CARIBU era. When the APT
switchyard or the FMA are combined with the gamma and electron spectroscopic arrays,
considerable progress should be possible in many facets of 3-decay, particularly in studying the
decays of very neutron-rich isotopes. These nuclides and their decays are important in
determining the r-process path and rate, and some have significance in determining decay heat
and delayed neutrons when burning minor actinides in advanced fuel cycles.

b.l. Q Valueof the Superallowed Decays of 0, **Sc, 2™Al, *CI, and the Unitarity of the
CKM Matrix (G. Savard,* S. Cadwell,* J. A. Clark,T J. Fallis,T A. A. Hecht,
D. Lascar,8 A. Levand, N. D. Scielzo, H. Sharma, T K. S. Sharma, T I. Tanihata,
A.C. C.Villari,f Y. Wang,T F. Buchinger,|| J. E. Crawford,|| S. Gulick,|| J. C. Hardy,**

J. K. P. Leg| and R. Segel 1)

Superallowed 0" — 0" decays test the CV C hypothesis,
provide the most precise value for the weak vector
coupling constant and hence V4, and play a critical role
in the test of the unitarity of the top row of the CKM
matrix. The data on the superallowed Fermi decays
used to obtain the most precise value of V4 involves Q-
value, lifetime and branching ratio measurements and
comes from over 100 different experiments. They
contribute less than 20% of the total uncertainty on Vg,
the remainder coming from the small theoretical
corrections that must be applied to the data. In
particular, the corrections for nuclear structure effects,
though not the largest contributors, have a significant
impact on the uncertainty. One test of the latter
corrections is to examine how precisely they convert
the scatter in experimental ft values to the CVC-
predicted constancy of the ft values. Improved
precision for individua transitions sharpen that test.
This was demonstrated last year at the CPT with a first
high precision Penning trap measurement on one of the
9 most precisely known cases, °V, that yielded a large
shift in that value compared to tabulated values and
resulted in a first statistically significant shift of the
corrected ft value from the mean value used to
determine V4. To see if this is an isolated case or a

first sign of a general trend, it is necessary to apply the
high precision available with ion trap measurements to
others emitters. This was done this year with precision
Q-value measurements performed on the superallowed
emitters 10, *2Sc, ™Al and **Cl.

The mass measurements were performed at the
Canadian Penning Trap (CPT) mass spectrometer
located online at the ATLAS accelerator. The O and
“N isotopes were produced with a 112 MeV beam of
“N impinging on a cryogenic hydrogen gas target. The
measurement cycle aternated measurements on O,
¥N and CH, so that the presence of possible systematic
effects could be tested with the last two ion species
whose masses are known to exquisite precision. The
relative masses of the **N ions and the CH, molecular
ions were in agreement with known values to
-0.04 + 0.09 keV, indicating that the system is free from
systematic errors at least the 6 x 10° level. A similar
accuracy has been obtained on the O isotope
measured simultaneoudly. This is the highest precision
Penning trap mass measurement on a short-lived
isotopes ever performed anywhere and the CPT seems
capable of going further. This new result is compared
to other measurementsin Fig. I-5.
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Fig. 1-5. Q-value obtained for the superallowed decay of **O in this work compared to previous high precision
results. Bu6l,' Ba62,” Ro70,® Wh77,* and To03.°

The %°Al isotopes were produced with a *®0 beam at  charged ions *Ne, “Ne and H3®0. The three

60 MeV impinging on a 1 mg/cm? rotating target of
natural carbon. The reaction produces mostly the
higher-spin long-lived groundstate of %Al rather than
the 0" isomer ?™Al, but since the excitation energy of
this state is known to 13 eV accuracy we could perform
the measurement on the groundstate and just add the
excitation energy to get the superallowed decay
Q value without loss in accuracy. The mass of the
stable daughter nucleus Mg is known extremely
accurately from work at the SMILETRAP facility. We
measured the mass of °Al to 0.17 keV accuracy and
combining our result with the other quantities
mentioned above yields the superallowed Q value to an
accuracy of 0.175 keV. Similarly, the “*Sc and “Ca
isotopes were produced using a *2S beam on a 1mg/cm?
natural carbon target. Again the low-lying long-lived
higher spin isomer *™Sc is produced more abundantly
than the 0" groundstate and its mass (in the doubly
charged state) was measured to high accuracy together
with those of **Ca (also doubly charged) and the singly

