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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 Febru:;rry 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, /.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 -/2:30PM (Bldg. 66Auditorium) 
Session Leader: D.Sarantites 
09.00 L.S.Schroeder 
09:05 M.A.Deleplanque 
09:15 1-Y.Lee 
10:00 K.Vetter 
10:30 BREAK 
Session Leader: R.Lieder 

Welcome. 
Workshop introduction. 
Greta overview. 
Greta prototype test and simulations. 

11:00 P.J.Nolan An overview of develop:r_nents 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-5:1OPM (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 M.Riley 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 !.Ahmad Structure and stability of the heaviest elements. 
17:30 RECEPTION (cafeteria) 

FRIDAY FEB 6, MORNING 9:00AM- I 2:00PM (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 Mini ball 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- !2:30PM 
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/TechnicaVAnalysis/Aux. detectors J.Waddington 

SATURDAY FEB 7, AFTERNOON 2:00PM- 5:00PM (Bldg. 50 Auditorium). 
14:00 General discussion and GRETA organization. 1-Y.Lee 
15:00 BREAK 
15:30 Reports from the discussion ~oups. P.Fallon 
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GR TA 

~Segmentation gives angular and 
longitudinal position. 

® Drift time gives radial position. 

~Energy .~ 

e Position interpolation 
fiW Drift time determination 

ttAlgorithms to identify interaction points 
belonging to a particular gamma rayo 

~ Cluster recognition 
• Tracking ~compton scattering formula 

tk/greta_concept.iw 
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E::~ A 12-:fold segmented detector is received. 

~ Measured and analyzed pulse shapes of the 12:fold 
segmented detector. 

f.E@i Calculated signals of the 12:fold. segmented detector. 

~ Study position sensitivity of the signals. 

~ Determine the accuracy of 3-D position.measurement. 

li'l1 Electronics Response are being studied. 

Tracking (Greg Schmid) 

11 Continue development of algorithm. 

~ Efficiency and PIT are studied as functions of 
gamma-ray energy, multiplicity, and position 
resolution. 

jj Effects of realistic detector packing and neutron 
are being studied 
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GRETA-PROTOTYPE SIGNALS (interleave-mode, normalized) 

X=l.01cm. Y=0.51cm Gate on ADC Channel 2 
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GRETA-PROTOTYPE SIGNALS (interleave-mode, normalized) 

X=2.54, Y=2.54cm Gate on AOC Channel 2 
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Calculated Signals in a Sixfold-Segmented Ge-Detector (Basis Functions) 
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Cluster identification: Use angle parameter to group pts. 
into clusters. 

8 

"World Map" showing interaction pts. in Ge shell 

(25 coincident y-rays, E = 1.33 MeV) 
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Flowchart for Current Algorithm 

.-\ i I I n for Ill at i o n 

from Simulation 
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Position and Energy 
of Interaction Points 
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Algorithm results 

Isotropic launch for GRETA 

(25 coincident y-·rays, E= 1.33 Me y) 
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Generated hit pattern for 1 MeV neutrons 
(isotropic !c.:.mch 1or GRETA, 100ns time cut) 
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GRETA algorithm, E=1.4 MeV 
(Time order of interaction points) 
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Polarization sensitivity (0) for GRETA 
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F.:.:~;1 Detector Prototype 
12:fold segmented detector 
36:fold segmented detector 
cluster of lx7 or 3x3 modules 

.. 
~~);:~ Signal Processing 
; ... _ .. _., 
~ 

position 
energy 
time 

~ Tracking 

high energy gamma ray 
neutron 
neural network method 

r~~~q Electronics 

preamplifier 
waveform digitizer 
digital signal processor 
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e Detector packaging schemes 
e Tracking across detectors· 
tt Physics program 

!. 
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GRETA Physics 

• Characterization: track every interaction of each 'Y ray 
o Event-by-event y-ray polarization 
o Branching ratio in 10c decay- electroweak coupling constant 
o Four-y decay of positronium 
o Second class currents 
o Parity violation 

.... 

• Localization: 2-3 nun 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 !SOL-type RIB facility 
o Searches for strange matter 
o Develop new cosmic-ray chronometers 
o Studies of hypemuclei 
o GDR shapes (fn. of temp., spin, and nuclear shape) 
o Damping in giant resonances (e.g. GDR vs. GQR) 

• Sensitivity: resolution, Pff, 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. 
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GRETA Prototype: 
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GRETA workshop 5-7 Feb. 1998 

Kai Vetter 

LBNL 

_ .. ".: .. 

35 
••'.' · ... · .... 



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. I zi I (ti) determines My , Ey , Py ~ ... 

3 dimensional position resolution ? 

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

But: Z & <P? 

Already eg for first hit identification complem.entary <P required 

--.. segmentation 

segmentation --.. induced signal ? 

• 

.. physical .. cross-talk • • .. electronical .. cross-talk ? 

--.. Gammasphere : two-fold segmented Ge detector 

36 
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Induced Signals in a Segmented GAMMASPHERE Detector (#70) 
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Signals in a Segmented GAMMASPHERE Detector 
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GRETA-PROTOTYPE SIGNALS (interleave-mode, normalized) 
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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 I. (12 segments, DC coupled) 

about 5 - 8 ke V noise 

Data acquisition: 

3 Le Croy waveform digitizer modules: 

12 channefs I 40 MHz I 1 Obit or 

6 channefs I 80 MHZ I 1 0 bit 

41 . 



Calculations of pulse shapes 

Some details of calculations: 

numerical solution of Poisson equation 

3 dimensional grid (polar I 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 
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Induced Signals ( r= 3.1 z= 4.0 p= 11.3 ) 
Path of charge 

b.t= 10 tl$ 
Hole Crystal 
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Induced Signals ( r= 0.8 Z= 4.0 P= 45.0 ) 
Path of charge ~t= tO U>5 Hole Crystal 
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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 Y : distance to $-boundary Z=4mm 
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Sensitivitv of Induced Signal in 6x4 Segmented Ge-Detector 

Z=16mm 
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GRETA-PROTOTYPE SIGNALS (interleave-mode, normalized) 

X=2.54, Y=2.54cm Gate on ADC Channel 2 
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GRETA-Calculations: Induced Signal Amplitudes 
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Summary 
. i i . 

- Segmented detector not only useful for alignment of collimator ... 

-
11 1nduced 11 signals are .. Realll ... 

- 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 preamplifier 

Future 

- New preamplifier 

- Response and noise analysis 

- Decomposition of multiple interactions in multiple segment~ 

- New multi F ADC channel data acquisition system 

- Determination of energy, drift time and maximum induced 
charge on DS P based system (XtA) 

- Artificial neural network a~gorithm 
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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 1.33Me V add back factor is 1.44 

Doppler broadening improved as subtended 
angle is smaller 

Linear Polarisation 

Limitations 

Isolated hit probability - Multiplicity response 

Doppler performance for close geometry and 
high v/c 

Seginented clovers 
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The Segmented · 

Clover Detector 
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II 

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: 

Energy signals (high resolution) 

Crystal Red Green Black -. -·· . --· _.. ,_, 

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 

Rei Effie 0/o 22.19 22.81 21.52 22~06 

Peak/Compton 53.66 56.48 53.01 5Z.4-D 
... 

Pea kiT otal ( 0.139 0.141 0.135 0.'139 

Position signals (low resolution) 

Position P1 P2 P3 P4 P5 P6 P7 P8 

FWHM 1332 keV 3.47 6.01 3.62 5.88 8.92 6.01 3.39 6.06 

70 

P9 

3.90 



Measurements 

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

Detector-target _ 

Brit Clover 

90° 

... 

197 
Reaction: Coulex of - Au 

197 12 

position = 1 0 em 

German Clover 

90 ° 

Au + C @4.3 MeV/u, v/c = 8.5o/o 

)uring the run we obtained coincident source data 
152 133 226 137 60 

:or Eu, Ba, Ra, Cs, Co. 

Ne will use this data to examine the scattering 

>etween the crystal segments. 
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Doppler Broadening of 
Segmented Clover Detector 

400~------------
.. Whole detector 1 
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Doppler Broadening 

Several components 

Detector opening angle and position Ey v/c sin8 ~8D 

Variation ofrecoil velocity Eyv/c cos8 ~(v/c) 

Variation of recoil angle Ey VIC sin 8 -~ 8R 

Intrinsic resolution Fixed 

Components add in quadrature, the first 
depending on the detector opening angle. If 
the opening angle of each segment is ~85 then 
~80 varies how many segments are coupled 
together. 

One segment is 
One crystal is 
One clover is 

where n = 1 
where n = 2 
where n = 4 

Plot (Resolution)2 versus n2 
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Gives Ll8s 

Compare to 

.. 

0.245 e-x. per\ VV\ e v' (::" 

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) 
.. 

(a) 

(b) 

_I 
--- :1 

- _, 
-,.:::-::· ... :.:"". 

J_:-

r- -- . 
I - -· 

i 
I 
I 

The improved granularity of the segmented 

Clover reduces this problem. 
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Intra crystal scattering 
137 

Cs data 

M = 2 events 

scatter measured modelled 

1 ~ ~ 2 18.84 °/o 24.08 °/o 

1 ~ ~ 4 19.65 °/o 23.92 °/o 

1 ~ ~ 5 7.07°/o ~ 6.82 °/o 

4 ~ ~ 5 23.29°/o 19.66°/o 

2 ~ ~ 4 8.07o/o 6.74 °/o 

2 ~ ~ 5 23.08o/o 18.72 °/o 
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Segmented encapsulated Germanium detectors 
for the next generation ofy-rays arrays 

J. Eberth 
University of KOin 

... 

• European facilities for y-ray spectroscopy 

• Encapsulated Ge detectors: a status report 
.. 

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

• The Miniball - Array at REX-ISOLDE 

• 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. 060K8621. 
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European facilities for y-ray spectroscopy 

• REX-ISOLDE at CERN : radioactive beam 2 (5) MeV/u 

• Accelerated fission fragments from PIAFE at Grenoble 
and FRM II at Munich ( 6MeVIU) 

• 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 ofEUROBALL: Repla~ement of ln of tapered 
Ge detectors 

Demands: 

Solution: 

high total-absorption efficiency 
high granularity (large v/c) 
flexibility: different geometries with 

the same set of detectors 

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 l 

Individual cryostats for cooling 

and for contamination protection l 

.. 

Encapsulation Technology forGe Detectors 

hermetically sealed aluminum 
can, vacuum < 10-6 mbar maintained 

by internal getter 

93 

The CLUSTER Detector: 
... an example for a flexible 

spectrometer system ! 



. J. ~benl e:~ a.~. 
C oe.tq b o r-akt ~ ~ ~. 
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\ 

Capsule 

I 
\ 

\ 
\ 

\ 

\ 
Ge-Crystal 

d ~ 1{) ~~ 

e ~ t.~ hv'W 

~ ~1o ~t.; 
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80 

60 

40 

Advantage of the Encapsulation Technology 

Back Lid of an encapsulated Ge Detector 

easily accessible 

and exchangeable 

cold electronics 

like FET, 
Coupling Capacitor 

plugs ... 

.. 

Regeneration of Neutron-Induced Radiation Damage 

of Encapsulated Neutron Damage Anneal in a Standard Oven: 

HPGe Detectors: 

Annealing Temp. [Celsius] 
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Annealing Procedure: 
(thanks to D. W eisshaar. IKP· Koln) 

Argon Atmosphere 

Annealing Temperature: tos<>c for·2 hours 

FWHM [keV] ~FWHM [keV] 
2.8 

2.6 

2.4_ 

2.2 

+0.6 

+0.2 

0 

-0.2 

1.8 I I I 

11 12 13 14 15 16 17 
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 .6E = 2.3 keV 

Add-Back Factor = 1.45 

abs. Efficiency = 29 o/o 

rei. Efficiency = 600 % 

PIT = 39 o/o without BGO 

PIT = 63% with BGO 

10-2 -

I I I I 

2500 

The CLUSTER Arrangement 

• Cluster 

o- 3fl" Ge-Detector 

• + t 
(> 

I I I I I I I I I I I I 

5000 7500 10000 
r- __ -. 
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Reliability and Flexibility of these Systems (-1-): 

In 18 months were built up successfully: 

more than 1 0 complex set-ups in 

various Europeanaccelerator laboratories 

(e.g.: Univ. Cologne, MPI-K Heidelberg, 

GSI and TU Darmstadt, 

NBI Risc:r and INFN Legnaro) 
.... 

Lifetimes 

CUBE 

Crystal-Ball + CLUSTER 

No CLUSTER and 
no capsule failed after 
shipment or rearrangeme~t 

Recoil-Shadow Method 
Target 

Neutron Detector 

Stopper. 
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Reliability and Flexibility of these Systems (-2-): 

e · easy repair of defect cold 
electronics (like FET ... ) 

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

e no shipment to the manufacturer ! 

e high availibility of the expensive 
detecto_r systems! 

.&. More than 1 00 encapsulated N 
detectors were annealed so far 

A sets of seven capsules were annealed 
simultaniously in a standard oven 

. ' 

A not even one encapsulated Ge detector 
failed after the annealing 

A the resolutions could be restored to the 
original values (in average 2.1 keV) 

high realibility 
suitable for 

space applications, 
e.g. 
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I The CLUSTER Cube 

• Pph = 0.19 ( E1 = 1.33 MeV) 

• QGe = 0.65 

• L\E1 ~ 13 keV ( E1 = 1.33 MeV, v/c = 0.04) 

. • RGe ~ 11 em 

Outstanding Feature : 

Large detection efficiency up to E1 = 10 MeV 

for experiments with with small recoil velocities 

and low gamma multiplicity 
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The Segmented CLUSTER Detector 
a possihet soet~tt-io~ {or l'linibttee 

1>. l-\-Qbi, f1rA ~icl 
1>. SclwAe~, 

~ e.i del bl•f 
1. Ebertl 1 

Co eoqk.t. 

