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Chapter 1 

Introduction 

The present report summarizes the research and development in the Section 
for Nuclear and Energy Physics at The University of Oslo in 1993. The 
section activities comprise experimental and theoretical nuclear physics, en
ergy physics, radiation physics and the former institute section for didactic 
physics. For practical reasons, the didactic activities are represented in 
the publications only in the present report. Completed as well as ongoing 
projects are presented. 

In experimental nuclear physics, the section staff members are engaged 
within three main fields: Nuclei at high temperature (local cyclotron ex
periments), high spin nuclear structure (at NBI, Risø), and high and inter
mediate energy nuclear physics (at CERN, Geneva and CELSIUS, Uppsala). 

The group has, within the limits of funding, given some resource priority to 
the local accelerator facility, based on the philosophy that local experimental 
equipment is an important asset in a university institute. The accelerator is 
a SCANDITRONIX MC-35 cyclotron, with the main auxiliary equipment 
consisting of a mul ti- detector system CACTUS, presently with a silicon-
strip detector array SIRI, funded by the Research Council, under construc
tion (described in this report). 

In theoretical physics the group is concerned with the many-body description 
of nuclear properties as well as with the foundation of quantum physics. The 
former activity is part of a combined effort in nuclear theory by theorists in 
Bergen and Oslo (BONTT - the Bergen - Oslo Nuclear Theory Team), and 
is therefore only briefly described in this report (sec. 7.1). A more extensive 
report on this project is given in a separate BONTT progress report. 

At the end of 1993 15 students (for the degree Cand. Scient.) and six post
graduate students (for the degree Dr. Scient.) were associated with the 
section. 

The very satisfactory performance of the cyclotron is attributed to the highly 
competent and persistent efforts of E. A. Olsen. The excellent job done by 
him, J. Wikne and J. Taylor in keeping the accelerator and data system in 
operation is highly appreciated. 
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The basic costs of running ihe cyclotron laboratory is covered by the Uni
versity The experimental activities, however, would not have been possible 
without the continued support from the Norwegian Research Council (NFR). 

The efforts of Torgeir Engeland and Trine S. Tveter as co-editors of the 
present report are highly appreciated by 

Finn Ingebretsen 
Section leader (from 1994). 
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Chapter 2 

Personnel 

2.1 Research Staff 

Sven L. Andersen 
Harald Andås 
Trond Bergene 
Lisbeth Bergholt 
Bård Bjerke 
Torgeir Engeland 
Ivar Espe 

Kristoffer Gjøtterud 
Magne Guttormsen 
Ole H. Herbjørnsen 
Morten Hjorth-Jensen 
Anne Holt 
Trygve Holtebekk 
Finn Ingebretsen 
Gunnar Løvhøiden 
Svein Messelt 
Eivind Osnes 
John Rekstad 
Anders Storruste 
Roald Tangen 
Per Olav Tjørn 
Trine Spedstad Tveter 

Senior scientist 
Research fellow (NFR) 
Research fellow (NFR) 
Research fellow (NFR) 
Research fellow 
Professor 
Senior scientist 
Assoc, prof. 
Professor 
Assoc, prof. 
Research fellow 
Research fellow 
Senior scientist 
Professor (Section Leader) 
Professor 
Assoc, prof. 
Professor 
Professor 
Senior scientist 
Prof. emer. 
Professor 
Post-doc. fellow (NFR) 

2.2 Technical Staff 

Eivind Atle Olsen 
Tore Ramsøy 
John Taylor 
Jon Wikne 

Section engineer 
Section engineer (part time) 
Engineer assistant 
Section engineer 



2.3 Cooperators, Research Staff at Section for Elec
tronics and Measurements 

Bernhard Skaali Professor 

2.4 Visking Scientists 

Dunja Sultanovic on leave from University of Sarajevo. 

2.5 Students 

As of December 31, 1992, 15 graduate students (for the degree Cand. Scient.) 
and six post-graduate students (for the degree Dr. Scient.) were associated 
with the section. 
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Chapter 3 

The Cyclotron 

3.1 Operation and Maintenance 

E. A. Olsen, J. Wikne, J. Taylor and S. Messelt 

The total beam time used for nuclear experiments in 1993 was 592 hours 
with 3 H e beam and 16 hours with 4 He beam. The time used for isotope 
production for the nuclear chemistry group was 13 hours with protons and 
23 hours with 4 He beam. 

Approximately 25 weeks have been used for scheduled and five weeks for 
unscheduled maintenance. 
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Chapter 4 

Data Acquisition and 
Analysis 

4.1 Introduction 

Currently, the data acquisition system at the Oslo Cyclotron Laboratory 
may be divided into three major components: 

• A front-end system responsible for data digitalization, read-out and 
formatting. This system is based on a VMEbus with connections to 
CAMAC and NIM devices. 

• One rear-end system used for on- and off-line analysis. This system is 
based on a ND-5800 minicomputer, with Ethernet connection to other 
resources. 

• A second rear-end system consisting of a Sun Sparcstation with a sep
arate hardware interface to the front-end VMEbus. We are presently 
migrating towards using this as the only rear-end system, some soft
ware porting / development still to be done. 

The total acquisition system is shown in fig. 4.1, and a detailed description 
of the old VME / ND-5800 part is given in the annual report for 1991. 

4.2 Configuration 

The major change to the acquisition system during 1993 was the installation 
of a VME to SBus interface from Bit3 Corporation, giving a direct 2L;MB/s 
link from VME to the Sun Sparcstation. This computer is to replace the in
creasingly obsolete ND-5800 computer. Driver software on the Sun side was 
also installed. Furthermore, the Sun was upgraded to become a Sparcstation 
512, with a dual, 50MHz CPU. 
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Figure 4.1: Schematic view of the data acquisition system 

With no service contract on the ND-5800, we had to accept that two of 
the 450MB disk drives crashed without any replacement. Some additional 
hardware problems were corrected by our own engineers. Since the reduced 
disk space to some extent is compensated by decreasing use of the computer 
by other groups at the department, the ND-5800 is essentially still operative 
for our purposes. 

Additionally, three more X display devices were acquired, two NCD ter
minals with 19" color screens and one old, diskless Sun 3/50 with 20" 
monochrome screen. 

a) Front-end 

VMEbus system with: 
CES FIC 8230 CPU, MC68020/68881,2 MB DRAM 
VALET-Plus firmware 

1 CBD 8210, CAMAC Branch Driver 
1 NIM Interface 
1 TSVME 204, EPROM socket card 
2 VBR 8212, VME-VME link, receiver 
1 VBR 8213, VME-VME link, transmitter 
3 TPUs, Trigger Pattern Units 
1 Bit3 Model 467, VME-SBus link, 25MB/s 

NIM ADC Interface System with: 
16 Silena 7411/7420G ADCs 

CAMAC system with: 
4 Silena 4418/V ADCs 
4 Silena 4418/T TDCs 
1 Pile-Up Rejection Module (PUR) >) 

Apple Macintosh SE with: 
VALET-Plus Bridge 

1 20 MB disk drive 
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b) Rear-end 

ND-5800 computer with: 
SINTRAN III operating system 
20 MB memory, 384 kB cache memory 

1 MF-VME DOMINO Controller 
1 Internal 3-slots VMEbus 
1 450 MB disk drive 
1 70 MB removable cartridge 
1 Floppy disk drive, high density 
1 MT unit, 1600/6250 BPI 
1 5 GB Exabyte cartridge tape unit 
1 150 MB streamer tape unit 
1 Ethernet connection, TCP/ IP software 
1 HP-7550A graphics plotter 
1 Genicom 340 line printer 
1 Epson LX-80 printer 
1 Tektronix 4612 video hard copy unit 

30 Terminal connections via NET/ONE 
3 Local terminals 
1 CAMAC crate 
1 Interactive workstation with: 

a) "DICO" video colour display, 8 colours, 384 lines each with 288 
pixels, display controller and video memory in CAMAC. Another 
CAMAC module is used for cursor generation and colour trans
position from 8 to 4096 possiMs colours. 

b) CRT terminal 

Apollo DN4500 workstation with: 
UNIX bsd4.3 operating system, X Windows 
MC68030/68882 CPU, 8 MB memory 

1 350 MB disk drive 
1 Cartridge tape, 60 MB 
1 Colour monitor, 1280 x 1024 pixels 
1 Ethernet controller, T C P / I P and NFS software 
1 QMS PS-810 PostScript laserprinter 

Sun Sparcstation 10-512 with: 
Solaris 2.3 operating system (UNIX System V Release 4.0), Open Windows, 
X-windows 
Dual SuperSPARC TMS390Z55 50MHz CPU with 36kB cache, 128 MB 
memory 

1 SCSI mass storage expansion box 
1 420 MB disk drive 
1 2.0 GB disk drive 
1 1.0 GB disk drive 
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1 Colour monitor, 19", 1152 • 900 pixels 
1 Ethernet controller, T C P / I P and NFS software 
I 5 GB Exabyte cartridge tape unit 
1 Sony SCSI CDROM unit 
2 NCD X-terminals, colour monitor, 19", 1280 • 1024 pixels 
1 Sun 3/50 diskless node, monochrome monitor, 20" 
1 SparcPrinter QA-6 laserprinter 

4.3 Acquisition and Data Analysis Software 

SHIVA: 
This is the main data-acquisition and on-line analysis program at the lab. 

DAISY: 
Program controlling the front-end part of the system, normally operated 
from SHIVA. 

MIMA (formerly KELVIN): 
Program to manipulate large 2-dimensional matrixes. It contains 23 com
mands like: read, writf. add. subtract, multiply, smooth, compress, projtrl. 
rut. etc. In addition, the package contains more complex functions like 

- unfolding of Nal 7-spectrum. 
- folding spectra with Nal response function. 
- extraction of nuclear temperature from 7-spectra. 

CSMA: 
Cranked shell model with asymmetric nuclear shape. 

DECAY: 
Calculates the 7-decay for a Fermi gas system. The lowest excitation region 
is simulated using experimental data. 

EMMA: 
Calculates £ 1 , Ml, E2, Ml transition probabilities between single quasi-
particle states from the RPC program (see below). 

GAP: 
Solves the BCS gap-equation. 

HFBC: 
Hartree-Fock-Bogoliobov cranking model based on Nilsson orbitals from 
the RPC program (see below). 

KINEMATIC: 
Calculates relativistic energy loss at a given scattering angle. Bethes for
mula. Straggling. Also available on IBM-PC. 

PAW: 
CERN-developed Physics Analysis Workstation running on the Apollo and 
the Sun Sparcstation. 
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PF 
Ge-spectrum manipulation program. Fast peak search, peak centroid and 
area estimation from observed data. 

REDL'C: 
Program for offline data reduction on ND-5800. Accepts both Exabyte and 
STC magnetic tape as I/O devices. 

RPC: 
Rotor particle coupling model based on Nilsson orbitals. 

PROPLOT: 
Plotting program based on the GPGS-F graphics package. Output on HP-
7550A pen plotter. Spectra stored on disc in Nordic format. Runs on the 
ND-120 part of the computer. 

PCPLOT: 
Subset of PROPLOT. Output on IBM compatible PC. Runs on the ND-120 
part of the computer. 

4.4 New Software 

MAMA: 
Program to manipulate large 2-dimensional matrices. It contains more than 
80 commands. Some examples are: read, write, add. subtract, multiply, 
smooth, compress, project, cut. etc. In addition, the package contains more 
complex functions like 

- unfolding of Nal 7-spectrum. 
- folding spectra with Nal response function. 
- extraction of nuclear temperature from 7-spectra. 

4.5 The Matrix Manipulation Program MAMA 

M. Guttormsen 

The program MAMA is an analyzing tool for experimental nuclear data. 
The data is represented in the form of one or two dimensional spectra (ma
trices). Totally, there are about 80 commands which allow you to read/write 
spectra, apply arithmetic operations on spectra, peak fit routines, smoothing 
procedures, (un)folding with the detector response functions and so on. 

The package contains modules from the GF2 (ver. 6.4) program written by 
D. C. Radford and R. W. Macleod and the KELVIN (ver. 1.0) program 
written by M. Guttormsen. The program language is FORTRAN77 and C 
with calls to the X-lib library. The snapshot utility under OpenWindows or 
xpick under X-windows is used to create laser prints of spectra. This version 
of MAMA is implemented on the SPARCstation 10/512, named II/DJ- at the 
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Figure 4.2: Input and output commands to the various matrices, spectra 
and displays. 

Oslo Cyclotron Laboratory. The program can be accessed either from the 
lynr console or from X-terminals (or emulated X-terminals on Mac or PC) . 
Also, a stripped version (MIMA) without display and peak fit facilities has 
been implemented. 