calibration masses were found to agree to better than
1 x 10® and the Q value to the beta decay of “"Sc was
measured to an accuracy of 0.22 keV. The excitation
energy of the isomer is known to 0.06 keV accuracy
and the corresponding superallowed decay Q value is
obtained to 0.23 keV accuracy. Finaly, the *™Cl long-
lived isomer and *'S isotopes were produced with a
Mg beam on the same carbon targets. They were
measured together with the calibrating molecule
BCH:O. The Q value of the superallowed decay is
obtained from these measurements, together with the
excitation energy of *™Cl which is known to 0.03 keV,
to an accuracy of 0.24 keV.

These results reduce the experimental uncertainty on all
these decays and significantly raise the ft value for two
of them. The resulting ft value plot is shown in
Fig. 1-6. A paper presenting the resulting changes in
the quality of the CVC test and the value of V4 isin
preparation.

* Argonne National Laboratory and The University of Chicago, tArgonne National Laboratory and University of
Manitoba, Winnipeg, Manitoba, $Argonne National Laboratory and University of Maryland, 8Argonne National
Laboratory and Northwestern University, Argonne National Laboratory and GANIL, Caen, France, [McGill
University, Montreal, Quebec, **Texas A&M University, TTNorthwestern University.

1J. W. Butler and R. O. Bondelid, Phys. Rev. 121, 1770 (1961).

’R. K. Barden et al., Phys. Rev. 127, 583 (1962).
3M. L. Roush et al., Nucl. Phys. A147, 235 (1970).

“R. E. White and H. Naylor, Nucl. Phys. A276, 333 (1977).

°N. R. Tolich et al., Phys. Rev. C 67, 035503 (2003).
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Fig. I-6. Ft-values for the most accurately known superallowed Fermi emitters with the inclusion
of our new results for **0, ™Al and **Sc.

b.2.

Properties of Nuclei Relevant to (Ov2B) Decay (J. P. Schiffer, S. Gros, C. L. Jiang,

K. E. Rehm, X. Tang, J. Clark,* C. Deibel,* S. J. Freeman,t A. Heinz,* B. Kay,t
K. Lesko, P. D .Parker,* J. Qian,* A. Villari,§8 V. Werner,* and C. Wrede*)

If neutrinoless double beta decay were to be observed,
the very fact of the neutrino being its own antiparticle
will be of great fundamental importance. In addition,
the rate for this process would be the only direct
measure of the neutrino mass, if the nuclear matrix
element for this process is known. Unfortunately, at
present, theoretical estimates of this matrix element
vary by more than an order of magnitude for the case
that is perhaps the most practical: °Ge — °Se + 2.
While this matrix element cannot be measured directly,
other experiments can be related to aspects of the
wavefunctions that are relevant. A program has been
undertaken to carry out such measurements, that may
help quantify the experimental knowledge of the
relevant nuclei, and thereby provide bench marks for
theoretical calculations. These measurements are of
two types — the study of the occupancy of valence orbits
and the measurement of pair-correlations in the nuclei
relevant to "°Ge decay.

a) Occupancy of Valence Orbits. Since the process
connects the 0" groundstates of "°Ge to "Se, the
occupation of the neutron and proton orbitals in these
nuclei, and especialy the differences in these

occupations are relevant to the process. Some data is
available on this from past measurements, but the
uncertainties are large and the results inconsistent. For
the neutron occupations, since the orbits between
N = 28 and 50 are amost filled with 44 neutrons, the
best reaction is the neutron adding (d,p) reaction, and
measurements were carried out at the Yale ESTU
tandem with 15-MeV deuterons. These data are being
analyzed. Specia attention was paid to the relative
cross sections. With 32 protons, the proton removal
reaction is likely to be the most sensitive. The attempt
to make a similar set of measurements of the (d,He)
reaction at Yale were not successful and other options
are being investigated.

b) Pair correlations. The 0" groundstates of even
nuclei are characterized by strong pair correlations. To
investigate the similarity in this respect between °Ge
and "Se more quantitatively one would like to measure
the

°Ge(p,t)“Ge and “Ge(*He,n) "°Se reactions,
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and also the
°Ge(*He,n)"Se and °Se(p,t) °Se chain
a or near 0° where these reactions pesk. The

concentration of strengthsin the lowest 0" states and the
comparison of the magnitudes of the cross sections is

related to the similarity of the pair correlations in the
two nuclei for neutrons and protons. Measurements of
the (p,t) reactions cross sections have been made at
3degrees at Yale, and possibilities for the (*Hen)
reactions are being investigated (e.g. at Notre Dame, in
collaboration with J. Kolata, A. Aprahamian, H. Amro
etal).