J. Ge~ e , G'~; 
-p. va~ ]) LtpptJ 

UU Vlh.. 

1.. \1. Liedtr 1 J rJeicJ 
1>. Warlttr, 

)are! bLtr~ 

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

42 segment energy outputs with E < 3.5 ke V 

Multi-Segmented CLUSTER for best 
Doppler-Shift Correction ! 

101 



The 6-Fold Segmented and Encapsulated Ge Detector I 
~--------------

Sketch of the capsule and the segmented Ge crystal 

Alu can segm. Ge crystal capsule lid · 

·. 
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Data of the Encapsulated 6-Fold Segmented Ge Detector 

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

. central HV feed-through 
cold preamp-board 

crystal data of the 

prototype detector: 

rei. eff. (at 1.33 MeV) : 60.2 % 
PIT (200 - 1340 keV): 23.8 °/o 
(identically to those of standard encapsulated EUROBALL moduls) 

. 
Segments with warm preamps ! 
(capacity- 90 pF- 100 pF, 

depending on length of cables) 

Segm. no.1: 
Segm. no.2: 
Segm. no.3: 
Segm. no.4: 
Segm. no.5: 
Segm. no.6: 

cold FET! 
core (qrounded seqm.): 
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SM-. -- I --; . -.I" ••. 
_ . -. ~ 1. . : · .: . ~o- .n 

Conversion gain: 175 m VI MeV 
( unterminated) 

: :ntegral nonlinearity: less than +I· 0.025 1 

·· (for 0 to +I· 9.5V ~ unterminatel 

Warm FET option:~ 

Equivalent input noise: 0.9 keV I 0 pJ 
Slope: 17 eV I pJ 

Rise time: 18ns I 0 pF ; 
Slope: 0.4 ns I pi 

Cooled FET option: 

Equivalent input moise: 0.6 keV I 0 pJ 
Slope: 17 eV I pi 

Rise time: 15 ns I 0 pF; 
Slope: 0.3 ns I pi 
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Data of the Encapsulated 6-Fold Segmented Ge Detector 

6°Co 1332.5 keV 137Cs 661.66 keV 
G) 
a. 
0 
Ul 0.05 -Ul 
G) 
a. 
G) 0.04 
G) -Ul 

0.03 

0.02 

0.01 

E 0 
:J 
E 0.05 ·x 
ca 
E 
0 - 0.04 
G) 

E 
:;::; 0.03 

0.02 

0.01 

0 
0 100 200 300 400 0 100 200 300 400 

measured time spectra time [ns] 

Ul 30 
::J 

:0 
f! 25 

20 

15 

10 

5 

0 
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. ' 

.1,' - ..... 

The MINIBALL-Sp~c~romet.er as. Segme.nted CLUSTER-CubE 

Distance -11 em 

.Q Ge = 65 o;o_ . ' 

Pph = 13 _o;o ,-· 

Ppb = 19 o/o · 
in Add-Back Mode 

.--, 
I .~,.. 

'' 

~ ' . j 

· ·. · .. Prr = 50 o/o 
· with Back Catcher ... · 

Prr = 63 °/o ~· r ' .. 

with Back Catch'er · 
and Side Shield· 

(,' 

. • • I 

. ' 

', 
f -~. 

· ... 

• • J 
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- ... :-;. 

Configurations of Crystals and f?GO - Escape Suppression Shields .· 
... 

· (H.G. Th~mas) 
·' lC&L~-.. 

-. 

~- . ,_ 

.. 

' ·-

... 
-~ . 

~ 

't . .' ~1 -:~ •• ~ 
~ r ~ 
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an example for 

a flexible 
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D.Bazzacco 
Status of the MARS project. 
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Padova - Milano - Legnaro 

· Geant Simulations A.6-A-PG"A/z~?.oJoed-&K 

•Study of Pulse Shapes}{;· l<roeQ_Q_ 

·Electronics and prototype Ge 

·Perspectives ~ 
o. R. tJ atoeL-· 

Dino Bazzacco, GRETA workshop, LBL Feb. 5-7,1998 
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Some Geodesic Solutions 
· (using simple clusters of hexagonal tapered crystals) 

f '""""be,-~ ~wc~ou.oe. "-•'&ll,Qs 4 !-l,e bQ QC ( + f'"'-""&-'"-c..(' CC~\(,QI) 

Icosahedron® 
Octahedron © = 20 n 

N = 0 
8 n 

(+12) 
(.+ 6) 

n = (i2 + 3j 2 - 4)/8 
tJ ·-:------f _ _ ) L +} :: ~ftj'Q_\,(, [ 

1\tU.~ ~XI\, 0~ A1~:lCL8V.U.') 
(;.~ fu_ bc,,s,"-~ -'~Q.~ ~ ~ 

*~'c""' ~ 

... 

6(120-48) 9(180-72) 

/ ~-" 
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MARS-36 

-; 

4.8Lt u..Yt'~J ~'~~-Yi- tA-
C).lt- LL-h'd- ~ ~~if1 
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MARS-36 
Performance as a function of theta 

o/o 

90.0 

PIT 
60.0 

30.0 

119 

with AC ring 

+ 

Theta (degree) 

4==---1. ~·(} <'J 
i8 t i& \)::;>60 

Jvke/1&.. ::, &-." o....._o{ 

\{.e. t '2.. -t i 1.. 

CQ .~.,~_\" '\..!)(_ de. I.e~ $ 



19cm 
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MARS-54 
Performance as a function of theta 

% 

90.0 

PIT 
60.0 

30.0 

0.0 _____ _,____J_ _ _.______._ _ __L__'--------'--_l 

0.0 30.0 60.0 90.0 

Theta (degree) 
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MARS-36 world map 
l ~ d ~ s ~ 0:- l \~~ Q ~e.. B.-'r y &_ d- ; ~ = ~ .. '3 3 3 lie.(! 
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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 PIT 

.. 
Conf. 110 36 54 

Mult. £ P/T £ P/T £ P/T 

~u..ee. .i1. ~ 4.;'.-i z. 3 . .;- 4.:;.8 36'-::, t.rs.g_ 

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 

lM-O~J~ 
Results are clearly insufficientv-because of 
long range scattering. · 

Tracking needed 
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Addback Effects with EB Clusters 

900 

800 

700 

PIT = 53o/o summing all capsules · 

PIT = 41% keeping isolated hits 

600 
""f ·coG ~ ~-\- 2'<;> \.L 9 ~ &- ~ K' lJ....L&-.'h- L K 

soo ~\9...l' Q.u... W'-~~ 6 c Co S c~ v- c. e.~ 
400 [ 1 ~ c~<...:.\ev-s t"~~-. 1-k (Lv-~ro...d 1 
300 

?:f.~··:.: 

•• 

! 

:n 
. I 

I 

: At~!@;~~~,,,#~ ,, ~~ 
0 ~--~--~~~ 

200 400 • ~ I~ ID I~ 

keeping isolated hits in \ G-~e- o{ 8oo ~v 

the same cluster as 
independent gammas ( ~ 

n-,..__Q~·)£.:~ ,· ......... ~~ ~ 
31~ KeV • 

I 

1 c. oJ-e- ~ao ReV · 
summing all capsules . 
s~U-c_ ~--,\4--~ \-ez-tD~~ ~ B6-o s£.l~R.g{ ~-",..es 
~ 9g~eA- . ·. 

-) 



Hyperdeformation from 6°Co source!? 
(summing· all capsules in the Cluster) 

1?>c-c k% Yo \.f...~ ~ u.. b i r &£-+eo<.. 
A i.<. QJ....-iolQG--*Q(~ b~ ~cit 

t*o 8 \'"&-UA- ~,-r). L + J! 
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Electric potential inside a closed-end 
coaxial germanium detector 

c<) c<) M M 

M 0 0 0 0 c<) 

0 + + + + 0 
+ <) <) <> <> + 0 0 0 0 
<) ~ ~ ~ ~ ~ 0 0 0 0 

N 00 \0 '<!' N 0 

2e+03 

1.8e+03 

1.6e+03 

1.4e+03 

· le+03 

800 

600 

400 

200 

0 

3 2 1 0 1 2 3 

t'kdLL- ce_d GU..-\-reL.t..-+ 
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Pulse Shapes from a 
multiple interaction event 

1 ~ .fe.. Y9..- c,.+L'=>~ 1. p 2. p 3 -==P ~ j) 1\.e(/ 
-11~~~ 1\QY 2. ?,8 · + ke-V -1 I;('. D f(D_if 

0.2 0.2 0.2 0.2 

~~eu+ 
(j) 0 0 0 0 
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0 200 0 200 0 200 0 200 

\ 
l~Au.SL'\ 1 1 1 1 

cf>U)\-o..ct 
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0 0 0 0 

@ffi® [J J 3 •• 2. 

1'7?< ;_ ·~' 1":1 
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Tracking with ANN 
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Inverse Fourier Transform 

Frequency cuts at 100, 4~ 25
1
10 MHz 

1 
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Two Interactions with equal energy 
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Low Cost High Resol.ution 
Digital Pulse Processor 

Preamplifier Simple 
lmplifier 
(3 poles) 

:---------------- ,--------------------------------------

>---'-----<!--t I 1\ ! AD c 
: ~ : A09005B 

¥ D~tector 

~ ~ 
I I 

i J 
I I ' 
c : • 

l ~;; ~~ 1 l c • t • 
( f I I 

C I J • 

~---------~ ~---------------- ____ ,! 

~Signal 
(DL)N Filter for~ • 

Hybrid 
Analogi c and Digital 
r eal i zati en 

Baseline 

PC 

For Pulse Shape a high sampling 
frequency FADC (1 0 bits, 100 Ms/s) 
is being considered 
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The Prototype Ge Detector 

Efficiency > 75% 
.... 

Closed end geometry 

24 segments L b c.._ 'f)t(Lt ,·"'- tkp:f.C.) 

25 cold FET's for optimum energy resolution 

Separate vacuum chamber for FET's 
. s ~ .... e.e. $-1 .) .e_/ .. 

Fast
1
1ow powe~ preamplifier 

Mechanically compatible with GASP Ge's 

Order placed· to Eurisys 

Delivery before summer 
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Future perspectives 

Geant simulations 
e Other g_~~metries ()..M_L~ po._c{c .. ·(J sd?eM1 ~~ 

o Tracking 

c Tests of prototype detector ( 

~Experimental study of pulse~ shapes ) 

., Prototypes of electronics 

c Data Acquisition System 

c: Write a proposal ~ 1. 718 - 1 7 7 7 

c Funding? a-sk fo'L- t'I.L .1 J ~3 

"I~ ~ro~ e.c.-t ;.l)l.Qf)__ bt ~i.{__/l1d&.J1 eo-u sJ/LU..e:h'o-<-<- wu..&{ 

b-.e_~' A..-L L \ "-'L J ~ y- ? 0 D <9 s- .:.JL__ 2. Q 0 1. , 

ll HQ_~ D 'r ~ ~ 0~ ev- ~ ,~8 \) .(1_ lu-S ~ ~ e-1-'-e__. 
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S .Frauendorf 
Rotation beyond the standard scenario. 
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where, 

I {4; J h == -4K,y 5 Y2o- w x 

The HFB equations 

where 

L(hjkUik + D.jkVik) == EiUij 
k 

L(--D.jkuik- hjkvik) == EiVii 
k 

(3) 

hij == (h~j + rij )8,i,j - (.X+ .x,Ti)8ij ( 4) 

rij == L < iklvaljl > Plk (5) 
kl 

!::l.ij = ~ L < ijlvalkl > tkl (6) 
kl 

isospin label T == 1, -1 
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A LESSON IN HUMILITY 
PH"fS\e4S TOOic-f 
t)frC, ~\ 

Daniel Kleppner 

If you should suddenly feel the need 
for a lesson in humility, try forecast­
ing the future of physics. I acquired 
this little bit of wisdom rather pain­
fully a few years ago when fate tossed 
me onto the Brinkman committee­
one of th~ panels that is assembled 
in the US rou!!hly once a decade to 
survey physics .. To prepare for the 
task, I looked into the previous sur­
vey to 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 atomi~ 
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· 
standin!! this. veteran science fore­
casters invariably quality their dis­
cussions with some cautionary state­
ment to the effect that because the 
most excitir.g 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 a 
becoming humility. Nevertheless, 
sc·entifiediscoveries generally do ex­
ceed expectations. Bv wav of evi­
dence for this, r>ote th~t although it is 
hardlv more than five vears since the 
last phvsics survev-the Brinkman 
report_:_there is aiready an impres­
sive list of advances that we either 
underestimated or simply failed to 
foresee. One can view this as evi-

Daniel Kleppner is the Lester Wolfe 
Proiessor of Physics and associate 
director of the Research Laboratory of 
Electronics at MIT. 

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. 

HYih·T mu~nductivi£y. The dis­
covery oi g~temperature supercon" 
ductivitv bv 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. Achie~ng 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 Ji~ht 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 1Cf7 neutrinos that were 
ejected as the star's core collapsed. 
traveled for 170 000 years 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 
ph,vsics. ··The supernova now glows 
with li~ht 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 is 
hardly news that hght can push 
around atoms, but nobodv seemed to 
recognize that the interplay of optical 
fields with the internal dvnamics of 
an atom would make it po~ible 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 clock. Out of 
this line of research has grown the 
discipline t•f atom optics. loosely cen­
tered around the interaction of atom­
ic waves with mechanical structures, 
optical fields or bc.•th. Mirrors made 
of light have reflected beams of 
atoms. and a new art of interferome­
try has been created bas~d on coher­
ent beams of atoms. 