MAMA handles two matrices of maximum dimension 2048x512 in the x-
and y-directions, respectively, and two singles spectra of dimension 8192. In 
addition, there exists a matrix housing the response matrix with dimension 
512x512 and an 8192 channel long singles spectrum used for display. The 
way to shuffle data back and forth is shown in Fig. 4.2. A detailed description 
of the various commands is given in ref. 2 ) . 

4.6 Ongoing Software Development 

Work is currently in progress to write a program resembling SHIVA to run 
on the Sun Sparcstation. This will be the main data acquisition program in 
the future. 
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Chapter 5 

Nuclear Instrumentation 

The main investment for 1993 was in connection with the SIRI project. 
This includes development of silicon strip detectors and read-out ASIC chips 
(see below). The operation of the total SIRI system is planned at the end 
of 1994. The main computer at the cyclotron laboratory was upgraded 
to a multiprocessor SparcStation 10/512 with 126 Mbytes memory. The 
computer facilities and data acquisition system is described in ch. 4. 

5.1 The CACTUS Project 

M. Guttormsen and S. Messelt 

The CACTUS multidetector set-up was described in detail in the annual 
report for 1988. Thus, only a short description will be given. 

The CACTUS detector accommodates 8 A.E-E telescopes, 28 Nal and 2 Ge 
detectors and is mounted on the 90° beam line of the Oslo cyclotron. The 
28 Nal counters are fixed to the detector frame and have a distance of 24 cm 
to the target. The particle telescopes will be replaced by the SIRI detector 
at the end of 1994. 

In addition to the Nal counters there is space for Ge counters. At present 
we have two Ge-detectors with efficiencies of 49 and 72 %, respectively. The 
Si telescopes are mounted in a fixed frame of nylon placed within the target 
chamber. The frame has space for 8 telescopes at an angle of 6 = ±45° and 
at a distance of 4 cm from target. 

The target chamber can be removed from the centre of the Nal ball through 
the two remaining holes (32 holes in total). Beam focusing can be performed 
with a piece of quartz at the target place, where the beam spot can be 
monitored by a TV camera through a plexiglass window. 

The 5" x 5" Nal(Tl) detectors (BICRON) are equipped with 5" PMT. The 
detectors are shielded laterally with 2 mm lead and collimated with 10 cm 
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Figure 5.1: The target chamber with one SIRI detector ring seen perpen
dicular to the beam axis. Totally, four detector-rings can be used, covering 
15° to 60° in forward and backward direction. 

lead in front. The solid angle of each detector corresponds to 0.5 % of 
4ir. The front of the detectors are covered with a 2 mm Cu absorber. The 
particle telescope consists of a front and end detector. The front counter 
has a thickness of 150 /*m Si and is manufactured by TENNELEC. The 
end counter is 3000 fim thick, and is of the Si(Li) type from the firm IN-
TERTECHNIQUE. Both detectors have an active area of 100 m m 2 and can 
run at room temperature. A 15 fim thick Al-absorber and a 4 mm thick 
Al-collimator are mounted in front of each telescope. 

5.2 The SIRI Strip Detector Project 

M. Guttormsen, S. Messelt, E. Olsen, J. E. Taylor and J. Wikne 

The Norwegian Research Council (NFR) has supported the SIRI project 
with MNOK 0.9 and 1.4 for 1993 and 1994, respectively. The SIM (Sili
con Ring) system will be used in the study of nuclear structure and decay 
properties as a function of temperatur . It consists of an array of silicon 
particle telescopes for the detection of light particles. The telescopes will be 
placed inside the CACTUS detector, and the CACTUS/SIRI combination 
represents a very powerful particle-7-coincidence set-up. 

Figure 5.1 shows the target chamber, which is placed inside the CACTUS 
Nal array. Detector-rings, target and chips are mounted on separate rings 
which can move on rods connected with the flange on the right. It will be 
possible to switch between four targets inside the chamber without breaking 
the vacuum. New oil free vacuum pumps will be installed in connection with 
the set-up. The target chamber will be designed so that cooling of the chips 
and detectors can be performed if necessary. The beam optics and focusing 
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Figure 5.2: Left upper part shows the ceramic substrate and below is shown 
the detector glued to the substrate. On the right part is shown the arrange
ments of the detector elements into a ring. 

properties will be tested in order to reduce halos and scattering from slits 
along the beam line. 

The detector and read-out chips are user specified, and represents high tech
nology developments. The SINTEF/SI group has got commission to design 
the detectors and read-out chips for the system. 

5 .2 .1 T h e D e t e c t o r s 

One SIRI element consists of one Ai? and one E detector mounted on a 
1 mm thick ceramic substrate, as shown in fig. 5.2. The front and end 
detector have the same shape (almost trapezoidal in form) and is sandwich 
mounted back-to-back. The detectors are glued on the ceramic substrate, 
where bonding and cabling can be performed. Surface mounted circuitry is 
laid on both side of the left wing of the substrate, as indicated in fig. 5.2. 
From the wings flat cables will be connected to the chips. 

Each detector element consists of 8 strips. A total system includes two rings 
in forward and two rings in backward direction with respect to the beam. 
This means 256 telescopes, that is 512 strips, to be read out. 

The particle telescopes should stop at least 60 MeV a-particles and have 
to be at least 1500 /jm thick. It is also important to stop protons in the 
telescope for the purpose of appropriate particle identification. We therefore 
aim at a thickness as high as 2000 jim. The front detector will be 135 /iro 
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thick, so that a-particles of around 15 MeV can pass through the detector. 
Thus, the thickness of one element will be 3.2 mm. The arrangement of the 
elements into one ring is shown in the right part of fig. 5.2. 

The front detector should be straightforward to develop, and a leakage cur
rent less than 0.5 nA per pad is expected. However, the thick end detector 
of 2 mm is a greit challenge to design and develop. A multi-guard ring of 
2.5 mm is designed around the detector. Furthermore, the wafer have to be 
of very high resistivity silicon substrate. 

The mounting of the circuitry and detectors on the ceramic substrate is 
made by the company Microcomponent in Horten. 

5.2.2 The Read-Out System 

In the read-out part of the system, we will use a custom designed, monolithic 
chip (ASIC). The chip will be a general purpose chip that can be applied 
also for other silicon balls (CHICSI, EUROBALL). Each chip is designed to 
handle 32 silicon strip detectors. The chip is implemented in AMS 1.2/rni 
BiCMOS, double poly, double metal process. The power consumption is 
expected to be 350 mW, which gives sbout 6°C increase in temperature 
when bonded to a CLCC84 chip came. . A view of the mask lay-out is 
shown in fig. 5.3. 

The in and out signals for one channel of the chip are indicated in fig. 5.4. 
At the first stage a fast preamplifier splits the signal into a time and energy 
branch. The computer ready signal resets latches and energy buffers, but 
not multiplicity and pile-up detection. This part of the circuit is always 
ready to take events. 

The inspection for pile-up is performed both before and after the event of 
interest. If two signals arrive within 2 fis, the corresponding latch will be 
reset (signals less than 100 ns apart cannot be separated). Pile-up on/off 
has a fixed level, which is set externally for the specific experiment. The 
function set-latch gives the channel fired. The latch for other channels can 
not be set (only reset) after the multiplicity signal for the event is back to 
0. 

The chip should give both good energy and timing signals. Generally, only 
one or possibly two (or three) detectors fire per chip. Therefore, the co
incidence detected within the chip are handled using a summing technique 
(multiplicity) of the logic timing signals. This multiplicity signal is a linear 
sum of the logical signals from all detectors. The signal can be used to make 
multiplicity requirements or fast coincidences with other types of detectors. 
In this way, reset can be performed (the computer ready signal) at an early 
stage for bad events. The chip resets within 1 fts. In this way energies can 
be read out even without the presence of set-latch. 

The processing of the timing signals is a compromise in order to limit the 
number of cables out of the target vacuum chamber and to reduce the pin 
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Figure 5.3: The SIRI chip has a size of 8 mm x 3.5 mm and contains 
preamplifiers, shapers, discriminators, multiplicity, pile-up rejection etc. for 
32 detectors. 
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Figure 5.4: The trigger logic for one channel. 

count of the chip. It seems like a complicating factor to make constant 
fraction discriminators (CFD) on every channel, and with individual readout 
for each detector. With the fast computers of today, one might instead 
consider correcting in the off-line analysis the leading edge timing signal 
according to the associated energy pulse. 

In total 38 chips were delivered by SINTEF march 1994. 

5.2.3 The Data Acquisition System 

The chips will be connected to each other on a common bus within the 
target chamber. Outside the chamber a read out controller (ROCO) is 
under construction, that contains ADC's and event buffers. The user can 
set by computer control certain thresholds, signal widths and logical signals 
to the chips via the ROCO. 

The data acquisition system is designed to handle the high data rate, which 
is more that 10 times higher than earlier. The rear-end system is shown in 
fig. 5.5 and is built around a SparcStation 10/512, with an interface (Bit3) 
to the VME crate where a single board computer takes care of the event 
builder process. The data transfer system is designed to give a fast data 
stream out on exabyte cartridge. 

The SIRI system is planned to be installed in conjunction with the CACTUS 
detector at the end of 1994, and further details on this project are given in 
ref. 1}. 
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Figure 5.5: Rear-end acquisition system. 

References: 
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5.3 The CHICSI Multifragment Detector 

M. Guttormsen and the CHIC collaboration 

The CHICSI detector, which is developed by the Celsius Heavy Ion Collab
oration CHIC), is a AE-E telescope system for the measurement of charged 
ejectiles produced in violent nuclear collisions. Of particular interest is the 
detection of intermediate mass fragments in order to investigate the be
haviour of nuclear matter under extreme conditions. The telescopes will 
consist of a thin A £ Si counter of ~ 15 pm, in order to measure heavy 
fragments with low kinetic energy (> 1 A MeV). The next A £ detector will 
be of 300 (or 1000) (im. Finally, the end detector will be a scintillator (GSO 
probably) of 1 cm 3 and with photo diode read-out. Scintillator tests has 
been performed at the Oslo Cyclotron Laboratory, to determine the best 
suited crystals for the telescopes (see next section). 

The detector is intended for experiments at the CELSIUS storage ring. 
Thus, the operation in a storage ring environment requires special attention 
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Figure 5.6: Tentative detector arrangement. 

to the ultra high vacuum (UHV) condition and gas jet target arrangements. 
The instrument should be operational in conjunction with other detector 
systems. 

The basic geometrical constraints are a detector size of 1 cm 2 , all detectors 
have same size and shape and no detectors are closer to the beam than 5 
cm. This leaves in principle only one possible geometrical solution, which is 
indicated in fig. 5.6. It might be slightly different detector configurations in 
different angles 0. 

The telescopes are organized in 16 rings with 32 telescopes in each. All rings 
are almost identical except for the tilt angle of the telescopes which should 
be mounted perpendicular to the direction of the fragments at the particular 
angle. Some solid angle is lost in each ring since full coverage would require 
trapezoidally shaped detectors with different dimensions for different rings. 
For reasons of cost and flexibility we consider it to be so attractive to have 
identical detectors everywhere, that we accept the resulting loss of solid 
angle. Rings can be moved to other angles by simply replacing the support 
ring which determines the tilt angle. 

The read-out solution is based on the construction of special read-out chips, 
similar to the case for SIRI. These will handle the telescope read-out and 
low level trigger functions from a number of telescopes simultaneously. The 
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Figure 5.7: The preliminary view of the target chamber design (the beam 
enters from the left). 

same chip can be used for 3 and 4 element telescopes. In the former case 
part of the circuitry on the chip will be redundant. The chips will sit inside 
the vacuum and act as signal multiplexers. These circuits will be a combined 
analogue/digital device. The chips will be fabricated using standard CMOS 
processing technology. This process gives devices with good analogue and 
digital performance at a reasonable cost. 

The chips will be read out under computer control using control-cards that 
speed up the data acquisition by inhibiting null-events frcm being converted 
by the ADC, but satisfying the criteria that no relevant information about an 
event is discarded. Signals from all particles that impinge on a telescope that 
are associated with an event which fulfills the trigger criteria, are recorded. 

Figure 5.7 shows a preliminary design of the target gas-jet chamber in which 
CHICSI will be installed. 

More details on this project is given in the proposal 1). 