*Yae University, tUniversity of Manchester, United Kingdom, $Lawrence Berkeley National Laboratory,

8GANIL, Caen, France.

b.3. Progressat the Beta-Decay Paul Trap (N. D. Scielzo, G. Savard, A. Levand,
|. Tanihata, B. J. Zabransky, S. Caldwell,* J. A. Clark,t J. Fallis,t A. A. Hecht,§
D. Lascar,fH. Sharma,t K. S. Sharma, A. Villari,** Y. Wang,T S. Gulick,t and

R. Segel|])

The Beta-decay Paul Trap (BPT) is a radiofrequency
quadrupole trap that has been specially designed to
allow four sets of silicon and HPGe detectors to be
brought close to the trapped ions. Radioactiveions held
in this trap are a nearly ideal source of activity for
measurements of B-decay angular correlations. The
neutrino momentum can be inferred from the low-
energy recoil of the daughter nucleus, which emerges
from the trap volume without scattering. We are now
prepared to make a measurement of the Pv correlation
in the decay of **O. The superallowed Fermi decay to
the 0" excited state in N is sensitive to scalar
contributions to the weak interaction. Although recent
experimental efforts using laser-trapped *"K have
placed the tightest limits on scalar interactions by
measuring the time-of-flight of the recoil ionsin a drift
electric field,® contributions as large as 6% of the
dominant vector term are still not excluded. We will
measure the B—v correlation using a different technique
that will be subject to an entirely different set of
systematic effects. We will infer the recoil momentum
by measuring the Doppler shift of the 2.313 MeV y-rays
emitted from the 0" state detected in coincidence with
the B particle.

We demonstrated that a sufficient amount of O
created in a p(**N,**O)n reactions could be brought
nearly to rest as singly charged ions by the gas catcher
and bunched in the radiofrequency (RF) ion cooler for
subsequent transport to the BPT. The efficiency of this
processis limited by the performance of the gas catcher
for these low masses. Increasing the RF frequency
applied to the cone from 1.6 to 3.5 MHz has increased
the efficiency for extraction of light ions such as **O*"
by an order of magnitude. Using a 250 enA
beam, 500 **O" iong/sec were transported to the low-

14N7+

energy beamline which is sufficient for achieving a
~1%  datistical  uncertainty  for  preliminary
measurements of the P—v correlation coefficient.
Further improvements in efficiency are expected with
planned upgrades to the gas catcher, such as cooling the
device to improve the purity of the helium buffer gas
which is currently limited by outgassing.

We have tested the performance of the BPT offline
using both stable ions such as #Kr'* and fission
fragments from a 300 uCi **°Cf source placed directly
in front of the gas catcher. Using *Kr'*, we have
optimized the potentials for capture and storage of ions
in the trap. The transfer of cooled ions from the
Advanced Penning Trap to the BPT with nearly 100%
efficiency was achieved. Cooling the BPT trap
structure with LN, eliminates most impurities from the
He buffer gas (only ~1 x 10°® torr of H, remains) and
alows us to achieve confinement times in the trap of
longer than 50 seconds. With a He buffer gas pressure
of roughly 10® torr, the trapped ions are cooled in
100 ms to energies of less than 0.3 eV. lon cloud
properties such as temperature, population, and fraction
of impurities in the trap can be monitored by measuring
the time-of-flight to a microchannel plate detector after
deliberate gjection from the trap. The performance of
the silicon and HPGe detectors, electronics, and data
acquisition has been tested offline under a variety of
operating conditions by detecting B—y coincidences
from the decay of trapped **La®* ions which has a
strong y-ray transition at 258 keV. In 2006, the BPT
will be loaded with O ions and preliminary
measurements of the f—v correlation will be made to
determine the appropriate measures needed to minimize
or eliminate any systematic effects that are discovered.
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* Argonne National Laboratory and The University of Chicago, tArgonne National Laboratory and University of
Manitoba, Winnipeg, Manitoba, tMcGill University, Montreal, Quebec, 8Argonne National Laboratory and
University of Maryland, Argonne National Laboratory and Northwestern University, ||[Northwestern University