Buckvballs. The Brinkman report 
paid swtable h<'mage to clusters­
those small chunk" of matter, some­
where between individual atoms and 
solid structures, that am 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 C60 anc 
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 tact it has been 
around since time immemorial as a 
major component of soot. the rumble 
turned into a roar. Cheminrv has a 
new building block. and the· excite­
ment is reminiscent of the excitement 
that followed the discovery of hi~h­
temperature superconductivity. C00 
is only one member of a novel class of 
molecules called the fulierenes. 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. 
Complexi~. chaos and nonlinear 

dmamu:s.1ven that phygClSts gen~ 
e@ly 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 systeDlS- Its central them~ 
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 dynamics has also 
moved to center stage. Its origins go 
back to Henri Poincare'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. 

SurterrJPonn.ed nuclei· Although 
their eXlStence 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-lOS ions col­
lide they can fuse to form a dyspro- ... 
sium nucleus that boils off a few 
neutrons and settles down into such a 
state of 1~. The ratio of major to 
minor axes is approximately 2:1, ·and 
the angular momentum is extraordin­
ary-approximately 601i. The 152J>y 
methodically emits a series of gamma 
rays, producing a spectrum so regular 
that it is almost picket fence. When 
the angular momentum is about 26fi, 
the 152J)y 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 familv. 

Large-scale structuq of the uni­
verse. The umform1tv of the early 
Universe has been o~e of the more 
comforting thoughts of: modern cos· 
mology. Measurements by the ~S 
mic Background Explorer. for in· 

stance, gave spectacular confirmation 
of the blackbody spectrum and is<r 
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 unive~ 
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 completely wrong. In any 
case, our view of the universe has 
altered in the last few years. 

Mfc?t!\!P"L A new :world of 
physJ.cs n vered m 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 di!;­
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 QY a sum of 
Feynman paths over all the random 
paths through the system. In this 
regime, any change in phase leads to a 
macroscopic change in conductance. 
If some parameter such a.S the mag­
netic field is changed, the · conduc· 
tan~no matter what its s~fluc­
tuates by a universal value, - e'l I h. 
Such universal c:onductance 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\.:-...~.>pic changes in be­
havior. Out of l:his simple idea have 
alre.td) emerged a single-electron 
"transistor" and other single-electron 
devices. -

This account hardly exhausts the 
list of surprises from physics in the 
last five vears, 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. 

I thank m_,. numerous co/leapues who 
helped me to prepare this column by 
sharinf! their wisdom and their excitement 
oper these advances and discor>eries. • 
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• Weak Coupli.ng and :.Rotational Alignment 

• Str~ng Coupling: Limit 

• Particle Rotor Model 

• Decoupled Pseudo-Spin 

• Interacting Boson-Fermion Model 

• Deformed Shell Model· · · 
.. 

• Cranked Hartree-Fock 

• Cranked Relativistic Mean Field 

• Mean Field Configuration Mixing 

• Fermion Dynamical Symmetry Model 

• Pseudo-SU(~) 

• Supersymmetric J\1odels 

NO SATISFACTORY ANSWER YET! 

• 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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The transitions in 
these neighboring 
nuclei are nearly 
identical, but the 
direction of the tiDy 
shift is reversed . 
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-- -·-----­_.,....,. 
Spectrum (above) showing the weak direct 
one.-step discrete high energy (3.4-4.5 MeV) 
decays linking the superdeformed and normaJ 
deformed minima 
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This observation unambiguously defined the 
excitation e~ sPiris ·arid probable parities 
of bandS iri the A=l90 region for the firSt time. 
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Tentatively scheduled for 1 April1998, Physical Review C, Volume 57, Number 4 

Shell effects in superdeformed minin1a 
P.-H. Heenen, J. Dobaczewski, W. Nazarewicz, 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 unigue information on 
the absolute nuclear binding energy in the 2:1 minima, and hence on the magnitude of shell effects in the 
supeideformed well. In the present paper, the self-consistent mean-field theory with density-dependent 
airin~ interaction is used to explain at the same time the two-particle separation energies in the first and 

secon wells, and the excitation energies of superdeformed states .in the $A$$\sim$190 and 
$A$$\sim$240 mass regions. 

· . © 1_998 The American Physical Society. I 
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RDM is used to determine 
the lifetimes of SD states 
at low spins. 
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THE LIMITED ANGULAR MOMENTUM IN STRONGLY DEFORMED ROTATIONAL BANDS 
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• Well-defined rotational bands: 
-regular states 
-regular decay 
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-chaotic decaf 
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Rapid Communications 

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 LaboraiDry,. Oak Ridge. Te1111essee 37831 
{Received 7 November 1983) 

FISSion and evaporation residue excitation functions of 153-Jb and IJlRe compound systemS are investi­
gated in the conteXt of angulai-momentUm-dependent fission barrier calculations in whicJCefTects of the 
fmite range of the nuclear force and of the diffuseness of the nuclear surface are included.·· Carbon- and 
neon-induced reactions are studied in both the 153-fb and 1"Re cases. Reasonable agreement is found 
between experimental and calculated excitation functions without adjustments of the theoretical fiSSion bar­
riers. 

MAR.CHI984 

PHYSICAL REVIEW C VOLUME 28, NUMBER S NOVE.l;{BER 1983 

Fission of polonium, osmium, and erbium composite systems 

J. van de~ Plicht: H. C • .Brit;~ M. Fowler, Z. Fraenkel/ A. Gavron, and J . .B. Wtlhelmy 
Los Alamos National Laboratory, Los.Alamos, New Me:cico 87S4S 

F. Plasil, T. C. Awes, and G. R. Young 
Oak Ridge National Laboratory. Otik Ridge, Tennessee 37830 

(Received S July 1983) 

CPS 

zo 

IS 

10 

s 

%~~,0~~2~0--±~~~4~0--~50~~~~~7~0----~ 
ANGULAR MOMENTUM ~I 

FIG. 14. Calculated fJSSion barriers as a function of angular 
momentum from Sierk (S) (Ref. 12), Mustafa et al. CMJ (Ref. 
21), and Cohen, Plasil, and Swiatecki (CPS) (Ref. 11). 
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Search for hyperdeformation in 168Yb 

J. N. Wilson, 1 S. J. Asztalos,2 R. A. Austin.1 B. Busse,2 R. M. Clark,2 M. A. Deleplanque,2 R. M. Diamond,2 P. Fallon,2 

S. Rtb0tte,1 G. Gervais,1 D. S. Haslip,1 I. Y. Lee,2 R. Kruecken.2 A. 0. Macchiavelli,2 R. W. Mac:Leod,2 

J. M. Nieininen.1 G. J. Schmid,2 F. S. Stephens? 0. Stezowski,3 C. E. Svensson.1 K. Vetter,2 and J. C. Waddington1 

1Depaninent of Physics and Astronomy, McMaster University, Hamillon, Onzario, Canada. US 4Ml 
2 I Cyclotron Road, Lawrence Berkeley lAboratory, Berkeley, California 

3/nstitut de Recherche Subatomique, Strasbourg Celia 2, France 
(Received 5 May 1997) 

The nucleus 168Yb, and its near neighbors, ba~e 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 r rays associated with a hyperdeformed shape, using a wide ·variety of different 
analysis techniques, no evidence for the existence of hyperdeformationhas bee11 fm~nd. This search of unprec­
edented sensitivity has been carried out with the full Gammasphere, and was performed on arguably the best 
candidate nucleus. A maximum achievable observationallimi.t of -0.02% of the 168Yb channel has been 
calculated for !his 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 
g_ar.es on 70 000 events of simulated h?rdeformed datil. where the'· 
stmulated band had ten transitions an die gates were 1 FWHM 
wide. (b) Triply gated spectrum created from exactly the same sum 
of ten gates appli~ 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 backgroWld spectrum has been subtracted. 
The pew in the simulated band are not particularly prominent in 
this spectrum. which corresponds to a band of 0.014% intensity. 
The limit of sensitivity for one data point is calculated from spectra 
such as (a) and (b) . 

·. . FIG. S. Plot of the limit of sensitivity of the full Gammasphere 
for !his particular reaction, given the assumptions of the Monte 
Carlo simulation. This limit will vary from experiment to experi- • 
ment due to changes in the amount of data collected, and the 
strength of continuum background, but the major factor in affecti.og 
the limit is the total photopeak efficiencv for Gammasphere (taken 
here as 10.0% in the range of the simulated band). Note that the 
limit of sensitivity for the 168Yb channel is -5 times higher than 
these values, as this comprises only 20% of the data set 
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crosses, as calculated by the new fusion nwdel of A a_. Winther [3]. 
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Experimental P.rogress 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. 

Array Efficiency 

GRETA 

Scienti_fic Opportunities 

with an 

Advanced ISOL Facility 
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36 Ar + 28Si at 136 MeV 
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Figure 3: Experimental relative cross-sections [%] of the reaction 36 Ar + 
28S_i at 136 MeV beam energy deduced from the thin target G AMMASPHERE 

experiment. The total cross section amounts to Utot ~ 1000 mb and the 
uncertainties reach from 5 % (strong channels) to 20 % (weak channels). 
The proposed reaction 24Mg + 4°Ca leads to the same compound nudeus 
64Ge. 
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B.Sherrill 
Techniques for mapping halo wavefunctions. 
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GRETA Workshop Feb.98 

Nuclear wavefunction mappin2 with 
GRETA 

Determination of nuclear structure near the drip lines 

• Introduction 
Sintple picture of nucleon knock-out 

- lntportance of the breakup reaction 
ntechanisnt 

- Exantples 

- S800 Spectrograph 

• Measurements withy-rays 
- Deterntination of the reaction n1echanisn1 

- Measurentent of parentage to n+core 
states. 

- Exantples .. 

• The need for GRETA 
- Resolution: in heavier nuclei the g­

cascades can be co~plicated 

- Efficiency: weak beams require near . 

100% efficiency • 
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Wavefunction Mapping in ls Atomic Hydrogen 
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High-Momentum Protons in 208pb 
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I. Bodeldijk et al. PRL 73 (94) 2684 
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There are higher momentum components than 
expected from nucleon mean-field models 
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Nucleons in the Nucleus 1 

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 
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Conclusion: Correlations are very important! 
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Parallel Momentum _..... Momentum wf 

Beam 

Pparallel 

~Ppe~ 
·· Ptotal · 

Target 

• ~ F(k) = 1 ~ f eif-r p(r)dr 

Asymptotic : 2n-' 
e-pr 

Os-wave: p(r) = - "Yukawa" 
I r 

K. Riisager 
I I -12 - h 1 F(k) - _ -..,---

? , I . _pn- 1- k' ., 
<-.,+~-r 
p-

General: ~ F(k) = 'i'(k)Y,m (8.q>) where 

B.A. Bro·wn 
H. Esbensen 

In both cases: 
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Momentum and Spatial Wave 
functions for 11 Be Halo and Core 
Neutrons 
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I Suffimaryof the Nuclear Landscape_ I 
Doubly Magic Nuclei (proton and neutron number magic) 

Well known cases: 
4He, l60, 4n,4xCa, 2nxPb 

~ 
~ 

J:j 

e 
= z 
= 0 ..... 
0 
~ 

Q.. 

1 00sn- found at CSI 
and CAN I L ~.;fl,~~i~~ 

48N .. , 
I - . 

56 ~~
,.., ... - . . . ,;.-:, .• 

N 1 - studied ... tJ~~. • 

lllt:J=if ··--··- --~---~ers 

176Sn _ '? 

132Sn _ studied 

78Ni- found at CSI Neutron Drip Line 

28 . 
,. .. , . 0 - not l>article stable 

10 . 
l-Ie- found at RIKi:l:N and HMI 

Neutron Number 



w 
0 
V1 

........ 
u 
Q) 
V'l 

......... 
V'l 
Q) 

u 
~ 
'-ro 
c. ........, 
>. 
.~ 
V'l 
c 
Q) ..--
c 

The NSCL Cou~l~d Cyclotron Proposalt::=== 
. · .. • ': . . · .. 

1013 

1012 

1011 

1010 

109 

108 

10
7 

106 

0 

nl ~c~ 
1ilililii:~nn 

.................. \ ............ ~ .......... :··-;·u ...................................................................................................... .. 

' 
so . 100 

E/A (MeV) 
1 so 200 

·········· present 

upgrade 



Samole Beams Oons/s 

· IQOjt,<IJ<12oo.;jK5QOXkt2oo 

Nuclei at or near the neutron drip ·line 
w new nuclei 0 • 0'1 

20 • • •• • • Ca produced 

• • t for study 
~ • • • • J\r 
Q) • • ,0 

s I•• • ~-;; fi•t ~'I ~ s .,.!. \ ,.~ ... ·_1 •• 

:J < • 

~ ••• : ;· n, 1 ~ Si 

• - ... . ...... • ··-~-" 

(: ~ 

0 I•• ,,/ ~ Mg 
I ) 

0 10 ••• __fl_fl_JI_J/- • Stable ~ Ne ~ I 

(L 

-~~~~cw.cw.~~~, , , , , ,/, , , , ~-
Unknown 
Drip-lines I o 
10 day -I I i rn it. 

~ c 

1 () 20 ~~() 

Neutron number 



w 
0 
'-I 

•- Proton 

z 

t 2 
N II- One 

•- Two 
•- Four 

Neutron 
Neutron 
Neutron 

1617 
131415 

1112 20 

Halo 
Halo 

Halo 

~ 15 
~ 

~ 10 
~ 

loW 

i 5 .:::: 
~ 
a. 0 
~ 
~ 

-5 

323334 
3031 

-------,---·----,----,r----,.----'--,-----,------. 

,.._ ~""'"' taken rrnm: 
~----+-~~;-----~-----+-----;------+A~and~a~l~ 

Tachlhona, llnn and Yamada 

20 22 24 26 28 30 32 34 36 38 40 

Mass Number 



J Neutron Removal Mech~~ j 

Diffractive dissociation: 

target not excited 

StrippinK: 

.. 

target excited 

Sequential: 

E* 

Coulomb Excitation: 

E* 
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Determination of all components of the 
valence wave function 

y-decay 
of excited states 

momentum 

E Jrr s I 
1\Be p 6.3 2- .58 .13 

6.0 1- .69 .13 
5.9 2+ .02 .17 

3~3 2+ .19 .17 

0.0 0+ .74 .63 
-, lOBe 

E Jrr s 
tsc d 7.3 2+ .02 

6.9 0- .46 

Beams·: 6.0 1- 1.17 

llBe 1/2+ 
S(n) = 0.5 MeV 

14 . 
15c 112+ 

c 0.0 0+ .98 

S(n) = 1.2 MeV 
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w ..... ..... 