References: 
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5.4 Light Output and Energy Resolution of Csl, 
YAG, GSO, BGO and LSO Scintillators for 
Light Ions 

V.V. AvdeichikoV, L. Bergholt, M. Guttormsen, J.E. Taylor, L. Westerberg', 
B. Jakobsson', W. Klamra' 1 and Yu.A. Murin' 

* Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region,Russia 
1 The Svedberg Laboratory, Box 533, S-751 21 Uppsala, Sweden 
' University of Lund, Solvegatan 14, S-223 62 Lund, Sweden 
J Royal Institute of Technology, Department of Physics, Frescati, 10405 
Stockholm, Sweden 
' V. G. Khlopin Radium Institute, SU 197022 St. Petersburg, Russia 

The response of Csl to intermediate mass particles is well known. The crystal 
gives a linear energy dependence of the light output for charged particles in a 
wide energy region. The high light output of the Csl crystal and the position 
of the maximum intensity in the emission spectrum at 560 nm makes this 
crystal well suited for silicon PIN photo diode (PD). The combined Csl + PD 
system reveals many advantages compared to the use of conventional photo 
multiplier (PMT) as readout. The PD readout has good linearity, excellent 
gain stability and the light spectrum from Csl matches will the sensitive 
region of the photo diode. However, one disadvantage c< Csl is the long 
decay time component of 7/xs, which prevents the use in experiments with 
high counting rate. Another limitation is that Csl is slightly hygroscopic, 
which causes problems in ultra high vacuum (UHV) environments. 

Looking for alternatives to Csl we have tested some new and fast non-
hygroscopic crystals. In a recent paper 1 ) , BGO and GSO crystals were 
tested. In this paper more extensive tests have been performed with CsI(Tl), 
YAG(Ce), GSO(Ce), BGO and LSO(Ce) scintillators using the same exper
imental conditions. 

The experiment was performed using a 45 MeV 3 He beam from the MC-35 
Scanditronix cyclotron at the University of Oslo. Targets of Au, (CD 3 )„ 
and ( C H 2 ) n with thicknesses of 0.1, 1.0 and 1.5 mg/cm 2 , respectively, were 
placed in the center of the scattering chamber. The size of the beam spot 
was 0 3-4 mm. The distance from the center of the target to the detector 
was 14.5 cm. A rectangular collimator was placed right before the detector 
to diminish the angular dispersion of secondary particles. The secondary 
particles of 'H , 2 H and 3 He were produced by elastic scattering of the 45 
MeV 3 H e b e a m o n Au, C, D and H. Variation of the scattered particle energy 
was achieved by changing the detector angle in steps from 15 to 75 degrees 
relative to the beam direction. This resulted in available energy intervals of 
3.6-31.5 MeV for protons, 9.0-41.5 MeV for deuterons and 4.9-45 MeV for 
3He-particles. 
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Figure 5.8: Light output (channels) for LSO(Ce) and YAG(Ce) crystals 
versus energy for ' H , 2 H and 3 He ions. 

The crystals were studied with PIN photo diodes from Hamamatsu (type 
S3590-05) and Micron Semiconductor Corporations (type MSP3). The crys
tals were prepared with cubic shape of dimensions lOxlOxlOmm 3 , except 
for YAG and LSO which had thicknesses of 2.0 and 1.5 mm, respectively. 
The four faces of the crystals were roughened with sandpaper of grade 320-
420 and wrapped by 5-6 layers of P F T E tape. Double aluminized Mylar 
served as reflector covering the polished side of the crystals. Viscous sil
icon oil was used for the optical coupling of the crystal to the PD. Also 
measurements without silicon oil were performed. 

We found that the performance of the crystal + PD assembly is strongly 
determined by the quality of the mounting. Even if the light collection is 
optimized, wrinkles of the reflecting foil and non uniform contact of the 
reflector to the crystal can lower the light output. Similar effects appear 
from bad optical contact between the crystal and the PD. 

In fig. 5.8 light output versus particle energy are shown for LSO(Ce) and 
YAG(Ce). The solid lines are the results of a least square fit of the response 
equation 2) 

L(B,A,Z) = a0 + a l \ E - a2AZ2ln «>{; \E + a,AZ2\ 
I a2AZ2 | (5.1) 

to the data points, where a,), alt and a2 are the fitting parameters. The 
lowest quenching is observed for Csl with a 2 = 0.31, while LSO gives the 
highest value of 1.95. The value of a, is proportional to kB and so it may 
serve as an indication of the quality of the material. 
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It follows that Csl is undoubtedly the most appropriate crystal for detection 
of light and intermediate mass ions. A crystal like LSO may be used only 
for registration of light particles, say Z < 3, where the quenching effect still 
is moderate. The sharp photo diode cut-off in wavelength for the quantum 
efficiency in the UV region at MOO nm is due to the light absorption in the 
epoxy resin coating the PD surface. In order to obtain an acceptable overlap 
for GSO, and particularly for LSO, it is important to find techniques to lower 
the cut-off to at least ~350 nm. A sapphire PD window might improve this 
situation. 

We have found that the relative energy resolution for the light ions obeys 
the simple power law relation 

R(%) = biE'1". (5.2) 

The energy resolution, which depends on the type of the ions, is highest 
for protons and decreases slightly for deuterons and 3 He. The increased 
quenching of the light output as a function of Z is probably the main reason 
for this behaviour. 

An outstanding energy resolution has '—en obtained for Csl, 2% for 7.68 
MeV a-particles and 0.62% for 45 MeV He-particles. Thus, the CsI(Tl) 
crystal with photo diode readout may serve as a good alternative to thick 
silicon detectors. 

The main time component of the YAG(Ce), GSO(Ce) and LSO(Ce) crystals 
is fast with 88, 56 and 11 ns, respectively. This makes them good candidates 
for experiments with high counting rate and fast timing requirements. The 
LSO crystal gives the best energy resolution, but reveals strong quenching 
for heavy ions. The GSO crystal, with moderate quenching, high stopping 
power and good timing properties seems to be one of the best candidates for 
operation in UHV environment. Its energy resolution is 2.3% for 3 He ions 
of 45 MeV. More details is given in ref. 3). 
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Chapter 6 

Experimental Nuclear 
Physics 

6.1 Introduction 

The experimental work at the Cyclotron Laboratory has been devoted to 
the study of nuclear structure at low spin and high excitation energy. The 
method is based on measuring charged particles from transfer reactions in 
coincidence with 7-rays. In this way the 7-decay pattern can be studied as a 
function of the iiiitial excitation energy. The excitation region investigated 
extends from near the ground state up to Ex ~ 40 MeV. 

It is well known that the low energy region of the nuclear level scheme 
is characterized by well-defined excitation modes like simple single-particle 
configurations and collective motion like rotation and vibration. However, a 
few MeV above the yrast line one is bound to use statistical concepts due to 
the near-exponentially increasing level density. In addition to an explosive 
rise in the number of states to keep track of, this leads to a mixing of the 
shell model basis configurations. 

The nuclear properties in this highly excited regime may be divided into two 
categories: 
;) average properties, which vary slowly with £x and are related to thermo
dynamic concepts 
ii) the fluctuation properties, which provide a statistical characterization of 
the microscopical structure of the various eigenstates. 

The study of the average properties of nuclear structure involves the de
termination of thermodynamic quantities as level density and temperature 
as functions of excitation energy, and the search for signatures of phase 
transitions. A method has been developed for extracting the nuclear level 
density directly from the first-generation 7-spectra. The statistical 7-ray 
multiplicity distribution, deduced from the probabilities for multiple-fold 
a7-coincidences, also contains information about the evolution of various 
nuclear properties with temperature. Thermodynamic phase transitions, 
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for instance the quenching of pair correlations, are expected to be revealed 
as irregularities in the level density or in the central moments of the multi
plicity distribution as functions of Ex. 

The transition from ordered to chaotic nucleonic motion, predicted to take 
place at intrinsic excitation energies of a few MeV, is expected to show up in 
the fluctuation properties of the nuclear states. Level statistics indicates that 
the nucleus indeed has a chaotic structure in the neutron resonance region. 
In well-deformed nuclei the degree of K quantum number conservation may 
serve as a more sensitive probe for remains of order in the nuclear structure. 
Studies of the primary 7-decay after thermal neutron capture have revealed 
a significant correlation between the transition intensity and the final-state 
if-value. This may be a signal of incomplete configuration mixing in this 
highly excited regime (Ex ~ 6.5 - 8 MeV). 

It must be kept in mind that the experimental observations are the results of 
a complex interplay between the reaction mechanism and nuclear structure. 
It is therefore important to investigate the mechanism through which the 
populating reaction takes place, in order to separate these effects and isolate 
true temperature-related structural changes, and to gain insight in dynam
ical nuclear processes. Of particular interest is the thermalization process, 
the time scale and various stages between the formation of a deep-hole con
figuration or a "hot spot" to a fully equilibrated system. 

In order to increase the efficiency of the particle-7 coincidences further the 
design of the SIRI multidetector system has been initiated (see section 5.2). 
The combination of SIRI and the present Nal-array (CACTUS) will be a 
very powerful instrument in the study of both reaction mechanisms and 
nuclear properties as functions of temperature. 

The group is also involved in studies of hot rotating nuclei produced through 
heavy-ion reactions, using the electric giant dipole resonance (GDR) 7-
radiation as a probe. The energy distribution and spatial anisotropy of 
this radiation contain information about the shape of the system and its 
orientation relative to the spin vector. Its intensity depends on both the 
thermalization time and the lifetime of the equilibrated system. 

Most of the experiments within this field have been performed at the Tan
dem Accelerator Laboratory at Risø, utilizing the detector array HECTOR 
comprising 8 large BaF 2 crystals and the spin filter HELENA, consisting of 
38 small B a F 2 crystals. Among the topics investigated is the relationship 
between the GDR 7-ray yield and the target-projectile mass asymmetry of 
the entrance channel. Other issues of current interest are various types of 
fluctuations and the associated time scales: shape and orientation fluctua
tions, which are of thermal origin, and small-amplitude quantal fluctuations 
connected to the damping of the GDR vibration into the background of 
compound states. 

At the SARA Cyclotron Laboratory in Grenoble, the superheavy nucleus 
;,"Hs was produced employing the reaction ""'Ar + 2 3 2 T h — 2 7 3 H s , with 
beam energies 420 and 600 MeV. Recent research indicates that fission is a 
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slow process, taking place only after some cooling of the nucleus by neutron 
and GDR 7-emission. The pre-scission GDR radiation provides a snapshot 
of the heated, rapidly spinning heavy conglomerate system before it fissions. 
The yield of this component is related to the time constant of the fission 
process and thus to the viscosity of nuclear matter. 

The contributions during the year in the study of nuclear behaviour at mod
erate temperatures are presented in ch. 6.2. 

The work on rotational and high-spin states has also continued in 1993. The 
experiments were carried out at the Niels Bohr institute in Risø. The main 
topic of this research is the behaviour of nuclei exposed to rapid rotation. 
In particular, single-particle structures and pairing correlations have been 
studied as functions of rotational frequency. The growing information on 
excited bands in the second minimum (superdeformed bands) is also of great 
interest. The field is in strong development, and powerful detector systems 
with Compton-suppressed Ge-detectors are used. We participate in the 
NORDBALL collaboration, which is a detection system with 20 Compton-
suppressed 7-ray spectrometers. Experiments within the field of high-spin 
states are presented in ch. 6.3. 

The group also participates in experimental intermediate energy heavy ion 
physics through the CHIC-collaboration. There are many topics of funda
mental nature that we want to investigate in this project. We wish to find 
out whether substantial compression of nuclear matter can be achieved in 
heavy ion reactions, to learn about the nuclear equation of state far away 
from the ground state, to find out whether a liquid/gas phase-transition 
takes place during the decompression phase and whether the multifragmen-
tation processes are connected to such critical behaviour of nuclear matter. 
A new multidetector system CHICSI (see ch. 5.3) is being built and will be 
placed at the CELSIUS storage ring in Uppsala. 

With the advent of ultra-relativistic heavy-ion collisions in the laboratory 
in 1986 (CERN and Brookhaven), a new interdisciplinary field has emerged 
from the traditional domains of nuclear and particle physics. What may 
make this field particularly interesting is the prediction of QCD that at high 
energy densities matter is predicted to undergo a phase transition to an 
entirely new state, the quark gluon plasma (QGP). 

The nuclear physics group has entered this new field. The investigations 
are conducted within the CERN collaborations NA36, WA94 and WA97. 
The work has focused on the measurement and study of the strange particle 
production in the nuclear collisions as the enhancement of such production 
is seen as a possible signature of the creation of the quark gluon plasma. In 
1994 a 160 ,4 GeV lead beam will be available at CERN. The WA97 collab
oration will participate in these future Pb-f Pb experiments. In relativistic 
collisions between such truly heavy ions the larger volumes, the higher en
ergy density and the increased lifetime of the reaction zone will considerably 
improve the possibility of making the phase transition to the QGP. 

