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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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FOREWORD

‘This report contains the transparencies from talks presented at the
“Workshop on GRETA Physics” held at Lawrence Berkeley National
Laboratory on February 5-7, 1998. The goal of this workshop was to
develop the scientific case for the next generation of gamma ray detector
arrays, such as GRETA. The program included invited talks covering the
technical developments related to GRETA and the wide range of physics
opportunities made possible with a GRETA type device. The last day was
devoted to parallel discussion groups, which provided a more focused
discussion on the various topics addressed in the plenary sessions and
allowed additional contributions to made by a wider group of participants.
More than 100 scientists attended the meeting.
On behalf of the organizing committee I would like to thank all the speakers
and discussion leaders for the time and effort that they put into making this a
very successful and stimulating meeting. This meeting was sponsored by
Lawrence Berkeley National Laboratory.

Paul Fallon
Organizing Committee:

R.M.Clark, M.Cromaz, M.A.Deleplanque, P.Fallon, 1.Y. Lee
A.O.Macchiavelli, F.S.Stephens, K.Vetter, D. Ward.



Workshop On Greta Physics
Lawrence Berkeley National Laboratory
Feb 5-7, 1998.

THURSDAY FEB 5, MORNING 9:00AM - 12:30PM (Bldg. 66 Auditorium)
Session Leader: D.Sarantites

09.00 L.S.Schroeder Welcome.

09:05 M.A Deleplanque Workshop introduction.

09:15 I-Y.Lee Greta overview.

10:00 K.Vetter Greta prototype test and simulations.

10:30 BREAK

Session Leader: R.Lieder

11:00 P.J.Nolan An overview of developments in Europe towards a gamma-ray tracking device.

11:30  J.Eberth Segmented encapsulated germanium detectors for the next generation of gamma-ray arrays.

12:00 D.Bazzacco Status of the MARS project.

THURSDAY FEB 5, AFTERNOON 2:00PM - 5:10PM (Bldg. 66 Auditorium)
Session Leader: L.Riedinger '
14:00 S.Frauendorf = Rotation beyond the standard scenario.

14:40 W.Satula The mean field: can it still surprise ?
. 15:20 BREAK '
Session Leader: D.Fossan
15:40 MRiley . Reaching for the sky with GRETA: how high in spin can nuclei go and what do they do up there ?
16:10 C.Baktash. Nuclear structure near the N=Z line.
16:40 I1.Ahmad Structure and stability of the heaviest elements.
17:30 RECEPTION  (cafeteria)

FRIDAY FEB 6, MORNING 9:00AM - 12:00PM (Bldg. 66 Auditorium)

Session Leader: P.Regan

09:00 B.Sherrill Techniques for mapping halo wavefunctions.

09:30 M.Thoennessen Giant resonances. '

10:00 T.Glasmacher The spectroscopy of neutron-rich nuclei with a gamma-ray tracking device.
10:30 BREAK :

Session Leader: J.Becker

11:00 D.Habs Miniball physics.

11:30 D.Cline Spectroscopy of neutron-rich nuclei.

FRIDAY FEB 6, AFTERNOON 2:00PM - 5:00PM (Bldg. 66 Auditorium)
Session Leader: G.Ball

14:00 S.Freedman Weak interactions.

14:30  M.Smith Nuclear astrophysics opportunities with GRETA.
15:00 BREAK

Session Leader: J.Cizewski

15:30 W. Swiatecki  Jacobi shapes, fission barriers, surface diffuseness.
16:00 B.Herskind Limit to completeness.

16:30 T-L.Khoo Structure of hot nuclei.

SATURDAY FEB 7, MORNING 9:30AM - 12:30PM
Introduction to the parallel discussion sessions (Bldg. 50 Auditorium).

Parallel Groups (rooms to be announced) Discussion Leader
1. Low-spin/High-spin/Far from stability M.Carpenter

2. Chaos/Continuum/Warm nuclei S.Aberg

3. Fundamental/Astrophysics G.Savard

4. Fragmentation/Coulex/Giant resonance M.Thoennessen
5. Detectors/Technical/Analysis/Aux. detectors J.Waddington

SATURDAY FEB 7, AFTERNOON 2:00PM - 5:00PM (Bldg. 50 Auditorium).
14:00 General discussion and GRETA organization. I-Y.Lee

15:00 BREAK _ ‘

15:30  Reports from the discussion groups. P.Fallon
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& Segmentation gives angular and
longitudinal position.
@ Drift time gives radial position.

@ Energy
@ Position interpolation
@ Drift time determination

@ Algorithms to identify interaction points
belonging to a particular gamma ray.

@ Cluster recognition
& Trackmg -Compton scattenng formula

fk/grefo_concepf;iw



Segment Signals
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Time (nsec)
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il A 12-fold segmented detector is received.

—y b - o~ et e -
">"u‘*:r$l; Processing Koz
-

& Measured and analyzed pulse shapes of the 12-fold
segmented detector.

e Calculated signals of the 12-fold segmented detector.
2 Study position sensitivity of the signals.

Determine the accuracy of 3-D position measurement.

Electronics Response are being studied.

Tracking {Greg Schmid}

B

Continue development of algorithm.

Efficiency and P/T are studied as _functions of
gamma-ray energy, multiplicity, and p051tton
resolution.

B Effects of realistic detector packing and neutron
_are being studied

stats298.id
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Amplitude
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Current Signals in a Segmented Gammashere Detector
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Q [mV]

GRETA-PROTOTYPE SIGNALS (interleave-mode, normalized)
X=1.01cm, Y=0.51cm Gate on ADC Channel 2
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Q [mV)

GRETA-PROTOTYPE SIGNALS (interleave-mode, normalized)
X=2.54 , Y=2.54cm Gate on ADC Channel 2
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Calculated Signals in a Sixfold-Segmented Ge-Detector (Basis Functions)

IMM<Y<28mm , 6mm <A <33mm, AR =AY = 3mm
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Maximum Induced Charge
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Cluster 1dentification: Use angle parameter to group pts.
into clusters.

"World Map'"' showing interacﬁtion'pts. in Ge shell
(25 coincident y-rays, E =1.33 MeV)

200.0

150.0

50.0

-200.0 -100.0 0.0 100.0 200.0

Any 2 pts. with 6p< 10" are
grouped into same cluster.

17




Flowchart for Current Algorithm

rg—
Ail Information
from Simulation

Ge Shell:

12 cm inner rad.
21 cm outer rad.

Position and Energy
of Interaction Points




~ Algorithm results

Isotropic launch for GRETA
(25 coincident y-rays, E=1.33 MeV)

Position resolution

0.60 T
o—e O mm
.0.50
o—e | mm

Efficiency 040 ‘e 2mm

0.30 .0———0 4 mm

& mm

©0.20 |
E — Gammasphere
" 0.10

©0.00 _
0.0 5.0 10.0 15.0 20.0

- 0.8
Peak
- to 0.6

. Total -
04

0.2

0.0
0.0 5.0 10.0 15.0 20.0

Angle parameter (degrees)
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tappered

cube +

hexagon cube hexagon

number
of 120 98 . 94

detector
efficiency |  66.0% . 67.4%
nag gap
efficiency . 57.8%
with gap




theta

theta

Generated hit pattern for 1 MeV neutfons

(isowropic tzunch for GRETA, 100ns time cut)
200.0 - r — —

150.0

T

100.0 . 1
»
500 - E
2.0 . - .
-200.0 -100.0 0.0 100.0 200.0
phi*sin(theta)
Generated hit pattern for 1 MeV neutrons
(isotropic launch for GRETA, 15ns time cul)
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150.0
b
100.0 ¢
|
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-200.0
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Q (pol. sensitivity)

0.80 1 ; - .
aE ©—® GRETA simulation
0.70 - --- Gammasphere measurement -
(segmented detectors)
0.60 -
0.50 : .
\\E 1
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Polarization sensitivity (Q) for GRETA

(E=400 keV)

Position resolution (mm)
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i Detector Prototype
I12-fold segmented detector

36-fold segmented detector
cluster of 1x7 or 3x3 modules

-

= Signal Processing

position
energy
time

Tracking

high energy gamma ray

neutron
neural network method

Electronics

preamplifier
waveform digitizer
digital signal processor

d_plan.id 27
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® Detector packaging schemes
® Tracking across detectors
® Physics program
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Detector Efficiency
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N=100; N o= 3 x10"°
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GRETA Physics

Characterization: track every interaction of each vy ray

o Event-by-event y-ray polarization

o Branching ratio in 10¢c decay - electroweak coupling constant
o Four-y decay of positronium

o Second class currents

o Parity violation

-

Localization: 2-3 mm in 3 dimensions (Doppler correction)

o Gamma-ray studies following inverse reactions

o Coulomb excitation of exotic RIB nuclei

o Nuclear structure following (GDR,n) reactions on RIBs

o Gamma rays from bound and unbound states in light nuclei
o Gamma rays following reactions on halo nuclei

Full-energy efficiency: ~90% @ 0.1 MeV; ~20% @ 10 MeV

o Studies with exotic beams at an ISOL-type RIB facility
o Searches for strange matter ‘

o Develop new cosmic-ray chronometers

o Studies of hypernuclei

o GDR shapes (fn. of temp., spin, and nuclear shape)

o Damping in giant resonances (e.g. GDR vs. GQR)

Sensitivity: resolution, P/T, efficiency, granularity, rate
o Observation limit 100 nb (out of ~1b) in typical nuclear reactions

o Access to more exotic nuclei (very proton or neutron rich)

o Decay out of superdeformed nuclei (links)

o Signatures of chaos in nuclei

o Study of larger deformations (hyperdeformed or Jacobi shapes)

o Nuclear structure studies on nuclei with Z > 100

32



K.Vetter
Greta prototype test and simulations.

33
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GRETA Prototype :

Tests & Simulations

GRETA workshop 5-7 Feb. 1998

Kai Vetter

LBNL
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GRETA Prototype: Test & Simulations

work being done in 2 areas:
pulse shape analysis | y-ray-tracking

first level “pre-processing”  second level “post-processing”
measures Qj(t) takes Ei, xi, yi, zi, (ti)

determines Ei, xi,yi, zi, (tiy  determines My, Ey, Py, ...

3 dimensional position resolution ?

Radius ok (GS: drift time (trap. corr.), T30-T90, ...)

But:Z &¢?

Already eg for first hit identification complementary ¢ required
—> segmentation‘

segmentation —» induced signal ?

"physical” cross-talk <+— “electronical” cross-talk ?

— Gammasphere : two-fold segmented Ge detector

36
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Ampitude

Ampitude

Signals in a Segmented GAMMASPHERE Detector
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Gammasphere detector (2 segments, AC coupled)
Induced signals can be measured
however, about 50 - 100 keV noise level

no quantitative comparison possible

Greta prototype [. (12 segments, DC coupled)

about 5 - 8 keV noise

Data acquisition:
3 Le Croy waveform digitizer modules:
12 channels / 40 MHz / 10bit  or

6 cha-sn-neris / 80 MHZ / 10 bit
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Calculations of pulse shapes

Some details of calculations:
- numerical solution of Poisson equation
- 3 dimensional grid ( polar / cartesian)
- HV on whole crystal contact (main signal)
- "HV" on segment contact (Weighted field, segment signals)
- relaxation method

— potential — electrical field — pulse (one interaction)

- GEANT — positions and energies of multiple interactions

42



Charge Signals
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Maximum Induced Charge

Depth of interaction:

2=

Sensitivity of Induced Signal in Sixfold-Segmented Ge-Detector

1mm

....
.....

.....
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Sensitivity of Induced Signal in 6x4 Segmented Ge-Detector

Interaction in next front neighbor...
Z : distance to Z-boundary

Z=1mm R~ Y : distance to ¢-boundary —4mm
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Abs. Maximum Induced Charge

i

Sensitivitv of Induced Signal in 6x4 Segmented Ge-Detector
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| Induced Charge
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Sensitivity of Induced Signal Segmented Ge-Detector
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Crystal luminaked from the srde
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Q [mV)

GRETA-PROTOTYPE SIGNALS (interleave-mode, normalized)
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GRETA-Calculations: induced Signal Amplitudes
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Rel. Efficiency
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Normalized Charge

alized Charge
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Summary

- Segmented detector not only useful for alignment of collimator ...
- “Induced" signals are “Real" ...

- Expected sensitivity of induced signal : 1-5 mm
depending on position and energy of interaction

- Useful range of induced signal : 12 - 15 mm

- Radial position resolution : 4-5 mm limited by pféamplifier

Future

- New preamplifief

- Response and noise analysis

- Decomposition of multiple interactions in. hwultiple segments
- New mﬁlti FADC channel data acquisition system

- Determination of energy, drift time and maximum induced
charge on DSP based system (XIA)

- Artificial neural network algorithm
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P.J.Nolan
An overview of developments in Europe towards a gamma-ray
tracking device.

-
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Developments towards a tracking array

A European Overview

P J Nolan

EUROBALL:  single crystals
* clover detectors
cluster detectors

Developments: segmented clover detectors
segmented cluster detectors
pulse shape analysis
2-dimensional segmentation
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The Clover Detector
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Clover detectors

'Use add back mode to improve efficiency

e.g. at 1.33MeV add back factor is 1.44

Doppler broadening improvéd as subtended
angle 1s smaller |

Linear Polarisation

Limitations

Isolated hit probability - Multiplicity response
Doppler performance for close geometry and

high v/c

= Segmented clovers
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The Segmented
Clover Detector
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® 4 coaxial n-type Germanium crystals arranged like a

four leaf clover. .

® Outer p-type contact of each crystal segmented

longitudinally, splitting eackrystal into four quadrants.

® Energy readouts from 9 crystal zones.
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Clover Results

The following performance characteristics have been

measured :
o Energy signals (high resolution) |
( N
Crystal Red Green Black Shos
FWHM 1332 keV| 1.81 1.81 1.85 1.89
FWTM/FWHM 1.88 1.85 1.82 1.81
FWFM/FWHM 2.52 2.50 2.38 2.38 -
FWHM 122 keV 1.02 1.10 1.06 1.06
Rel Effic % 22.19 22.81 21.52 22.06
Peak/Compton | 53.66 56.48 53.01 572.49
Peak/Total’ 0.139 0.141 0.135 0.139
— J
Position signals (low resolution)
[ Position P1 | P2 | P3| P4 |P5| P6|P7 | P8 | P9 |
[ FWHM 1332 keV | 3.47 6.01 3.62|5.88 | 8.92 | 6.01 13.396.06 3.90J
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Measurements

In August, the detector was taken to G.S.I, Germany.

Detector-target
position =10 cm

Brit Clover German Clover
90" a0 °
;57
Reaction: Coulex of ' Au
197 | 52

Au + C @43 MeViu, v/c = 8.5%

Juring the run we obtained coincident source data
| 162 133 226 137 60
or Eu, Ba, Ra Cs, Co,

Ne will use this data to examine the scattering
yetween the crystal segments.
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Doppler Broadening of

Segmented Clover Detector
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Doppler Broadening

Several components

Detector opening angle and position EYV/ c sin® A@D

Variation of recoil velocity EYV/C cosO A(V/C)
Variation of recoil angle | EYV/ ¢ sinf AGR
Intrinsic resolution ) Fixed

Components add in quadrature, the first
depending on the detector opening angle. If
the opening angle of each segment is A then
AO, varies how many segments are coupled
together.

One segment-is n AQq where n = 1
One crystalis  n AOq where n = 2
One clover is n AQq where n = 4

Plot (Resolution)” versus  n’
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GiVCS A@S — 0245 (' P v v e T

Compare to 0.21 geometry
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Isolated Hit Probability

This accounts for the possibility of a second
Y - ray hitting the same detector.