Position-sensitive Nai(Tl) 
photon detection array 

• Array of 38 Nai(TI) crystals (with two phototubes each) 
surrounding the target 

• Measures enc r~ics 
\..... 

and interaction points 
of photons up to X 
MeV 

; 

• Detectors from 
former PET machine · 
(Washington 
University, St. Louis) 

.. 

..... 



Q) 
..,.u 
c c 
Cl) • 

El! mu as c ... -Ll. 0 
Q) () 

m.E 
0 .... 

.. 

s1unoo 

312 

0 
0 
T""" 

0 
T""" 

0 
0 
0 

"' 

§ 
Lt) 

0 
0 
0 
C\J 

0 
0 
0 
T""" 

0 



w fh 
..... -w c 

:::l 
0 
0 

Doppler Corrected 

10000~--------------------~----------------------~ 

1000 

I 

100 ' 

10Be Fragment 
in coincidence 

. 

.. 

1-- 2+ 

llBe 
E .J1t 
6.3 2-

~ 11 I ~:~~: 

""''I .. y 0.0 
lOBe 

r- o+ 

10 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I WI 

0 1000 '2000 3000 4000 5000 6000 7000 

Energy (ke V) 



w ..... 
J:>, 

11 Be+ Carbon 
14000 --.-------·------------;;------, 

12000 

I 0000 --

~ 8000 
= = 0 
u 6000 

4000 

2000 

0 

3200 

.. 

+ 3 MeV (;amma 

• All Data 

-pl/2 r0=2 wf 

-sl/2 r0=2 wf 

-Theory Sum 

3250 3300 3350 

lOBe. Momentum [MeV/c] 

3400 



11 Be+ Carbon 

1600 --r------------------. 
.. 

1400 

1200 --

1000 
w .... 
V1 :l 

§ 800 
Q 
u 

I 

t 
600 

400 
- d5/2 r0=2 wf 

-pJ/2 r0=2 wf 

200 -- + backround subtracted 

o~~~~~~~~-+~~~~~~~ 

3210 3260 3310 3360 
Momentum [MeV/c] 



I Ground State Structure of 17C 
.·.·· ·-

17c+9Be ~ 16C+X 
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What is the limit of the technique? 

Reminder: (p,d) studies will require 1 000/s 
for a few day run. 

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

Advanta2es: 

Large breakup cross sections - 300 mb 
Thick targets (same Z same v) - 300 mg/cm2 
1 00°/o efficiency for fragments- (8800) 

.. 

Event Rate: 

Based on the numbers above the interaction 
probability is: 6°/o 

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

GRETA full energy efficiency of 43°/o for a 
2.0 MeV gamma-ray 

20 day experiment (?) 

317 
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GRETA \Vorkshop Feb.98 

I ConclusiOns I 

• We have a technique for the 
determination of valence wave 

-.--functions 
- Works \Veil in light nuclei 

- Reaction mechanism effects are important 

We have seen unusual parentage in 17C 
- Have measured llBe, I4B, I5.t7.I9C, 26.27.2Sp 

• Need Measurements withy-rays 
- S800 available for momentum 

measurement 

- Measurement of .parentage to n+core 
states. 

- N~ed high efficiency, doppler correction 
and good energy resolution 

- Need GRETA 
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M. Thoennes sen 
Giant resonances. 
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High Resolution Studies of Giant Resonances? 

•· 

• GDR Built on Excited States 

• GDR and GQR Built on the Ground State 
' 

• GDR in Exotic Nuclei 

S. 
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(d) 19F +181 Ta 126 MeV 
(e) 160 +nat W ·140 MeV 
(f) 19 F +181 Ta 141 MeV 



PROBLEM: 

- Tl1e ')'-decay of the GDR origi11ates from 
a wide ra11ge of excitatio11 e11ergies a11d 

. angular 1nomenta. 
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~ Isolate Specific Channels 
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• Multiplicity Gates 
A. Bracco, Phys. Rev. Lett 74, 3748 (1995) 

• Isomer Trigger 
J.P. S. van Schagen, Nucl. Phys. A581, 145 (1995) 

• a-Scattering 
E. Ramakrishnan, Phys. Rev. Lett. 76 2025 (1996) 

• Discrete Trarisitions 
G. Viesti et al., Phys. Rev. C55, 1594 (1997) 
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High energy y-spectra 
gated on normal and 
superdeformed transitions_ 
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~ High Resolution 1-Iigh Energy y-Ray Detectors 
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• Large Nai: ~2% 

• Ge+BaF2: 1.6o/o 
A. Krasznanorkay et al. NIM A316, 306 (1992) 

• Ge+BGO: 0.7%' 
F. Camera et al. NIM A351, 401 (1994) 
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Detecting High Energy y-Rays With HPGe Detectors 
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Efficiencies 

120.0 

100.0~-----------------------------------

80.0 -+--+----------------------------------

6@Ji) 
':!e \ 

\ 
I = \ 

\ 

40.0 • 
.. 

20.0 

1 3 5 7 9 11 13 15 . 17 19 21 23 25 

F.nergy (MeV) 
~ 

BaF 2 Intrinsic Efficiency 

GRETA Shell 

. ORNL/MSU/TAMU BaF2 Wall 

328 



w 
N 
1.0 

GRETA for the GDR built on Excited States 
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• Tagging of low energy 
transitio~ns 

• SimUltaneous detection of 
high· energy y-rays 

• Large detection efficiency 
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J. R. Beene et al., Phys. Rev. C 39, 1307 (1989). 

332 



Multipole-Selectivity of Giant Resonance-Dec-ay, 
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Giant Dipole Resonance Decay 
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Experimental Setup: 

ORNL DWG 87-18580 

SPEG 

.... 

SPEG: Angular Range: 1.5° - 5.0° 
Energy Resolution: 800 ke V 

BaF2: 6 clusters of 7 detectors 8.7cm x 14cm 
3 clusters of 19 detectors 5.7cm x 20cm 
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Excitation of Giant Resonances: 
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Large Cross Sections ====> -Heavy Ions 
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GRETA for GR's at/near the Ground State 
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• Isolate specific resonanee by gating on 
no/low energy transition: 
(El ====>Yo, E2 ====> y3-) 

~ I • Simultaneoys detection of low and high 
energy y-rays ====> Large efficiency 

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

• Coincidence with High Resolution 
Spectrometer 
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Giant Resonances in Exotic Nuclei 
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11Li- El Strength Function 

11 Li - Photo Absorption Cross Section 
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Projectile Excitations 

Study of Deexcitation of Projectiles 
in Peripheral Heavy-Ion Collisions 

Excitation via Virtual Photon Field 

Decay Studied by Reconstructing 
the Decay Products 

• 

Two-Phonon Giant Dipole Resonance: 

Measure Total Energy (LAND) _ 
... 

(Virtual Photon Absorption) 

Measure the real y-decay back to 
the ground state (TAPS) 
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Excitation of the GDR 
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Target Excitation 

12c 

'-~~~ 
' :3 

~­~ 

~ 

Absorption of 
real photons 

; 

Projectile Excitation 

I?Je 

y 
2osPb l,. 

Coulomb excitation or absorption 
of virtual photons 
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Virtual Photon Scattering 

Study of Exotic Nuclei: Projectiles!! 

·Low Intensities 

Single Excitations of the GDR . 

Coulomb 
excitation 

y decay back to 
the gl"ound-state 

S800 
BaF2 Array 
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El - Inelastic Excitation of 11Be 

I06pps of 80 MeV!nucleon 17Je 

100 mg/cm2 208Pb 

------- ... .... -- .... _ --- ' .... , .... 
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Excitation· Energv 
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Experimental Setup-
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BaF2 Wall for 11Be 
Excitation. Experiment 

·First use of ORNL-1\!ISU-TAlVIU joint BaF2 arrav · 
. . NSCL, l\fay 1995 . ., 
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GDRin 11Be 
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Schematic Setup 
:VP!;''fi!.Fn ~11CH ~NSl~TE,,MICHIC'.AN!tl~lf. \11C IO•N!tMif' Mlc.HIC.AN ~IAfF MICJflf.Af\ ST.IH MK]flr.AI' SlAH M'('tflr.A\1 ~1·111 M C•11C:•' ''·Ill MIC>jiCA' s·r.\11 M'CIIIC:AN ~~~If M'Oflf;>N ~1·111 \IICIIIC: . .\1" SIAl I Mlr.HIC.A'l Sl~lF. MICHICoA'I ~HTf 

. ,\'1_1. :_ ~lh \>ll._l ~~ \li\'1 .. 'tll\l~fil\1 )I,·\ I\ 111 .,. .... f\ 111l,l~f!1\llll'l'ftl\l l'~l\·l~~·llll\t'ffll.\t;llNI'I 61.\l~~ 

.. 

[li)i;+ Target -·= 9Li + p + n + y I 
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Gamma Rays from 9Li 
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Support for Low-lying s-wave in 10Li 
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GRETA for GDR of Exotic Nuclei 

.. 

• Virtual Photon Scattering ==> 
Coincidence with Spectrotneter 

• Virtual Photon Absorption ==> 
Coincidence with Spectrometer 
and Neutron Wall 

• Larger efficiency at forward angles 

• Beatn intensities of 106-107/s 
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Conclusions 

• GDR Built on Excited States: 
~ Tagging with low energy transitions 

~ Stand-alone mode 

~ I • 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 
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T.Glasmacher 
The spectroscopy of neutron-rich nuclei with a gamma-ray tracking 

device. 
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Current status of the n(sd) sff~il 

N=20 N:28 
stable 

E(2+) and 
B(E2) known 

[:_-.~] not observed 
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00[]8,_ 

0 observed '' 

OD~~..-
008 

B•OOOB.-
INe261 B D a Neutron drip line 

~ ~ Experiment/ Moller-Nix 1988 
CJ~ Z=8 

• T. Motobayashi eta!., Phys. Lett. B 346 (1995) 9. 
• H. Scheit et al. Phys. Rev. Lett. 77 (1996) 3967 . 
• T. Glas1nacher eta!. 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 prOjectile 
frames for 40S+197 Au 
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Experimental signatures of known shell 
closure: the calcium isotopes (Z=20) 
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Deformation parameters B2 and 
excitation energies E(2+): 30S - 44S 
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Coulomb excitation - semiclassically 

.. 

- - - - - - - - - - - -----
bmin = ao cot (Sma/2) I y 

ZsZAue2 
ao = ffioc2 ~2 I 

• Ebeam ~ 40 MeV /nucl. 

• B ~ o.3, g ~ 1.os 
• btnin ~ 20 fm 

• "touching spheres" 
1.2(A 113+A 113)= 11 fm S Au 

• 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 ~earn 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 Sche1natic setup: ' 

T~F ~ 30m 

~ 
Thin Plastic 
Scintillator 

Position,TOF 

~-...,I~ ... r-

PPAC PPAC 197 Au Target PPAC Fast-/Siow-
Phoswich­
Detector ...... 
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The A 1200 fragment separator at the 
NSCL at Michigan State University 

A1200 

First irit~llrie(hate~ itrlagd;,,n, 
Mdmen'tiini·selection ' ' 

. . . . ~. . . . .. 

·~~~~~~~b~~~~:ri~!di~)i···· 
, for beam purifiC#!ioJ1 < : >> 

Primary Beam 

Fragntentation Products 

I 
Beam 

--
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Schematic view of the 
Nal(Tl) detector setup with shielding 

<l- beam 

-~ 
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Photon detection in reactions with 
intermediate-energy exotic beams 

General properties of experiments with fast CP~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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Doppler shift at intermediate energies 

£ = £'roj -}1- {3' 
r r 1- f3 cos8 

2 

·~ 

~ 
~?-

~ 1 ?-
~ 

~ • 

.. 

- ~ 150 MeV/u 
.. ... 

... .. .. -- .. ""' ""' ...... ', ... , ........ 

----------~-~-~-----------~----------
100 MeV/u 

0 45 90 135 

8 [degrees] 

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

180 

--. 



w 
""-! 
0 

co 
~ 

Q) 
"0 
U) 
c;; 
~ 
co 

~ 
co 
0> 

~ 
~ 
w 
a: 
0 

Contributions to final energy 
resolution 

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

a) Intrinsic energy resolution of detector 
~ detector material 

I 

b) Doppler broadening due to finite opening angle of 
detector 
~ detector granularity and distance from target 

c) Doppler broadening due to slowing down of projectile 
in target 

d) 

~target thickness (and element) 

Doppler broadening due to angular spread of projectile 
caused by scattering in target 
~target thickness (and element) ~ 
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Doppler broadening due to finite 
opening angle of detector 

E = E'"j ,/1 - {3' 
r r 1- [3~cos8 

Target 

~ 
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Doppler broadening due to slowing 
down of projectile in target 

E = E"'"j -Jl-: /3' 
r r 1- f3 case 

Target 

P=? 
~ 
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Energy resolution considerations 

14 t ,' 

12 
10 
8 

' ,; 
' / : / 

6 : " 
: " 

4 
: I 

: I 
.'I 

2 :'1 
:I 

...... -- .... 
•, ·. 

---.-- -
finite opening angle 

...... ...... ...... ... .. 
..... ·. ..... ·. ..... ·. ..... . . ..... •, 

..... ·. ..... · . ..... '' ....... 
-..:-. 
~-

.. 

• Resolution in energy scales 
inversely with 

e uncertainty in scaterring 
angle L18 

'-• 

0 45 90 135 180 Ill uncertainty in bearn 
5 t ·. .. ............ . ---.--
4 ; ----

.--
3 

.--.... 