** Argonne National Laboratory and GANIL, Caen, France.

IA. Gorelov et al., Phys. Rev. Lett. 94, 142501 (2005).

b.4. B-Decay of ®"%™Kr (C.J. Lister, S. M. Fischer, D. Seweryniak, G. Savard, S. Gros,
B. Blank,* G. Canchiel,* J. Giovinazzo,* |. Matea,* G. de France, T
F. deOliveira Santos, T J. C. Thomas, T S. Grevy,T J.-C. Daouzy,t |. Stefan, T
R. Wadsworth,$ D Jenkins, ¥ M. Bentley,f N. Singh Bondili,t P. Davies, and

J.A. Clarkg)

The B-decay of neutron-deficient krypton isotopes can
provide insights into distortion of Mirror Symmetry,
can reveal information on the “waiting points’ in
rp-nucleosynthesis, and can clarify the influence of
“deuteron-like” T = 0 np-pair correlations. However, to
produce enough of these activities to alow
spectroscopic  measurement, and to make the
environment free from other radio isotopes is very
difficult. 0Ky adl have short lifetimes
(T, = 32, 52, 101 ms) so there is little time for
production and separation.

A unique opportunity for decay spectroscopy of
neutron-deficient krypton is offered using the SISSI
production target at GANIL, followed by separation of
the interesting fragments with the LISE spectrometer
and velocity filter. The unique feature at GANIL isthe
high degree of purity of the final implanted residues
which reduce the flux of interfering gamma-rays and

electrons. The short interval between implant and
B-decay isideal for thistype of study. A primary beam
of ~5 enA of "®Kr is fragmented on a nickel target. The
light krypton isotopes are separated and implanted into
a stack of silicon detectors, surrounded by an array of
gamma-ray counters. |dentified-implant-decay correla-
tions can then be performed.

A collaboration has been formed and a proposal written
and accepted for an experiment in 2006. Severd
physics questions can be addressed in one experiment.
The decay of *Kr should reveal the ®Br mass, which is
important for rp-nucleosynthesis. The decay of "Kr
provides information about np-pairing with T = 0 and
T =1, by identifying low-lying J* = 0" and 1*. Finaly,
the decay of "Kr reveals information on charge
symmetry breaking and on the quenching of Gamow-
Teller strength.

*Centre d’ Etudes Nucleaires de Bordeaux-Gradignan, France, TGANIL, Caen, France, $University of Y ork,

Heslington, United Kingdom, 8Y ale University.
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C. SPECTROSCOPY OF VERY HEAVY ELEMENTS

Detailed “in-beam” and isomer spectroscopy of very heavy nuclei (Z > 100), pioneered at
ATLAS, is redefining our understanding of the stability of heavy nuclei. We have continued to
inelastically excite actinide targets with very heavy beams above the Coulomb barrier. We have
continued to use fusion reactions to study the entry regions, groundstate o-decays, and isomers
in odd-A and even nuclei. Thisforefront research on very heavy nuclei continues to be a domain
where the ATLAS beams and the Fragment Mass Analyzer (FMA) alow us to make unique
contributions. Investment in rotating targets and new focal -plane detectors has been important in
making this research competitive with gas-filled separators.

c.l. Propertiesof the Lightest Nobelium Isotopes (D. Peterson, B. B. Back,
R. V. F. Janssens, T. L. Khoo, C. J. Lister, D. Seweryniak, M. P. Carpenter, C. Davids,
C. L. Jiang, T. Lauritsen, S. Zhu, A. Hecht,* X. Wang,t F. G. Kondev,1 P. Chowdhury,8
S. K. Tandel,§ S. Tandel,§8 A. Heinz, J. Qian,f and R. Winklery)