The original Clover detector could not distinguish
between such an event (b), and a Y-ray Compton

scattering between two adjacent crystals (a)

d

B e =
B © WEEM

o

The improved granularity of the segmented

Clover reduces this problem.
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Intra crystal scattering

137

Cs data

B

o

-

M=2 events

' scatter |measured mbdelled
1¢>2 | 18.84% | 24.08 %
1> 4 | 19.65% | 23.92%
1<> 5 | 7.07% | 6.82%
45 | 23.29% | 19.66%
2> 4 | 8.07% 6.74 %

 2¢>5 | 23.08% |18.72%.
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Scattering Patterns

662 keV
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Scattering Patterns

1332 keV
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J.Eberth
Segmented encapsulated germanium detectors for the next generation
of gamma-ray arrays.
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Segmented encapsulated Germanium detectors
for the next generation of y-rays arrays

J. Eberth
University of Kéln

e European facilities for y-ray spectroscopy
e Encapsulated Ge detectors: a status report

e The segmented encapsulated Ge detector
as building block for variable arrays

e The Miniball - Array at REX-ISOLDE

e Outlook: Transverse segmentation of
encapsulated Ge detectors

This work is performed within the projects EUROBALL
and MINIBALL. The work is supported by the EC
programme TMR and by the German BMBF under
contract No. 060KS8621.
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European facilities for y-ray spectroscopy

REX-ISOLDE at CERN : radioactive beam 2 (§) MeV/u

Accelerated fission fragments from PIAFE at Grenoble
and FRM II at Munich (6 MeV/U)

« GSI : relativistic radioactive beams from SIS and FRS

UNILAC: decay studies at the velocity filter SHIP
and GSI/ISOL,
prompt y-rays in coincidence with
separated reaction products at SHIP

Heidelberg/GSI : Ge detectors combined with the
crystal ball (162 NaJ detectors)

Upgrade of EUROBALL : Replacement of 1 & of tapered
Ge detectors

Demands:  high total-absorption efficiency
high granularity (large v/c)
flexibility: different geometries with
the same set of detectors

Solution: segmented, encapsulated Ge detectors
~ several types of cryostats
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Prerequisites for Flexible Ge Detector Systems

easy handling of '
> Ge Detector Units

composition of

Ge crystal surfaces very sensitive to contamination !

Individual cryostats for cooling |
and for contamination protection ! 5.'1

L4

Encapsulation Technology for Ge Detectors

hermetically sealed aluminum
can, vacuum < 1 0-6mbar maintained
by internal getter

The CLUSTER Detector:

... an example for a flexible
~ spectrometer system !
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Advantage of the Encapsulation Technology

Back Lid of an encapsulated Ge Detector
easily accessible

and exchangeable
cold electronics

like FET,
Coupling Capacitor
plugs ...

100

80

60

40

+

Regeneration of Neutron-Induced Radiation Damage
of Encapsulated Neutron Damage Anneal in a Standard Oven:

HPGe Detectors:

Annealing Temp. [Celsius]

B

D. Weiss haar , Koln
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Annealing Procedure:
* (thanks to D. Weisshaar. IKP Koln)

Argon Atmosphere

Annealing Temperature: 105°C for'2 hours

FWHM [keV] AFWHM [keV]

2.8 +0.6

2.6/ | Neut. {404

2.4 +0.2

221 0

2.0L -0.2

1.8 T R N DR B ] T R N DA B B

11 12 13 14 15 16 17 11 12 13 14 15 16 17 .

"HEX No. - HEX No
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The EUROBALL CLUSTER Detector:

a flexible system optimized for high gamma energies

Specifications:
(measured at 1.33 MeV)

Resolution AE =2.3 keV
Add-Back Factor = 1.45
abs. Efficiency = 29 %

rel. Efficiency = 600 %

The CLUSTER Arrangement

P/T without BGO =39% |
PTwitnego =63%
& Cluster
£ 109 — > 304 Ge-Detector
= % ,
2 """b‘
[l %‘ .'-4" &
i g, .
Eior] e TR
- <
. ¢ >
raj ¢
e © o ? f
1072
¥ 1 1 11 ‘ 1 1 | | ] I i 1 1 I L) H H 1 '
AT LN 2000 Y200 13000
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Reliability and Flexibility of these Systems (-1-):

In 18 months were built up successfully:

more than 10 complex set-ups in Heidelberg

various Europeanaccelerator laboratories
(e.g.: Univ. Cologne, MPI-K Heidelberg,
GSl and TU Darmstadt,

NBI Rise and INFN Legnaro)

-

Lifetimes

B bh
No CLUSTER and
no capsule failed after

shipment or rearrangement

Recoil-Shadow Method
Target

Neutron Detector

Stopper
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@ casy repair of defect cold
electronics (like FET ...)

“within one week in the lab
(as warming up, pumping, cooling ...)

@ no shipment to the manufacturer !

@ high availibility of the expensive
detector systems!

A More than 100 encapsulated N [FWHM >2.7 keV
detectors were annealed so far "

4. sets of seven capsules were annealed
simultaniously in a standard oven

EnergylkeV]
A not even one encapsulated Ge detector N '
failed after the annealing FWHM 2.1 keV
A the resolutions could be restored to the
original values (in average 2.1 keV)
EnergylkeV]

high realibility
suitable for
space applications,

e.g.
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I The CLUSTER Cube I

e P = 0.19 (E,=1.33MeV)
g Q(;e = 0.65
e AE,~13keV (E,=1.33 MeV, v/c=0.04)

e Pyy~0.87 (M,=10)

o R(;ezllcm

QOutstanding Feature :

Large detection efficiency up to E, = 10 MeV

for experiments with with small recoil velocities

and low gamma multiplicity
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The Segmented CLUSTER Detector
a possibfe Soution for Mini batl

. Wabs, Hunich
D. Schwalm,

Heidel ber§

1. ELCY"H" 1
Co (0qk£

j. G(r C ) ES.
| . van Duppt
C 4 [eu vien

'R V. Lied¢r, :]u&ol

D. Warher,
Darer bur?

seven high-resolution sum-energy outputs with
additional radial event information, E <2.4 keV

42 segment energy outputs with E < 3.5 keV

Multi-Segmented CLUSTER for best
Doppler-Shift Correction !
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The 6-Fold Segmented and Encapsulated Ge Detector

segm. Ge crystal capsule lid -




Data of the Enc

A& o

Back lid of an encapsulated
6-fold segmented Ge Detector:

central HV feed-through
cold preamp-board

crystal data of the
prototype detector:

rel. eff. (at 1.33 MeV) : 60.2 %
P/T (200 - 1340 keV): 23.8 %
(1dentically to those of standard encapsulated EUROBALL moduls)

Segments with warm preamps !
(capacity ~ 90 pF - 100 pF,
depending on length of cables)

core (agrounded segm.)
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SM -+ / ] Kon
| 6. Pascovici

Conversion gain: 175 mV/ MeV
(unterminated)

- ntegral nonlinearity: less than +/- 0.025
- (for 0 to +/- 9.5V , unterminatec

Warm FET option:.

Equivalent input noise: 0.9 keV / 0 p]
Slope: 17 eV / pl

Rise time: 18ns / 0 pF ;
Slope: 0.4 ns / pl

Cooled FET option:

Equivalent input moise: 0.6 keV / 0 pl
| Slope: 17 eV / pl

Rise time: 15 ns / 0 pF ;
Slope: 0.3 ns / pl




steepest slope

time to maximum

measured time spectra

80c0 1332.5keV  ¥'Cs 661.66 keV
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Distance ~11 cm

9 Ge = §5 %o
| Pph = 13'%
in Add-Back Mode

PT=40% . .
U PT=50% . -
with Back Catcher

PT=63% |
with Back Catcher
and Side Shield
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The CLUSTER
an example for

ew technology
“high reliability
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| D.Bazzacco
Status of the MARS project.
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-Geant Simulations A Gavea, z, Pedolyak |
-Study of Pulse Shapes T4 krec€C |
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-Perspectives
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Ball with 110 hexagonal
tapered detectors
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Some Geodesic Solutions

- (using simple clusters of Hexagonal tapered crystals)
mumber 4 qua,go\wﬁ c;r&a‘.slo-c/-S zg Ke batl (+ F@-‘*\Dg’?waﬁ C-r*a”S[&QS)
’ -«

A‘r'\

N = 20 n_(+12) Icosahedron
N, = 8 n (+ 6) Octahedron

n = (i2 + 3352 - 4)/8

A ber @ 8 Xw{{agwg ‘ . - 0
C& VL» s ’kg,%mdo\, 4 J | 2
Yl ow Yzb ‘

4
6
8

9(180-72) 18(360-144)
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MARS-36

Performance as a function of theta

% |
90.0 |

60.0

30.0 -

O . O SR

0.0

—r

with ACring &4 vy <)

i 18 +4& DEo

' deteeds s avouol
1 He 12+1tT
couX ol deleehen s

300 60.0 90.0

Theta (degree)
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~ MARS-54

. - - . -




MARS-54

Performance as a function of theta

———

%o
90.0 -

60.0 r o - J

30.0 r

—_

0.0 30.0 600 90.0
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A
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MARS-36 world map
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Response for High

Gamma Ray Multiplicity

Obtained with a clusterization algorithm
optimized, for each fold, to produce “best”
value for Efficiency and P/T

Conf. 110 36 54

Mult. S P/T € P/T € P/T

.00 215 | 45.4 | 235 | 45.8 |26.> | 4S8

1 |16.2 [18.9 | 19.3 | 22.8 | 22.0]| 21.7

10  [13.5 [17.0 | 15.6 [ 20.2 | 18.6| 19.8

25 10.0 |14.5 | 10.9 | 16.6 | 13.9| 16.9
sty

. . . Yy
Results are clearly insufficient because of
long range scattering. |

Tracking needed
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Addback Effects with EB Clusters

800
700-
600
500
400

300

P/T = 53% summing all capsules

P/T = 41% keeping isolated hits
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Hyperdeformation from ¢°Co source!?
(summing all capsules in the Cluster)

1 Backgrowwsl subirected 29 Transitions
| Au axtousdel basel goarch AE, = 40 keV

b0 g e idouldl Pust Ny

6o oo BEO 40O HRO b O S0 I B0 (4O

| Wj-_@@\; bs.ckgmw( gebh traechipw
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o YST U WyolCi X,

Electric potential inside a closed-end
~coaxial germanium detector
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Pulse Shapes from a
multiple interaction event
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Tracking with ANN
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M. Rellesto

Inverse Fourier Transform

Frequency cuts at 100, 40,2510 MHz

charge
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Two Interactions with equal energy
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&, RCK;a,ux,ow‘\ 4

‘Low Cost High Resolution
Digital Puilse Processor

Preamplifier Simple : , :
' Amplifier
i (3 pdes) h .
l\ l /_\ i1 g ADC DSP !

[/ K’ _L"TM5320 ______, PC

: ,——-PCSO 4
Digtal ; :
¥__ - Dgtector igoer ?
l Signal
(OL)N Filter for= =
Hybrid Baseline
Analogi¢ and Digi tal
realization

For Pulse Shape a high sampling
frequency FADC (10 bits, 100 Ms/s)

iIs being considered
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The Prototype Ge Detector

Efficiency > 75%
Closed end geometry

24 segments (¢ « )p(y rw epth )

25 cold FET’s for optimum energy resolution

-

Separate vacuungnwcfeléamlzjer for FET’s

Fast low power preamplifier
Mechanically compatible with GASP Ge’s
Order placed to Eurisys

Delivery before summer
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Future perspectives

Geant simulations | |

- Other geometries axl Pokck@q.a sehemmes
- Tracking |

- Tests of prototype detector

- EXxperimental study of pulse-shapes

- - Prototypes of electronics

- Data Acquisition System

- Write a proposal in. 1998-1777

- Funding? . a5k feo o 4999

= I,g ?Y‘oé ec/k }DLQQ .\)6 __gu,nqa’(&.c(/ Co 5’4%-6?&‘0& Cou,éff( |

b&%\/u._ Oat j%w ooe s oo d

2 HCL(‘XO\" WO '\3_0«5@.\” .’\D\"@XDQP_MS *:!’v ‘é—\‘z‘eft,{.
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S.Frauendorf
Rotation beyond the standard scenario.
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} Nuclear Landscape

A less than 300 stable l

_proton number Z

terra incognita

known nuclei

B —
2 8 neutron number N
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M.Riley
Reaching for the sky with GRETA: how high in spin can nuclei go
and what do they do up there ?
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Daniel Kleppner

If you should suddenly feel the need
for a lesson in humility, try forecast-
ing the future of physics. 1 acquired
this little bit of wisdom rather pain-
fully a few years ago when fate tossed
me onto the Brinkman committee—
one of those panels that is assembled
in the US roughly once a decade to
survey physics. To prepare for the
task, I looked into the previous sur-
vey 1o see how well it had done in my
pet field of atomic physics. The per-
formance was unimpressive. Appar-
ently nobody noticed that the laser
was about to revolutionize atomig
physics and propel optics into the
mainstream of physical science. Sin-
gle-particle traps, clusters, high-reso-
lution scattering and lots of other
advances were also missed. My gorge
rising against the clods who did my
field such an injustice, I looked up
the list of members of the atomic
physics panel. Smack in the middle
was my own name.

When you get down to it, about the
only thing scientists can forecast with
much accuracy is an eclipse. Under-
standing this. veteran science fore-
casters invariably qualify their dis-
cussions with some cautionary state-
ment to the effect that because the
most exciting discoveries are unpre-
dictable, their predictions cannot be-
gin to do justice to the glorious
potential of their particular fields.
Such a disclaimer allows one to exag-
gerate while appearing to display 2
becoming humility. Nevertheless,
sc’entific discoveries generally do ex-
ceed expectations. Bv way of evi-
dence for this, note that although it is
hardlv more than five vears since the
last physics survey—the Brinkman
report—there is alreadv an impres-
sive list of advances that we either
underestimated or simply failed to
foresee. One can view this as evi-

Daniel Kieppner is the Lester Wolfe
Proiessor of Physics and associate
director of the Research Laboratory of
Electronics at MIT.
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PHYSICS TODANY
A LESSON IN HUMILITY pee A\

dence that physicists are shortsighted
or that nature is inexhaustible. Natu-
rally I vote for the latter. To support
my point, here is a list of some things
that we missed.

Hig h-Ti suﬁmonductivig. Thedis-
covery oi mgh-temperature supercon-
ductivity by two scientists with an
apparently eccentric interest in a
totally unfashionable material—the
copper oxides—is already a legend. It
confirms the great tradition of indi-
vidual scientists’ pursuing their own
goals in their own way and demon-
strates that miracles in science really
occur now and then. It also demon-
strates that apparently simple sys-
tems can be subtle and complex, for
five years and 18 000 papers later, the
basic physics of high-temperature su-
perconductivity remains an enigma
and the early visions of levitated
trains and superconducting power
lines remain unfulfilled. Neverthe-
less. recognition of the two-dimension-
al nature of the underlying supercon-
ducting structure has led to an under-
standing of thin film behavior, and
this has opened the way to practical
thin film devices. Achierg the large
currents needed for more general
applications requires overcoming the
limitations of the underlying two-
dimensional superconducting struc-
ture. One hopes for the best.

Supernova 1987A. Since superno-
vae Jight up in the Milky Way approx-
imately once every 300 years. the
occurrence in 1987 can be described
as astounding but not miraculous.
However. the detection of 15 of the
roughly 10°° neutrinos that were
ejected as the star's core collapsed.
traveled for 170 000 vears and arrived
within a few seconds of one another
approaches a miracle—a windfall
from the search for proton decay in
Japan and the US. The agreement
between the neutrino signals and the
theory for the supernova’s explosive
collapse is a triumph of neutrino
physics. - The supernova now glows
with light powered from the radioac-
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tive decay of cobalt-57, though in its
few short years its luminosity has
dropped dramatically. Here again
the measurements are in extraordin-
ary agreement with the theoretical
scenario, and this story is heading

 straight for the textbooks.

Atom cooling and atom optics. It iz
haﬁfy news that hgﬂt can push
around atoms, but nobody seemed to
recognize that the interplay of optical
fields with the internal dynamics of
an atom would make it possible to cool
-atoms to temperatures of a few micro-
kelvin, suspend them in space, toss
them around like tennis balls or let
them collide in a new world of ultra-
slow motion. A fountain of such cold
atoms has already produced a reso-
nance signal 50 times sharper than
that in the best atomic ciock. Out of
this line of research has grown the
discipline vf atom optics, loosely cen-
tered around the interaction of atom-
ic waves with mechanical structures,
optical fields or both. Mirrors made
of light have reflected beams of
atoms, and a new art of interferome-
trv has been created based on coher-
ent beams of atoms.