2 

velocity change in target 

14 
12 

0 

. 

45 90 135 

... / 1 ~;,-~.;~~~~~-... 

10 l ,/ , _..tO~ ~c~/;--- --~ ~: 8 : / ... : / 

6 : / -· / 

4 / 

2 

0 45 90 135 

e [degrees] 

180 

.......... - .. -- ... ---......_ .... __ 
sum 

180 

velocity L1f3 

• intrinsic detector resolution 

• Uncertainty in position of 
first interaction point with 
respect to scattered beam 
will be primary constraint on 
final energy resolution 

111111111\.. 
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Excitation cross sections versus beam 
energy for 2+, GDR, GQR 

40S+197Au r . = 16 fm ' min 

200 

100 
2+ 

50 

.. 

, , , 

<. -

- - - - - -
20 

10 

5 

2 
/ 

1 I 

I 

20 

-"' , , 

, 
,' -, -,..,.. 

GQR ... ., ~ .. ··· 
/ , , 

/ 

/ 

·/ 

/ 

/ , 
, , 

I , , 

/ 

, , , 
, 

, , , 

, , 

GDR 

50 100 200 500 

Ebeam [MeV /nucleon] 
1000 
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Neutron-rich nuclei: slow and rapid neutron 
capture (s-process and r-process) 

. ~~ 
~~~ 

~\~~ 
~~ ~-

't 

~-

' · <A .. t ... .. <~.·- .) ... .Af}. ; 
. Z ... . ( n ,y) . Z· : ·. ( n ,y) , ~< · 

~-: n ~ p+e-+v 

• Nuclear reaction network calculations 

• assume (n;y) H (y,n) equilibrium: 
Nr,prog(Z)/T 112 = const. 

• shell closures act as bottle neck (low 
neutron separation energy and long 
half life) 

• Nuclear physics input: masses, T 112, Pn 

• slow neutron capture 
~ (s-process) 

- low neutron density 
(n

0 
~ 108 cm-3) 

- 'tp<'tn;y 

• rapid neutron capture 
(r-process) 

- high neutron density 
(nn ~ 1Q20 cm-3) 

- 'tp>>'tn;y 

- forms about half of the A>70 
galactic elements up to 209Bi 

- 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 
' 
' '' ~~~~ = 1.0% 

, - - ..... 
.... ~~~~ = 2.0% ~ 1.8 , ' , 

1.6 ~ I ' 
, .. 

' ' .. 
I - .. ~ 1.6 / ......... ' ' .. I I -' '' 

/ ........ 
I , 

1.2 ~ II ' 
, 

/ ' .... - - - ~ 1.4 ,, -I ' :;~'-, / ' ~ 1.2 ,, ........ _,. -0.8 ~ I. I .... 

l ~.8 ' .. -
0.4 ../ ~ -

2r----, ·-~~~~------..:l'-· - - -

1.
8 

~ tso IVi~vi~ --- ~~~~ = 3.o% ~ t ' 
.. 

~ 2.2 .. 
' 

, 

' 
, 

' .. -- .. , .... ~~~~ = 3.5% ~ 2 

1.6 ~- - - - - - - -- - - ~ 1.8 ---- ' 1.4 f 100 MeV/u ' 
....--- 11.6 --

1.4 

1.2 ~50 MeV/u 1 ~ ~ 1.2 

·0 45 90 135 180 0 45 90 135 180 

theta (deg) ..... 
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Count rate estimate 
40S+197 Au r . = 16 fm 

' ffilll 

E [MeV/u] ~ y d [mg/cm2] <J [mbarn] Nreactio/Nbeam y/(hr*bean1 part) 

50 0.315 1.05 80 90 0.0043 - 7.8 .. 
100 0.429 1.11 250 50 0.0075 13.5 

150 0.508 1.16 500 32 0.0100 18.0 

• Nreaction = Nbeam 
..- .............. ------
~ 2 - ... - - ... -

I 

• Need 100 counts in photopeak ~ 1.8 I 150 lVIeV/u 

• Ephoto ~ 50o/o 

• Can do intern1ediate-energy 
Coulex experiments with less 
than l particle/second and an 
energy resolution of 2 o/o 

~ ~ 1.6 ,_ - -. 
fl.) 

~ 1.4 lOOMeV/u 

Gil 
~ 1.2 
= 50 MeV/u 
~ 

0 45 

L\~1~ = 3.0% 

--- --- --- --- ---

90 
theta (deg) 

135 180 

~ 
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Nuclei far from the valley of ~-stability 

(/) 
z 
~ 80 
~ a.. 
u_ 
0 60 a: 
w 
co 
~ 
:::> 
z 40 

20 

0 0 40 

Jan'ecke•Masson 
' Satpathy 

80 120 160 ~ 
NUMBER OF NEUTRONS 
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Observed solar abundances and 
r-process network calculations 

10
2 

-
Hilf 

I I T =135· n =1023
• T =186 s 

1 II I 1 · • n • n · 
10 

10° 

10-1 . . 11111 .... -··- ... .. . -·· ........ _-_ 
I I 

10-2 L I 1111 I v ' ,. '' V\ •1 I Jl ~f 

10-3 

102 

ETFSI f I t T9=1.35; n"=1023
; Tn=1.86 S 1 I I 

10 

100 
114 

,I I 

10_, 
I I 

I I •• 

10-2 

., 
1'11J 

.. ,••,1.. I 
• 'II' t 

'I h 
I 

1 
-J 0 1'' 1" II IIIIMI ,,,,,.,,,!,," I' I I I" II""''" I I,,, 

FROM 
I I T9= 1.35; n = 1023

; T = 1.86 s 
n n 

oil 

,t I If 
I I · 

'"'rl 

I . 'h, II,' •• ~~ ·., I 
.. •• :••• ,•,eJit I 

'' 'If I 

I I 
I 

1111 
I 

HFB + SkP 
1 1 

1 T0= 1.35: n = 1023
; T = 1.86 s n n 

I 

11
1 f 

·'''· 

'~r~ 

I 
,, ,,,, 

I JJ,• t"'1f1·~,, ) ,, l~t 
ll 

70 I II It II It "•'I ••• 0 

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

Mass number A 

K.-L. Kratz, B. Pfeiffer, and F.-K. Thielemann, Nucl. Phys. A (1998), in print 
~ ..,_. 
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Width ry of the 6. 79 MeV 3/2+ state in 150 
and the S114 factor in 14N(p,y)lso 
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2 
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Ell= 278keV 
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' I 
J 

ER=10S8keV @. 
l(J: :3/2+1 Q ER:2390~eV 
~ 1 J~ : 3/2 I 
,, 
" ,: 
II 
II 
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I 
I 
I 
I 
I 

I .... I '-:-::1' 

~
·~······ 
: • t .. ······ ~H .t 
' /,···"' £,o -101 "'' 

l j - WITH l SUBTHRESHOLD 
!f .......... WITHOUT RESONANCE ~ 

~ 
. 0.49ps .o 

(>8..~9.-1 ll.lfs 1.5 2.0 2.5 IIIli II~,~ '+ ~~ ..:' ------·· 
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.. 
<20 fs 
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U. Schroder et al. NPA 467 (1987) 240 
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Summary 

·p·( . . 0 - - -, ,, . - - ., -, • . 1ys1c . ., top1cs. 
- Evolution of nuclear shells (rp-process path up to A~ 130) 

- Determination of gamma width of individual states 

~) 'T'echnical points: 
- Position resolutron of first interaction dominates energy resolution 

- dynamic range of electronics needs to be 2.5 larger than highest 
y-ray energy 

- 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) - c o~l~ ~r~ M~.Q"+s 
Proposed detector specification R E X - I s o LO E 

15 

42.5 

Front Face 
3.5 ° 

Double-sided silicon strip detector (DSSSD) ~ 

4 quadrants·· Total Area 50cm 2 (-93o/o active) 

16 annular p+ strips I quadrant @ 2mm pitch 

24 sector n+ strips I quadrant@ 3.5°pitch 

Total of 160 discrete detector elements 

Wafer Thickness 60 - 1000 ~ (transmission mounting) 

Inter-strip distance 35 - 100 ~ 

Dead Layer - 0.3- 0.8 J..L 

395 
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.Jlo. I 0 _. 

Yields of prominent isotopes at PIAFE cotnpared to accelerator b:1.."'ed RIB facilities. TlH-~ 
primary oea.ms arc 10 JLA of 1.15 GeV 12 C for SPIRAL, 2.5 p.A of 1 GeV protons (or GOO l\h,V 
protons for the SC respectively) for ISOLDE and 100 pA of protons for the ISL. 

-
rate Half-life Release loniz. 
t) (s) (%) (%) o!r ______ 

1.47 36 10 

Isotope II Prod. 
(s-

Zn 2.3. 1 
82Ge 1. 2 . 1 0t t 4.6 48 10 
9t Kr 3.3. 1 0 12 8.6 89 15 
94Kr 1.1 . 1 0,t 0.2 16 15 
97Rb 3 · I oto 0.17 10 80 
t32Sn 7. 1 0 tt 39.7 89 10 
142Xe 5.2. l Oil 1.24 7 25 
t44Xe 9.3. 1 09 1.15 7 25 
144 Cs 4.3 . 1 () ll LO - 47 80 ___________ _.____ 

PIA FE 
(s- t) 

-
4. 108 

6. 109 

4. 10 11 

3. 109 

2. 109 

6 . 1010 
f 

1 . 1010 

2. 108 

2 · 1011 

-
SP IRAL ISOLDE 
(s -1) ( s-1) 

2 --~--1 . 1 o6 sc . fOG-

2 
;} 
.. 
0 

6 
6 
1 
2 

--

· 1 o·) 
. 107 

· lOR 
· 1 oG 
. 1 0' 
. 1 ()0 

. I() I ( 

2. 105 sc 
2 · lO!l 

4. 106 

3. 108 

8 · 107 SC 
2 . 10~ 

5. 106 

:l . 1010 

ISL 
( s -1) 

6 . 1 ol) I 

1 . 108 I 
4 . 10 10 

G · 109 I 

7. 109 

1 . 10 10 

'1 · 10 I O 

2. 10 10 

6·10 10 

po6-r 'f\1.~
1

' ~ck.~~ ~ cr,r!U,J..u- \0 ;tt, ~du,Qc4'..t.e.. ~ 

~~~~- wy E-Mc:t\(~ D~t..ole.d~ &~~ ( Ar~ 'J- i il KA~/~) 
13t> .Sx - M~ 3~ 40 s ~5/~l. 32..0 ~lp 

43'( /e_ -2.~ /UJ 4 Zfs 1~6" ~a L ~l. '3 l<.-b 



High-K isomers 
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Expected s.p. 
excitation scheme 

of 208Pb 
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level density! 
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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: 

SUMMARY 

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

8.5 sr (68% of 4n) 

Angular resolution: il8 < 1°, L!~ = 9° 

Time resolution: 

Binary reactions: .. 

Count rate: 

Versatile: 

- 500 ps 

Mass resolution &n/m = 5% 
Q-value resolution= 19MeV 

>106 /second 

Coulomb excitation 
Heavy-ion induc.ed transfer reactions 
Strongly-damped reactions 
Fission products 
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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 line-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 LllijEy < 1.4 % FWHM 
GRETA LllijEy = 0.2 o/o FWHM 

Improvement factor - 7 

Peak/Compton ratio: 
Gammasphere 2.1 
GRETA -9 

Improvement factor - 4 

.. 

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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Coulomb excitation sensitivity 

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

ilP 

1975 - 5 10-3 

1985 -5 10-4 

1990 - 4 10-5 

GASP < 10-5 

.. 

Gammasphere - 5 10-7 

GRETA -to-9 
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HEAVY-ION REACTIONS AT BARRIER 

Quasi elastic transfer reactions: 

• Reaction mechanism simple direct transfer 

• One-nucleon transfer sensitive probe of single-particle structure 

• Two-nucleon transfer sensitive probe of pairing correlations. 

• Interplay of shell and collective degrees of freedom. 

Damped reactions: 

• Populate a wide range of nuclei near valley of stability 

• Approximately binary-reaction kinematics 

Technique: CHICO + Gammasphere 

Approximate binary-reaction kinematics: 

• Masses 

• Q-value 

• Impact parameter 

P-y-y: 

• Identify both binary products 

• Clean y-ray spectra 

• Identify y-ray emitting nucleus 

• Hand K 
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Production and spectroscopy of the neutron-rich nucleus 
t66Dy 

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

Reaction Qgg values and excitation probabilities 

Projectile t6oDy 
Reaction product 
t62Dy t64Dy t66Dy 

~ 

t62Dy Qgg(MeV) +0.5 0.0 -2.3 
p = (0.0065) (1.000) (0.0019) 

t64Dy Qgg(MeV) +1.7 0.0 -3.5 
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: 

• The reaction is more selective and gives cleaner y-ray spectra. 
• 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 te~perature 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 witla Fragment 
Detector (CHICO) and Gammasp6tetre 

University of Rochester 
Nuclear Structure Research Laboratory* 

M. Simon, D. Cline, R. W. Gray, C. Y. Wu 

Lawrence Livermore National lAboratory 
M.A. Stoyer 

Lawrence Berkeley National Laboratory 
S. Asztalos, K. Gregorich, J. Gilat, I. Y. Lee, A Macchiavelli, 

• R. W. Macleod, IC. Vetter 

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

• Supponed by the NSF 
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ADVANTAGES 

Mass: 
• Gate on narrow mass regions 

Timing: 
• Discriminate between prompt and delayed y-ray emission 
• Measure lifetimes of isomers 
• Discriminate against f3-decay events 

Identify y-ray emitters: 
• Doppler shift identifies y-rays emitted by moving light, heavy 
and stopped fragments 
• 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: 
• Eliminate thick-target Doppler broadened line shapes 

Angular distributions: 
• Measure spins and multipolarities 

Lifetimes measurements: 
• ·Isomer lifetimes 
• Recoil distance lifetimes 
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Fission fragment opportunities with GRETA 

Nuclear spectroscopy of neutron-rich nuclei 
• Spectroscopy of neutron-rich nuclei up to 14 neutrons beyond stability. 
• Nuclear spectroscopy above spin 20 
• Study collective and single-particle structure 
• Measure spins, multi polarities, polarization of y transitions 
• RDM lifetime measurements 
• Isomers 

Reaction induced fission: 
• Can enhance mass region of interest, 

e.g. enhance 132Sn population ten fold 
• Higher intrinsic excitation 
• Allow use of less radioactive targets 

Fission dynamics 
• Neutron emission, zero-neutron decay 
• Mass and excitation energy distrieutions 
• Ternary fission, exotic decay modes 
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CF252S Z = 56,42 
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10~~~~~~~~~~~~~~~~ 

136 138 140 142 144 146 148 150 152 

A'(Ba), 252-A'(Mo) 

47 Atornk: Data and Nudear Data Tables. Vol. 39, No. 1, May 1988 
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CONCLUSIONS 

GRETA 
• Will provide a considerable advance in sensitivity for study of neutron-

rich nuclei. 
• Complete correction for Doppler effect. 
• Much better peak/Compton ratio 
• Much higher peak detection efficiency. 
• 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 . 
• 

• Map single-particle, pairing and possible cluster modes in neutron-rich 
nuclei to beyond spin 20. 