32 



6.2 Nuclear Properties at Moderate Temperature 

6.2 .1 S ta t i s t i ca l 7 - R a y Mul t ip l i c i ty D i s t r i b u t i o n s in D y a n d 
Y b N u c l e i 

T. S. Tveter, L. Bergholt, M. Guttormsen and J. Rekstad 

The statistical 7-decay pattern, measured as a function of excitation energy, 
is expected to reflect the evolution of various nuclear properties with tem
perature. A number of quantitative aspects of this decay pattern can be de
scribed by means of the statistical 7-ray multiplicity distribution p(Mt Ex). 
The probabilities Pk of fc-fold events, defined as events where 7-rays si
multaneously are detected in k 7-counters, contain information about the 
multiplicity distribution. The formalism is described in detail in ref. l ) . 

Using the crystal ball CACTUS, accommodating 28 Nal(Tl) detectors, we 
have measured the fc-fold ^-coincidences for the reactions 1 6 3 Dy( 3 He,atzn) 
1 6 2 "*Dy and 1 7 3 Y b ( 3 H e , a z n ) I 7 2 - I Y b . In order to obtain the clean probabili
ties Pk{Ex) for statistical fc-fold events, we have removed contributions from 
target impurities, random coincidences, cross-talk, rotational transitions and 
neutrons from the fc-fold coincident a-spectra. Prom the final probabilities 
Pk, we have extracted the average multiplicity (M) and the standard devia
tion crM as functions of excitation energy. The results are shown in fig. 6.1. 
The statistical uncertainties in the two lowest central moments are 1% and 
20%, respectively. 

The central moments are highly sensitive to changes in the 7-decay pattern, 
and the {M) and <rM may be exploited further to obtain knowledge about 
nuclear behaviour at various excitation energies. Below the first neutron 
threshold, temperature-related changes in nuclear structure may show up 
as irregularities in the (M) or aM curves, or as deviations from theoreti
cal predictions. Examples of such changes could be thermodynamic phase 
transitions or jumps in the degree of configuration mixing. 

Due to the low statistical uncertainty of the spectrum (M), the first deriva
tive d(M)/dEx may be extracted with high precision, as a quantitative mea
sure for the changes in the decay pattern. An approximate correspondence 
exists between the slope of the average multiplicity spectrum and the cen-
troid of the first-generation energy distribution: 

d(M) AÆ, Ex - (Ex - (Æj)) 
ydEt' A(M) (M)-((M)-l) " ( *'• (b-l> 

Fig. 6.2 exhibits the average first-generation 7-energy (£*) for the reaction 
l 6 3 D y ( 3 H e , a ) l c 2 D y (dashed line) and the inverse first derivative {d(M)ldEx)~

1 

of the average multiplicity spectrum (solid line). The first-generation spec
trum centroid, which represents an average of (d{M)/dET)~' over a wider 
excitation region, reproduces quantitatively the gross shape of the "high-
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Figure 6.1: Average multiplicity and standard deviation from the reactions 
' " D y p H e . a z n J ' ^ - ' D y and 1 T 3 Y b ( 3 H e , a i n ) i r i - * Y b . 
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Figure 6.2: The average first-generation -y-energy (E*) for the reac
tion > 6 3 Dy( ; i He,o7) 1 6 2 Dy, extracted directly from the first-generation spec
tra (dashed line), and approximated by means of the inverse first derivative 
(d(M)/dEx)~1 of the (M) spectrum (solid Une). 

resolution" inverse derivative for Ex > 3 - 4 MeV. A flattening of the (E1) 
spectrum is apparent above Ex ~ 5.5 MeV, possibly related to the more 
sharply denned peak in d{M)/dEx at Ex ~ 7 MeV. This structure may 
indicate a sudden increase in the average multiplicity, perhaps caused by 
hindrance factors introduced by new excitation modes. 

The relative width (TMI(M) is believed to contain information about structure-
related hindrance factors. Such effects (e.g. the K selection rules) will influ
ence some parts of the population more strongly than others, and enhance 
the spread in multiplicity. For instance, the high standard deviation aM 

observed at low excitation energy is believed to be at least partly due to 
if-isomers. It might be possible that the strongly decreasing ratio <rM/(Af) 
is related to a gradual effective weakening of selection rules with rising tem
perature. 

The drop in multiplicity just above Bw (see fig. 6.1) is due to evapora
tion of a single neutron, and similar drops are observed each time a new 
neutron channel becomes energetically available. The maxima in the stan
dard deviation spectrum, coinciding with the drops in multiplicity, are due 
to competition between neighbouring isotopes, one with high and one with 
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low excitation energy. The resulting multiplicity distribution, being a su
perposition of two components with different centroids, will exhibit a Large 
width. 

Information regarding the neutron energy distributions may be extracted 
from the average multiplicity and the standard deviation as functions of ex
citation energy. In particular, the spread in neutron energies is related to 
the width of the peak structures in the standard deviation spectrum. The 
neutron energy distribution contains information about the nuclear temper
ature, and therefore about the nuclear thermalization process. The analysis 
so far 3 ) indicates that the nucleus may not be completely thermalized w'len 
the neutrons are evaporated, but more analysis has to be done before we 
can draw any conclusions. 

More details on this work is given in refs. 2 , 3 ) . 
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6.2.2 The level density in 1 6 2 D y determined from the statis
t ical 7 - d e c a y 

L. Henden, L. Bergholt, M. Guttormsen, J. Rekstad and T. S. Tveter 

The project was first described in the annual report for 1992 ' ) . 

The level density of low-spin states (0—10ft) in 1 0 2 D y has been determined 
from the ground state up to approximately 5 MeV of excitation energy. 
Low spin states in the excitation region of 7—8 MeV were populated by 
means of the 1 0 3 Dy( 3 He,a ) reaction, and the first generation 7-rays in the 
decay of these states have been isolated. The energy distribution of the first 
generation 7-rays provides a new source of information about the nuclear 
level density over a wide energy region. 

Photons emitted from an ensemble of highly excited states with energy Ex 

will describe an energy distribution determined by spin, parity, multipolar -
ity, accessible levels and possibly structural factors. If the states are located 
sufficiently far above the yrast line, the number of accessible levels becomes 
very large, and the statistical properties will be dominant. Then the statisti
cal features will essentially determine the energy distribution of the photons, 
as expressed in eq. 6.2. 

Ny{Ey) xp ( f / )£ ;« r (£„{ / ) , (6.2) 

36 



10" 

10-

(/) 
3 10 

-Q 
o 

-g 10 2 

"53 > 
10 

..Theory, with o=1 6.7 MeV' 
-Theory, with a=18.0 MeV"' 

u^ 
-J] 

1 ' ' ' I I I I I I I 

0 1 2 3 4 5 
Excitation energy (MeV) 

Figure 6.3: The arithmetic average of four individual level density spectra 
from excitation energies 8.0, 7.8, 7.6, 7.3 MeV, compared with level density 
functions with level density parameters a = 16.7 M e V - 1 and 18.0 MeV" 1 . 

where U = Ex - Ey. The level density at excitation energy U is denoted 
p(U), while the cross section cr(Ey, U) gives the probability for the formation 
of a state £?„ when a nucleus of excitation energy U is irradiated with a 7-
ray of energy Ey. In addition to the dependence on energy, both the level 
density and the cross section a{E1,U) depend on quantum numbers like spin 
and parity and possibly structural features. These additional factors may be 
related to the process used for preparation of the levels Ex, or to correlations 
in the decay channels. The function cr(E7, U) is also dependent on the 
multipolarity of the 7-ray. Provided that these quantities can be determined, 
eq. 6.2 may be used for determination of the nuclear level density p(U) . 

Figure 6.3 shows the arithmetic average of four individual level density spec
tra deduced from first generation 7-ray spectra originating from excitation 
energies of 8.0, 7.8, 7.6 and 7.3 MeV, respectively. The result is compared 
with the theoretical level density function based on the Fermi gas assump
tion. Above 3.5 MeV the best fit is obtained for a = 18 M e V - 1 . The 
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slope corresponding to a - 16.7 M e V - 1 , found from a fit of the full two-
dimensional first generation spectrum, is shown for comparison. One notices 
the discrepancy in the low energy region due to the neglection in the back-
shifted Fermi gas model of the collective excitations which is responsible for 
the observed level density below 2 MeV of excitation energy. 

A fit of the whole level density curve in figure 6.3 may be obtained by ne
glection of the pairing gap, and an adjustment of the level density parameter 
a. We have used this function for a more careful investigation of the various 
first generation 7-ray spectra. 

Figure 6.4, showing the various first generation 7-ray spectra, reveals the 
existence of a broad peak centered at 2.5 MeV. This peak cannot be caused 
by the level density, since that would require a shift of the peak according 
to the shift in excitation energy of the gate. Hence, the peak is the result of 
a favoured transition energy which seems to appear with approximately the 
same strength throughout the whole excitation region. 

The explanation for this peak must be speculative. There has been observed 
a peak with about the same energy and width in the neigbouring nucleus 
1 G 1 D y 2 ) , and it is likely to expect that these findings have a common origin. 
Due to the population characteristics for the ( 3 He,a) reaction, we find it 
most probable to associate this peak with the suggested enhancement of 
M 1-transitions between orbitals originating from the same high-j spherical 
state, e.g. Au/2 a n ^ *i3/2- This mechanism was first proposed by Chen and 
Leander 3 ) . 

The first generation spectra open the opportunity for spectroscopic studies 
of this peak structure. Presently we conclude that the width may have 
connections to the damping width for the single particle states involved, 
while the energy indicates the quadrupole splitting of successive orbitals. 
The appearance in the whole excitation region indicates that the different 
single particle configurations may be coupled to configurations of different 
complexities and energies. 

It is evident from the discussion above that the first generation 7-ray spectra 
are determined partly by the level density and partly by special features in 
the 7-field. The main challenge is to find the correct separation between the 
two contributors. 

In order to ensure that we have done the proper selection, level density 
spectra have been extracted by means of eq. 6.2 from all the available first 
generation 7-ray spectra. The result is given in figure 6.5. 

The effect of the 2.5 MeV peak is located in certain regions in each of the 
level density spectra, indicated with markers, and one may indeed see a 
weak bump which is present in all spectra in accordance with the expected 
location. 

A feature of special interest is the difference between the deduced level 
density and theoretical estimates of the level density on the basis of the Fermi 
gas model. As pointed out this difference is trivial below approximately 2 
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Figure 6.4: Experimental first generation 7-ray spectra compared with the
oretical estimates (dotted) based on the Fermi gas model. 
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Excitation energy (MeV) 

Figure 6.5: Experimental level density for different initial excitation energies 
compared with Fermi gas level density functions. The location of the 2.5 
MeV bump is indicated within the markers. 

40 



MeV of excitation energy, since the collective degrees of freedom responsible 
for structure in the low energy regime is not accounted for by the Fermi gas 
model. However, the significant peak covering the region between 2 and 3 
MeV is more difficult to explain in terms of collective motion. 

One possibility is to explain this discrepancy in terms of the cross section 
<T( Ey,U). It is however hard to believe that there is a special affinity between 
any highly excited state in the region close to neutron binding energy, and 
the states situated in the 2 - 3 MeV region. A more likely explanation is in 
our opinion the appearance of special correlations in the low energy region. 
One possible candidate is pair correlation, which is expected to produce a 
dense grouping of levels in the vicinity of the energy 2A. 

Our conclusion is that the technique described briefly above, aiming to de
termine level densities on the basis of first-generation 7-ray spectra, gives 
consistent results. A special feature is the possibility this method offers 
to study in more detail the level density in the region below 3 MeV. The 
present data seem to indicate new correlation effects in the level density. 
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6 . 2 . 3 T h e K Q u a n t u m N u m b e r a n d t h e D e c a y of N e u t r o n 
R e s o n a n c e s 

T. S. Tveter, L. Bergholt, J. Rekstad and M. Guttormsen 

The order-chaos transition predicted in heated nuclei is believed to imply 
complete mixing of quantum numbers related to the mean-field picture and 
the intrinsic nuclear coordinate system, such as the spin projection K on 
the nuclear symmetry axis. The degree of K mixing may be utilized as a 
probe for investigating the amount of disorder in the system: In the case of 
limited configuration mixing and approximate K conservation, the 7-decay 
from a given eigenstate will essentially obey the selection rule AK < A, 
with A being the multipolarity of the transition. Transitions to final states 
with l v a l u e s fulfilling this criterion, so-called "allowed" transitions, are 
expected to be far more intense than "forbidden" transitions. On the other 
hand, an initial state with extensive configuration mixing is composed by a 
large variety of components with different K values through which 7-decay 
may take place, and a wide range of final state K values will be equally 
"allowed". 