Recent experiments in the synthesis of superheavy
elements utilizing beams of “®Ca are both exciting and
puzzling at the same time. To study some systematics
in the Z > 100 region, two separate studies™? of
neutron-deficient  nobelium  isotopes via the
2pp(*®Ca,xn) reaction were undertaken by groups
working in Dubna. Both experiments only observed
spontaneous fission (SF) decay, but measured three
different lifetimes (60[1], 36[2], and 6[2] us).
Belozerov et al.? attributed the 36 s lifetime to **No,
but the possibility of it being an isomeric decay in *°No
could not be excluded. Those experiments aso
suffered from limited statistics, and the 3n channel
necessary to produce *No is expected to be very small
at the energies of Ref. 2. The present experiment was
designed to reconcile these apparent discrepancies
utilizing the Fragment Mass Anadyzer (FMA) at
Argonne National Laboratory. The experimental
details were provided in a previous annual report.®> The
results are presented here.

A total of 158 implant-fission correlations were
observed, consisting of two different activities. The
FMA unambiguously identified both activities as
originating from the same compound nucleus, *’No.
The decays are presented in Fig. -7, where the implant-
decay correlation time is plotted against the mass
number provided by the FMA in the left panel. The
right panels of Fig. 1-7 show the projection onto the
mass axis for different time windows--either long or
short correlations.  The mass distributions have
essentialy the same width and centroid regardiess of
correlation time. This indicates the same origin for al
decays. Performing a two-component fit to the decay

curve yields half-lives of ty, = 3.7.5 us and
ty, = 43'% 5 us for the activities. We aso obtained
production cross sections of 128, nb and 5., nb for
the short and long components, respectively. The
shorter lifetime has been assigned to the groundstate of
?No and the longer lifetime was assigned to an
isomeric state based on the cross section ratios and the
prediction of a 2-quasineutron isomer around 1050 keV
from  multi-quasiparticle  blocking  calculations.
Furthermore, from those calculations and analogy to the
N = 148 isotone, ***Cm, the isomeric state is predicted
to bea K™= 6" configuration.

The sensitivity of the experiment was insufficient to
determine whether the fission activity associated with
the isomeric state is due to direct fission from that state
or whether the isomer y-decays through a K-forbidden
transition to the groundstate first, which then proceeds
to fission. Thus, the SF partial half-life from the isomer
is ty,'® > 43 us which further implies that there is an
extremely large SF hindrance factor associated with this
2-quasiparticle state of the order of 10° assuming a
1 MeV excitation and the average increase in
penetrability through the barrier due to that excitation.
The fact that the groundstate SF lifetime of *°No is 10°
times shorter than that of *’No indicates a drastic
change of the fission barrier height or width for the
nobelium isotopes away from the N = 152 deformed
subshell closure.

This experiment also searched for an a-decay branch
from **No. No definitive decays were observed. One
decay with an energy of 7.5 MeV was correlated to an
implant 19.4 us prior. Though this time correlation is
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interesting, the expected energy for o-decay from **No
is in excess of 9 MeV. The background rates in the
experiment were such that the chance of this correlation
being random is <10%. No other No nuclei have
o~decay energies thislow. If it isreal, the anomaously
low energy could be due to partial energy loss from the
o particle escaping the detector. In any case, the
observation of a single decay would place limits on the
o branch at 1.8% for the groundstate and 4.4% for the
isomer.

The results of this experiment require an update to the
latest compilations of data sheets which improperly
assign the longer (43 us) activity to the isotope *No
rather than the isomer ®*"No. As in the studies of
Refs. 1 and 2, this experiment also found no evidence
for the 250 us SF activity originally assigned to *°No
in 1975.

*University of Maryland, tUniversity of Notre Dame, $Nuclear Engineering Division, Argonne National
Laboratory, 8University of Massachusetts-Lowell, Y e University.

Y u. Ts. Oganessian et al., Phys. Rev. C 64, 054606 (2001).
A. V. Belozerov et al., Eur. Phys. J. A 16, 447-456 (2003).

3D. Peterson et al., section c.4. of the 2004 annual report (2005).