Buckvballs. The Brinkman report
paid suitable hemage to clusters—
those small chunke of matter, some-
where between individual atoms and
solid structures, that can be gener-
ated in supersonic beams—but the
anomalous peak in the carbon spec-
trum at mass 60 had vet to be
discovered. Observation of C,, and
identification of its soccer ball struc-
ture—the “buckyball”-led to a rum-
ble of excitement. and when it was
discovered that the material could be
made in bulk, that in fact it has been
around since time immemorial as a
major component of soot. the rumbie
turned into a roar. Chemistry has a
new building block. and the excite-
ment is reminiscent of the excitement
that followed the discovery of high-
temperature superconductivity. Cg,
is only one member of a novel class of
molecules called the fullerenes. The
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opportunities for chemistry and mate-
rials science created by the discovery
of this new state of carbon are, for
now, beyond comprehension.
Complexity, chaos and nonlinear
dvnamics. dxven that pﬁysmsts gen-
y esteem simplicity, it is remark-
able that the study of complexity has
moved to center stage, but such are
the ironies of nature. Complexity
encompasses everything from the
growth of crystals to the dynamics of
neural systems. Its central theme—
the elaboration of forms from the
repetition of simple operations—is
being recognized as a fundamental
organizing principle of nature. Sever-
al commentators have used this col-
umn to spread the good tidings of
complexity (Leo P. Kadanoff in March
1991, Philip W. Anderson in July, and
I in August). But the term was not
even mentioned in the last physics
survey. Nonlinear dvnamics has also
moved to center stage. Its origins go
back to Henri Poincaré’s work at the
turn of the century; the origins of
chaos likewise go back for several
decades. Only in the past few years,
however, have nonlinear dynamics
and chaos theory entered the main-
stream of physics. The last physics
survey hardly noticed that classical
mechanics was on the threshold of a
renaissance.

piupedclomed uclel, Although
therr existence was anticipated by
theory, until they were discovered
experimentally it did not seem likely
that nuclei really could be stable in
sausage-like geometries while spin-
ning so fast that they are on the verge
of flying apart. However, when cal-
cium-48 and palladium-108 ions col-

lide they can fuse to form a dyspro- -

sium nucleus that boils off a few
neuatrons and settles down into such a
state of '*?Dy. The ratio of major to
minor axes is approximately 2:1, and
the angular momentum is extraordin-
ary—approximately 60%. The '*?Dy
methodically emits a series of gamma
rays, producing a spectrum so regular
that it is almost picket fence. When
the angular momentum is about 26#,
the 52Dy suddenly flips its shape and
behaves like a conventional nucleus.
Similar behavior has now been discov-
ered in many other nuclei. so the
phenomenon is by no means isolated.
On the contrary. superdeformed nu-
clei are now recognized as a new state
of nuclei, an unexpected happy event
in the nuclear family.

Large-scale structure of the uni-
verse. e uniformity ol the early

R
unmverse has been one of the more

comforting thoughts of modern cos-

mologv. Measurements by the 00205

mic Background Explorer. for in-

stance, gave spectacular confirmation
of the blackbody spectrum and iso-
tropy of the cosmic microwave radi-
ation. Aside from a small correction
due to local motion, the radiation was
uniform across the sky to better than
1 part in 10%. In view of this unifor-
mity, the recent discovery of large-
scale structures of the universe—
voids in the distribution of galaxies,
sheets of galaxies and large, foam-like
structures—was totally unexpected.
Possibly the structures bear the sig-
nature of dark matter, or possibly the
present scenario for the evolution of
fluctuations in the early stages of the
universe is complet.ely wrong. In any
case, our view of the universe has
altered in the last few years.

sCor gics. A new world of
physics b covered in meso-
scopic systems, structures that are
large on the atomic scale but so small
on the laboratory scale that quantum
effects are important. When the dis-
tance needed for an electron to ex-
change energy becomes large com-
pared with the size of the system,
electron transport turns into a coher-
ent process, and the transmission
coefficient that determines the con-
ductance is determined by a sum of
Feynman paths over all the random
paths through the system. In this
regime, any change in phase leadsto a
macroscopic change in conductance.
If some parameter such as the mag-
netic field is changed, the conduc-
tance—no matter what its size—fluc-
tuates by a universal value, —é*/h.
Such universal conductance fluctu-
ations can generate 1/f electronic
noise due to the migration of one
atom. In the mesoscopic world, the
charge of a single electron can alter
the potential of an electrode enough
to cause macr:3~opic changes in be-
havior. Out of this simple idea have
already emerged a single-electron
“transistor” and other single-electron
devices.

This account hardly exhausts the
list of surprises from physics in the
last five yvears, but it should at least
suggest Nature’s abundance. The
lesson is that scientific discoveries
invariably exceed the power of our
imaginations. Learning this over
and over again should school us in
humility, though it is more likely to
leave us feeling exhilarated than
humble. In either case, the lesson
can help us to keep up our spirits in
these times of deferred hopes and
faltering institutions.

. e .

I thank mx numerous colleagues who
helped me to prepare this column by
sharing their wisdom and their excitement
over these advances and discoveries. B
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THEORETICAL ATTEMPTS TO
EXPLAIN IDENTICAL BANDS"

e Weak Coupling and Rotational Alignment
e Strong Coupling Limit

e Particle Rotor Model

¢ Decoupled Pseudo-Spin |

o Interacting Boson-Fermion Model

e Deformed Shell Model

¢ Cranked Hartree-Fock

e Cranked Relativistic Mean Field

e Mean Field Configuration Mixing
¢ Fermion Dynamical Symrhetry Model
e Pseudo-SU(3) . |

¢ Supersymmetric Models

NO SATISFACTORY ANSWER YET!

e It seems some very subtle cancellations are tak-

£

ing place or more interestingly that these degera-

cies are the result of some underlying symme-

try not yet recognized!
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*fWhen the small
' shifts in ;‘-‘{'jree bands
are plotte"’ as a:-

The transitions in
these neighboring
nuclei are nearly
identical, butthe
dlrectlon of the tiny
shift is reversed.
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Nugclei can have an excited nnmmum (or o
false vacuum) in the potential energy at Spectrum (above) showing the weak direct
rge deformation: Superdeformed (SD) one-step discrete high energy (3.4-4.5 MeV)
states in the minima decay by tunneling decays linking the superdeformed and normal
through a barrier, aprocess possible only in  deformed minima.

very small objects governed by quantum
mechanics.
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s crmtted m i e i This observation unamblguously defined the
decay of a superde rined band show a

unique doublé ¢ c}e of ¢haos-to-order excitation energies, spins and probable parities
.tranqsmon y SEESTTETEL L of bands in the A=190 region for the first time.
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Tentatively scheduled for 1 April 1998, Physical Review C, Volume 57, Number 4

Shell effects in superdeformed minima |
P.-H. Heenen, J. Dobaczewski, W. N azarewicz, P. Bonche, and T. L. Khoo

Recent and planned experiments aiming at the observation of the direct links between superdeformed
and normal-deformed structures in the $A$$\sim$190 mass region may offer a unique information on
the absolute nuclear binding energy in the 2:1 minima, and hence on the magnitude of shell effects in the

superdeformed well. In the present paper, the self-consistent mean-field theory with density-dependent
pairing interaction is used to explain at the same time the two- particle separation energies in the first and

second wells, and the excitation energies of superdeformed states in the $A$$\sim$190 and

$A$$\81m$240 mass regions.

. © 1998 The American Physical Society. ‘




Single-Step Linking Transition
. from Superdeformed to Spherical States in 13Eu

A. Atag!, A. Axelsson?, I. Bearden?, M. Bergstrém?, B. Herskind?, J. Nyberg?,
M. Palacz*®, J. Persson!, M. Piiparinen®, C. Fahlander®, G. Hagemann?,S. Leoni?,
M. Lipoglavsek!:?, P. Nolan®, E. Paul®, N. Redon®, L. Roos!, G. Sletten?, K. Tuiek?
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194Hg and 192Hg (band-1)

(one/two step decay—out line search) |
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Superdeformed Bands in the A~80 region

Number of
Bands
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THE LIMITED ANGULAR MOMENTUM IN STRONGLY DEFORMED ROTATIONAL BANDS

I. Ragnarsson
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Intensity (arbitrary units)
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PHYSICAL REVIEW C | ‘ " VOLUME 29, NUMBER 3 MARCH 1984

Rapid Communications
I

Angular-momentum-dependent fission barriers in the rare-earth region

F. Plasil, T. C. Awes, B. Cheynis," D. Drain,* R. L. Ferguson,
F. E. Obenshain, A. J. Sierk,' S. G. Steadman * and G. R. Young
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
(Recsived 7 November 1983) _

Fission and evaporation residue excitation functions of !¥*Tb and 3'Re compound systems are investi-
gated in the context of angular-momentum-dependent fission barrier calculations in which affects of the
finite range of the nuclear force and of the diffuseness of the nudlear surface are included.~ Carbon- and
neon-induced reactions are studied in both the !53Tb and '!Re cases. Reasonable agreement is found
between experimental and caiculated excitation functions without adjustments of the theoretical fission bar-

Tiers.

PHYSICAL REVIEW C YOLUME 28, NUMBER 5 : NOVEMBER 1983

Fission of polonium, osmium, and erbium composite systems

3. van der Plicht," H. C. Britt, M. M. Fowler, Z. Fraenkel,! A. Gavron, and J. B. Wilhelmy
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

F. Plasi], T. C. Awes, and G. R. Young
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830
{(Received 5 July 1983)
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FIG. 14. Calculated fission barriers as a function of angular
momentum from Sierk (S) (Ref. 12), Mustafa et al. (M) (Ref.
21), and Cohen, Plasil, and Swiatecki (CPS) (Ref. 11).
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PHYSICAL REVIEW C

VOLUME 56, NUMBER 5

NOVEMBER 1997

Search for hyperdeformation in 16¥Yb

 J. N. Wilson,! S. J. Asztalos,® R. A. Austin,' B. Busse,” R. M. Clark,* M. A. Deleplanque,? R. M. Diamond,” P. Fallon,’

S. Flibotte,! G. Gervais,! D. S. Haslip,' L. Y. Lee,® R. Kruecken,® A. O. Macchiavelli,® R. W. MacLeod,?
J. M. Nieminen,! G. J. Schmid,” F. S. Stephens,’ O. Stezowski,? C. E. Svensson,! K. Vetter,? and J. C. Waddington'
'Department of Physics and Astronomy, McMaster University, Hamilion, Owario, Canada L8S 4M1
2] Cyclotron Road, Lawrence Berkeley Laboratory, Berkeley, California :
3Instirut de Recherche Subatomique, Strasbourg Cedex 2, France
(Received 5 May 1997)

The nucleus 168Yb, and its near neighbors, have been studied at the very highest angular momenta using the
full Gammasphere array. The experiment was performed in order to search for evidence for the existence of
hyperdeformed states, which have predicted nuclear axis ratios of =3:1. After exhaustive searching for both

discrete and continuum ¥ rays associated with a hyperdeformed shape, using a wide variety of different
analysis techniques, no evidence for the existence of hyperdeformation has been found. This search of unprec-

edented sensitivity has been carried out with the full Gammasphere, and was performed on arg'gably the best
candidate nucleus. A maximum achievable observational limit of ~0.02% of the '®Yb channel has been

calculated for this particular experiment, using Monte Carlo simulations of the response of Gammasphere.
[S0556-2813(97)02410-2] :
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FIG. 4. (a) Triply gated spectrum created from the sum of 10
Sates on 70 000 events of simulated hyperdeformed data, where the
simulated band had ten transitions ans the gateswere 1 FWHM
wide. (b) Triply gated spectrum created from exactly the same sum
of ten gates applied to the real data containing 500 million events in
the full database. (c) The sum of the spectra (a) and (b), after a
suitable high-statistics background spectrum has been subtracted.
The peaks in the simulated band are not particularly prominent in
this spectrum, which comresponds to a band of 0.014% intensity.
The Lmit of sensitivity for one data point is calculated from spectra
such as (2) and (b).
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. . FIG. 5. Plot of the limit of sensitivity of the full Gammasphere
for this particular reaction, given the assumptons of the Monte
Carlo simulation. This limit will vary from experiment 1o experi-
ment due to changes in the amount of data collected, and the
strength of continuum background, but the major factor in affecting
the limit is the_total photopeak efficiency for Gammasphere (taken
here as 10.0% in the range of the simulated band). Note that the
limit of sensitivity for the 'Yb channel is ~5 times higher than
these values, as this comprises only 20% of the data set.
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Experimental progress arises from newly de-
veloped instrumentation and capabilities. The
most important future directions for this field
should capitalize on new physics possibilities
made possible by technical advances. Many of
these arise from the opportunities with radioac-
tive beams and will exploit the capabilities of ex-
isting and planned facilities. In addition, there
are powerful new gamma-ray detectors proposed,
such as GRETA, that promise to revolutionize
many areas. *

Scientific Opportunities
with an
GRETA I Advanced ISOL Facility

. November 1997
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Nuclear structure near the N=Z7 line.
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S6Ni and its neighbors: The Bridge |
» Spherical, deformed, & superdeformed states
» Effectlve interactions
» Proton emission from the 274 well
» March toward 328
Astrophysics (rp-process)
T=0 pairing
N=Z nuclei (rapid structural changes superallowed B decay)
100Sn region

Proton radioactivity and spectroscopy beyond the drip line

(recoil-decay tagging)
Summary: The need for more powerful gamma-detectors
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predlcted deformed multi particle-hole states (with respect to
~ :NjZ=28) provide a unique set of data to test, compare, and relate .

~the predictions of widely different theoretical approaches; namely, |
- large-scale shell model, mean field, and cluster model calculations.

ucle1 along the N=Z line near and beyond SNi may provide
f‘f';?'-. "msxgh/tz into the question of neutron-proton pairing.



36 Ar 4 28Sj at 136 MeV
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Figure 3: Experimental relative cross-sections [%] of the reaction 3¢Ar +
2Si at 136 MeV beam energy deduced from the thin target GAMMASPHERE
experiment. The total cross section amounts to gy, = 1000 mb and the
uncertainties reach from 5 % (strong channels) to 20 % (weak channels).
The proposed reaction 2¢Mg + °Ca leads to the same compound nucleus
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* The A=55 Mirror Nuclei: The heaviest mirror pair yet studied

Y SR .- R -7/ A ;
' b
1062 -
1 1363 1 1412 31/2
o 8Y? 2265 82243 T—H
wr laws % ® weo | sz
Wr__naw ve |
. Miioen . T I
L e e P LA, T2 7 o 1
27/ 45 "9"614 i i 12123} 29/2-
2072 | 4426
279 ! 4
2722 '362| /2—_-&.7‘ ............ 1819 ++0orene : 1783 2097 3819 0
o : Mo} Ll
........................ wrfesey | ey | | 2420
- 22
/2y e 3 2784 a8/
N ST O 8702 ) W :
1426 859 8 22 !
2628 .
Y
7 NN Y S R o3 | ayr| g | w0 W - ' 5:? &l[r\
340
61 22 1 857 WE 8| p— 2z 1505p1n o / '
/T 11923 ) 83 vaT7 i N | 56 l ‘
2z | 752 L e G308 RN B B SO0
ol E7 09 2093 .
D3 wgaisy 108 ‘
1589 : 237 »
e 2728 6644 | 19/2-
7z |sge e 2402 ...t A 6509 4§ 9/2°1 |} 18/
842 4y 3409 xse
%01 321 ‘ 1200
go. efod ] LTI T SR LT 2129
. 2623 2868
~ 4 . . .
Ry L TR N SR N g . 92 “a , (9/7)
9-1’° ' : m A S S
............................................................................... DA I T S B/24........ B2 $ (15/2) 3583 {15/27)
764 35 : 0
............................ r 2882 /)
55 s
55 Co 28 Nip; 2
27 28

Q. ur 0 25r)



T I
L .
e :

[y por-
de /ol‘m—éd

(y=0) . (z=0) | (x=0)

FIG. 1. Density profile contours for (a) 2:1, (b) triaxial,
and (c) 3:1 alpha-cluster configurations in **Ni, from the
Bloch-Brink alpha-cluster model calculations. »
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Onset of T=0 Pairing and Deformations in High Spin States.of the N=Z Nucleus “Cr

\ J. Terasaki, B. Wyss :
The Royal Institute of Techaology, Institute of Physics Frescati
Frescativagen 24, S-104 05 Stockholm, Sweden
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Deviations from additivity
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HF (SLY4) — SDcnf: Proton & Neutron Vacuum
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B . \ | 247 ms 319 (19/2) 12
First observation of p-radioactivity . ]
from the decay of the spin-gap L qw
isomer in 53Co. It has remained .
the only known p-emitter below 18
Z=50 (Cermy et al., 1970). 1 %
| 16
' - 8
near p- dr,}a frne 1, 2
| : 3.04 19/23 ]
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77 1o
. 26" €27

Comparison of the experimental
and theoretical spectroscopic o
factors for the p-emitters in the = & &
Z=53-83 region (Aberg et al.).
Except for the weakly deformed
1091 amd 113Cs, they are all
beliieved to be spherical nuclei. 0.2
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Excited States in 76.1"Hg and Shape Coexistence in Very Neutron-Deficient Hg Isotopes

~

M. P. Carpenter,! R. V.F. Janssens,! H. Amro,'2 D.J. Blumenthat,! L. T. Brown,'3 D. Seweryniak,! P.J. Woods 4
D. Ackermann,' L. Ahmad,' C. Davids,! S. M. Fischer,! G. Hackman,' J. H. Hamilton? T.L. Khoo,! T. Lauritsen,!
C.J. Lister,' D. Nisius,! A. V. Ramayya,? W. Reviol,5 J. Schwartz,' J. Simpson,” and J. Wauters®
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FIG. 1. Sample spectra relevant for the '*Hg data:
(a) projection of all y rays in ceincidence with mass A = 178;
(b) v rays correlated with the "®Hg a decay (the charged-
particle spectrum is shown in the top inset); (c) sum of
coincidence spectra gated on the trawsitions assigned to the
17Hg level scheme given in the second inset. The measured
total intensities are given in parenthesis next to the transition
energies in the level scheme. Ség text for a detailed discussion.
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I.Ahmad
Structure and stability of the heaviest elements.