We have studied the primary d"cay pattern of various deformed nuclei in 
the mass region A = 160 - 180, populated by means of low-energy neutron 
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capture and excited to an energy E, a Bn. The dominance of .i-neutrons 
leads to well-defined capture states with spin values /, - / t u , r i i 1/2 and 
parity equal to ir,,,,,,,. According to the usual spin selection rules, the K 
values of the capture states should be restricted to K, = A", a , a „± 1/2 in 
the absence of K mixing. The intensities of the high-energy transitions 
connecting the capture states and the various low-lying final states with 
known quantum numbers I' K have been compared. 

Since the transition intensities depend on the spin and parity of the final 
state, only transitions within the same spin and parity group can be com
pared directly. For sach transition, the dimensionless relative reduced tran
sition probability x, is denned as z, = /,(J, T ) / ( / ( J , IT)), where </(J ,x)) is 
the average energy-corrected intensity mta«"rcd for final states of t\.. rele
vant spin and parity. For the procedure to be valid, the average must include 
both allowed and forbidden transitions. After this approximate elimination 
of the spin-parity dependence in the transition probabilities, the relative 
intensities x, from different spin-parity groups can be compiled into one 
forbidden and one allowed ensemble. Average relative reduced transition 
probabilities {X)F and {X)A can then be calculated for the two ensembles, 
together with an effective hindrance factor (x)F/{x)A. 

In two previous works 1 2 ) , we have explored the 7-decay properties of ther
mal and 2 keV neutron resonances in 1 6 8 E r and 1 7 8Hf. Adding the forbidden 
and allowed ensembles from both nuclei, the corresponding hindrance fac
tors (x)F/{x)A are 0.54 and 0.85 for thermal and 2 keV neutron energies, 
respectively. 

In a more recent investigation, we have studied the primary 7-decay pattern 
of the odd-odd nucleus 1 6 6 H o after thermal and average resonance neutron 
capture. The transition intensities are taken from refs. 3 ~ 4 ) and the level 
assignments from refs. '"~7). The distribution of relative reduced transition 
probabilities x are given in fig. 6.6. Depending on whether the assignments 
from refs. 5 ' 6 ) or 7 ) are used, we obtain hindrance factors (x)F/(x)A of 0.84 
and 0.89 for the ARC data, respectively, while the hindrance factor for the 
thermal data is 0.33 in both cases. More details are given in ref. 8 ) . 

In conclusion, the 7-decay of 1 6 6 H o after thermal neutron capture shows a 
significant suppression of so-called Æf-forbidden primary transitions. These 
new findings are consistent with the 1 0 8 E r and 1 7 8 H f data, and demonstrate 
that the apparent K hindrance effect is present in odd-odd as well as even-
even nuclei. 

We are also at present investigating the two odd-odd nuclei 1 7 c L u and 1 8 2 T a 
and the odd-Z nucleus 1 7 7 L u . Preliminary results confirm the trend observed 
in the previous cases. 

The difference between the results for thermal and ARC neutron energies 
remains unexplained so far. This discrepancy gives rise to some uncertainty 
with respect to a direct causal connection between the observed correlation 
and a conserved K quantum number for the capture state. In order to 
illuminate the structural or dynamical mechanisms responsible for the phe-
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nomenon, it is important to understand why the effect is attenuated in the 
ARC data. One factor could be the different neutron widths of the thermal 
and ARC neutron capture states. 

Thermal ARC 

o o p = 0.49 
<x> A = 1.46 

k£u 
< X > F = 0 . 9 2 
<x> A = 1.10 

0 1 2 3 4 

<x>p = 0.49 
« o A = 1.46 

flbx 
0 1 2 3 4 

^ 

o o p = 0.95 
<x> A = 1.07 

Figure 6.6: Distributions of relative reduced transition probabilities x for 
th-- nucleus 1 6 6 H o 
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6.2.4 Nuclear Temperature in 3 He Reactions 

A. Mlonyeni, L. Bergholt, M. Guttormsen, G. Løvhøiden, J. Rekstad and 
T. S. Tveter 

This work aims at exploring aspects of hot-spot formation in nuclei. The 
experiment was performed with 35 and 45 MeV 3 He particles delivered by 
the MC-35 cyclotron at the University of Oslo. A scattering chamber set-up 
was used, containing two movable particle telescopes and one fixed monitor 
detector. The movable counters covered the angles between 22.5° and 315.0° 
in steps of 22.5°. The reactions studied were ( 3 He,a) and ( 3He,d) with 
targets of >2C, 2 7 A 1 , '""Cu, 1 7 2 Y b and 1 M A u . 

Through this experiment we will investigate the temperature of the target 
nucleus at the emitting spot for the two reactions. 

The temperature, T, can be extracted from the expression: 

".A ~ e-S"MT (6-3) 

This has been done for several angles for all reactions, and data is shown 
below in fig. 6.7 for the reactions l 7 7 A u ( 3 H e , a ) I 7 6 A u , m A u ( 3 H e , d ) m A u , 
2 7 AI( 3 He,o.) 2 6 Al and 2 7Al( 3He,rf) 2 8Al. 

The extracted temperature for two ( 3 He,a) reactions and ( 3He,d) reactions 
are compared. As expected the temperature for both the ( 3 He,a) reaction 
and ( 3He,d) reaction will decrease with increasing scattering angle. The 
excitation energy is distributed over a larger volume in time, and the residue 
cools down. Because of the larger amount of interactions there will be a 
smaller overlap of the incoming and outgoing wave function and we will 
observe a reduction in angular symmetry. 

It is not possible to determine the temperature for the scattering angles 0° 
and 30° for the reaction 3 7 Al( 3 He,d) 2 8 Al. As shown in fig.6.8 the (3He,rf) 
spectrum for these angles is not showing the characteristics for particles 
evaporating from the target nucleus. One probable explanation could be 
that there is a great amount of direct reaction into these angles. 

By investigating the differential cross-section d(T„,d/d9 in fig. 6.9 one can 
obtain an impression of how the target nucleus disintegrates. For the lighter 
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TEMPERATURES FOR a and d REACTIONS 
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Figure 6.7: Temperatures for scattering angles 0°-180°. 
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DIFFERENTIAL CROSS-SECTIONS 
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scattering ongles 

Figure 6.8: Amount of a- and d-particles scattered into different angles. 
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Deutronspectro 'or the reaction ^AlfHe.d^AJ 

Figure 6.9: Deuteron single-spectra showing the direct-reactions for 0° and 
30°, and the evaporation-spectra for 60°. 

target nucleus 2 7 A1 we will observe a smooth decrease in differential cross-
section for both the ( 3 He,a) reaction and (3He,rf) reaction. For the heavy 
target nucleus 1 9 7 A u the diiferential cross-section is high for small scattering 
angles, then decreases rather rapidly at scattering angle 30° and stabilizes 
for higher angles. An explanation could be that the ( 3He,d) reaction for 
the heavy target nucleus 1 9 7 A u prefers either a more direct reaction into 
scattering angles up to 30° or a thermalized-like reaction corresponding to 
scattering into large angles. 

All of this data will be further investigated before any solid conclusions are 
drawn. 

In fig. 6.10 the logarithmic cross-section for the interpolated singles-spectra 
are plotted as a function of transverse and parallel momentum. These plots 
have not yet been calibrated and are included just to give an impression 
of how the particles will distribute in the momentum plane. The parallel 
momentum units is plotted along the i-axis, and the transverse units along 
the y-axis. 

The work is in progress. 
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PHASEPLOT IN THE MOMENTUMPLANE. 

The reoction '"AuCHe.d) The reoction "'AuCHe.a) 

"10 
The reaction "AL(JHe,d) The reoction "ALCHe.a) 

o„,d as function of paralell and transverse!! momentum. 

Figure 6.10: How momentum for the scattered a- and rf-particles distribute 
in the P||-p± plane. 
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6 .2 .5 T h e ( 3 H e , a ) R e a c t i o n . A S t u d y of t h e A n g u l a r M o 
m e n t u m Transfer 

M. Guttormsen, L. Bergholt, F . Ingebretsen, G. Løvhøiden, S. Messelt, 
J. Rekstad, T.S. Tveter, H. Helstrup and T.F. Thorsteinsen 

The ( 3 He,a) reaction changes its nature as a function of ejectile energy. In 
the very low excitation energy region the cross section is described by the 
direct pick-up process, which depends on available high-j neutron orbitals. 
At higher excitation energies, where the reaction appears more in the interior 
of the nucleus, the incoming 3 He and ejected a ions might excite other 
reaction modes. This gives origin to local heating, which often is referred 
to as pre-ftjuilibrium. The third possibility is that the entrance and the exit 
channels are uncorrelated. In this type of compound reaction the ot-particle 
is evaporated from a nuclear system in thermal equilibrium. The aim of the 
present study is to investigate the importance of these three mechanisms in 
the 1 6 3 D y ( 3 H e , a ) reaction. 

The experiment was performed at the Oslo Cyclotron Laboratory with a 
45 MeV 3 He beam. The self-supporting 2.0 m g / c m 2 thick 1 0 3 D y target 
was isotopically enriched to 97 %. The coincidences between 7-rays and a-
particles were measured with 2 Ge detectors and 8 AE-E particle telescopes 
at an angle of 45°, respectively. 

The experimental method is based on studying the 7-ray side-feeding of the 
ground band states of dysprosium isotopes after the 1 6 3 D y ( 3 H e , a z n ) 1 6 2 _ I : D y 
reaction with x = 0, 2 and 4. The ground band side-feedings for five different 
excitation regions are shown in the left part of fig. 6.11. The S distributions 
are normalized to the strong 4+ — 2 + transition by £ / > i S(I) = 7 7 (4 — 2). 

The observed side-feeding depends on the initial spin distribution S'(I) im
mediately after the ct-emission and on the decay route down to the ground 
band in the daughter nucleus. The initial spin distribution depends on two 
factors 

S'(I) = P(I)p(I), (6.4) 

where P(I) is the initial spin distribution that would be produced if all 
spins were equally probable in the product nucleus. Hence, the quantity 
P(I) isolates the selectivity of the reaction. The level density in the nucleus 
as a function of spin, p(I), is described by the Fermi gas model by 

p(I)-x(2I+l)e-'"i-1>'1''. (6.5) 

It is reasonable to assume that the emission of a few neutrons and 7-rays will 
only slightly change the spin distribution. Here, we assume that the final 
side-feeding distribution 5 can be described by a small shift of the initial 
distribution 5 ' according to 

S(I) = S'(I + AI). (6.6) 

The average spin-shift A / is given by A/ = A/,. + A / 7 . Calculations 1) 
give on the average A/„ = (0.5 ± 0.2)fi per neutron evaporated and AIy = 
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Figure 6.11: Side-feeding intensities of the ground band states in the residual 
nuclei 1 G 2 " ' " i= a Dy as a function of excitation energy in 1 0 2 Dy. 
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(0.5±0.2)Afor the total 7-cascade in the daughter nucleus. Thus, we obtain 
A / = 0.5, 1.5 and 2.5 fi for the On, 2n and 4n decay channels. 

With the assumptions above, one can extract the level density corrected 
initial spin distribution P(I), which is closely related to the distribution of 
transferred angular momentum for the ( 3 He,a) reaction itself. The effects 
of the spin removed by neutrons and statistical 7-rays and the spin density 
are approximately corrected for by 

P(I)*S(I~AI)/p(I). (6.7) 

The deduced P-distribution is shown in the right part of fig. 6.11. 

The data gives that the average spin transfer increases from ~5ft to ~-llft 
with decreasing or-energy. By comparing with a simple model, we conclude 
that the ( 3He,ct) reaction at these energies is dominated by direct and pre-
equilibrium processes. Even at the highest spin transfer the contribution 
from the compound reaction channel is negligible. More details are given in 
ref. 2). 
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6 .2 .6 Spin D e p e n d e n t P r e - E q u i l i b r i u m F o r m a t i o n in t h e 
1 6 3 D y ( 3 H e , c t ) R e a c t i o n 

M. Guttormsen, L. Bergholt, J. Rekstad and T.S. Tveter 

At excitation energies > 10 MeV the pre-equilibrium process plays an in
creasing role in the 1 6 3 Dy( 3 He,azn7 ) reaction. The system snight in an early 
stage give off the a-particle and neutrons from a small region with a limited 
level density. An analysis 1) of the slope of the a-particle spectrum indicates 
that the a substantial part of the decay of a-particles comes from an emis
sion source with temperature T ~ 5 MeV. This finding holds for scattering 
angles at least up to 80° with respect to the beam direction. Furthermore, 
1' was observed that the a-particles are strongly forward-peaked, als^ for 
a-energies close to the Coulomb barrier. In a very recent work 2) the spin 
distribution of the ( 3 He,a) reaction at 45° was determined and found consis
tent with the introduction of pre-equilibrium in the 10 - 40 MeV excitation 
region. 