*G. M. Ter-Akopyan et al., Nucl. Phys. A255, 509 (1975).
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Fig. I-7. Characteristics of the spontaneous fission decays observed in the present experiment. The left panel plots
the implant-decay time correlation, dt, versus the mass number of the implanting residue determined from the focal
plane of the FMA. The right panelsillustrate the projection onto the mass axis for all decays (a), purely long decays
(b), and primarily short decays (c). The centroid of each mass distribution is also listed.
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c2. K =8 Isomersand K =2 Octupole Bandsin *?No and N = 150 | sotones
(A. Robinson, T. L. Khoo, D. Seweryniak, S. Gros, D. Peterson, I. Ahmad, B. B. Back,
M. P. Carpenter, C. N. Davids, J. Greene, A. Hecht, R. V. F. Janssens, F. G. Kondev,
T. Lauritsen, C. J. Lister, E. F. Moore, S. Zhu, S. K. Tandel,* P. Chowdhury,*
U. Tandel,* A. Heinz,T X. Wang,f P. A. Butler,§ R. Herzberg,§ G. Jones,§
S. Eeckhaudt,J P. T. Greenlees,{ R. Julin, M. Leino,f J. Uusitalo, P. Reiter,|| and

G. Mukherjee**)

In shell-stabilized, heavy nuclei around **No, many of
the orbitals around the Fermi level have large
projections of their spin along the symmetry axis so that
high-K isomers should be common. The isomers,
which can be studied in a quiet environment far from
the target, provide opportunities to investigate the
excited configurations of nuclei populated with sub-
microbarn cross sections, not only of the isomers, but
also of lower-lying rotational bands fed in the isomeric
decays. The occurrence of K isomers revea the
violation of K-selection rules, indicating that K is a
good quantum number and that the nucleus has prolate
shape with axial symmetry. The energies of
2-quasiparticle states provide incisive tests of theories.
An example isthe K = 8 isomer at 1296 keV in ®No
(see section ¢.3.), which decaysto aK = 3" band. The
energies of the K = 3%, 8 states, which are built on
proton configurations, reveal that Woods-Saxon proton
single-particle energies are accurate for Z up to at least
102. In ®No, 2-quasiparticle energies calculated with
the Woods-Saxon potential also suggest a K = 8
isomer, but built instead on neutron states, at a lower
energy of 1.01 MeV. Hence, detection of this predicted
isomer constitutes a test of the Woods-Saxon single-
particle energies.

The ?®Pb(**Ca,2n) reaction was used to populate states
in ®*No. The nuclides were transported and uniquely
identified by the Fragment Mass Analyzer (FMA). The
nuclides implanted into individual 1 x 1 mm? pixels of
a double-sided Si strip detector. Time and spatial
correlations then identified the decay of an isomer, i.e.
in each pixel, a delayed coincidence between the

implant and an electron signal, with sum energy
100-500 keV. Gamma rays from the isomer were
detected in prompt coincidence with the delayed
electron signal. In this manner, an isomer was
discovered in *’No, with a haf-life of 114 ms.
Preliminary analysis suggests that the isomer has
quantum numbers |,K™ = 8,8, and that it decays via
multiple pathways into a K™ = 2 octupole vibrational
band.

The preliminary energy of the isomer, ~1.25 MeV, is
close the predicted energy of a neutron
K = 8 {[934]9/2,[624]7/2} state, but nearer to the
measured energy for the proton K = 8configuration in
%No. At the moment, the configuration in *No is not
clear, but the neutron configuration is favored since the
decay pattern is analogous to that of the N = 150
isotones, #*Cm and “’Fm.?  Comparisons with
theoretical 2-quasiparticle K = 8 energies are currently
being conducted, so that the K = 8 energies in the
N = 150 isotones can be used as tests of theory.

In like fashion, the K = 2" octupole vibrational energy
of the N = 150 isotones will serve as another test. For
Z = 96-102, the K = 2" energies are 842, 592, 880 and
931 keV. Qualitatively, the exceptionally low energy in
#8Cf is understood in terms of a favorable confluence
of low energies for both neutron and proton K = 2
configurations, which is predicted with the Woods-
Saxon potential. In the other nuclei, the proton
configuration moves to higher energy. It will be an
interesting challenge for self-consistent theories to
reproduce this trend.