267



268 -



69¢

Structure and Stabilities of the Heaviest Elements

| I. Ahmad

- February 4, 1998
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Recent Calculations

Strutinsky Method:

Nilsson et al., Nucl. Phys. AT15, 545 (1968)
Moller and Nix, J. Phys. G20, 1681 (1994)
Smolanczuk et al., Phys. Rev. C52, 1871 (1995)
Chasman and Ahmad, Phys. Lett. B392, 255 (1997)

LLZ

Other Methods:

Cwiok et al., Nucl. Phys. A611, 211 (1996)
Rutz et al., Phys. Rev. C56, 238 (1997)
Myers and Swiatecki, Nucl. Phys. A601, 141 (1996)



aLe

Rutz et al., Phys. Rev. C56, 238 (1997)

"Doubly magic spherical nuclei are searched in the
region Z=110-140 and N=134-298. They are found
at (Z=114, N=184), (Z=120, N=172) , or at

(Z=126, N=184), depending on parametrization"
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SINGLE - PARTICLE ENERGY (MeV)

Rev. Mod. Phys. 49, 833 (1977)
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Rav. Mod. Phys. 49, 833 (1877)
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Cross Section (pbarn)
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S. Hofmann (1997), Weich Foundation Lectures
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Vandenbosch & Huizenga, 1973, p.227
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COUNTS

100

IUCF K600 Magnetic Spectrometer
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B.Sherrill
Techniques for mapping halo wavefunctions.
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GRETA Workshop Feb.98

Nuclear wavefunction mapping with
GRETA

Determination of nuclear structure near the drip lines

* Introduction
— Simple picture of nucleon knock-out

— Importance of the breakup reaction
mechanism

— Examples
— S800 Spectrograph

* Measurements with y-rays
— Determination of the reaction mechanism

— Measurement of parentage to n+core
states.

— Examples -

e The need for GRETA

— Resolution: in heavier nuclei the g-
cascades can be complicated

— Efficiency: weak beams require near

100% efficiency - J |

11Be

o] )
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Wavefunction Mapping in 1s Atomic Hydrogen

McCarthy and Wcigold. Rep. Prog. Phys. 51 (1988) 299

C:¢terential cross section
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Nuclear Physics:
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' Is hydrogen
Lohmann and Weigold momentum wavefunction
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High-Momentum Protons in 2OSPb‘_'V

(e,e’p)
I. Bodeldijk et al. PRL 73 (94) 2684

Ay T —T

" 28pp(e e'p)

l. 0.3) 12 310 < p_ < 370 MeV/c 4

0, ua(E,P,) [(GeVIc)*MeV']

3

3

107

P) [(Gevie)?) ——

104

off
m

p(p,

-t
Q
2
T

1079} 1 . 1 N : W™

pY [MeVic] — P [MeVic] —

There are higher momentum components than
expected from nucleon mean-field models
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Nucleons in the Nucleus

C.J.G. Onderwater et al., PRL 78 (97) 4839

A long standing problem is that the probability
of finding a nucleon is a given orbit is
only 0.6.

Spectral functions for pair knockout in 160

-
- o
g
o

"
.....
.....
o

S (arb. units)

We@ o

Conclusion: Correlations are very important!
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Parallel Momentum = Momentum wf

Beam

pparallel
pperp
Ptotal
Target
* r = | kP —
| l F(k) = 3 [e"" p(r)dr
* 7 3
Asymptotic , -
(Os-wave: : p(r)= “"Yukawa"
r
1 4
t = 12 h |
i Fk) = ———
K. Riisager I l N 3 2
1 "p T (17 - + kz )2 R
e~ p'

General: TFik)= %)Y, (6.¢) where

B.A. Brown ! _ 2! 5
H. Esbensen : Yk) = \/:—l\—_[ Y(r)j, (kr)r-dr
L T K

In both cases:

L -2
P(_kp)z—z-j,F(_k), dk, k> =kj+ k}
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Momentum and Spatial Wave
functions for ''Be Halo and Core S

NEUtronS ‘ Nculrou;

Data: J. Kelley et al., Phys. Rev. Lett. 74 (1995) 30. "Be H)=shOkey
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Momentum'Content of Single-Nucleon Halos:

P.G. Hansen PRL 77 (1996) 1016
H. Esbensen PR C53 (1996) 2007
K.Henken, G. Bertsch, H. Esbensen PRC 54, 3043 (1996)

“...collisions with a nuclear target cannot explore all
parts of the halo’s spatial wave function with equal
probability.” |

O

*Be(!'Be,°Be)X
experiment
Kelley et al.
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Summary of the Nuclear Landscape

Doubly Magic Nuclei (proton and neutron number magic) PT_-'—"
Well known cases: : o

‘He, "0, ""Ca, "Pb Proton
| Drip Line

\ .

Viagic numbers

——Stable Nuclei

lOOSn - found at GSI

and GANIL
F . .

> Proton Number

6Sn -7
132

\ Sn - studied

78Ni - found at GSI Neutron Drip Linc

Ni- ? g
Ni - studied %57,

iy
Fr

56

2-8() - not particle stable

101¢ - found at RIKEN and HMI

> Neutron Number
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Intensity (particles/sec)

The NSCL Coupled Cyclotron P
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Neutron Removal Mecﬁanisﬁg |

Diffractive dissociation:

target not excited

Stripping:

target excited

Sequential:

Coulomb Excitation:
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Determination of all components of the
valence wave function

v-decay
of excited states

Recoil
momentum

| EJ' S f
g, p 6.32- .58 .13

6.01- .69 .13
592+ .02 .17

> Y332+ .19 .17

~ __0.00+ .74 .63

EJV s
15¢ d 732+ .02
. [ 690- .46

Beams: | P 6.01- 1.17

Hp. 127

S(n)=0.5MeV v v |

I 14~ 0.00+ .98
C1/2

S(n) = 1.2 MeV
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Core Knock-out C(mtnbutlon to:_the

..... e LR
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LLE

Position-sensitive NaI(TI)
photon detection array

* Array of 38 Nal(TI) crystals (with two phototubes each)
surrounding the target ' .

* Mcasures energies

—and interaction points
of photons up to 8
McV '

* Detectors from
former PET machine -
(Washington
University, St. Louis)
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Doppler Corrected

10000 :
f - °Be Fragment -
in coincidence " Yo
© 1y, p 63 2-
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Counts

UBe + Carbon
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UBe + Carbon

1600
1400 - ' + + + S
1200 | | H + +
» | o1 LTITTHN
1000 N Ve ‘”'.
: B .
3 800 + +
“ w10
600 1 | *+
EM —d5/2 10=2 wf +++
400 + ' | |
$ —p1/2 10=2 wi
200 + ¢ backround subtracted
0 i } . l X , : , , l . { L
3260 3310 3360
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Ground State Structure of 17C

17,9

Be —>

C+

16

C+X

G. Hansen
I=2 wavefunction
with cutoff

D. Bazin,
B.A. Brown,

G. Hansen et al.

plw, Rev.

1] 1 ]
6250 16 6300 6350 6400
C Parallel Momentum (M

eV/c)

T T
6450 ]6500

arentage to °C (2

do/dp,, (a.u.)

0.05

0.00

of the 2 components

251/, X016
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What is the limit of the technique?

Reminder: (p,d) studies will require 1000/s
| for a few day run.

(d,p) at lower energy require 10,000/s.

Advantages:

Large breakup cross sections - 300 mb
Thick targets (same Z same v) - 300 mg/cm2
100% efficiency for fragments (S800)

Event Rate:

Based on the numbers above the mteractmn |
probability is: 6%

For a beam intensity of 20/day we would have
1 event/day. '

GRETA full energy efficiency of 43% for a
2.0 MeV gamma-ray

20 day experiment (?)
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GRETA Workshop Feb.98

Conclusions

 We have a technique for the
determination of valence wave
~-functions

—

—

Works well in light nuclei

Reaction mechanism effects are important
We have seen unusual parentage in 17C
Have measured 'Be, 4B, 1517.19C, 26.27.28p

~* Need Measurements with y-rays

S800 available for momentum
measurement '

Measurement of parentage to n+core
states.

Need high efficiency, doppler correction
and good energy resolution

Need GRETA
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M.Thoennessen
Giant resonances.
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Lee

CAN'STATESBICHIGAN STATE ;MICHIGAN STATE! MICHIGAN ST
A XPCTLONIVIR T IS4

¢ GDR Built on Excited States |
¢ GDR and GQR Built on the Ground State

e GDR in Exotic Nuclei




Counts (arb. scale)
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| E, (MeV)

(a) BF +187q 93 Mev (d) PF +¥1Ta 126 MeV
(b) 150 +rat 7 100 MeV  (e) °O +"* W 140 MeV
(c) ¥F 4181 Tq 105 Mev (f) PF +181Tq 141 MeV
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PROBLEM:

— The y-decay of the GDR originates from
a wide range of excitation energies and
~angular momenta.

60

40 —

. (MeV)

bl
I
-4

10 =

. ‘ . ! . ! : |
0 10 20 30 10 50
Angular Momentum (h)

0.
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e Multiplicity Gates
A. Bracco, Phys. Rev. Lett 74, 3748 (1995)

e [somer Trigger
J. P. S. van Schagen, Nucl. Phys. A581, 145 (1995)

e o-Scattering
E. Ramakrishnan, Phys. Rev. Lett. 76 2025 (1996)

e Discrete Transitions
G. Viesti et al., Phys. Rev. C55, 1594 (1997)




High energy y-spectra
gated on normal and
superdeformed transitions

Counts

30 15 20

E,(MeV)

"L.H.Zhuetal., Phys. Rev. C55, 1169 (1997)
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T
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5 6 7 8 9 101112

Energy (MeV)

14
1.3

- 1.2

Ratio

1.1
1.0
0.9
0.8
0.7

0.6
-5 6 7 8 9 10 11 12

Energy (MeV)

F. Camera et al., Act. Phys. Pol. B28, 207 (1997)
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e Large Nal: ~2%
e Get+BaF2: 1.6%

A. Krasznahorkay et al. NIM A316, 306 (1992)

e Ge+BGO: 0.7%

F. Camera et al. NIM A351, 401 (1994)




'FWHM (MeV)

-FWHM (MeV)

Detect

ing High Energy y-Rays With HPGe Detectors

300 T
250 |
_-200'; )
150: B — -]
100: R -
50| Add-back
0510 12 17 16 18 20
Energy (MeV)
300 N
- 2950 Compton suppresséd |
200] |
150
100 d
50 v )
0 [ mem——e—- i -

8 10 12 14 16 18 20

Energy (MeV)
327F. Camera et al., Act. Phys. Pol. B26, 479 (1995)



Efficiencies

120.0
100.0 K
80.0
60.‘0_ ‘
2 \
40.0
20.0
0,0lI‘FlllllllI7IIIIIIITIII.I‘I
1 3 5 7 9 11 13 15 17 19 21 23 25
_ Energy (MeV)
BaF, Intrinsic Efficiency
GRETA Shell

'ORNL/MSU/TAMU BaF, Wall
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e Tagging of low energy
transitions

e Simultaneous detection of
high energy y-rays |

|e Large detection efficiency
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(mb)

Cross Section

S. S. Dietrich and B. L. Berman, At. Data Nucl. Data Tables 38, 199 (1988)

15 T y
16
O *
12F _
9" “ .
'lu .".u
I
Br- }"‘h. M" -
Py -,
3t / - l
R \ ) !\.
i ,
0 ._N' \v'f‘h-" '
f(y,n) T(y,pn) T‘(y.an)

GDR in Stable Nuclei
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Cross Sectior-mb

Phetono Emergy - MeV

B. L. Berman'and S. C. Fultz,
Rev. Mod. Phys. 47(1975)713



ORNL 22 MeV /nucleon

)
-]

d<g/dQdE (mb/sr MeV)

............... L=2 10.6 MeV

% E— L=4 12.0 MeV

T | ——— [ =0 13.9 MeV
‘ IVGDR

-

Singles: (Background subtracted)

J. R. Beene et al., Phys. Rev. C 39, 1307 (1989).
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Multipole‘Selectivity of Giant Resonance Decay -

ORNL-DWG 87-17653

[y
o
=

I o(EN) / T o(ED)
IO TR~ TG ATy T~ Ty i

10.—12.

E4

ES

. © m

5 10 15 20 25
Excitation Energy (MeV),
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Giant Dipole Resonance Decay

E* (MeV) |
3 | | ~ 1%
' v
135 + //// L/ /0000 //TVGDR
: l
A <5% |>95% n
l
7 R & S U B e
208Pb(17f0,170’) : o
4.08 T / ' % 9+
2
2.61 1 ,i g-
4 :/’ w» 6+
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EXperimerit al Setup:

ORNL DWG 87-18580

B.EAM 7o §7 ‘70'-.
-}
7N
%ﬁ /

-

SPEG: Angular Rangé: 1.5° - 5.0°
Energy Resolution: 800 keV

BaF,: 6 clusters of 7 detectors 8.7cm X 14cm
3 clusters of 19 detectors 5.7cm x 20cm
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GROUND STATE BRANCH (PERCENT)

ORNL-DWG. 84-17686

100

75 |
50|
IVGDR
0 T —— | T —
o) 3 6 9 12 18

EXCITATION ENERGY (MeV)
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Excitation of Giant Resonances:

ORNL-DWG 85-(85TS

{0
— l A ] =
= T = 0,G0OR —
— (00 % EWSR —
— —
104 | ZOBPb((TO. (70’) e
- B
— .
g
L
E
103 —
c -
A
b —
= 208p4(q.a") —
: -
102 —
—
20854 (0, ')
‘0‘ J J l
o Lo 200 300 400 500
INCIOENT ENERGY (MeV/ouxieon)
Large Cross Sections ==> — Heavy lons

— High Beam Energies
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e Isolate specific resonance by gating on
no/low energy transition:
(B1==>7y,, B2 ==>y;-)

e Simultaneous detection of low and high
energy y-rays ==> Large efficiency

e Coulomb Excitation ==
High Beam Energies (100-150 MeV/u)

e Coincidence with High Resolution
Spectrometer
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Hy; E1 Strength Function

Hyi- Photo Absorption Cross Section

0.30

0.25

0.20

0.15

0.10

0.05

0.00

10.0

o
o

(Ey) mb
=)
o

- ! : | | J

15.0 200  25.0

EY MeV)

5.0 10.0

340

30.0



Projectile Excitations

Study of Deexcitation of Projectiles
in Peripheral Heavy-Ion Collisions

Excitation via Virtual Photon Field

Decay Studied by Reconstructing'
the Decay Products

T'wo-Phonon Giant Dipole Resonance:

Measure Total Energy (LAND)
(Virtual Photon Absorption )

Measure the real y-decay back to
the_ ground state (TAPS)

: 341
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Excitation of the GDR

MCHIGAR STATE MICHIGAN sTalt MICHICAN SIALE

PRI RAT YU sty bd 0 i URTVERST

MICHICAN STATE
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Projectile Excitation

11
Be y

Coulomb excitation or absorption
of virtual photons




Virtual Photon S cattering

Study of Exotic Nuclei: Projectiles!!
Low Intensities

Single Excitations of the GDR

Coulomb v decay back to
excitation  the ground-state

—> 5800
BaF, Array
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c(mb)

Prediction of the **’Pb("' Be,"' Bev) Yield
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E1 - Inelastic Excitation of g,

1 06pps of 80 MeV/nucleon lige

100 mglem? 2%°Pb
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W(Gy)

vy -ray Angular Distribution
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BaF, Array

AE-E Plastic
Phoswich™

*Q. Westfall N. Stone



First use of ORNL-MSU-TAMU joint BaF, array -
o " NSCL, May 1995

i
L
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Counts (x10°)
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GDR in 11Be
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PLASTICWALL
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Schematic Setup
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Support for Low-lying s-wave in 1%Li
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e Virtual Photon Scatfering ==
Coincidence with Spectrometer

e Virtual Photon Absorption ==>
Coincidence with Spectrometer

and Neutron Wall |
¢ Larger efficiency at forward angles

e Beam intensities of 100-107/s
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Conclusions

e GDR Built on Excited States:

»> Tagging with low energy transitions
~» Stand-alone mode

e GDR and GQR Built on the Ground State:

» Tagging to enhance specific resonances
» Coincidence with spectrometer

¢ GDR in Exotic Nuclei:

> Doppler correction

» Coincidence with spectrometer/neutron wall




T.Glasmacher
The spectroscopy of neutron-rich nuclei with a gamma-ray tracking
device.
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The spectroscopy of neutron-fch’

nuclei with a y-ray tracking device

Thomas Glasmacher |

4

National Superconducting Cyclotron Laboratory and
Department of Physics and Astronomy at
Michigan State University, East Lansing, Michigan 48824

February 6, 1998
Berkely, California
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Current status of the m(sd) sfieil

stable

E(2+) and
B(E2) known

not observed i

Ar54

Cab8 I

S50

Sid4

Mg40

Ne32

Neutron drip line

Experiment/ Moller-Nix 1988

T. Motobayashi et al., Phys. Lett. B 346 (1995) 9.
H. Scheit et al. Phys. Rev. Lett. 77 (1996) 3967.
T. Glasmacher et al. Phys. Lett. B 395 (1997) 163.
R. Ibbotson et al. Phys. Rev. Lett. (1998) in press
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Energy spectra in target and pI’O]eCtlle

Counts / (10 keV)

frames for 40S+197 Ay

T T v T T T T T — T — T

712+ 1 5475keV
Y

3/2% o7 0 keV
A

500

1000 1500

Energy (keV)
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Experimental signatures of known shell
closure: the calcium 1sotopes (Z=20)

Mass A |
38 40 42 44 46 48  50.
e U Tt __— + small degree
03[ . / of collectivity f3,
. [ o e | .
5 4
= (.15 /1 E(2*
0151 . . / (27) ST+
¢ o j
0 E_Calciu.m b |32 oc B(E2)1/2
o, B BB LT S S B(E2;0*—2*) =
~ f (W +IE2||Wo+)
E 3F \ o
: J'=0
~ 2L ® N 0 MeV
S |
84| : 3
: 3 ‘\ « high excitation
0t | | L | | L cenergy E(2+)
18 20 22 24 26 28 30 )

Neutron number N




€9¢€

IBZI

E(2%) (MeV)

0.3

Deformation parameters 3, and
excitation energies E(2%): 30S — 448

W
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32
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34 36
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,.'1_
oo @
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Sulfur

}_

e &
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@® @ Experiment
@ Shell model

O Relativistic Mean Field

[ Hartree-Fock
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Coulomb excitation - semiclassically

b.. =agcot 8, /2) /Y
= ZsZa, e%
mc? 32

Eteam = 40 MeV/nucl.
B=0.3, g=1.05
b, = 20 fm

“touching spheres”™
1.2(AP+A, )= 11 fm

min

K. Alder et al., Rev. Mod. Phys. 28, 432
(1956).

A. Winther and K. Alder, Nucl. Phys. A
319, 518 (1979).

C.A. Bertulani and G. Baur, Phys. Rep. 163, ||
300 (1988).

T. Glasmacher, Ann. Rev. Nucl. Part. Sci.
(1998), in print.
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Intermediate energy Coulomb excitation to
study-structure of exotic nuclei

 Excite neutron-rich secondary beam particle in heavy target (e.g.
gold) and detect de-excitation photon

« Measure the energy of first excited state E(2*) and extract
B(E2,g.s. — 2%) for exotic nuclei

« Method works at peak of exotic beam production cross-section for
projectile fragmentation (50-100 MeV/nucl.)

o Schematic setup: ’

» i ‘ i m
TOF 30m ( I?osxtlon,TOF

Beam
-
/ - - _
Thin Plast’c PPAC PPAC 197 Au Target PPAC Fast /S.low
Scinti ) Phoswich-
cintillatoi Detector
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The A1200 fragment separator at the
NSCL at Michigan State University

for beam purificatio

Secondary
Beam
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Schematic view of the

Nal(Tl) detector setup with shielding

lead shielding
| /
/7)) V.
N\ N N
‘ 7)) i
\V
7\
ag— beam |11
) Rl
N\VZ JT
7\ | I W)
/NN N7\
L 7 224 | N7 -

7
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Photon detection 1n reactions with
intermediate-energy exotic beams

General properties of experiments with fast ($=0.3-0.5)
exotic beams:

Low photon multiplicity
Detect branching ratios of 10-100%
Beam intensity‘not adjustable (maximum available)
Beam energy constrained by production mechanism
Experimenter can choose:
Target thickness

Location of detector

Optimize count rate versus energy resolution "
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| proj
E,/E}

Doppler shift at intermediate energies

P
"7 1-BcosO

-, 150 MeV/u

0o 45 90 135 180

REZADE PR SN EEE AR e 5

* Dynamic range of electronics needs to be 2.5 larger than
highest expected y-ray energy

o
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a)

~ b)

d)

Contributions to final energy
resolution

Four major contributions to final energy resolution of |
photon spectrum emitted from a fast (=0.4) source:

Intrinsic energy resolution of detector
— detector material

Doppler broadening due to finite opening angle of
detector . | -

— detector granularity and distance from target
Doppler broadening due to slowing down of projectile
in target

— target thickness (and element)

Doppler broadening due to angular spread of projectile
caused by scattering in target

— target thickness (and element)




LLE

GRETA 2/4/98 2/2/98 14:31 Slide 19

Doppler broadening due to finite
opening angle of detector

g = VP

7 1-=BcosO

Target
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Doppler broadening due to slowing
down of projectile in target

E _Epmj l—ﬁ

" 7 1-fBcosH

Target
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. T 0Mev T~
/ S~ ~ Y
6. // R R
4 50 MeV/u
2t sum
0 45 90 135 180

O [degrees]

| « Uncertainty in position of |

Energy resolution considerations

Resolution in energy scales
inversely with

uncertainty i scaterring
angle A6

uncertainty in beam

velocity A3

intrinsic detector resolution

first interaction point with
respect to scattered beam
will be primary constraint on
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Cross section [mbarn]

Excitation cross sections versus beam
energy for 2+, GDR, GQR

0S+197Aq, 1

min

=16 fm

20 50 100 200 500 1000
Epeam [MeV/inucleon]
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Neutron-rich nuclei: slow and rapid neutron
capture (s-process and r-process)

B-:n — p+e-+v

* Nuclear reaction network calculations

e assume (n,y) < (y,n) equilibrium:
N, prog(£)/ T, = const.

+ shell closures act as bottle neck (low

neutron separation energy and long
half life)

_* Nuclear physics input: masses, T, P,

* slow neutron capture
_ (s-process)

— low neutron density
(n, =~ 108 cm™)

- TB<Tna'Y
* rapid neutron capture
(r-process)
— high neutron density
(n,=~ 10%° cm)
- TB>>Tn,,Y
— forms about half of the A>70
galactic elements up to 2°Bi

— responsible for Th-U-Pu
isotopes
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Energy resolution with fast beams
for different target thicknesses

0 45 90 135 180 0 45 90 135 180
S o AB/B =1.0% LT T ABB =2.0% 18
— L6y — : ‘ S - 1.6
2. 7 ~ el 114
n 7 ~ '
E _ / ~ _ 1.2
/\ 1
= 0.8
2 - = ' i
| e
o . 2.2
8 .77 ABIB =3.5% {2
2 N _ - — 7 118
o0 100 MeV/u - N~ 16
o !4 1
g 1.4
H 121 50 MeV/u — |12
0 45 90 135 180 0 45 90 135 180

theta (deg)




LLE

GRETA 2/4/98 2/2/98 14:31 Slide 24

~Count rate estimate
0S+197Au, r_. =16 fm

E[MeVu] B vy d[mg/cm?] o [mbarn] N

min

Ny, Y/(hr¥beam part)

reaction

50 0.315 1.05 80 90 0.0043 ‘ 7.8
100 0429 1.11 250 50 0.0075 13.5
150 0.508 1.16 500 32 0.0100 18.0
Nreaction = Nbeam S o2 e PR
! -t 150 M AB/B = 3.0%
Need 100 counts in photopeak E 15| 150 MeV/u PP ’
8photo =~ 50% E 16— — _ _ _  — — — — 1
. , 4 100 MeV/u
Can do intermediate-energy E& 14
Coulex experlments with .legs § 12| 50 MeV/u
~than 1 particle/second and an = : . — .
' 0 _45 90 135 180

energy resolution of 2%
gy ‘ theta (deg)
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Nuclei far from the valley of B-stability
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Solar r—aobundance

Observed solar abundances and
r-process network calculations

Hilf o FROM
, ;l' ty T,=135; n=10%; 1 =186 s ‘1 T,=135; n=10% T =186 s
10 F
° i
0,
10° 3 l
F (Y |'"l
- S T S
10—1 s VER . ;.._. 'n' '
i [ '-'b ) ! l
07 b W ”I'
10'3 LTI T TTT PRIV ORI SYTU FUSTTU AT jFRTENSTRTE IVY\ CUUTT
10? )
3 ETFSI HFB + SkP
Lty T,=1.35; n=10% 7 =186 s £l T=135: n=10%; 7 =186 s
101 .l|| 9 e n l .
. ]
",
10°
107
107
107

70 90 110 130 150 170 190 21070 90 110 i30 150 170 190 210

Mass number A

K.-L. Kratz, B. Pfeiffer, and F.-K. Thielemann, Nucl. Phys. A (1998), in print
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Width ', of the 6.79 MeV 3/2* state in 150
and the S |, factor in “N(p,y)°O

10°

;E..u»;»g:'z-;akxvv LBl | IEI 5051 [T Ty e r-rrrry 1 v‘g
——— E R= (4 ' “=1 ﬁkeV : B R/DC-—-.- 0 p
S B . , .
-C|J F U= 112"y g =312%) Eg=2390keV ]
| +
% 10 - . - g =32") -
X E -
- : i Eq=3040keV
[0 sE ; (Jp=32"y 7
8 0K | ¢ d
F 1 3
- i« ot
Q B . Ty -
T o'k *
i ' E / with | Ea= -S04 kev E
St e, o f N :
AR §a ¢ - -
12s 7 '\4\’;-" \\\25 - 75565 099 keV 10—2 TR W OV T B WA ST W S ST ST T O TR NPT Lodoi o g 4 11y
124 >& 8 72759 <
m: 5 w—— " "0 05 10 15 20 25 30 35
2 S6793.1 Q0fs
n s s L o | Ep(MeV)
- ° f’\c' 61763 <l.74fs
FS : '
‘\QV&,\ N ] .e
- R U. Schroder ef al. NPA 467 (1987) 240
12— 00 122245
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Summary

e Physics topics:
— Evolution of nuclear shells (rp-process path up to A=130)
— Determination of gamma width of individual states

» Technical points:
— Position resolution of first interaction dominates energy resolution

— dynamic range of electronics needs to be 2.5 larger than highest
y-ray energy | B
— Forward cone or at least 12 degrees needs to be removable
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D.Habs
‘Miniball physics.
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Compact Disc (CD) — Couliex 2x pe rimants
Proposed detector specification REX —TsoLoe

Back Face > Front Face
3.5
Double-sided silicon strip detector (DSSSD) -

4 quadrants  Total Area 50cm? (~93% active)

16 annular p+ strips / quadrant @ 2mm 'pitch
24 sector n+ strips / quadrant @ 3.5°pitch
Total of 160 discrete detector elements
Wafer Thickness 60 - 1000 p (transmission mounting)
Inter-strip distance 35-100 p
Dead Layer ~0.3-0.8 u
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Figure 2. In-pile part of the PIAFE project.
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Yields of prominent isotopes at PIAFE compared to accelerator based RIB facilities. The
primary beams are 10 pA of 1.15 GeV '2C for SPIRAL, 2.5 A of 1 GeV protons (or 600 MeV
protons for the SC respectively) for ISOLDE and 100 zA of protons for the ISL.

Loy

Isotope || Prod. rate | Half-life | Release | loniz. | PIAFE SPIRAL | ISOLDE ISL
(s7!) (s) (%) (%) | (s71) (s) (s!) (s7')
BZn | 23107 1.47 36 10 [ 4-10% | 2.10° { 1-105SC| 6-10°
82Ge || 1.2 101 4.6 48 10 | 6-10° 2.105SC | 1-108
MKr || 3.3-102 8.6 89 15 | 4-1010 ] 2.107 | 2-10Y 4.10'
MKe | L1-10" | 0.2 16 15 | 3-.10° 3107 | 4108 6-10°
9Rb 31010 0.17 10 80 | 2-10° | 5-10% | 3.108 7-10°
132G 710! 39.7 89 10 {6-10° ] 6-10 | 8.107SC{ 1-10"
M2%e || 5.2 10" 1.24 7 25 | 1-1019 ) 6.107 | 2108 41010
4xe |l 9.3.10° 1.15 7 25 [2.10% | 1-10° | 5.106 2. 1010
lcs I 4.3. 101 1.0 47 80 | 2.-10'1 | 2.10'" | 3.10!0 61010
pos¥ Mo 5 ocldsoctiul  beaun Collcder w e veelioachae Foq-é.b
Camulhve . dorg b Hictuess Dedechim Bt ( Apwht j A Kackon fcley)
4136 $10 3x A6Y/s A [ o 220 . b

434 Jo x4 755/«31&%‘ 3 wb



High- K isomers

'?.f' 178 {gf (31a)

402



Expected s.p. .
excitation scheme Spit- | '

of 208 Pp

- Low high-spin
level density!

=40

High-spin isomers?

Ey(MeV) I
25 42 4o
~19 -~34 3p3h
13 26% —_—
6.7 147 1p1h
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D.Cline
Spectroscopy of neutron-rich nuclei.
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NEUTRON-RICH NUCLEI

D. Cline, M.W. Simon, C.Y. Wu
Nuclear Structure Research Laboratory
University of Rochester

Population of neutron-rich nuclei

Quasi-elastic transfer reactions
Strongly-damped reactions

Fission fragmentation

Nucleus fragmentation at high energy

Technical innovation

CHICO
GRETA

Quasi-elastic transfer reactions

Fission fragmentation

Conclusions

Workshop on GRETA Physics 5-7 February 1998
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Geometry:

Solid angle:
Angular range:
Angular resolution:
Time resolution:

Binary reactions:

Count rate:

Versatile:

SUMMARY

Pentagonal symmetry of Gammasphere
Maximum flight path (13.5 cm)
Minimum mass to reduce photon scattering

8.5 st (68% of 4r)

12°<06<85% 95°<p9 < 168°

A0<1°% Ap=9°

~ 500 ps

Mass resolution Am/m = 5%
Q-value resolution = 19MeV
>10°/second

Coulomb excitation

Heavy-ion induced transfer reactions

Strongly-damped reactions
Fission products

415



Heavy-ion-gamma coincidence technique

Advantages:

Measure and select mass of reaction products

Measure reaction Q value for binary collision

Correct for Doppler shift

Identify which recoiling nucleus emitted each gamma ray
Clean y-ray spectra

Eliminates thick-target Doppler-broadened 11ne shape problems
Measure p-y angular distributions

Measure lifetimes directly

Study prompt and isomeric transitions

Disadvantage:

¢ Finite size of Ge detectors degrades y-ray energy resolution for large
recoil velocities.
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GRETA versus Gammasphere

Doppler broadening:
Gammasphere
GRETA
Improvement factor

Peak/Compton ratio:
Gammasphere

_ GRETA
Improvement factor

Peak efficiency:
Gammasphere
GRETA
Improvement factor

Use much higher fold -

Excellent H and K resolution
Allow use of weak exotic beams
Improve true to random ratio

418
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9.4%
51.%
~5.5



Coulomb excitation sensitivity

Minimum excitation probability, AP, detected in Rochester group
Coulomb excitation measurements

AP
1975 ~5107
1985 ~510"%
1990 ~410°
GASP <107
Gammasphere . 5107
GRETA ~10”
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HEAVY-ION REACTIONS AT BARRIER

Quasielastic transfer reactions:

¢ Reaction mechanism simple direct transfer
e One-nucleon transfer sensitive probe of single-particle structure

e Two-nucleon transfer sensitive probe of pairing correlations.

Interplay of shell and collective degrees of freedom.

Damped reactions:

e Populate a wide range of nuclei near valley of stability

e Approximately binary-reaction kinematics

Technique: CHICO + Gammasphefe
Approximate binary-reaction kinematics:

e Masses

o (-value

e Impact parameter

P-y-y: .

e [dentify both binary products

¢ (lean y-ray spectra

e Identify y-ray emitting nucleus

e Hand K
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Production and spectroscopy of the neutron-rich nucleus
166
Dy

C.Y. Wu, M.W. Simon, D. Cline, G.A. Davis, A.O. Macchiavelli, K. Vetter
' (Physical Review, Submitted 1998)

"85 n("*Dy,'*Dy)!*®Sn and ¥ Sn(***Dy,'*Dy)''®Sn reactions at 4.81 MeV/nucleon.