The aim of the present work is to obtain information on the pre-equilibrium 
neutrons following the ct-emission. The temperature of the neutron emis
sion source is expected to be lower than for the a-source since neutrons are 
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emitted later in the equilibrium process. The spin dependence of the hot 
source is also investigated. The experimental technique is based on measur
ing 07-coincidences in the 1 6 D Dy( 3 He,Qin ) l c 2 "*Dy reaction. 

The Q-particles feeding the various dysprosium isotopes can be extracted by 
putting gates on the 7-lines observed with the Ge detectors. For the even 
daughter isotopes we have used the 4 + — 2 + ground band transition, and for 
the odd-A isotopes the data are obtained with gate on many low-intensity 
7-lines assigned to the specific isotopes. In order to take into account the 
variation in the cross-section as a function of excitation energy in l 6 2 D y , the 
spectra have been divided by the singles ct-spectrum. 

40 30 20 10 

Excitation energy in '62Dy (MeV) 

Figure 6.12: The energy probability distributions of a-particles feeding var
ious dysprosium isotopes as a function of Ex in 1 6 2 Dy. 

The final result of the extraction is shown in fig. 6.12. The ct-distributions 
for the various isotopes are seen to be well selected using the present tech
nique. The only distribution not overlapping with the neighbour is the On-
channel. The experimental average energy (centroid) and widths (FWHM) 
of the distributions are listed in table 6.1. The increase in average energy 
as a function of the number of neutrons emitted is mainly due to the in-
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Isotope i B.+i 
( £ , ) ( ' " D y ) 
experiment 

( a , + 1 + fl.)/2 FWHM 
experiment 

ft+i - Bt 

1 0 2 D y 0 8.195 4.6 4.1 8.2 8.2 
i o i D y 1 14.646 15.1 11.4 9.7 6.5 
i o o D y 2 23.228 24.2 18.9 11.8 8.6 
WDy 3 30.054 >34.5 26.6 12.5 6.8 
•«Dy 4 39.115 - 34.6 - 9.1 

Table 6.1: Energy centroids and FWHM (MeV) of a-distributions for dys
prosium isotopes compared with values obtained from neutron binding en
ergies. 

creasing neutron binding energies. However, a comparison with the value 
(Bi+i + 5 , ) /2 clearly reveals an additional contribution to the energy from 
the emitted neutrons. The difference between column 4 and 5 in table 6.1 
divided on the number of neutrons, gives an average neutron energy of 3.7, 
2.6 and >2.6 MeV for the In, 2n and 3n-channels, respectively. 

The energy contribution from the neutrons are also seen from the measured 
widths of the a-distributions, by comparing with the width calculated from 
the neutron binding energies fl,+l - 5^. 

A model based on neutron decay within a Fermi gas has been developed 
and a comparison with the experimental data shows that a substantial part 
of the decay originates from a hot region of the nucleus. The observed 
distributions require that a hot source emitter has to be introduced together 
with the standard evaporation source of the equilibrium system. The pre-
equilibrium source is described by a level density parameter of a = 6.0 MeV 
independent of the reaction spin transfer. Around 25 MeV of excitation 
energy, this level density parameter corresponds to a temperature of T ~ 2 
MeV which is far lower than obtained for the emission of the a-particle 
(5 MeV). This indicates that neutrons are emitted much later than the a-
particle. Also, the fraction of decay from the pre-equilibrium source is found 
to increase with populated spin. The work is in progress. 
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6.2.7 Neutron versus 7-decay 

M. Guttormsen, E. Koksvik and J. Rekstad 

The a-distribution of daughter isotopes populated through the reaction 
1 6 2 Dy( 3 He,Qin ) 1 6 l " 'Dy , with 0 < 1 < 3, is discussed and simulated by sta
tistical means. 

10 a, 5 0 
Exitotion energy (MeV) 

Figure 6.13: a distributions of reaction channel 0-3n. 

The experimental distributions of fig. 6.13 were obtained by gating on 7-
lines using the usual ( 0 , 7 ) coincidence technique of the cyclotron lab. The 
fingerprint of 7-decay above the first neutron evaporation level Bi should 
be compared to a similar experimental result for the neighbouring reactions 
' " D y p H e . a m J ' ^ - T l y and ' " Y b P H e . a m ) 1 7 0 " ^ ' ) . 

Po 

P, 

AT-' 

gM dE0p{E0)(Eo-E0)"; 

n + gtf I dEip(K)(E„ - Eo)* 
JBi 

/ dE'ap{E',)(E» - K)-; 
Jfln 

ra + 9 = 1. 

Table 6.2: Population probability for the reaction channels i = 0 ,1 . 

The spin selection rule |J,- - 7 , + 1 | = 1/2 causes neutron hirdrance. The 
spectrum of yrast lines l) shows that spin / = 12 has— beei. populated, 
which corresponds to forbidden decay below £ 0 - 5 , = 2 MeV. The selection 
of excitation level within sample space i is described by the decay probability 
1) P-, y. E*p,7) = 4 and F„ >. Enp, including 7 decay of first order only. The 
level density p(a) of the nucleus after decay may be determined using the 
level density parameter, expected to be a ~ A/15 MeV" 1 for a Fermi gas of A 
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E» 

Figure 6.14: Decay routes. 

nucleons 2 ) . The model is partly displayed in table 6.2 and figure 6.14, given 
that the reaction product excitation energy is in the region Bi < E0 < B2. 

On the other hand, disregarding 7 decay l ) , the direct reaction may only 
excite a part of the Dy target (a hot spot), which means low values of a. 

The selection rule constant g was chosen to g ~ 0.2. Our result is in favour 
of the 7 including model, since good a ~ 15/MeV values are extracted. 
Basing the model on neutron decay only, the a spectra fit well with the 
values a < 10/MeV. 
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6.2.8 Combinatorial study of nuclear level density 

I. Huseby, E. Melby, J. Rekstad, L. Bergholt, M. Guttormsen, T. S. Tveter 

This work introduces a technique for determination of the level density which 
makes it possible to distinguish between states of different seniorities. It 
has been, and still is, a great interest in the combinatorial approach of the 
evaluation of the nuclear level density, e.g. for astrophysical applications, 
see Refs. ' - 3 ) . 
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T h e m o d e l 

As stated by the Pauli principle, every orbit can be occupied by two nucleons, 
which are either two protons or two neutrons. This model defines the nucleus 
as a collection of non-interacting fermions, and it is used to study even-
even nuclei. Some other approximations made are to ignore pairing, spin, 
parity and other selection rules. The distance £ between the nuclear levels 
is assumed invariable, e is taken to be the average distance between the 
ievels in the Nilsson model for a nucleus of mass number A = 160 and a 
deformation of 6 = 0.3. Theoretically, e is found to be 0.180 MeV/level. 

In the ground state of a system with one type of particles, all the orbits 
below the Fermi energy are occupied. Moving a particle from the Fermi 
level up to the next level gives an energy of le . The energy U = ne is 
obtained by moving one or more particles up a total of n levels. 

One particle-one hole states, ( lp — l/i), are populated when one particle is 
excited above the Fermi energy, while two particles-two holes states, (2p — 
2h), are populated when two particles are excited, etc. 

The number of different states with a certain energy U = ne expressed in 
terms of n is 

Nx<"xh(n) = Yl MZ7"-"+2-™M'X'~1'1 

m = l m t r L 

where the parameter z is the number of particles/holes, n^^x is the small
est n giving a (xp — ack) state and MiP~XL is the number of configuration 
possibilities of x particles above the Fermi level with the same energy. When 
i — 1, n — nTniny when i = 2, n = n m , „ 4- 1, etc. The holes are in the config
uration of least energy. The total number of states of energy ne in terms of 
n is 

N[n) = Y, JV I p'" IV) 

where xmax is the highest (xp - xh) state possible with U = ne. 

R e s u l t s 

The results are compared to the Fermi gas model with backshift which has 
the level density 

P(f/) = C — 

where U = Ex - 2A - £ r , „ , 7 = 0.007, a = 16.6 MeV" 1 and e = 0.180 
MeV/level. 

The present model is formally identical to the Fermi gas model, but it has the 
advantage that it can distinguish between components of different seniorities. 
The work is in progress. We especially want to study the excitation region 
around 8 MeV (the neutron binding energy), and to gain further information 
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Figure 6.15: a) Comparison between the Fermi gas model and the present 
model, b) The distribution of components of different seniorities as a func
tion of excitation energy. 

about 7-transitions from this excitation region to the low energy region. 
Assuming single particle transitions, only the low seniority components will 
contribute according to this simplified model. 
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6.2.9 Temperature versus excitation energy in l 6 2 D y 

K. Yri, L. Henden, L. Bergholt, T. S. Tveter, M. Guttormsen and J. Rekstad 

The reaction l c 3 D y ( 3 H e , a ) 1 6 2 D y is studied. The projectiles have energy 
E - 45 MeV, and the CACTUS detector is used. The target thickness 
is 1.5 mg/cm 3 . When an «-particle is detected, the energies of the -y-rays 
detected in coincidence are plotted as counts in a 2D-histogram, with Ey 

versus the excitation energy Er - 45 MeV-Q - E„. According to the 
formula # , ( £ , ) x e ^ ' " " " 1 (Ref. ' ) ) , the temperature T can be estimated 
from the 7-spectrum. Selected 7-spectra, corresponding to the energies E, = 
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Figure 6.16: 7-spectra for '"DypHe.aznJ'^-'Dy, for Ex = 8.82,7.86, and 
6.90 MeV. (5„ = 8.37 MeV). 
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1 0 2Dy 
Ex, MeV 6.90 7.86 8.82 

(itrj-'.MeV-1 1.01 0.91 0.85 

Table 6.3: Inverse temperature vs. excitation energy. 

6.90, 7.86 and 8.82 MeV, are shown in Fig. 6.16. Only 7-energies in the range 
Ey = 3.5 to 6.5 MeV are considered in estimating T, in order to get an 
approximately straight line. The inverse temperatures for the three values 
of Ex are tabulated in Table 6.3. The separation energy for one neutron 
from 1 6 2 D y is B„ = 8.37 MeV. Similar work for l c l D y is in progress. 
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6 . 2 . 1 0 A n e x p e r i m e n t a l s t u d y of t h e 1 4 4 N d ( 3 H e , c t 7 ) 1 4 3 N d re
ac t ion 

S. Siem, L. Bergholt, M. Guttormsen, J. Rekstad and T. S. Tveter 

We have studied the reaction 1 4 4 Nd( 3 He,a ) 1 4 : ) Nd using a beam energy of 45 
MeV and the CACTUS detector configuration, at the Cyclotron lab at UiO. 
The a particles were measured at a scattering angle of 45°. The target, 
1 4 4 N d , is an almost spherical nucleus with two neutrons outside the iV=82 
shell closure. Figure 6.17 be'ow shows the singles particle spectrum. Sharp 
peaks up to about 6 MeV of excitation energy indicate the shell structure. 

Our data are in good agreement with data from other experimental studies 
of the same reaction li2). 

Using data from a high resolution experiment with a magnetic spectrograph 
l ) , see figure 6.18, the specific states contributing to our peaks in the singles 

Peak Levels included 
# (keV) 
1 1221, 1421-1394, 1550, IS"! 
2 1977, 2083, 2183, 2237, 2398 
3 2737, 2809, 2905, 2953 3008, 3058, 3168, 3225, 3310 
4 
5 

3624, 3703-3744 

Table 6.4: Peaks from figure 6.17 and the corresponding levels from fig
ure 6.18 
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Figure 6.17: The singles alpha-particle spectrum from the 1 4 4 N d 
( 3 H e , a ) 1 4 3 N d reaction. Left: the complete spectrum. Right: the portion 
corresponding to the low excitation region. 
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Figure 6.18: The ' " N d ^ H e . a J ' ^ N d spectrum recorded at 37.5°. The peaks 
are labelled with excitation energies. The figure is taken from ref. ' ) . 
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Figure 6.19: The 7-spectrum corresponding to peak 2 in figure 6.17 

Figure 6.20: Decay scheme 

particle spectrum are found. The levels included in each peak are listed in 
table 6.4. 