• Selective population of states as function of spin and temperature 

Fission fragmentation: 
• Nuclear structure to beyond spin 20 in neutron-rich medium-mass nuclei 

with up to 14 neutrons beyond stability. 
• 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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CKM Matrix 

Weak Quark Mixing 
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1oc Beta Decay 
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· Determination of the u-d CKM 
Matrix Element with Superallowed 

Fermi Decays 

? . K 
Gv= 2Ft 
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Radiative Corrections 

1 + Ak = {1 + 
2
: [1n::: + 2CBorn] + a~l[g(E,fo)+ Ag] 

xS(mP ,mz>{I - ;;: g(E, fo) 

Ak = (2.40 ± o.os) x Io-2 

Towner 

Barker, Brown, Jaus, & Rasche 

Tow&er Barker Towner Barker 
Nuclei (no queac~) (no quenching) (quenching) (quenching) 
I"'C -1.67±0.20 -1.72±0.22 -1.35±0.16 -1.43±0.18 
140 -1.15±0.30 -1.42±0.22 -0.88±0.23 -1.18±0.22 
26Aim 0.25±0.05 0.43±0.09 0.20±0.04 0.36±0.09 
34CI -0.17±0.06 -0.13±0.09 -0.13±0.05 -0.11±0.09 
38Km -0.10±0.10 -0.09±0.09 -0.09±0.09 -0.07±0.09 
42Sc 0.50±0~10 0.60±0.04 0.40±0.07 0 . .50±0.04 
46v 0.16±0.03 0.30±0.09 0.14±0.03 0.25±0.09 
SOMn 0.16±0.03 0.30±0.09 0.14±0.03 0.25±0.09 
S4Co 0.20±0.03 0.34±0.09 0.17±0.03 0.29±0.09 
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0.7 

THH: Towner, Hardy, & Harvey (WS + SM) 
OB : Ormand & Brown (HF + SM) 
SGII : Sagawa, Van Giai, & Suzuki (HF + RPA) 

Nuclei 1 OOxoc(THH) 100xoc(OB) 1 OOxoc(SG II) 

lOC 0.18(10) 0.15(9) 0.00 

14Q 0.28(10) 0.15(9) 0.29 

26A1m 0.33(11) 0.30(9) 0.27 

34CI 0.64(12) 0.57(9) 0.33 

38Km 0.64(12) 0.59(9) 0.33 

42Sc 0.39(12) 0.42(9) 0.44 

46V 0.45(12) 0.38(9) na 

50Mn 0.47(13) 0.35(9) na 

54 Co 0.61(12) 0.44(9) 0.49 

-e- Towner, Hardy, & Harvey 
-...- Ormand & Brown 

0.6 --- Sagawa, Van Giai, & Suzuki 

0.5 

0 
0 0.4 ....... 

~ 
0.3 

0.2 

0.1 

5 10 15 20 25 
Charge of Daughter 
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Nuclei Branching Ratio x 100 
IOC 1.4648+0.0019 
14Q 99.3355+0.0102 

26A}(m) >99.970 
34Cl >99.988 

38K(m) >99.998 
42Sc 99.9941 +o.oo 14 
46V 99.9848+0.0013 

50Mn 99.9420+0.0030 
54Co 99 .9955+0.0006 
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Raw Ratio· (1.5131 +0.0016)xl0-2 

wa Analysis Accidentals Coincidences -(1.944+0.017)% 

Compton Background -(0.049+0.008)% 

10C Analysis 2x511 Summing -(1.23+0.19)% . 
Prompt Summing 

Background (120Sb) 

+(0.441 +0.010+0.044)% 

-(0.23+0.11)% 

Branching Ratio 

BR(World Average) 

( 1.4679+0. 0037±0.0006)x 1 Q-2 

( 1.4649+0.00 19)x1 o-2 

Robinson 1972 

Nagai1991 1 • 

1.44 

Kroupa 1991 1 • 

Savard 1995 1 • • 

1.45 

This Expt. 1 • 

1.46 

Branching Ratio x 1 00 
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INDUCED WEAK CURRENTS 493 

Table 6 Present status of experimentally determined induced weak fonn factors in nuclei• 
' . . 

Weak magnetism Induced pseudoscalar Induced tensor 
A Reaction · F.,JF.,(CVQ f,lf,f.PCAq f'<i'IF~.. 

·t ·. ·· · j.L eapture 1.04±0.23 
· 2 · : ·} ··, scattering 0.0± 1.0 
6 .. fl decay .. .. 0.5± 1.3 

.8 .. , p decay 0.82±0.12 0.0±0.6 
12 . ftdecay .. UX>±O.ll - :-0.2±0.5 
12 p. capture 1.10±0.15 1.0±0.21 
19 P decay 1.00±0.15 

.. -
20 'P decay 1.15±0.28 
40 radiative 0.95±0.23 .. 

' . p. capture 

•1~ the case of first~lass currents, the determiration is compUcd with the corresponding theoretical 
prediction. _The result for A • 2 is discussed in text • 

JM-== ;il'jl.,-1 ( -1=. lt -;,o%) 

J~;q:;f ~ o. ~ IJA I 
{ -1:: 2f;- g ()%) 

3P ~ 1fpcM , 

1-. {; f ~ ~'" $ y sfe MA-o.Jus 
h5/ ~ ~v 7:-M/Wt~'"~'~~ 
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22 
Na Decay Scheme 

I+ n 583 

22 
11 Na 11 

2+ 1274 {3+:90% 
t 112 =3.7ps ----..---~ -----1 

EC:IO% 
log ft = 7.42 

o+ 0 
of f3 :0.06% 

22 
lONe 12 
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Observables for 22Na 

Beta-Gamma Angular Correlation 
A 22 =(4.4B+4.4D-0.6C2 )xl0-5 

~+ Spectral Shape Factor 
S = -(1. 79 B -0.17 D+0.00074 H-7. 78 C2 )xl0-3 I MeV 

Electron Capture to ~+ Emission Ratio 
R :::: 1 - ( -1. 56 B - 0 ~ 7 0 D + 0. 0013 H.+ 18. 0 C2 ) x 10-3 

Longitudinal Polarization of f3+ 
PL l/3 = 1- (2.16 B + 1.08 D + 0.0038 H- 0.08 C2) X 10-4 

Gam ow-Teller Transition Strength 
2ft112 (Fermi) 

ftv2 = C 
1 

Energy Width of Analog Ml Transition 

f' = 22e2 1:!3 B2 C 2 

24;cM2 1 

Form· factors: 

B = Weak Magnetism 
C1= 1st order Gamow-Teller 
D = Induced Tensor 
H = Induced Pseudoscalar 
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removable absorbers 

Scm 

go• 

Fig. l. Experimental arrangement for the measurement of the {Jy directional correlation. Th< 
removable lead absorbers allows variation of the contribution of the disturbing effects of annihilatior: 

quanta. 
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11.36 P..6 v1EuJ of- ?Af<Itt.?., e- ?f.Pr£f<IJ~S) r !<P J~'?z 
., Tests of Conservation Laws: Discrete Space-Time Symmetries 

Quantity( a) 

11'0 ..... rrt/all 
'II ( e+ e.,.)J=O ..... 3-y f2-y 
"'!r" (e+e-)J=1-+ 4-y/3-y 

f} ..... rrt/all 
f} ..... 1r0e+e- /ali 
f} ..... 11'0p.+p.- /all 
'1 ..... "'+"'-,.o parameters: left-right asymmetry 

sextant asymmetry 
quadrant asymmetry 

'1 ..... ,..+,.--y parameters: left-right asymmetry 

f} ..... 11"+,.- /all 
e electric dipole moment 
p. electric dipole moment 
p electric dipole moment 
n electric dipole ::noment 
A electric dipole moment 
0.

1 I A from p. - evv 
{3' /A from p.. -+ ei/v 

{3 (D-wave) 

e+ poLL p.. spin and e+ mom. from p..+ -. e+vv 
Im € inK~ decay (from transverse p. pol.) 

Im € in~ decay (from transverse p. pol.) 

</J, phase of 9AI9v for n 
n triple correlation coefficient 
E- ..... ne-;;e triple correlation coefficient 
K± ..... ,-±11"+11"- rate difference/average 
K± ..... ,..±2,..0 rate difference/average 
K± ..... ,-±,.o-y rate difference/average 
K± -+ 3,.± slope (g+ - g-•)/sum 
1'1+-ol2 = f(~ ..... ·,.+11"-,.o, CP viol.)/f(J<2 ..... 11"+,.-,-0 ) 

1'700012 = r(~ ..... 3,.0 )/f(J<2 ..... 3,-0 ) 

K2 ..... ,-0vvfall 
..... 1r0p..+J,- fall 
-+ ,-0e+e- /aH 

Charge asymmetry j in K2 ..... ,-+,.-,.o 
K2 ..... (,.-p..+v- ,-+p..-v)fsum 

-+ (1r-e+v -11"+c-v)/sum 
ITJOOI = IA(K2 ..... 1ro,.o)/A(K~ ..... ,.o,.o)l 
1'1+-1 = IA(J<2- ,.+,.-)/~ ..... ,.+,.-), 

II fel = (1 -ITJOO/TJ+-D/3 
tP+- : phase of '1+-
<Poo : phase of '100 
(D0 -]50) ..... K+ K- rate difference/sum 
(o.-(A) + o.+(A]/(o.-(11)- o.+(A] 
(9e+ -gc )/aver-.age 
(g

1
,+ -g

1
,- )/average 

(Jtp - ll'pl)/average 
e+ - e- mass difference/average 
,-+ - 11"- mass difference/average 
K+ - K- mass difference/average 
IK0 - K01 mass difference/average 
<Poo- tP+-
p- p mass difference/average 
n- n mass difference/average 
A - A mass difference/average 
:=- - E'+ mass difference/average 
n-- n+ mass difference/average 
w+ - w- mass difference/average 
p..+ - p..- mean life difference/average 
,-+ - 1r- mean life difference/average 
K+ - K"'" mean life difference/average 
A- A mean life difference/average 
:=- - E+ mean life difference/average 
K± -+ p..±v rate difference/average 
K± ..... 1r±,.o rate difference/average 

~ e_,-+~- --~.IUS-P SE'/</(01 PRJ-~;, I.{UJ ( lttb=7) _ 
M#.l<t>-& (</Gf{.. P1{1., ~) "tjo ( !4~q)~ 

< 3.1 X 10-8 

< 1 X 10-S(c) 
< 1 X 10-5(c) 
< 5 X 10-4 

< 4 X 10-5 

< 5 X 10-6 

(0.9 ± 1.7) X 10-3 

{1.8 ± 1.6) X 10-3 

{;-1.7± 1.7) X 10-3 

(9±4) X 10-3 

0.05±0.06 
< 1.5 X 10-J 
( -3 ± 8) X 10-27 e em 
(3.7 ± 3.4) x 10-19 e em 
( -4 ± 6) x 10-23 e em 
< 1.2 x 10-25 e em 
< 1.5 x Io-16 e an 
(0±4)x10-3 

(2±6) X 10-3 

0.007 ± 0.023 
-0.017 ± 0.025 

-0.007 ± 0.026 

(180.07 ± 0.18)0 

(-5± 14) X 10-4 

0.11 ±0.10 
(0.07 ± 0.12)% 
(0.0±0.6)% 
(0.9±3.3)% 
(-0.70 ± 0.53)% 
< 0.12 
< 0.1 
< 7.6 x 10-3 

< 1.2 X 10-6 

< 5.5 X 10-S 
0.0011 ± 0.0008 
(0.304 ± 0.025)% .... 
(0.333 ± 0.014)% 
(2.253 ± 0.024) X 10-3 

(2.268 ± 0.023) x 10-3 
(2.2 ± u) x ~o-3 
{46.6 ± 1.2)0 

(46.6 ± 2,0)0 

< 0.45 
-0.03±0.06 
( -0.5 ± 2.1} X 10-12 

( -2.6 ± 1.6) X 10-8 

( -2.6 ± 2.9) x lo-3 

< 4 X 10,...8 

(2 ± 5) X 10-4 

( -0.6 ± 1.8) X 10-4 

< 4 X 10-18 

(0.1 ± 1.9)0 

(2 ± 4) X 10-8 

(9 ±5) X 10-5 

(0.0 ± 1.1) X 10-4 

(1.1 ± 2.7) x 10-4 

(-1±5) x w-4 

( ~2 ± 7) X 10-3 . 
(2 ±8) X 10-5 

(6 ± 7) X 10-4 

(1.1 ± 0.9) X 10-3 

(4 ± 9) X 10-2 

(0.02 ± 0.18) 
( -0.54 ± 0.41)% 
(0.8 ± 1.2)% 

Symmetry tested or violated 

c 
c 
c 
c 
C (single photon process) 
C (single photon process) 
c 
c 
c 
c 
c 
Pand CP 
Tand P 
TandP 
TandP 
TandP 
Ta.ndP 
T 
T 
T 
T 
T 
T (0° or 180°) 
T 
T 
CP 
CP 
CP 
CP 
CP 
CP 
cp{41 
cp(e) 
cp(e) 

CP 
CP (violated) 
CP (violated) 
CP (violated) 
CP (violated) 
CP (violated)(!) 
CP (violated) 
CP (violated) 
CP 
CP 
CPT 
CPT 
CPT 
CPT 
CPT 
CPT 
CPT<9l 
CPT 
CPT 
CPT 
CPT 
CPT 
CPT 
CPT 
CPT 
CPT 
CPT. 
CPT 
CPT 
CPT 
cPT<hl 



Test of TRIV in isospin-hindered decay of 
56 

Co 

56Co in single xtal Co 
at5mK 

Inner Dewar Wall (G-10) 

Outer Dewar Wall (G-10) 

LN Shield (AI) 

OXFORD Kelvinox 400 . 