Reaction Q. values and excitation probabilities

Reaction product

Projectile 10py 2Dy '*4Dy %Dy
Dy Qg (MeV) +0.5 00 2.3

P = (0.0065) (1.000)  (0.0019)
Dy Qg (MeV) +1.7 0.0 35

P = (0.011)  (1.000)  (0.0027)
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HEAVY-ION REACTIONS AT THE BARRIER

SUMMARY

1: Both quasi-elastic transfer and strongly-damped reactions can be used to
populate neutron rich nuclei with comparable cross sections.

2: GRETA will allow study of heavy neutron-rich nuclei with 6 neutrons
more than the heaviest stable isotope.

3: Quasi-elastic transfer has several advantages over strongly-damped
reactions for spectroscopic studies:

o The reaction is more selective and gives cleaner y-ray spectra. .
e The simple direct reaction mechanism can be used to selectively map
single-particle, pairing, and possible cluster modes.

4: H-K resolution sufficient to select temperature and spin distribution of
directly-populated states. ‘

~ 5: Neutron halo of weakly-bound neutrons in neutron-rich nuclei provide
excellent opportunity for studying neutron pairing via sub-Coulomb
transfer reactions. Possible Josephson-type behavior in sub-Coulomb
transfer reactions. - .
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Spectroscopy of Neutron Rich Nuclei with Fragment
Detector (CHICO) and Gammasphere

University of Rochester
Nuclear Structure Research Laboratory™*
M. Simon, D. Cline, R. W. Gray, C. Y. Wu

Lawrence Livermbre National Laboratory
M. A. Stoyer

Lawrence Berkeley National Laboratory.
S. Asztalos, K. Gregornich, J. Gilat, 1. Y. Lee, A Macchiavelli,
R. W. Macleod, K. Vetter

Purdue University
Dept. of Chemistry and Physics
C. T. Zhang, P. Bhattacharyya

* Supported by the NSF
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ADVANTAGES

Mass:

e (Gate on narrow mass regions

Timing:

e Discriminate between prompt and delayed y-ray emission
e Measure lifetimes of isomers

e Discriminate against 3-decay events

Identify y-ray emitters:

e Doppler shift identifies y-rays emitted by moving light, heavy
and stopped fragments
e Can generate’y-rays cubes for light-light heavy-heavy, and

light-heavy transitions. Also can select y-rays from moving versus
stopped nuclei.

High-spin spectroscopy:
e FEliminate thick-target Doppler broadened line shapes

-

Angular distributions:
e Measure spins and multipolarities

Lifetimes measurements:
e Isomer lifetimes |
* Recoil distance lifetimes
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Fission fragment opportunities with GRETA

Nuclear spectroscopy of neutron-rich nuclei

e Spectroscopy of neutron-rich nuclei up to 14 neutrons beyond stability.
e Nuclear spectroscopy above spin 20

o Study collective and single-particle structure

e Measure spins, multipolarities, polarization of vy transitions

e RDM lifetime measurements

¢ Jsomers

Reaction induced fission:
e Can enhance mass region of interest,
e.g. enhance °*Sn population ten fold

e Higher intrinsic excitation
o Allow use of less radioactive targets

Fission dynamics

e Neutron emission, zero-neutron decay

e Mass and excitation energy distributions
e Ternary fission, exotic decay modes
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CONCLUSIONS

GRETA ,
e Will provide a considerable advance in sensitivity for study of neutron-
rich nuclei. |
o Complete correction for Doppler effect.
e  Much better peak/Compton ratio
e  Much higher peak detection efficiency.
o Better H and K resolution |

Heavy-ion transfer reactions:

¢ Possible to exploit heavy-ion induced transfer reactions to probe heavy
neutron rich nuclei up to 6 neutrons beyond stability.

e Map single-parti?:le, pairing and possible cluster modes in neutron-rich
nuclei to beyond spin 20. |

e Selective population of states as function of spin and temperature

Fission fragmentation:

e Nuclear structure to beyond spin 20 in neutron-rich medium-mass nuclei
with up to 14 neutrons beyond stability.

e Study fission dynamics, exotic decay modes

Auxiliary detectors:
¢ Important component of the GRETA facility
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S.Freedman
Weak interactions.
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KM Matrix

Weak Quark Mixing
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IOC Beta Decay

19.290 + 0.012 sec. ——— O+, 3.648 MeV

<8x10-"%

1+, 2.154 MeV
414 keV (M1)

| O+, 1740 MeV ———— |
~N08.53%

1022 keV (M1)

718 keV (E2)|

3+, gSs. —t;-lOB
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‘Determination of the u-d CKM
Matrix Element with Superallowed
Fermi1 Decays
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' Radiative Corrections

1+Ag = (l+ 6R)(1+ A\é)

1+ AY = {1 b2 [1ni‘a + 2Cgorm

ma

2n

E

xS(mp, my 1 - £ 3(E F)

A = (240 £0.08)x107

1+8g=1 +§[§(E,-Eo) +8 + 083+ 2CNS]

C= Ggorn + Cxi

Towner

Barker, Brown, Jaus, & Rasche

Towner ; Barker Towner Barker
Nuclei |(no quenching) | (no quenching)| (quenching) | (quenching)
| {® -1.67+0.20 -1.72+0.22 -1.35+0.16 -1.43£0.18
40 -1.15+0.30 -1.42+0.22 -0.88+0.23 -1.18+0.22
AL 0.25+0.05 0.43+0.09 0.20+0.04 0.36+0.09
*Cl -0.17+0.06 -0.13+0.09 -0.13+0.05 -0.11+0.09
SBK™ -0.10+0.10 -0.09+0.09 -0.09+0.09 -0.07+0.09
“2Sc 0.50+0.10 0.60+0.04 0.40+0.07 0.50+0.04
16V 0.16+0.03 0.30+0.09 0.14+0.03 0.25+0.09
ﬂs"Mn 0.16+0.03 0.30+0.09 0.14+0.03 0.25+0.09
*Co 0.20+0.03 0.34+0.09 0.17+0.03 0.29+0.09
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THH : Towner, Hardy, & Harvey (WS + SM)
OB : Ormand & Brown (HF + SM)
SGII : Sagawa, Van Giai, & Suzuki (HF + RPA)

Nuclei | 100x3(THH) | 100x8.(OB) | 100x3.(SGII)
10C 0.18(10) 0.15(9) ~0.00
140 0.28(10) 0.15(9) 0.29
26 A1m 0.33(11) 0.30(9) 0.27
4Cl 0.64(12) 0.57(9) 0.33
38Km 0.64(12) 0.59(9) 0.33
425c - 0.39(12) 0.42(9) 0.4
a6V 0.45(12) 0.38(9) na
SOMn 0.47(13) 0.35(9) na
54Co 0.61(12) 0.44(9) 0.49

i I 1 1 |
0.7 — —
—@— Towner, Hardy, & Harvey

—A— Ormand & Brown
0.6 | -® Sagawa, Van Giai, & Suzuki

05 4

T 1 T T T
5 10 15 20 25
Charge of Daughter

454



Branching Ratio x 100

Nuclei
10C 1.4648+0.0019
140 99.3355+0.0102
26 A1(m) >99.970
34C1 >99.988

- 38K (m) >99.998
428c 99.9941+0.0014
46V 99.9848+0.0013
S0Mn 99.9420:+0.0030
54Co 99.9955+0.0006

455



KMMIM et al.

Crea/ mea swé Gy

A
,4‘/2

A x

456

DAy Screns oF 1,

2
2m €

—— 0%, 3648 MeV

Vector Coupling Constant for 10C(0+ —> 0+)
15%,
98.5%

Yg

7,, 1022 keV
7,. 718keV

2.154 MeV
1%, 0.718 MeV—Y

0%, 1.740 MeV—

1#

3*. 0.000 MeV—Y—

XX

X e 1
K i1

g |

s %

P22

N
l

Gef2 ¥

Scm

X
00X
ovele:
22




50000
40000

30000

Counts/Ch

20000

10000

LI M I § lTlT'7rﬁlr[7rjﬁIlil—ll.l

X ]
;—' ﬁ P1 ]
N ]
i P3 :
- E2 ]
- . . ;
TA WAL
h) | . & 1 |' 1 Ll ;l, P Lﬂ
0 200 400 600 800 1000 .
Channel

Figure 5.2 Coincident Silicon Energy Spectrum with Gates

P Al L

457
104



8sv
Percent Uncertainty

......

0.16
0.14
@ From Q-Value
) B From Half-Life
0.12 : M From Branching Ratio
0.10 — Radiati;g Corrections
0.08 —
Isospin Breaking
0.06 — igrrections
0.04 —
0.02 -

38m 42




B
G

o

Photographic Servicex

c?‘(’L[_} ~

@
Af

X

# 3
2



Counts
09t

3
-
|

10 L
3 6 ) | 1 ! ! ! L F
; 10 -
] 718 keV i
9
107 3 -~
i ! | ! N 2
s | 1022 keV -
107 3 1000 - 3
10 3 100 — 3
? 10' - - - F
- I ¥ I T ﬁ L I L :
6 | 2080 21200 2160 2200
10" 3 10 3
] ;
10° _ 511 keV 3000 3050 3100 3150 [
: 13: N | g
] -
] " :
10* = 477 keV E_
10° 3 3
10° 3
10' 3
10° . ! N | ]
0 1000 2000 3000 4000

ADC Channel Number



Counts

18°) 4

10

§ 4 ] | | 1 é
] 10 B "
] 718 keV o T | i
, _
10" 4 1022 keV 3
] 3
- 3 o
] 10° B [
A |
6 _| .
10" 3 10% - B
] -
- -
. 10' - r -
1 OS - | 1 } ! » vt WYY (X T =3
E 2050 2100 2150 2200 2250 100 e e T eveme ssmwl :
] 2950 3000 3050 3100 3150 3200 I
10° E -
: :
10° E 3
] 414kev 511 keV -
10° 3
1 i
10' E 3
o 1) Ui
1000 . 2000 4000

ADC Channel Number



[4°)7

Counts

1012

10!1

10

10

10

10

10

10

10

10

10

10

10

105-*1 i | i | L
6 414 keV :
4] 7Be i
24 429 keV i
10* 3 (Doppler) -
6 -
] -
4] "Be Decay }
21 477 keV [
103‘5 E‘
63 F
4 [
24 :
10° -

| T I I 1 |
1000 1100 1200 1300 1400 1500

718 keV

511 keV

/

1022 keV

[ ' T
1000 ' 2000
ADC Channel Number



Raw Ratio (1.5131£0.0016)x10-2

10B Analysis

Accidentals Coincidences -(1.944+0.017)%
Compton Background -(0.049+0.008)%

1°C Analysis 24511 Summing -(1.23£0.19)%
Prompt Summing +(0.44140.0100.044)%
| Background (120Sb) -(0.23+0.11)% |
Branching Ratio  (1.4679%0.0037+0.0006)x10-2

BR(World Average) (1.4649+0.0019)x10-2

N . \ L ] l
Robinson 1972 + *
Nagai 1991 1 —
Kroupa 1991 +— ®
Savard 1995 +—e—i
This Expt. ——e—
1.44 1.45 1.46 1.47 1.48

Branching Ratio x 100
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Teom | Grvenses I 4 duced Wenk Curreuts 14 Nuclel
pown Rev. Vod. fart et 35,1455 (1985

INDUCED WEAK CURRENTS 493

Table 6 Present status of experimentally dcterminqd induced weak form factors in nuclei® .

Weak magnetism Induced pseudoscalar Induced tensor

A . Reaction " Fu/Fu(CVC) Solfe(PCAC) Fg'[F,
1. pcapture - 1044023 - -

-2 .'*y scattering - - —_ 00+10
6. PBdecay . e = -— 05+13
.8 ., pdecay .. 0.82+0.12 - . 10.0+06
12,  fdecay . looxoi1r - - — -0.21405
12 pcapture . 110015 104021 -

19 - Bdecay = - 1.00+0.15 p— N
20  ‘fdecay 1.154+0.28 - —

40 radiative - : —_ 0.95+0.23 v -
. pcapture :

" *In the case of firstclass currents, the determination is compared with the wnapon&ing theoretical
prediction. The result for A = 2 is discussed in text. . : :

5154 = dppn-l | & 1c-20%)

/@Jﬁ/féﬁgljﬁ,/ | |
ﬁP o Jppcac &a 20-30%)

y D
Lrom 6267 s/usz‘em
o /QS/ 2 v Lomand | Brows.; 4 Holotem, PRC Ypy 241 1Y)
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“ Na Decay Scheme
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Observables for **Na

Beta-Gamma Angular Correlation
A,, =(4.4B+4.4D-0.6C,)x10™

B+ Spectral Shape Factor
S=—(1.79 B-0.17 D+0.00074 H-17.78 C2)><1v0'3 [/ MeV

Electron Capture to B+ Emission Ratio .
R=1-(-1.56 B—0.70 D+0.0013 H+18.0 C,)x107

Longitudinal Polarization of 3+
P, /B=1-(2.16 B+1.08 D+0.0038 H-0.08 C,)x10~*

Gamow-Teller Transition Strength
_ 2 fty;,(Fermi)

/2 —
C1

Energy Width of Analog M1 Transition
2 A3
re 22e A2 B2 C12
24 M

Form factors:

B = Weak Magnetism

C;= Ist order Gamow-Teller
D = Induced Tensor

H = Induced Pseudoscalar
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.36 P&\//E“) pF PARTILLE 7£pf’/"ﬂ7’/FS FRr 1992

Tests of Conservation Laws: Discrete Space—T'me Symmetries

Quantity(®) Value(® Symmetry tested or violated
7% — yyy/all ) <31x10°% c
(e"'c");,_o — 3/2y <1x10-5() C
¥ (ete~)soq — 4v/37 <1x10-5() c
N — yyy/all <5x10~4 C
n — n0ete= /ali <4x10°% C (single photon process)
n— 7%t p= /fall < 5x10-¢ C (single photon process)
7 — xtx~z0 parameters : left-right asymmetry (0.9+1.7) x10~3 C
sextant asymmetry (1.8+1.6) x 103 C
quadrant asymmetry (v1.7+£1.7) x 1073 C
1 ~—+ *¥x "« parameters: left-right asymmetry (9x4)x 1073 C
B {D-wave) 0.05 & 0.06 C
n— xtx" fall <1.5x10°3 Pand CP
e electric dipole moment ) . (-3£8)x10"%ecm Tand P
u electric. dipole moment (37£34)x10"¥e¢cm Tand P
p electric dipole moment (-4+£6)x102P eecm Tand P
n electric dipole moment <12x10B eem T and P
A electric dipole moment <1.5x10"% ¢ em T and P
o [A from p — evv (0£4)x 1073 T
B'/A from p — evv (2+6) x 1073 T
+ pol.L g spin and e* mom. from p* — etiv 0.007 + 0.023 T
Im € in K:., decay (from transverse g pol.) —-0.017 £ 0.025 T
Im&in ng decay (from transverse u pol.) -0.007 £ 0.026 T
¢, phase of g4/gy forn (180.07 £ 0.18)° T (0° or 180°)
n triple correlation coefficient : (-5+14) x 1974 T
X~ — ne” 7, triple correlation coefficient 0.11 £0.10 T
K% — gt n~ rate difference/average (0.07 £ 0.12)% cpP
K* = w*21r rate difference/average . (0.0£0.6)% CP
K* — x%70 rate difference/average (0.9+33)% CP
K% — 3n% slope (g -9 )/sum ) (—0.70 £ 0.53)% - CP
Ins-ol?= I"(K0 —xtx=20, CP viol.)/F(Kg —ztz~ 2% <012 CP
Imooo|? = r(xg — 31r°)/r(Kg — 3x9%) <0.1 CP
K9 — 2%7/all <76x1073 cpd
— xOut = /all <12x10"¢ cPple
— n%+e= /all - < 5.5x 1079 cple)
Charge asymmetry j in K§ — ata—x° 0.0011  0.0008 CP
K2 — (7r';4 v— 1r+/z‘i7)/sum (0304 £0.025)% « -  CP (violated) -
— (rmetv —nte ) /sum ‘ (0.333 + 0.014)% CP (violated)
Inoo] = [A(KO — 797%)/A(K} — 7r°)| (2.253 £0.024) x 103 CP (violated)
-] = IA(KO —xta— )/A_(_Ko —xtx)] (2.268 £ 0.023) x 10~3  CP (violated)
l€/el = (1 — [n00/n+-1)/3 (224 1.1) x 10~3 CP (violated)/)
¢+— : phase of 4 (46.6 £1.2)° CP (violated)
oo : phase of ngo (46.6 + 2.0)° C P (violated)
(D° = D% - K+ K~ rate difference/sum ’ <045 CcP
= (1) + e+ (4)/la-(4) — a+ (4} -0.03 £ 0.06 CP
(9¢+ —9.- )/average “(~0.5+2.1) x 10712 CPT
(9,:+—9,.- )/average (~2.6+1.6)x 1078 CPT
(up ~ |up])/average (-2.6+2.9) x 10~3 CPT
et — ¢~ mass difference/average <4x10°8 CcPT
% — 7~ mass difference/average (2£5) x 1074 CPT
K* — K~ mass difference/average (-0.6+1.8) x 10~4 CPT )
|K© — K| mass difference/average <4x10-18 CPT(9)
$00 — b4— (0.1 +£1.9)° CPT
p — P mass difference/average (2+4) x 1078 CPT
n — 7 mass difference/average (9£5) x 1075 CPT
A — 7/ mass difference/average (0.0£1.1) x 10~4 CPT
E~ — =+ mass difference/average (1L.1£2.7) x 104 CPT
2~ =1t mass difference/average (~1+£5)x 1674 CcPT
W+ — W~ mass difference/average (~2£7)x 1073 . CPT
ut - 4~ mean life difference/average (2+8)x 1075 CPT
7+t — 7~ mean life difference/average (6£7) %1074 -CPT
Kt — K~ mean life difference/average (1.1 £09) x 1073 CPT
A — A mean life difference/average (4£9) x1072 CPT .
=~ — =1 mean life difference/average (0.02+0.18) CPT
K + _, y*v rate difference/average v (~0.54 £0.41)%
K% — 7%70 rate difference/average (0.8 +£1.2)% . cpT®™

v o7 VLS SERKD, PR 12 Y20 (463
HAﬁw4 RieH, PRL 33 930 ( "‘14?4)
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‘M.Smith
Nuclear astrophysics opportunities with GRETA.
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Nuclear Astrophysics
Opportunities
with GRETA