The Cactus detector configuration provides the possibility to study the 7-
spectra corresponding to the different excitation energies of the nucleus. In 
figure 6.19 the 7-spectrum obtained by gating at peak 2 in figure 6.17 is 
shown as an example. 

A portion of the decay scheme with the various 7-rays originating from this 
gate is shown in figure 6.20. 

Further investigation is in progress. 
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6.2.11 Pre-fission 7-Decay in Superheavy Nuclei 

T. S. Tveter, J. J. Gaardhøje, A. Atac, J. Bacelar, A. Bracco, F. Camera, 
B. Herskind, W. Korten, W. Krolas, A. Maj, A. Menthe, B. Million, H. Nife-
necker, M. Pignanelli, J. A. Pinston, H. v. d. Ploeg, T. Ramsøy, F. Schussler, 
G. Sletten and Z. Zelazny 

Measurements of neutron multiplicities from hot fissile nuclei at various 
initial excitation energies reveal that the number of pre-fission neutrons 
emitted increases with E]., while the number of post-fission neutrons stays 
approximately cons tan t 1 ) . This result suggests that fission is a slow process, 
taking place only when the nucleus has been cooled to some lower excitation 
energy, contrary to statistical expectations. Since neutron evaporation is 
obviously able to compete favourably with fission at high temperature, this 
should also be the case for GDR 7-emission. Recent experiments measuring 
7-rays from fissioning systems confirm this idea: Both a pre-fission and 
a post-fission component can be discerned in the 7-spectra, at different 7-
energies due to the different radii of the compound nucleus and the fragments 
2 ) . The pre-fission GDR radiation offers insight into nuclear behaviour at 
extreme conditions with respect to spin and nucleon number, a region which 
has previously been closed to direct scrutiny. 

At the SARA Cyclotron Laboratory in Grenoble, the superheavy nucleus 
i5|Hs has been synthesized employing the reaction 4 0 A r + 2 3 2 T h — 2 7 2 H s . 
A pilot experiment was carried through by the HECTOR collaboration in 
1989, using beam energies of 6.8 and 10.5 M e V / 4 3 ) . The experimental 
setup included the 8 B a F 2 HECTOR detectors, mounted in the plane per
pendicular to the beam axis. An array of small BaF 2 crystals defined the 
events in time and served as a common start for time-of-fiight measurements. 
Four PPACs (Parallel Plate Avalanche Counters) were used for detection of 
fission fragments. 

Due to the disappearance of shell effects at high temperatures, hot thermal-
ized fissile nuclei tend to decompose into two fragments of approximately 
the same mass. By gating at symmetric fission of very heavy systems formed 
using heavy projectiles, we can select events connected with complete fusion 
reactions and full thermalization 4 ) . 

Assuming that the excitation energy at which fission takes place is essen
tially independent of E't, the energy differential method 5 ) can be employed 
to obtain information about the earliest decay steps. We have normalized 
the coincident 7-spectra from the 15.0 and 10.5 MeV/A runs to the same 
number of symmetric fission events. The two total 7-spectra and their differ
ence, corrected for bremsstrahlung, are displayed in fig. 6.21. The difference 
spectrum shows a narrow distribution, centered at the 7-energy where we 
expect the GDR radiation from the heavy composite system. No significant 
intensity is present in the energy region associated with fission fragment 
GDR radiation. This indicates that fission only takes place after cooling the 
system down to an excitation energy below the one initially introduced by 
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Figure 6.21; Top; The normalized 7-spectra recorded in coincidence with 
symmetric hV::>n for the 15.0 and 10.5 MeV /A runs, and the difference 
spectrum, representing the pre-fission component. Bottom: Ratio of the 
difference spectrum and the 10.5 MeV/v4 spectrum. 

the 10.5 MeV/A beam. 

The yields of pre- and post-fission GDR 7-rays at the three beam energies 
contain valuable information abctU the time constant for the fission pro
cess, which is related to the viscosity of nuclear matter. Our plans are to 
compare the 7-spectra extracted in coincidence with symmetric fission, with 
theoretical calculations performed with a modified version of the program 
CASCADE. In this way we will try to extract a lifetime for the hot fissile 
2 r - ' ;! . __ieus \nd the corresponding nuclear friction coefficient. 
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6 . 2 . 1 2 S e a r c h for J a c o b i Ins tabi l i ty in H o t and Spinning 4 6 T i 
Nuclei 

A. Maj, M. Kicinska-Habior, W. Krolas, J. Styczen, J. Kownacki, J. J. Gaardhøje, 
T. S. Tveter, Z. Zelazny, M. Mattiuzzi, F. Camera, A. Bracco and B. Million 

In a number of experimental studies in which the spectra as well as the an
gular distributions of 7-rays from GDR decay were measured in hot nuclei, 
the predicted shape change from prolate to oblate at a specific temperature 
and angular momentum has been verified. At higher angular momenta nu
clei are expected to undergo another and so far unobserved,: -j-called Jacobi 
transition from oblate shapes (via triaxial) to prolate. In » is connection 
nuclei of medium-light masses attract special attention, since for them, con
trary to the heavier ones, the critical angular momentum for such a shape 
transition is predicted to be lower than the fission limit. An indication (in a 
singles experiment) of such a transition in the 4 5 Sc nucleus has been recently 
reported by M. Kicinska-Habior and the Seattle group ' ) . 

To investigate this problem further we have carried out an exclusive study of 
the GDR decay from hot and rotating 4 6 T i nuclei. The employed reactions 
were l a O + 2 8 Si at Ehr,am = 100 and 69 MeV, leading to the 4 6 T i nucleus 
at Ex = 80 and 61 MeV, and with / m o I = 34ft and 27ft, respectively. The 
7-rays emitted in the reaction were measured by the multi-detector array 
HECTOR with the HELENA multiplicity filter. 

The general behaviour of the spectra associated with low folds is in general 
agreement with those obtained by the Seattle group: the magnitude of the 
low energy component is similar, and similarly the anisotropy coefficient A2 

does not change its sign around the GDR average energy (19 MeV). On the 
other hand, spectra gated by folds > 8 (corresponding to angular momentum 
of the compound nucleus > 28fi) begin to show positive A2 values for the 
GDR high energy component as expected. This observation might indicate 
the presence (at the highest bombarding energy of 100 MeV) of a component 
not related to the formation of the compound nucleus. This component can 
only be filtered out by means of a multiplicity filter in coincidence experi
ments. Thus more detailed data analysis as well as the comparison to the 
statistical model calculation is in progress. 
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Figure 6.22: Relative intensities of difference spectra (in % of the intensity 
range). Data are plotted as a function of the average rotational angular 
momentum of the selected bin. 

6 . 2 . 1 3 E n t r a n c e C h a n n e l Effects in G D R D e c a y Fo l lowing 
H a a v y Ion Fus ion 

Z. Zelazny, J. J. Gaardhøje, A. Maj, F. Camera, A. Bracco, M. Mattiuzzi 
and T. S. Tveter 

In order to be selective in both excitation energy and spin, a difference 
method was proposed a decade ago l). The idea is to produce in heavy ion 
fusion reactions two compound systems with mass numbers differing by one 
neutron. The excitation energies are chosen so that they differ by the average 
energy removed by the first evaporated neutron. The 7-ray emission from 
these two nuclei and from their daughters is measured, and the resulting 
energy spectra are subtracted after normalization to the same number of 
fusion reactions. Determined in this way, the difference spectrum contains 
7-radiation from the first step of the compound nucleus decay. With the 
selective multiplicity filter HELENA we have been able to make full use of 
this idea, which requires that spectra that are subtracted correspond to the 
same angular momentum distribution. The following three pairs of reactions 
have been investigated: 
1 7 l s O + ' " S m - " i . ' « Y b , E' = 39 and 51 MeV, 

"Si f n 'Te 

"Cd -

- ' " l 5 8 Dy, E ; = 64 and 75 MeV, 
l c l l c J Y b , £ ' = 64 and 75 MeV. 

As is shown in fig. 6.22 the relative intensity of the difference spectrum 
measured for the oxygen beam is very close to the value predicted by the 
statistical model. 
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For Si projectiles we observe a very distinctive dependence on spin: the 
difference yield decreases from close to the CASCADE value at low I to 
almost zero at higher / , while for Ti induced reactions the intensity is close 
to zero at all covered angular momenta. This is in dramatic conflict with 
statistical model expectations. In all three cases we produce very similar 
compound systems (N = 91 and 92). 

It is a challenge to understand the reason for lack of extra GDR emission 
from an extra £ , in cases of nearly symmetric projectile-target systems 
possessing high angular momentum. It is tempting to think about some 
preequilibrium process in these collisions which may have long relaxation 
times 2 ) . 

In the near future we will complement some of the measurements by ex
plicitly gating high-energy photon spectra with specific low-energy discrete 
transitions identified in the fusion residues using a Ge detector in order to 
make absolutely certain that we deal with pure fusion events. 
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6.2.14 Rotational Frequency Dependence of Orientation Fluc
tuations 

M. Mattiuzzi, A. Bracco, F. Camera, B. Million, M. Pignanelli, J. J. Gaardhøje, 
A. Maj, Z. Zelazny and T. S. Tveter 

An interesting point that was found in a recent work 1) is the "?ry different 
sensitivity of the GDR strength function and angular distribution to nuclear 
deformation. Analyses of the spectral distribution and of the size of the 
angular distribution can lead to different conclusions about the effective 
deformations of the excited nuclei. This difference is expected to vary with 
the rotational frequency of the hot compound nucleus. We have started the 
study of the dependence of the effective nuclear deformation on rotational 
frequency in 1 7 G W at E'x = 96.7 MeV. 

Making use of the multiplicity filter of the HECTOR detector array, high 
energy spectra associated with narrow spin intervals were measured. The 
analysis of the spectral shape and of the angular distribution is in progress. 
The final objective is the comparison of the effective deformations extracted 
from the two observables. 
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Figure 6.23: Comparison between the strength function and the o 2 ( £ 7 ) at 
temperature T ~ 2 MeV for average spin 43ft (top row) and 51ft (bottom 
row). The curves are the best fitting statistical model calculations, and the 
width of the strength function at 51ft is 1.5 MeV larger than at 43ft. 

6 . 2 . 1 5 T h e r m a l and Q u a n t a ! F l u c t u a t i o n s as P r o b e d b y t h e 
G D R O b s e r v a b l e s 

A. Bracco, F . Camera,M. Mattiuzzi.B. MiUio ,M. PignaneUi, J. J. Gaardhøje, 
A. Maj, Z. Zelazny and T. S. Tveter 

A study of the strength function » i * " ? »>>« angular distribution of the high 
energy 7-rays from the GDR in the hot rotating u 0 S n nucleus at T ~ 2 
MeV was made making use of the HECTOR array. The two GDR observ
ables were obtained at different narrow angular momentum intervals of the 
compound nucleus. The simultaneous measurement and analysis of the two 
observables is expected to help to disentangle the different effects due to large 
amplitude thermal fluctuations from those due to small amplitude quantal 
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fluctuations. In fact, as shown in ref. l ) , an increase of the apparent GDR 
width can be due to either one or both effects. In case the width increase is 
due to thermal fluctuations that increase the effective nuclear deformation, 
the associated angular anisotropy also becomes larger. This is the case of 
the present data, shown in fig. 6.23, which for the first time demonstrate 
that the GDR intrinsic width remains unchanged and that the total width 
increase occurring as a function of increasing rotational angular momentum 
arises almost solely from the GDR splitting due to increasing deformation. 
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6.3 Rotational and High-Spin Nuclear Physics 

6.3.1 Investigation of Neutron Deficient A = 90-95 Nuclei -
Gaps in the Level Structures of Isotones with N = 48, 
49 and 50 - First Information about the Level Struc
tures of 9 1 R u , 9 3 R h and 9 5 P d . 