*University of Massachusetts-Lowell, tYale University, $University of Notre Dame, 8University of Liverpool,
United Kingdom, fUniversity of Jyvaskyl&, Finland, |[Universitét zu Koln, Germany, **Variable Energy Cyclotron

Center, Kolkata, India

Y. Ahmad, in Proc., Frontiersin Nuclear Physics, Dubna, p. 31 (1995).

P, T. Greenlees et al., private communication (2006).
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c.3. Two-Quasiparticle Statesin ?*No and the Stability of Superheavy Nuclei
(T. L. Khoo, D. Seweryniak, I. Ahmad, B. Back, R. Blinstrup, M. P. Carpenter,
J. Chapman, C. N. Davids, R. V. F. Janssens, F. G. Kondev, T. Lauritsen, C. J. Lister,
E. F. Moore, D. Peterson, S. F. Zhu, S. K. Tanddl,* G. Mukherjee,*,T P. A. Butler,t
P. Chowdhury,* P. T. Greenlees,8 A. A. Hecht,T,TA. Heinz,|| R.-D. Herzberg,t P. Ikin,t
G. D. Jones,t P. Reiter,** U. S. Tandel,* and X. F. Wangt, 1)

Two-quasiparticle (gp) states in shell-stabilized nuclei
probe the levels that govern the stability of superheavy
nuclei, test 2-qp energies from theory and, thereby,
check their predictions of magic gaps. We have
identified in **No (Z = 102) 2- and 4-gp isomers, with
quantum numbers K* = 8 and (14"), and a low-energy
2-gp K™ = 3" state (Figs. 1-8 and 1-9). It is significant
that a constituent of the K™ = 3" configuration is the
[521]1/2 orbit, from the spherical fs, shell, which lies
above a Z = 114 gap that appears with Woods-Saxon
(WS) single-particle energies. The use of WS single-
particle energies reproduces the experimental proton
2-gp energies in *No (Fig. 1-10). The WS potential
aso systematically reproduces the 1-gp energies in
odd-A heavy nuclei.? These results indicate that WS
energies are valid for Z up to 102 and suggest that a
proton gap would occur at Z = 114 -- if the WS
potential continues to describe the proton energy levels
of nuclei with Z > 102. In contrast, there are
shortcomings in the 2-gp energies from self-consistent
mean-field theories (Fig. 1-10).  Therefore, their

predictions of magic gaps at Z = 120 and 126 should be
viewed with reservations. The parameters of the
interactions used in self-consistent mean-field SHFB
and RMF models have been adjusted to fit bulk
properties of closed-shell nuclei. Thus, the success of
their single-particle energies’ is impressive, but
definitely do require improvements, e.g. a lowering of
the proton i3, orhit,* to reproduce all measured 1- and
2-gp energies. To preserve the virtue of self-
consistency when extrapolating to the heaviest nuclei,
there is a need for a new interaction designed for this
purpose.”

In summary, spectroscopic measurements of 2-gp states
in ®No provide the first experimental information on
the proton magic shell gap for superheavy nuclei by
discriminating among the theories that make predictions
on the gap. A preliminary report of this work has been
given® and has been published in Physical Review
Letters.”

*University of Massachusetts-Lowell, TArgonne National Laboratory, tUniversity of Liverpool, United Kingdom,
8University of Jyvaskylé, Finland, fUniversity of Maryland, ||Y ale University, **Universitét zu Koln, Germany,
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’R. Chasman et al., Rev. Mod. Phys. 49, 833 (1978); A. Parkhomenko and A. Sobiczewski, Acta Phys. Pol. B35,

2447 (2004), ibid. B36, 3115 (2005).

3p.-H. Heenen, private communication (2006).

M. Bender et al., Nucl. Phys. A723, 354 (2003).

°A. V. Afanasiev et al., Phys. Rev. C 67, 024309 (2003).
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Fig. I-8. (a) Electron-sum energy spectrum from the decay of the 266-msisomer. The attenuation at low energy is
due to electronic thresholds; the calculated spectrum (dashed line) includes this effect. (b) Same as (a) for the
171-pusisomer. Insetsin (a,b) show decay time distributions, with the results of least-squares fits given as dashed
curves. Electronic dead time negates the first ~80 us of data. (c, d) Gamma-ray spectra from the long- and short-

lived isomers, respectively.
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Fig. I-9. Decay schemes proposed for the 2- and 4-gp isomers. Although transitions are not detected from every
level of the K”= 3" band, the levels are firmly established via a model th