Michael Smith
| Physics Division
Oak Ridge National Laboratory

Contributors

Jim Beene ORNL
Jeff Blackmon ORNL
Carl Brune UNC Chapel Hill
Art Champagne UNC Chapel Hill
Uwe Greife Bochum |
Gerry Hale - LANL
| Yang Lee LBNL

 Eric Norman ~ LBNL

- Peter Parker Yale

Claus Rolfs Bochum

Michael Wiescher .Notre Dame



Red Giant
- Betelgeuse

Cas A Supernova
Remnant

Nova Cygni 1992



Nuclear Astrophysics Stud'es

Astrophysical Astrophysical
Nuclear Theory Theory Observations

_nuclear properties Stellar Structure

‘nucleiinaplasma [ ° o
: P . Stellar Evolution

;reactlon ratc::‘ : 'H drodynamics
formalism

Thermonuclear
Reaction
Rates

Predicted
Abundances
(Surface, Ejected)

Astrophysical
Observations
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Measurements w'th GRETA
Capture Reactions

| Ecm ~ feW Me\”u

Ey,~ 0.01- 2 MeV N



Cap ture React ons

Ecm ~ 0.1 -1 MeV/u
Dlrectly measure g _, QD _

’cals
Capture Reactlons C

e Fusion far below Coulomb barrier —
~verysmallo spb o |

| _Ecoulomb | pb

current experimental .

lower energy hmlt
: = stellar

, ies —
r E steIIar E

energm

jcurrent experimental
tlower energy limit
i

e Cosmlc Ra ys & Na tural

10 e |

Radioactivity w0, B85%Ge 3
_ 103 , K C. Brune1995-§
Limit Sensitivity £ 2 \:ﬁm ™ ;
& ?
% 10’ MM\J ]
S 100 [| shielded 3
S &”ﬂdﬁt% o
" 10 -
102 0" 1000 2000 3000 4000

|  E,(keV)
» Cannot yet reach steflar energies




Capture Reactions

Scintilator - gy -
VetoDetectors " B <2 Coarmic
Room ~~ [ | S = Fas

Background HIC A=l i

K’Th ase ’ -'-‘-"—‘Pa%ivc

||ght ion beam (P, V) Shiclding
> J
Thick Target (water cooled)

Beam Current, Energy  ~ uA-maA (!), 0.01-2 MeV

Typical Counting Rates ~ 100 counts/hr ¢ ~nb, | ~ uA
~ few counts/day o ~ pb, | ~ uA

Typical Multiplicity ~1-3

Backgrounds Cosmic Rays
Natural Radioactivity
Beam-Induced Background
Target Impurities

Major Problems L[LOW Count Rates
High Background Rates
Long Running Times
Target Damage & Impurities
Passive Shielding Generates Backgrounds
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Capture Reactons
Advantages of GRETA

Cosmic
Rays

Tracking

* refect cosmic rays and

room backgrounds from

energy and angle info

- fracking plus energy resolution
= enhanced rejection

* rejection desired> 1/ 1000

» excellent angular distributions

High Efficiency
» smaller cross sections
= o at lower energy

current limit

S o> .

I
= closer to stellar energies 'GRETA limit ?
= less extrapolation necessary to | :
determine stellar reaction rates st ellar?ang o E

« measure entire y yield (all multipolarities)

Goal: (p,y) in the Stellar Energy Range

Granularity - excellent angular distributions
Resolution - cascade v's fer high level density nuclei



Capture Reaction Expts

- Solar Neutrino Problem
SHe(a, )’ Be
’Be(p,)8B

Big Bang
d(c,y)OLi

~ d(p,y)3He
SHe(a,y)’ Be
“Lita,)11B
"Be(a,y)11C

Hydrostatic Burning

14N(p,) 190

- 170py18F
Explosive Burning 5. (@160
(p,y) on 14 | 18
Ne Na Niewy"°F
Mg Al 160(a,yPONe
Si P.. 180(a, v)22Ne
for the NeNa cycle, - 20pe (a y)g4 Mg

MgAl cycle, SiP cycle ...

49
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12C(c,y)160 Capture Reaction

« Determines Carbon / Oxygen Rat/o
" in Red Giant stars

 Helps Determine subsequent evolution
into White Dwarfs or Supernovae

- Helps Determine abundances of heavier
elements formed in later life of star

- Important Energy Range E,, = 0.3 MeV
Current Experimental Limit: E,p, 2 1.0 MeV

(25 years of Measurements !)

« NEED
Total Cross Section to low energies
Angular Distributions for extrapolation

12610160  G.M. Hale 1997 12 16 G.M. Hale 1997
C(ay)160
100 jr T T Y T LN St LIS a4 w— —— ,‘ - — v —
-':": 10‘8
109 ¢+
S oL
E1 | o f
10 L ‘
(keV-) | 1011} g
. Unconstrained o Ouellet
: —_ Constrained 12 Kremer
Ouellet 10 N Redder
O Kremer A Dyer
v Redder 10-13
stellar - Dyer
11, . ; ot
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

E m (keV) 499 Ecm (keV)



Rad oactive Beam Expts

Ca !
K
Ar
Cl
| P
Nova Cygni 1992  Si
Al Energetic Novae Calculation
Mg :7 Champagne & Wiescher 1992
Na o 7 - 1‘ (p, ) proton caplure reaction

\ et decay
j e "///‘

Proposed HRIBF Beams

OZ0

rp-process: C, N, O...(SEED) + protons (FUEL)

Use Radioactive lon Beams to Directly

measure reactions occurring in
stellar explosions

GRETA offers required background rejection
& energy resolution for these measurements



Radioactive Beam Expts A

Kecoll
Separator

heavy ion >
radioactive beam

gas target

Major Problems

LOW radioéctive beam currents

LOW cross sections ( ~ ub or less)
= LOW count rates

INTENSE Backgrounds:

104-5 Hz 511-keV y from scattered
beam particlé-s in target chamber

\

)Advantages of GRETA

Granu/anty - reduce pileup from 511 keV background
Efﬁciency — can measure with LOW RIB currents

Tracking  — reject cosmic rays and room backgrounds
— better angular distributions

. Resolution — cascade y's for high level density nuclei



Radioactive Beam Expts

Possible Experiments

e Inverse-Kinematics Capture Reactions for
Explosive Burning

150(a,y)19Ne  Hot CNO Breakout
140(a,p)17F Hot CNO:; rp transition
"9Ne(p,20Na  1p - transition
23Mg(p,y)24Al  rp bottleneck
26A1(0,)27Si 264l Abundance
27/Sip,y28p .rp bottleneck
313(p,y)32CI rp bottleneck ‘
35Ar(p,y)36K rp bottleneck

39Ca(p,1)#0Sc  rp bottleneck
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Nuclear Structure Expts

Fusion Evaporation Reactions

A(B,xpyn)C used to populate nuclei
important to astrophysical processes

Indirectly Determine Reaction Rates

Measure Level Structure
Branching Ratios
Decay Properties
Masses
Lifetimes

GRETA High Efficiency

= possible / practical to study
weaker channels in
A(B,xpyn)C reactions

« ~ 6 mass units closer to drip line
important for r-, p-, rp-processes

. new nuclear structure info ,
not possible/practical with
currentarrays



p-process

SHESEERE
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Nuclear Structure Expts

- high-temperature rp-process waiting points:
Beta-Decay, Beta-Delayed Decay

Measurements, Decay Schemes
66Se, -7-0Kr, 74Sr, 78Zr, 84Mo, 88Ru,

92Pd,_ 96¢( (all N=Z nuclei)

e r-process: Beta-Decay, Beta-Delayed

Decay Measurements, Decay Schemes
81-82G,, 82-83Ge, 84-85Ag, 85-91g¢ 91-97p, 98-103;.

102-107Ry, 134-139g,, 139-149g, 149-1557, 155-160|
160-165y, 165-170Cs |

- Level Structure Measurements
- 48Cr for supernovae |
- 12C 7.65 MeV level T, for 3a process

e Rare Decay Measurements |
- 94Mn, 144pm galactic chronometers

505
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46Cr Level Structure

=1

Cas A Supernova Supernova
Remnant . 1987a

- 447Tj observed in ejecta of Supernovae

- 44T decay powers long-term (T ~ 60 years )

light output of supernova
- Predicted abundances incorrect
- Predicted abundances depend on

44T lifetime = numerous recent measurements
45V(p,#6Cr reaction rate (Meyer et al. 1997)
- No information on Level Structure of ;501“22 c:N=2Z-21

- Very Difficult to get information from current y arrays
« Measurements with GRETA may be possible:

24Mg@88i, a 2n)46Cr-
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Implementation

GRETA Design

Interface with
- Recoil Separator
Charged-Particle Detectors

‘Gas targets

GRETA Siting
- At Facility with Capabillities of
V Low Energy Beams

Radioactive Beams
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Summary '

Many Astrophysics Measurements
are possible with GRETA

Capture Reactions
Radioactive Beams
Nuclear Structure

Numerous Advantages of GRETA
for Astrophysics Measurements
Tracking
Efficiency

Granularity
Resolution

Some Experiments Require Planning
at the Design Phase of GRETA
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W. Swiatecki
Jacobi shapes, fission barriers, surface diffuseness.
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(@) - JACOB| SUPERDEFORMATON

" @ . THE Eaq-CRATE ToRoGgAPHIC THEOREM.
~ CONCERNING FISSION BARRIERS

@) - THE _SSNAKE PHENOMENON OF MISALIGNED
FISSION-FUSION - VALLEYS -

@) . SURFACE DIFFUSENESS AS A DEGREE
OF FREEDOM

(®) . ONE-BODY DISSIFATION
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JACOBIS
@ SPONTANEOUS BREAKING OF ANAL SYMMETRY

L =0
SPHERE

”~ - ’—; — — } -

L>Leyet

TRIAXIAL
(JACOB!)
c>4>a
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7t '
- Se  with L=53%

JACORY EQUILIBRIOM
SHATE '__ )

o3 | - y=024

C‘i X

i

ciaxd-d:1 | g]/gsmgae“" ’8
'(C =[-58 v

B -0%0
oL 20-68)

513



TWO STRIKING CHARACTERISTICS OF THE PREDICTE
JACOB! CONFIGURATIONS :

|. HUGE QUADRUPOLE MOMENTS
c:a> 2 zf/ﬂipghmx -8
| (1.58 FoR 2:l SPHEROIP)
9. EXTREME SOETNESS AGAINST
FURTHER STRETCHING (N THE
ARBSENCE OF SHELL EFFECTS),
— GAMMA TRANSITION ENERGED
DECEEASING FUNCTIONS OF L.
(SUPER BACKBENDING ).

RUESTION »
WHERE TG LCcK FCR SUPERDEFOKMED
TACC8I NUOCLE] ?
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SLS

ROTATION PARAMETER y
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O O
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X ~2%/509(-178T9A L =(ANGULAR MOMENTUM)/%
- _ 2 7/3 |
y ~ L%L/(a-l;s]:z)A v 74Se =309 ~48p
TI=(N-Z
(N-Z) o %Mo
o '26Xe
+ "N
a 1oyy
A eHS
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SUMMARY

. THE HUNTING &ROUND FOR JACOBIS 1S AxSD-40

Q- EOION BARRIERS FOR JACOBIS ARE COMPARABLE
T0 MEU’F}QO\}/’PRU\”@N $E”PAQAT ION ENERGIES;
LOSS OF CROSS-SECTION AND), ENTRANCE-CHANNEL
ANGULAR MOMENTOM MAKES LIFE DIFFICULT

2. TOENTIFICATION OF JACOBIS MIGHT BE BY
CHARACTERISTICS OF PARTICLES EMITTED
(ERoM TIPD) OR, WiTH LUCK AKD HELP FRoM
GRETA, BY GAMHAS

A, TF SHELL EFFECTS SMALL ,THE SKNATURE
WOULD BE A PILE-UP OF CONTINUOM GAMNAS
NEAR A CHARACTERISTIC CUT-OFF ENERG Y

5. 1F A SMELL EFFECT HAPPENS To ADD
STABILITY, A HYPERDEFORMED NUCLEUS
WITH A DISCRETE ROTATIONAL BAND MiGHT
SHOW LP IN THIS RANGE OF A.
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SIX 4m REACTIONS Wit *Co BEAMS

’ CALCULATED |MEASURED
| | SPINING | CUT-OFF LA [MAXIMUM | MAAIMUM
- TARGE'T NUCLEUS | (50% SURVIVAD | ¥ -ENERY | ¥-ENERGY
. ’T’ZSL GIP| Iece 53 A OMy | —
2. OT G| aiMo | 65 77 | ~AMv| —
82 |
3. .2 67%)] 'EaX 73 7 a3y —
4 o Zr Qe | ONL | 70 |<2itw| —
(2 . | ‘
5. ooon (583) | "“fyg b4 | ~ISHV | ~ 145
12 ' | |
6. e (ksg) | “ohe 52 "M\~ MeV| ~ 15
‘ T
(suPER
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THE E£GG-CRATE THEOREM:

"SADDLE MASSES ARE INSENSITIVE
TO SHELL EFFECTS” .

OR

“FISSION BARRIERS ARE INSENSITIVE
TO SHELL EFFECTS NEAR SADDLE"

‘519



30

25

20

15

Saddle-polnt mass (MeV)

Ground state mass

-15

THE 'EGG-CRATE THEOREM CONFIRMED:
"SADDLE MASSES ARE INSENSITIVE TO SHELL EFFECTS'

-10

niu. ‘.3\
E
O/,The,oﬂé NucQ.W»\&S- A 601 (19)6) It
[,
Expe'r’menf i{i\ﬁ\%\
2s8
v Ct
Evp-Th $addle A |
§'<' + ‘/ \ﬁ o
. ‘R\\ ?5ﬂ\éx\¢?-b .
Exp—ﬂ\éfounfi /
30 32 34 36 38 40 : 42
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Fissility Z%/A (1-2:212)
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@ THE SNAKE PHENOMENON

(MISALIGNED FISSION-FUSION VALLEYS)
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SINGLE -VALLEY TOPOGRAPHY
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MISALIGNED-VALLEYS TOPOGRATHY
| (THE SNAKE D
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124

How close are hyperdeformed states to the scission

point?
. TProc.Cont.
[ M. Robledo!, R.R. Chasman' and J.L. Egido Atgorne
t Departamento de Fisica Tedrica C-XI July 1996

Universidad Auténoma de Madrid, 28049 Madrid, Spain

tt Physics Division, Argonne National Laboratory
Argonne, IL 60439, USA
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Figure 1: The HFB energy in MeV versus the mass quadrupole moment @, given in barns.
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W.D. Myers. WJ. Swiatecki / Nuclear Physics A 601 (1996) 141167 163

T T { 1 T L 1
56} ]
s
<O
=
5551 .
o
| =4
2]
[
S
g54Ff -
S
[+
Q
53F -
.l 1 il b 1 1 1

36 37 38 39 4.0 4.1 42

Deformation, 4 (fm)
Fig. B.1. The equilibrium deformation energy for a reflection and axialiy symmctnc Mo nucleus. constrained
to hive the centers of mass of its two halves at a separation cxceeding by 24 the separation for the spherical
ground state configuration. The circles follow the fission valley up to the limiting point B. The triangles follow

the fusion valley down to the limiting point A. The tangents at A and B cross at X, and Eq. (B.2) in the text
gives the saddle-point energy Vg in terms of the energies at A, B, and X.