4.75" 
(=12 em) 

~ LO~ 
c:: 0.8 ::s 
0 
u 
0 0.6 
u 

0 
10 
"0 0.4 ~ 
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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 

I Yang Lee LBNL 

Eric Norman LBNL 

Peter Parker Yale 

Claus Rolfs Bochum 

Michael Wiescher 491Notre Dame 



Big Bang 

cas A Supernova 
Remnant 

Solar Physics 

Red Giant 
Betelgeuse 

White Dwarfs 

Nova C}'gn_i 1992 



Nuclear Astrophysics Stud"es 

Astrophysical 
Observations 

Nuclear Theory Astrophysical Astrophysical 
Theory Observations 

~ 

Thermonuclear 
Reaction 

Rates 

493 

Predicted 
Abundances 

(Surface, Ejected) 



Measurements w·th GRETA 
Capture Reactions 

Ecm AI 0.1 - 1 MeV/u 'Y EyAI 0.1-5 MeV 

Radioactive Beams 

.. 

I \ 

Ecm AI 0.1 - 1 MeV/u 

Nuclear Structure 

Ecm AI few MeV/u 



Capture Reacfons 

Directly measure E: - o.
1 

--
1

.· .. ··::·M···.;·:··.e··. V/u --->... e .. ~ - > '> .·. ---7 • 

Capture Reactions '··< ~ 
A(p, y)B occuring in stellar environments 

5?5 . ;;; "' 77 7 '727 7 rrnn r or " m · m 

• Fusion far below Coulomb barrier -
very small a $ pb a 

v 
·~ _Ecoulomb pb 

current experimental+ 
I wer energy limit 

· -· · ·<·,:.:,,.'<"'·\': :>::: .• ·•..• - stellar 

r energies 

• Cosmic Rays & Natural 
Radioactivity 1

o4 
1o3 

Limit Sensitivity ..c 
>1o2 
Q) 

~ 101 
en ...... 
§ 100 
0 
() 1o-1 

I 
., ....... ·>·. I 

l .. ;··.t.• :current experimental 
.,.. Blower energy limit 
'·• I '. }::: 

!'),;?'~··--. ~----

stellar E 
energies 

85%Ge 
C. Brune 1995 

Th 

1 o-2 0 1000 2000 3000 4000 
E.yCkeV) 

• Cannot yet reach ste11ar energies 



Capture Reactions 

v~=rs 'Ek;int 
= •:;;.:;,.:.-. ~ , ........ a: • 
! ......... ~ Cocm1c ......... ~ ~ p ........ .. 

Room ~··· ... ·.·· ~ ~"::-"::::~ ~ Rd 
. ~-.······;; ..... ' ~ ~~~~..-~.. -:-~ ys 

~ -- ~-:-:~-:-:·~ ~ 
~ 

......... ~ ~ ! .......... ., 

Background 
40K. Th ... 

, ......... ~ 4, ...... .. 
~ ....... .; 

~
, ........ ; ........... 
~···--···~ ,:-::·::·passive 

light ion beam (p, 'Y) Shielding 

Thick Target (water cooleLJ) 
... 

Beam Current, Energy -- J1A- mA (!), 0.01-2 MeV 

Typical Counting Rates -- 100 counts/hr a -- nb, I -- J1A 
-- few counts/day a -- pb, I -- J1A 

Typical Multiplicity -- 1 - 3 . 

Backgrounds Cosmic Rays 

Natural Radioactivity 

Beam-Induced Background 

Target Impurities 

Major Problems LOW Count Rates 

High Background Rates 

Long Running Times 

Target Damage & Impurities 

Passive Shielding Generates Backgrounds 
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Capture React·ons 
Advantages of GRETA 

Tracking 
• reject cosmic rays and 
room backgrounds from 
energy and angle info 
• tracking plus energy resolution 

==> enhanced rejection .. 

• rejection desired> 1 I 1 DOD 

• excellent angular distributions 

High Efficiency 
• smaller cross sections 
==> a at lower energy 

==> closer to stellar energies 

==> less extrapolation necessary to 

determine stellar reaction rates 

:current limit 
I 

I I 

:GRETA limit ? 
I I 
I I 

}3::'! I I 

stellar range E 

·measure entire y yield (all multipolarities) 

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

Granularity - excellent angular distributions 

Resolution - cascade y's kiJr high level density nuclei 



Capture Reaction Expts 

Big Bang 
d(a,y)6Li 

d{p,y)3He 

3He(a,y)1Be 
7Li{a,y) 118 
lae(a,y) 11 c 

Explosive Burning 
{p,y) on 

Ne Na 
MgAI 
Si P ... 
for the NeNa cycle, 
MgAI cycle, SiP cycle ... 

- Solar Neutrino Problem 
3He{a,y)l8e 
7ae{p,y)Ba 
.. 

Hydrostatic Burning . . 
14N(p,rJ 1s0 

17 O(p,y) 18F 

12c(a,y) 160 

14N(a,y) 18F 

16o(a,yy2DNe 

1Bo(a,y;22Ne 

20Ne(a,y)24Mg 

12c + 12c 
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12c(a,rJ16o Capture Reaction 

• Determines Carbon I Oxygen Ratio 

in Red Giant stars 

• Helps Determine subsequent evolution 
into White Dwarfs or Supernovae 

• Helps Determine abundances of heavier 
elements formed in later lffe of star 

•Important Energy Range Ecm = 0.3 MeV 

Current Experimental Limit: Ecm~ 1.0 MeV 

(25 years of Measurements !) 

•NEED 

100 

s 
E110 

(keV,b) ': 1Q-11 

_Unconstrained 
~~.:~·;_:. 

_ Constrained Hr 12: . 

0 Ouellet ~D. 

-Unconstrained 
- Constrained 
o Ouellet 
0 Kremer 
xRedder 
6. Dyer 

~ ~~~=~ 1o-13· zh· 
J:stellar 6. Dyer · stell~r ,' 

1 > 1 Q-14 .:~,._ ___:1~%(¥' __._.'· ----'--~"----.L-_:_-'--l-...1...._,______~~ 
500 1 000 1500 2000 2500 3000 0 500 1 000 1500 2000 2500 3000 

Ecm (keV) 499 Ecm (keV) 



Rad·oactive Beam Expts 

0 
N 
c 

Energetic Novae Calculation 
Champagne & Wiescher 1992 

(p, y) proton cap1ure reaction 

"-. e+deaiy 

stable isotope .. 

V'1{,;'i~f') · . Proposed HRIBF Beams 

rp-process: C, N, O ... (SEED) + protons (FUEL) 
=> Synthesize Elements up to Iron (and beyond) 

Use Radioactive Jon Beams to Directly 
measure reactions occurring in 

stellar explosions 

GRETA offers required background rejection 
& energy resolution tor these measurements 



I 

Radioactive Beam Expts 

Ge 

J..."" ""'vy I On .. ,.."' .• ,."iii!J..,.. [ ~ ,...... . ..... 

Major Problems 
... 

LOW radioactive beam currents 

LOW cross sections ( ~ J.,Lb or less) 

===> LOW count rates 

INTENSE Backgrounds: 

1 ()4-5 Hz 511-ke V y tram scattered 

beam particles in target chamber 

~dvantages of GRETA 
Granularity- reduce pileup from 511 keV background 

Efficiency - can measure with LOW RIB currents . 

Traqking - reject cosmic rays and room backgrounds 
- better angular distributions 

Resolution -cascade y's for high level density nuclei 

'1 



Radioactive Beam Expts 
Possible Experiments 

•Inverse-Kinematics Capture Reactions for 
Explosive Burning 

15Q(a, yJ 19Ne Hot CNO Breakout 

Rot CNO; rp transition 

19Ne(p, yJ2DNa rp - transition 

23Mg(p, yj24 AI rp bottleneqk 

26AJ{p,rJ2lsi 26AIAbundance 

27 Si(p, yJ2Bp . rp bottleneck 

31 S(p,rJ32c1 rp bottleneck 
. 

35Ar{p,yJ36K rp bottleneck 

39ca{p, yJ4Dsc rp bottleneck 
502 



Nuclear Structure Expts 

Fusion Evaporation Reactions 
A{B,xpyn)C used to populate nuclei 

important to astrophysical processes 

Indirectly Determine Reaction Rates 
Measure Level Stru,cture 

Branching Ratios 
Decay Properties 
Masses 
Lifetimes 

GRETA High Efficiency 
.. 

==> possible I 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 

currentoarrays 
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Nuclear Structure Expts 

• high-temperature rp-process waiting points; 
Beta-Decay, Beta-Delayed Decay 

Measurements, Decay Schemes 
66se, 70Kr, 74sr, 7Bzr, 84Mo, BBRu, 

92pd, 96cd (all N=Z nuclei) 

• r-process: Beta-Decay, Beta-Delayed 
Decay Measurements, Decay Schemes 

81-82Ga 82-83Ge 84-85As 85-91se 91-97sr 98-103Kr 
' ' ' ' ' ' 

102-107Rb, 134-139sn, 139-149sb, 149-155re, 155-1601, .. 
160-165xe, 165-170cs 

• Level Structure Measurements 
• 46cr for supernovae 
• 12c 7.65 MeV level r'Y for 3a process 

• Rare Decay Measurements 
• 54Mn, 144pm galactic chronometers · 

• Many Measurements may require RIBs 
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46Cr Level Structure 

Cas A Supernova 
Remnant 

Supernova 
1987a 

• 44Ti observed in ejecta of Supernovae 

• 44Ti decay powers long-term ( r- 60 years) 

light output of supernova 

• Predicted abundances incorrect .. 

• Predicted abundances depend on 

44Ti lifetime ~numerous recent measurements 

45v(p,yJ46cr reaction rate (Meyer eta/. 1997) . 
·No information on Level Structure of :~c'22 : N = Z- 2! 

• Very Difficult to get information from current y arrays 

·Measurements with GRETA may be possible: 

24Mg(2Bsi, a 2n)46Cr: 
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Implementation 

GRETA Design 

Interface with 

Recoil Separ8tor 

Charged-Particle Detectors 

Gas targets 

GRETA Siting 

· At Facility with Capabilities of 

Low Energy Beams 

Radioactive Beams 

507 



Summary 

Many Astrophysics Me~surements 
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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@) • J"ACOB{ SUP&1(DEFORMAT(Vt{ 

@ . THf E6Q -CRATE ToPoG~A'PHIC TI-IEOREM 

CONCERN r N6 FlSSloN BARRIERS 

@. Tift SNAKt t'HENOMENON OF MlSALIEiNED 

F\SSlON-FUStON .. VALLEYS 

® • SURFAC~ DJFFO.SE:N~SS AS A Dt~££E 
OF FREEDoM 

(5} • ONE-BO.DY :DtSSrPATION 
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JACOI)fS 
SfONTAN~Ol)S .BREA\(lN~ <OF AAJAL SYHME/R.Y 
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·L-=o 

5'PHER£ 

L L... Lc.-t-~t 

OBLATE 

.. 

--

Tf(/AXJAL 
C :SAC0/31) 

c>t..>a__ 



(c) 

c c ::: l·58 

~ ;::. 0-80 
Q = o.6g) 

WITH L :==:53t 

JACOB) EQUtLlBR(UM 
5H~'Pf; 

·- ··--- .. 
... 

. I 
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TWO STRIKlN~ CHARACTERlSTrcs OF THE ff(I;J)\ITE~ 

~ACOBl . C()NFl~Uf(ATl0~5 : 

(I·S8 FoR .2.:( 5PHERDII7) 

32~ ~',1\_TR.FMt" SOFTN~SS AGAlNS T 

"FU~Tr-H:::R ST~J?TCH/ N'~ (IN Tit£ 

ABS~NC:£ ()f ;)K~LL EFffCTS), 

~ rqAM_MA. TfANS!TION ~Nt~~(f;~ 

"Df;C.€f'A5(N~ f'LJI\}C-TION~ Ot= L .. 

~t5f5TlON: 

\J,JHf"~~ TG LeeK f~R SlJIT£DEt-ORMED 

:rACo5( NOCL~l ~ 
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U1 ..... 
U1 

0.9 I 

L ~(AN~ULAR MON~NTUM)/~ 

,. 74 Se. ~ 3o..St. + 48Ca._ 

0 0.4-Mo 

EJ ~~-b Xe 

+ 1
4-o Ncl 

8 168Yt 

&. 
1 ~ 8 H,f . 

' . ' . . ...: 
. . . ' 

ro, -:•:. ~ 
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0 B . ~~ 

JACOB\ 
H UNTJNG 
GROUND: 
A~ so-qo 
L~ 5o-7o 

I 
Xc ~ 0.73 

·0.01 ·1 I I I _I I · ., I ~ y I I 
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SUMMA'RY 

I. TH~ HUNTIN~ <;RoUND fOR JACoBIS IS A~SD-90 

g).. f=tSSloN BARR I FRS FOl<. "JACOB\S PrR'E ·CDM~RA:BLE 

TO Nl;tJT)'(_O\Jj'PROTGN SE'PARA-\\ON E~~\<G\l:=S; 
or 

LVSS OF CRo5S-St::CiloN AND"ENTRA-NCf-L.H-ANNEL 
A-NGOLA'R. MOMENTOM MA\{{;S LIF!; 'DIFFICULT 

... 

3, I'D~N\\FJCA-\1 DN t()F :JAC.O~lS Ml~dtT J3E BY 

CHARACTER\STICS OF 'f-M?J)CLGS EHfl l&D 

( F~GN Tl?::>) OR) WrTtf LUCK A-ND Ht:L'P Ff<QM 
tQ R.ETA> 8Y GA-t1 HA-S 

~ 

4. If: S\f~LL ~ff~ci5 SHALL ;J T-1-lt: 516NA-T01CE 

\AJOOLJ) BE A :PlLf-U'P OF CoNTJNOOH GAHNAS 
NEAR A C.HA~AefEQ\STfC WT-Off [Ne:R6Y 

5. IF A S+U~LL EFf~CT HA-'PffNS To ATJD 
STA5\LITY A HY'PfRJ)E;-FoRM@ NUcu;us 

) 

WrTH A J)\SCRf\E 'ROTAIIO~AL 5AND MlGHT 

5tlDW D'P IN l1-\ \S <RA~ ~ <OF A · 
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. SIX 411 RfACI!ONS WITt+ !Co..- .B~AMS 
C i\ L C U L ,L\ TE D MEASUi£".:7 

TAR..c;~T 
Sf(NNJtJfl CUT-OF~ L/t 'MA'AlMUM MAXIMUM 
NUCLhV.S ( ;;ojo SIJRV,\Ij'\1:) ,Y-~NER~ ll-~~~!C~t 

30St- (3. 1 %) 74 53 /.// 
"'~ ·" Me.v 1. 3q.Se 

llf 

!)_. 5~ (S·t~ 
<1lt 65 // 

<'v 3 Me.V ;lj, L tt1Mo .. 
~:2 llbx 73 / 3. ?Jlj; 5e (8=7 %) "-/ 1·3 Me.V 54 e -

-- --- --- - ---- - - ---

4, !Z+- {)tg~ ':Net 70 'f. ('-~ :2 · [ tkV --
5. ~;sn. (S·8%) J6By.g, 6Lf- 'f.Y- ~l·S" HQ_V rv l•lf5 10 

6. ll~ (lf.8%) '"g H-r 5:2 '!- ""~ rv f,3 MeV rV l p ~~ 51 1!.. 
1' 

(SuP~~ 

f>ACX- B£NJJ) 
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u SA})DLE MAsS~S AR~ lNSENS\T)VE 

To 5\-t[LL EFFt;CTs I( 

OR 

'< FlSS{ON MRRI[RS AR~ JNSEN5\TlV~ 

TO 5H~LL E"fFEC:T5 N~AR SADDlE , 
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Figure 1: The HFB energy in :'\leV versus the mass quadrupole moment Q2 given in barns. 
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MASSES AND RADII OF SPHERICAL NUCLEI CALCULATED 
IN VARIOUS MICROSCOPIC APPROACHES 

I i. Patyk. A. Baran. J. F. Be~r. J. Decharg~. J. Dobaczewski, P. RUlg. A. Sobiczewski 

I (Submitted to Phys. Rev. C) 

3 Results and discussion 

3.1 Masses 

Table IV gives the nns values of the difference between the calculated and exper­

imental masses. The differences are calculated for 116 even-even. spherical nuclei, 

from 160 to 220Th, for which the experimental masses are known. The table is very 

similar to that given by us earlier (9]. Only in the R.MF case, the NLSH variant [40] 

of the parameters has been presently replaced by the more recent variant NL3 (36]. 

All HFB and ~1F masses are calculated by us, the ETFSI results are taken from (28] 

and the MM masses are taken from (37J in their FRDM and FRLDM variants, and 

from (38] in their TF variant of the smooth part of the mass. As the eA.-perimental 

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

Table IV. Mass rms deviations in MeV 

Sill: 4.74 ; SkP: 2.37 SkM*: 6.32 l 

S~fl0 : 3.07 i SkpC: SkM*6: 
I 

2.53 5.361 HFB SIIl0P: 2.26 SkpCP: 2.32 SkM*6P: 4.74 I 
Gogny: \ 2.oz1 I 
RMF(NL1): 3.94 j ~1F(NL2): ~ RMF(NL3): 2.48 

.. ETFSI: \0.80(! M \ lR 0-M -tC.. R.o 
MM(FRDM): 0.65 j MM(FRLDM): MM(TF): 'i0.5Z1 0.76 

.~ 

.. , l -- ''\ _~..~ ·- ...... ., .. 
1 nt_;J .~-· •Ci\. ! l 

·One can see in Table IV that the smallest deviations from experimental masses~1 '-'-<- C. ~\ · ~~ 
:l I .I I (i ; ; - -

are obtained in the MM approach. Witl~~9the HFB approximation, the best. results · ' : · · ·. · · · 
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Where Are We Hea.ding 
in the Study of the Quasi-Continuum 

. What Do \Ve K!!OW at Present " 
especially from the Nuclei: (143Eu, 163Er, :..68Yb,) 

• The Fluctuation Analysis shows that rotational damping sets in at; 
U0 ~ 800keV. => (10 Bands of each (1r,a)) 

• Cranking + band mixing calculations shows that . 
residual interaction of (V = 10- 20keV ==?is responsible for 
the rotational damping.) ....... 

• 2 Different Components are identified in the calculations: 
r narrow ~ 50ke v from a rotational correlated structure 
r damp ~ 250ke V which seems completely uneorrelated 
Microscopic Simulations based on this reproduce the. spectra quite well. 

Problems yet to be solved~ 

• Evidence for Motional Narrowing has not been given ye,t... 

• Predicted Compound Bands has not been 9bserved y~t . 
. :Go To· THE Ltkt! 

• A.sxstematic stud~ of residual interact\m.s 
as function of excitation energy and spin; · ~ OF CoM. t"J,..E TE. IJC,'-~ • . . __ .. 

• Damping for other mass regions not known. (A =:/= 150-170) 

• Damping in connection with: 
liigh-K bands. 
Super- and hyperdeformed Bands. 
Vibrational structures. are not known. 

• Feeding and decay-oqt of super- and hyper~eformed bands? 
Lifetimes a.u.d interaction- through the barrier. ~­
GDR built on superdeformed bands 

• Development of -new analysis methods: 
Configuration dependent fluctuations (variance and co-Ytlrianoo.) 
High-Fold Mapping, Auto-Correlations ... 
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FIG. I. Distributions of the off-diagonal two-body matrix 
elements of the pairing plus quadrupole (P+QQ) force and the 
surface delta interaction (SOl). The figure includes the two­
body matrix elements VaprcS, where a,f3, y,o denote the cranked 
shell model single-particle orbits lying near the Fermi surface 
within 3 MeV, defined at w =0.5 MeV in 168Yb. The strength 
of SDI is taken from Ref. [9] (F=27.5/A MeV) while those of 
P + QQ are given by the self-consistent values with polarization 
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Table 3. Interactions between rotational bands in 162•163Tm and 163Er. 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 i 13;2 quasineutrons are given in parenthesis. 

Nucleus 

162Tm 6 

• • 5 

' ... 5 

' - 5 ., • 6 

- 163Er --Jo ll/2 
----J'~ 11/2 
-----7)> 5/2 

5/2 

0--- ~ 5/2 
o--- ~ 9/'i' 
o---,_ 9/2b 

o-- -• 9/2b 
o--- .. 3/2 

)( • 11/2 
~ > 11/2 
)( 7 19/2 
}(- .,_ 19/2 

163Tm 7/2 
~ ... 7/2 
(g • 1/2 

Interacting bands 
Label1 {::::::::} Label2 

hA(BC) {::::::::} 4A(BC)a 
fG( AB) {::::::::} 4A 
fH (A B) {::::::::} fA 

fF AB {::::::::} ~A(BC) 

fEAB {::::::::} 4AB C 
x {::::::::} c-
Y {::::::::} H a 

EAB {::::::::} GAB 
.EAB {::::::::} HAB 

2 
2 
2 

6 
2 

3/2 
3/2 
3/2 
3/2 

9/'i' 

BAD {::::::::} AEGBC 9 j2b 
BE HAD {::::::::} AEGBC 9 j2b 
AEHBC {::::::::} ABCef 5/2 
AFGBC {::::::::} ABCef 5/2 

HAB {::::::::} F ABef 5/2 

EAC {::::::::} eaA 

X {::::::::} faA 
Y {::::::::} eaA 

XAG {::::::::} eaEAB 
YAG {::::::::} faEAB 
2:AB {::::::::} fAB 
2:A B {::::::::} fAE 

d(AB) {::::::::} eAE 

19/2 

19/2 
19/2 
19/2 
19/2 
1/2 
17/2 
17/2 

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

------>· d..i.f l'reVt + 
_ __,.,.._ Bel{onol 

Strength V 
keV 

< 1.5 

5(1) 
5(1) 
11(1) 
7(1) 
<2 
<2 

50-80 

< 150 

<11 

( rv13) 
( rvl4) 

rv6 

1-2 

1.4 
1.3 
16 
14 

<t 
rv 6.6 

rv 1-2.5 

"' 6.K "'Spin 
1i 1i 

4 20 
3 18 
3 17 
1 21 
3 26 

4 11 
4 11 
1 16 
1 16 

1 

2 

0 
2 
2 
1 

3 

13 

29 c 

23 
32 
28 
29 

21 

3 15 
3 15 
0 21 
0 21 
3 ' 43/2 
5 39/2 
8 31/2 

1i 

0.6 
2.0 
1.9 
2.8 

0.5 

0 
0 
0 
0 

0 

0 
0 
5 
4 

4 

0 

3.5 
3.5 
3.5 
3.5 
0 

0.5 
1 



..... 

Table 3. Interactions between rotational bands in 162Tm. 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 

i 13t2 quasineutrons are given in parenthesis. 

Interacting bands Strength V ""'.6.K .-vSpin rv .6.i 

K1 La belt {::=:} Labef2 Kz keV h h h 

6 QA(BC) {::=:} 4A(BC)a 2 < 1.5 4 20 0.6 
5 fG(AB) {::=:} 4A 2 5(1) 3 18 2.0 
5 fH(AB) {::=:} s;_A 2 5(1) 3 17 1.9 
5 fFAB {::=:} ~A(BC) 6 11(1) 1 21 2.8 
6 fEAB '¢:==} gABC 2 7(1) 3 26 0.5 

... ... 
a 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 .6.K 
Even-even AF,AE {::=:} af,ae 

~ 
• 2 

Odd-Z a,b {::=:} fAE,eAE 5 
Odd-Z e,f <:===} bAE,a.AE 5 
Odd-N A,B {::=:} Fae,Eae 7 
Odd-N E,F {::=:} Aaf,Aae 7 

Odd-odd aF,aE <:===} Af,Ae 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 

il3/2[642]5j2+ A B 97/2(404]7/2+ a b 

i13/2[651]3j2+ c D d3/2[411]1j2+ c d 

hg/2[523]5 /2- E F dst2[402]5j2+ k 1 
ht2(521]3/2- G H h11t2(523]7/2- e f 
h11 2[505]11/2- X y hg 2(541]1/2- g h 
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Measured Interaction Strength 
9 

31/2 
0 163Er-uncertaln, Hagemann et al. 

8 • X 163Er-certaln, NP. A616 {1997) 

7 --- 162Tm, Espino et al. NP (1 998) .. 163Tm. Jensen et al., ZP. A340 

6 
3912 <:-:- -··- -···· ·· Spin of Crossing 
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PLOT started : 16-FEB-95 12:17:13 
DUMP created : 4-FEB-95 09:48:01 BH 
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Conclusio11s: 
There are good reasons to believe that: 

The Limit to Completeness, today with Garnmasphere and EUROBALL at 
hand will be close to U0 , 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 GRE'i'A 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 Quanta! System. 
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T-L.Khoo 
Structure of hot nuclei. 
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PHASE 
TRANSITION 
BOUNDARY 

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. quantum dots, metal clusters 

Task 

Study nuclear structure as function of u, 
& for.varying I, 

i . e. in different (I,U) regions 
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uecay from Super-to Normaf-Deform~d Stares 

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

Superdeformed (SD) states in the excited 
minima decay.by tunneling through a barrier, 
a process possible only in very small objects 
governed by quantum mechanics, but not in 
everyday dassical objects. 

f...~c:~cj 

!-.'O~M/.-;_ 

1. FEEDING OF 
SO BA-NDS 

t 
2. ORDERED 

ROTATION 

} 

Discrete Bands 
Quantum Nos .. 

Symmetries 

SUPERDEFORf.EO 
(falsevacca.m) 

3. DECAY FROM SO TO 'NORMAL' STATES 
Transition Between Two Distinct Mnima 

Coupling Between Ordered & Chaotic Slates 

~­
(We vacuum) 

The spect~ emitted in the feeding and decay 
of a SO band show a unique double cyde of 

~ 

chaos-to-order transition. 
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2. lntraband SO Transitions 

1 ·-10 

3. Decay from SO to NO States 

~- .~.long tt1e ., 
ND g 

":.-:·.;;~~ Li:1~ ~ 
~ ~ oRt.IWIII~~ItAI.oi~~~W'~I-1 
.= 

800 1600 2400 3200 4000 
E1 ( keV) 

Very high-energy transitions, observed from SD 
bands in 194 Hg and 194 Pb, provide information 
on the fundamental properties (energies, spins, 
parities) of SD states. 
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