-

NOTE A SHOCKING CONSEQUENCE :

THE TURNING PoOINTS A,D @\VCiUPPERI
NoT L@wge LIMITS ON THE FISSION BARRIER [

a
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117

Selfconsistent Calculations for Hyperdeformed Nuclei

H. Molique, J. Dobaczewski * , J. Dudek and W.D. Lo~ Afgorae

1996
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@
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Quadrupole Moment

Figure 4 Preliminary results of the HF calculations for the hyperdeformed ™
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3 Results and discussion

3.1 Masses

Table IV gives the rms values of the difference between the calculated and exper-

imental masses. The differences are calculated for 116 even-even. spherical nuclei,
from ®0 to 2?°Th, for which the experimental masses are known. The table is very
similar to that given by us earlier [9]. Only in the RMF cas¢, the NLSH variant [40]
of the parameters has been presently replaced by the more recent variant NL3 [36].
Al HFB and RMF masses are calculated by us, the ETFSI results are taken from [28]
and the MM masses are taken from (37] in their FRDM and FRLDM variants, and

from [38] in their TF variant of the smooth

part of the mass. As the experimental

values, the masses evaluated by Audi and Wapstra [41] are used.

Table IV. Mass s deviations in MeV

RMF(NL1):  3.94 | RMF(NL2):

(124 | RMF(NL3): 248

SIII: 4.74 | SkP: 2.37 | SkM*: 6.32

SITI: 3.07 | SkP*: 2.53 | SkM*: 5.36 _
SIIp: 2.26 | SkP: 2.32 | SkM*é: 44| HFDB
Gogny: (2.0

1
{
!

‘One can see in Table IV that the smallest deviations from experimental masses

aie obtained in the MM approach. Withgagt

i MICRO-MACRO

THOM S-SR

B
he HF B approximation, the best results
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@ ONE-BODY DISSIPATION DYNAMICS

MACROSCOPIC PART :  PROTOTYPE EQUATION OF MOTION «
N dm_ P
dt Qv
P= EXCESS PRESSURE
= % (@)« ¥ (X-10
QU = |.g x 107 MeV sec %ﬂflf

-

RECENT PROGRESS -

o) INCLUSION OF SHELL EFFECTS N TOTENTIAL ENERGY

) INCLUS\ON OF FLUCTUATIONS AROUND MEAN

DYNAMICAL TRATECTORY (C.TA RZYNSKL,
0. MAZDAKA, T BLOCK )
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Where Are We Heading

in the Study of the Quasi-Continuum

What Do We Know t Presg
especially from the Nuclei: (}**Eu, 1%Er, *®Yb,)

The Fluctuation Analysis shows that rotational damping sets ia at:
U, ~ 800keV. = (10 Bands of each (7, «})

Cranking + band mizing calculations shows that :
residual interaction of (V =10 — ZOLeV = is responsﬂ)le for
the rotational damping.)

2 Different Components are identified in the calculations:

Iarrow = 50keV from a rotational correlated structure

Liemp = 250keV which seems completely uncorrelated

Microscopic Simulations based on this reproduce the, spectra quite well.

Problems yet to be solved:

Evidence for Motional Narrowing has not been given yet.

Predicted Campound Bands has not been observed yet

3 HE LIMeT
stematic study of residual mteractlons G ¢ TO THE LM
as function of excitation energy and spin. " OF Co MPLETE NESS.

Damping for other mass regions not known. (A # 150—170)

Damping in connection with:
High-K bands.

Super- and hyperdeformed Bands
Vibrational structures. are not known.

Feeding and decay-out of super- and hyperdeformed bands?
Lifetimes and interaction through the barrler
GDR built on superdeformed bands

Development of new analysis methods:
Configuration dependent fluctuations (variance and co-variance.)
High-Fold Mapping, Auto-Correlations ...
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FIG. 1. Distributions of the off-diagonal two-body matrix
elements of the pairing plus quadrupole (P+QQ) force and the
surface delta interaction (SDI). The figure includes the two-
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shell model single-particle orbits lying near the Fermi surface
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Table 3. Interactions between rotational bands in 121%3Tm and %3Er. Cases where both
bands are known below and above the crossing are included. For the classification of
assignments see table 1. Orbitals changed in the interaction are underlined. Partly
aligned pairs of 1,3/, quasineutrons are given in parenthesis.

Nucleus Interacting bands Strength V.~ AK ~Spin ~ Ai

K, Label; <= Label, K, keV h ;) h

82T 6 bA(BC) <= dA(BC)* 2 <15 4 20 0.6
——» 5 fG(AB) <= dA 2 5(1) 3 18 20
— 5 fH(AB) <= cA 2 5(1) 3 17 1.9
— 5 fFAB <= aA(BQ) 6 11(1) 1 21 2.8
F——> § fEAB <= dABC 2 . 7(1) 3 26 0.5
—18Er— 11/2 X = G 3/2 <2 4 11 0
—_ 11/2 Y < H°¢ 3/2 <2 4 11 0
— 5/2 EAB <= GAB 3/2 50-80 1 16 0
—_— 5/2 FAB < HAB 3/2 <150 1 16 0
—_— 72 C(y) < AEH 9/2b < 11 1 13 0
O---» 5/2 BAD <= AEGBC 9/2 (~13) 2 297 0
O---» 9/2> BEHAD <= AEGBC 9/2° (~14) 0 23 0
O~-—=% 9/2* AEHBC <= ABCef 5/2 ~6 2 32 5
O-==+ 9/® AFGBC <= ABCe  5/2 ~11 2 28 4
O-=--» 3/2 HAB <= FABef 5/2 ~10 1 29 4
X— 13/2 EAC <= eaA 19/2 1-2 3 21 0
—>» 11/2 X < faA 19/2 1.4 3 15 3.5
Y—> 11/2 Y <= eahA 19/2 1.3 3 15 3.5
¥—m> 19/2 XAG <= eaEAB 19/2 16 0 21 3.5
Y——> 19/2 YAG <<= faEAB  19/2 14 0 21 3.5
183Tm  7/2 aAB <<= C(cAB 1/2 <5 3 43/2 0
G— 7/2 aAB <= fAE 17/2 ~ 6.6 5 39/2 05
D 1/2 d(AB) <= eAE 17/2  ~1-25 8 31/2 1

@ No cross band transitions are observed in this case
b Estimated K-values

o ‘ o (5fn1pﬁc
e d({{prewf NL&SGYJ Co«w/v7u,/vr(1m2 cm&ﬁ:‘nc, S,
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Table 3. Interactions between rotational bands in %2Tm. Cases where both bands are

known below and above the crossing are included. For the classification of assignments

see table 1. Orbitals changed in the interaction are underlined. Partly aligned pairs of
1,3/2 quasineutrons are given in parenthesis.

Interacting bands Strength V.~ AK ~Spin  ~ Al
K; Label; <= Label, K, keV ko h h
6 DbA(BC) <= dA(BC)® 2 <15 4 20 0.6
5 {G(AB) < dA 2 5(1) 3 18 2.0
5 {H(AB) < cA 2 5(1) 3 17 1.9
S fFAB < a2A(BC) 6 11(1) 1 21 2.8
6 fEAB <= dABC 2 7(1) 3 26 0.5

-
-~

2 No cross band transitions are observed in this case

Table 4. Possible crossings between quasiparticle bands, schematically. (In reality, the
excitation energies have to be comparable, and aligning quasiparticles will in many cases
also be present)

Nucleus Interacting bands AK
Even-even AFAE <= afae .2
0dd-Z a,b <= f{AEeAE 5§
0dd-Z ef <= bAE;2AE 5
Odd-N AB <= FaeFEae 7
0Odd-N EF <= AafAae 7
Odd-odd aFaE <=  AfAe 0

Table 0. Single quasiparticles and labels (not to be used in the paper)

Neutrons ' Protons
Configuration a=+1/2 «a=-1/2| Configuration a=+1/2 a=-1/2
113/2[642]5/2% A B 97/2[404)7/2+ a b
113/2[651]3/2% C D da2[411]1/2F c d
hey2[523]5/2- E F | ds/a02)5/2F k 1
Fual521)3/2 G H by /2[523)7/2- e f
ha1 /250511 /2" X Y hoja[541]1/27 g h
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Typical Matrix Sorted after a GRETA Experiment
into 99003 Pathways of ~30 Transitions

Path 99003]Y:

Fath 99002|Y40

Y91234,29 Y98000,30

| {E91234,29 E98000,30

Y91233,29 Y97999,30
E91233,29 E97999,30

Path 99001]Y:

Y3074 Y1016 5\ 2008 & V30507 V3788 8 Y3995
E307:4 E1016,5 E2008.6 £3029.7 E3788.8 E3998.9

Y91232,29 Y97998,30
£91232,29 E97998,30

Path 1004 i"@ Y274 Y385 Y596 Y797 Y838 Y908 Y706,29 Y804,30
E: E14,4 < E27, 4 < E38,5< E596 < E79 7< E83,8< E908<]|E70629 E804,30
Path 1003 82,8 Y705,28 Y803,30
82,8 < E705,29 EB803,30
Path 1002 Y58.€ £ 82,8 1Y704,29° Y802,30
_ E37.5 < E58,6 < E78 82,8 < X E704,29 E802,30
Path 1001 Y375 ¥58,67 XI8 Y82,8 Y703,28 Y801,30
£37.5< E58.6 < £ 2E82,8 < £703,29 E801,30
Path 1000 Y25 4 Y36,5 Y576 Y77 7 Y81,8 Y889 Y702,29 Y800,30
z E8 2 <E12 3< E254<E36,5< E576< E77,7< E81,8< E889<{[|E70229 E800,30<

Path 9 Y9,10  Y9,30
E9,29< E9,30<

Path 8 Y8,29 Y8,30
E8,28< E8,30<

Path 7 Y7,29 Y7,30

E7,29 < E7,30

Path 6 Y6,29 Y6,30
: E6,29< E6,30<

Path 5 Y1 5 Y1.6 Y5,29 Y5,30
13< E1t4< E15< E16< E529< E530<

Path 4 1,3 Y1,4 Y1,5 Y1,6 Y4,29 Y4,30

<E1,3< El14< E15< E16< E4,29 < E4,30

Path 3 1,3 Y14 Y15 Y1,6 Y1,7 Y2,9 Y3,29 Y3,30
13< E14< E15< E16< E17< E2,9 < E3,29< E3,30<

Path 2 1.3 Y14 Y15 Y1,6 Y1,7 Y1,9 Y2,29 Y2,30
13< E14% E15< E16< E1,7< E18< E229< E230<

Path 1 : Y1,4 Y1,5 Y1,6 Y1,7 Y1,9 Y1,10 Y1,30

2_5< E13< E14< E15< E16< E1,7< E1,9 < E1,10< E1,30

Typical | Y1> Y2> Y3> Y45 2L Y7 > Y
Path E1< E2< E3«< E4 < E6 < E7 <
Spin 2=>0 4=>6 6=>8 :8=>10::0=>87 14=> 12 BESHE
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R.A. Bark et al./Nuclear Physics A 591 (1995) 265-322
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Conclusions:

There are good reasons to believe that:
The Limit to Completeness, today with Gammasphere and EUROBALL at
hand will be close to Ug, the borderline between discrete and damped rotational motion.
It will allow for a detailed study of

The Residual Two Body Interactions in the discrete region.

but

The Limit to Completeness after GRETA and EUROSHELL are realized,
will be pushed through the damped region into the chaotic regime towards
the Real Continuum, and we may then get:

A Complete Picture of the Nuclear Many Body Quantal System.
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T—L.Khoo
Structure of hot nuclei.
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TRANSITION
BOUNDARY
10 -
: | I
0 20 40 60

ANL-P-21,618

PHASE

In a mesoscopic system, fluctuations smear phase
transition. Can a remnant signature be observed?

The nucleus is a laboratory for mesoscopic phenomena

of general interest -
Cf. guantum dots, metal clusters

Task

Study nuclear structure as function of U,
& for varying I,

i.e. in different (l,U) regions
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ANL-P-21,618¢

> 20
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& SELECTED FLOW
i GATE ON

@ 10/~ COLLECTIVE ENDPOINT _

) AVERAGE NATURAL FLOW
I l l
0 .2 40 60
SPIN (H)

How to define regions in (I,U)?

nuclear structure
rotational damping
fluctuations

-

Gate on selected yrast region to define end-point of cascade
(Also maps out selected 'near'—yrast region)

Initial region may be enhanced using (fold, sum-energy)

or, 1In reactions with no neutron-emission (possible for A<100),
better defined by measuring energies of all charged particles,
e.g. yith/pfb/aﬁy -
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Temperature - Dependent Hartree Fock
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Transitions / 32 keV
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Decay trom Super-io Normal-Deformed States

4 Energy 1. FEEDING OF
SD BANDS

Nuclei can have an excited minimum
(or false vacuum) in the potential energy
at large deformation.

2. ORDERED

Superdeformed (SD) states in the excited _ROTATION
minima decay by tunneling through a barrier, gga:'ni;'fn?

a process possible only in very small objects

governed by quantum mechanics, but not in
3. DECAY FROM SD TO ‘NORMAL' STATES

evedeay daSSical' ObjeCtS. Transition Between Two Distinct Minima
Coupling Between Ordered & Chaotic States
KYrast State)\--- - - T
“ DECEY T NoRMAL
NORMA; ~(rue vacuum)
-~ YEEST LIN o
Deformation
. P i i e | a— | BN EES N T 3
The spectra emitted in the feeding and decay 1o,

1. v's feeding SD Well

of a SD band show a unique double cycle of
chaos-to-order transition.

BAND 3 BAND 1
2
- L4
: o~
197 8743 22 : 8766 S
JRE POV
17, 17 &) \%‘30 200 9 L___454.8 (1(13)&“ .5 ——t + + + +
- N s,
‘:%_—’ 25 @) 16 %"\6‘\\18' 4166 (39) 789 é 10 1 3. Decay from SD to ND States -
e 0 774 (108, & 10° J : -
v

g
E‘l_.
24
Ot
2|8
oy
g3
¢
QU.CDL
hosess

Lml:n_“’Q ‘x_ ______ s T
SD BAND 1 10° 2 o ; H
3 S>% 7
\ 0, :-ésm | .LJ.:J&.,.& .d-]
STATISTICAL e\ \ o 10 S ofd . F i -
. \\9’,0 10° T x00 e, (S 00 .
2 10.6 T T r T T
\\\ 1600 24100 3250 4OIOO
\ EY (keV)
N
~ \
I 3094 w2 31729
7062 \22 —— 3172, . .
. ; ;m/gﬁ‘:““z s, Very high-energy transitions, observed from SD
. . _|5446 a8 Y Sk . C . .
% XL %@ﬁmm bands in 1%*Hg and '¥*Pb, provide information
so~a8" . . .
T T TR zho \uoies on the fundamental properties (energies, spins,
£y s 18133 parities) of SD states.
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2y s
+ |4279
O__JL__Q

- Hg 570



f“QQdfnj & N ng

Coo\ivj ‘Qﬁrm

_xcited <tmtes

ez
.\V\— ba/wol)
no 'Coc)\;g

(‘3‘\—0;39 tw SD wain,

Coo\{v_\J »
within g\) ™Min,

C&ﬂ(\t N a -'@‘9& Ve cuym 3

Ve

F:Qedq'nj O'Q \‘jr‘w )+=/+( ) 'v;\ S‘b ™M (hi
3 tmd el bj .
Statshiend process

—+ Tukntlfj lOe_fw-ee»\ "\,O’i' 3D R NB 3‘{:7{{'/2

Mowte Gnlo simulahan Y*ePBJ«uK all o bsernb,
/m nar : _—[ A . ve SDtn [ OLL\SH"IDM

I tewady tensity per, épe;%@ gmubp 7.
I-2% of S'c hanne |

571



QuasiContinuum/32keV

;
0.7 E
. QuasiContinuum of gamma rays
[ )
i in coincidence with 4485keV and
0.6 - 4195keV one-step decay lines
0.5
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I ~ .
i 1 1.‘_2) 0 £ een moccited SD
T
i T
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