T. Lonnroth, R. A. Bark, M. Bergstrom, S. J. Freeman, F. Ingebretsen, 
H. J. Jensen, S. Mitarai, A. Nordlund, M. Piiparinen, T. Ramsøy, H. Schnack-
Petersen, G. Sletten, T. S. Tveter, P. O. Tjørn, S. Tormånen, J. Wrzesinski 
and R. Osterbacka 

In a series of experiments at NORDBALL, neutron deficient A = 90 - 95 
nuclei have been studied. The following 13 residual nuclei were analyzed 
up to high spin: 9 0 T c , 9 1 R u (N=47), 9 0 M o , 9 1 T c , 9 2 R u , 9 3 R h (N=48), 9 2 T c , 
9 3 R u , 9 4 R h , 9 5 P d (N=49), and 9 3 T c , 9 4 R u , 9 0 R h (N=50). For the three nuclei 
9 1 R u , 9 3 R h and 9 5 P d the experiments have given the very first information 
about the level structures. The motivation for the experiments is a system
atic study of the high spin structure of these nuclei from the N = 50 shell 
closure towards more neutron deficient ones. Nucleons in the gQ/2 orbital 
have a strong influence on the high spin level structure of the nuclei. Clear 
evidence is found, however, that the high angular momenta involved in the 
reactions force nucleons into orbitals above the N = 50 major shell closure. 

All nuclei were produced as evaporation residues in reactions between a 
beam of 4 0 C a and s 8 Ni targets at 147 and 187 MeV. The experiments were 
performed using NORDBALL with the "Silicon Ball" and "Neutron Wall" 
multiplicity filters for charged particles and neutrons, respectively. More 
than 20 different reaction channels with cross sections greater than tbout 
1 mb were observed. The experiments have given information about the 
structure of the nuclei studied up to high energy and high spins. Rather de-
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tailed level- and decay-schemes have been constructed. In 0 4 R u , e.g., states 
with spin up to 25" - 27" at ~ 18 MeV excitation energy were observed. 

The experimental level spectra have in most cases been compared to pub
lished shell-model calculations. For a number of the nuclei we have studied, 
Sinatkas et al. ' ) have calculated the level spectrum originating from a shell-
model space restricted to /;/2,P3/2,Pi/3,ff9/2 orbitals. In general terms, there 
is a very good agreement for moderate spins. For the N = 49 and 50 iso-
tones, for instance, the levels that can be generated by a space restricted to 
the pi/2,So/2 orbitals, an agreement better than within 100 keV is obtained 
for positive parity, whereas the theoretical energies for negative parity levels 
tend to be somewhat too high. The main new results of our work concern, 
however, higher levels with spin outside this restricted shell-model space. 
Excitation of one proton from the p3/2 or fi/2 to the (pi/2,?9/2) space can 
add maximum 1 or 2 units of spin, whereas a neutron excitation over the N 
= 50 shell closure to form a i/(j~, 3

2, rf0/3), "(ffJ/2, d-_/2) °r v (gg'2, ds/2) config
uration for N = 48, 49 and 50, respectively, can add up to 5, 6 or 7 units 
when fully aligned with the proton configuration. It is clear that shell model 
calculations need a configuration space extended with orbitals above the N 
= 50 shell closure to account for the high spin states observed in our work. 

It is a striking feature of the N = 49 and 50 isotones which we have studied 
that there are clear gaps in the yrast level sequences. For negative parity 
the gap appears above the highest spin that can be generated from the 
restricted Pi/2109/2 shell model space. The same gap structure is visible also 
for the positive parity states, but the highest spin observed below the gap 
is what can be generated from the simplest g9/2 configurations, i.e. without 
exciting a ffpi/2 pair into the 179/2 orbital. Above this gap a group of levels 
is observed which are explained by proton excitations from the p 3 / 2 or f5/2 

orbits as well as one-neutron excitations from the g0/2 to the d5/2 orbit. The 
spin of the highest level in this group of states in both the N = 49 and N 
= 50 nuclei agrees with the maximum spin that can be generated from the 
neutron excitation for a majority of the nuclei we have studied. The energies 
of those states in the N = 49 and N = 50 nuclei are furthermore in excellent 
agreement with results from our calculations with a simple unique coupling 
scheme and empirical matrix elements for the interaction of the neutron 
particle fd^p and the neutron hole vg$/\ with the protons in the i r p ^ 
and X09/2 shells. Information about the primary neutron core excitations 
d^/2,ggp were taken from 8 B Sr and 9 0 Zr , in which it has been identified by 
neutron transfer reactions 2 ) . For the N = 48 isotones, a similar gap is also 
present, although it is not as clear as in the N = 49 and 50 isotones. 

The levels discussed above are the highest observed states in our experiments 
for the N = 49 isotones. For the N = 50 isotones, however, a second gap 
appears for both positive and negative parity, above which a new group of 
levels is observed. The most probable explanation of this observation is that 
excitation of two neutrons above the N = 50 shell closure generates the high 
spins of this group of states at excitation energies of the order of 10 - 18 
MeV. 
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6.3 .2 C o l l e c t i v i t y in "Spher ica l" N u c l e i : 1 4 3 1 4 4 E u 

M. Piiparinen, A. Atac, G. de Angelis, S. J. Freeman, S. Forbes, N. Gjørup, 
G. Hagemann, B. Herskind, F. Ingebretsen, H. Jensen, D. Jerrestam, H. Kusakari, 
R. Lieder, T. Lonnroth, G. M. Marti, D. Muller, S. Mullins, J. Nyberg, 
A. Santonocito, H. Schnare, G. Sletten, K. Strahle, M. Sugawara, P. O. Tjørn, 
S. Tormanen, A. Virtanen, R. Wadsworth, C. T. Zhang. 

The level schemes of " " " E u have been established '•*) in NORDBALL 
experiments up to spin 75/2 and ~36, respectively. These nuclei have one 
proton hole and one oi two neutron holes in respect to the doubly magic 
1 4 6 G d core nucleus and the level schemes exhibit very complex and irregular 
structures, typical to spherical or slightly oblate nuclei where multiparti-
cle excitations dominate. In 1 4 3 E u also a superdeformed band has been 
observed 3 ) giving evidence for a second minimum in the potential energy 
surface at /3 2 — 0.52. In addition, we have observed in both nuclei a long 
straight cascade of about 10 stretched E2 transitions. Although the transi
tion energies in the cascade form an irregular sequence, not resembling any 
rotational band, already the existence of such a cascade in a "spherical" 
nucleus indicates some kind of increasing collectivity in the nucleus. 

For further probing this possible collectivity we have now performed a plunger 
experiment at NORDBALL. The array consisted of 20 Compton-suppressed 
Ge spectrometers in four conical rings at 37°, 79°, 101° and 143° in respect 
to the beam direction. The 60 element BaF 2 inner ball served for providing 
the fast reaction time signal as well as a calorimeter for total -y-ray energy 
and multiplicity. A new plunger device especially designed for the NORD
BALL array was used. In the experiment the u 0 P d ( 3 7 C l , z n ) reactions at 
160 MeV bombarding energy were used which gave v/c = 2.1% for the recoil 
velocity. A 1.05 mg/cm 2 97% enriched u 0 P d foil served as a target and an 
8 m g / c m 2 thick Au foil as a stopper. We measured 20 target-to-stopper 
distances between 5 and 4000 /mi, in average about 50 million coincidence 
events for each distance. 

In the offline analysis energy dependent ("banana type") time gates were 
used to clean the data from strong Coulomb excitation and other back
ground contributions. Using appropriate sum energy and multiplicity gates 
for each product nucleus the data of each distance were sorted into 10 ma
trices with specific detector angle combinations. Due to the relatively large 
recoil velocity all detector angles were used for the plunger analysis. 

The preliminary results of the plunger experiment show B(E2) values close 
to the singl' particle estimate for the E2 transitions in the "normal" spheri-
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Figure 6.24: Measured intensities of the Doppler shifted and unshifted peak 
components of the 548 and 615 keV -y-transitions in 1 4 3 E u as a function of 
the target-to-stoppei distance. The solid lines show the lifetime fit curves. 

cal part of the level scheme. In a sharp contrast, we have observed very fast 
E2 transitions in the above mentioned £ 2 cascade in both nuclei. The 548, 
615 and 867 keV transitions in l " E u (cf. fig. 6.24) give mean life values for 
the initial (7392 keV)43/2~, (8008 keV)47/2" and (8875 keV)51/2" levels 
as T = 9.2(4), 3.1(3) and 0.6(2) ps, corresponding to reduced transition rates 
as B(E2) = 41(2), 68(7) and 63(21) W.u., respectively. In l 4 4 E u the E2-
cascade is not connected to the other part of the level scheme and therefore 
the accurate level spin and excitation energy values are not known. The 480 
keV transition gives level lifetime value as 12.3(4) ps and transition rate as 
58(2) W.u. In both nuclei below the above mentioned example transitions 
the £2-cascades have transitions with larger 7-ray energies, and therefore 
the level half lives are very short and they are difficult to measure below 
longer living feeding levels. Consequently, although the plunger experiment 
uniquely confirms the transition ordering in the cascade, only life time limits 
were obtained for the lower levels in the £ 2 cascades. 

In the upper parts of the E2 cascades the transitions axe emitted during 
the slowing down process of the recoiling nuclei in the gold backing of the 
target, and the highest transitions were only obtained from a separate thin 
target experiment. In fig. 6.25 there is an example spectrum where the 7-ray 
spectrum observed with the backward 0=143° detectors is subtracted from 
the spectrum measured with the forward 0 = 37' detectors. All slow tran
sitions emitted from fully stopped recoil nuclei cancel out and the Doppler 
broadened 7 lines give typical oscillatory shapes in that spectrum. This far, 
no accurate DSAM analysis has been made, but a rather qualitative com-
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Figure 6.25: A 7-ray difference spectrum where the 0=143° spectrum is 
subtracted from that measured at 0=37° . 

parison to the stopping time of the recoiling nuclei gives lifetime estimates 
which, in many cases, correspond to equally high (or higher) B(E2) values 
as those mentioned above for the E2 cascades. 
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6 . 3 . 3 D i s c r e t e S p e c t r o s c o p y of H i g h - i f b a n d s in 1 6 3 E r 

A. Nordlund, R. A. Bark, H. Carlsson, P. Ekstrom, S. J. Ereeman, G. B. Hage
mann, B. Herskind, T. Lonnroth, H. Ryde, H. Schnack-Petersen, P. Tjøm, 
T. S. Tveter and J. Wrzesinski 

A new experiment on 1 6 3 E r has been performed at Laboratori Nazionali 
di Legnaro, Italy, in April 1993 in order to continue the study ' ) of the 
spectroscopy of the low-lying, h igh/ f bands. The experiment was performed 
in collaboration with the Department of Nuclear Physics at Milan. 

The low-lying high-if bands have been found to be well described within 
the tilted rotational scheme. Both their excitation energies and their elec
tromagnetic transition probabilities are well accounted for by tilted axis 
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cranking calculations. The tilted axis calculations have also predicted other 
tilted low-lying high-A' bands, which so far have not been observed. Another 
aim of the experiment was to study the decay of the continuum feeding the 
high-A" bands. 

The new experiment was a high statistics experiment. It was performed 
using the tandem accelerator and the detector array GA.SP at L. N. di Leg-
naro. The reaction used was l w ) N d ( i a O , « ^ ' " - ' E r at 87 MeV. The array 
GA.SP was equipped with 40 anti-Compton suppressed Ge detectors (with 
anti-Compton shields made of BGO) and with an inner ball consisting of 
80 BGO crystals. Only events with a multiplicity of at least three were 
collected. The experiment collected 1.8 Giga-events using an unbacked tar
get, and about 260 million events using a backed target. The data have 
been calibrated and gain matched and sorted into 2D matrices. Since the 
reaction is not a very pure one the inner ball data, i.e. sum energy and 
fold, have been used to produce cleaner 2D matrices. With cuts on the sum 
energy and fold, two matrices, one enriched in the events belonging to 1 6 3 E r 
to 55%, and the other enriched in events associated with 1 6 2 E r to 65%, were 
produced. Furthermore, about 8% of the coincidences in the matrix enriched 
with 1 6 3 E r belong to 1 6 4 E r . A cube (i.e. a 3D matrix) will also be produced 
for 1 6 3 E r using 0.5 Giga-events of at least 3-fold coincidences, obtained after 
cuts in the sum energy and fold. The cube is expected to greatly facilitate 
the analysis of the weakly populated high-if bands. 

The matrices are now under careful analysis. For the analysis the programs 
ESCL8R and 42 are being used. Preliminary results for 1 6 3 E r include about 
three new transitions each for all of the bands previously reported. Some 
new bands decaying into the A and E configurations are also seen. New tran
sitions are observed from the decay of the band Kl, and probably several 
transitions between the two high-if bands, which could be £ 1 transitions 
similar to those observed between the one-quasi-neutron configurations. For 
l c 2 E r we can report two new strongly coupled bands at a rather high exci
tation energy decaying into the ground-state band, and at least two other 
new rotational bands. A 7-band is also clearly observed in l c 2 E r . 
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6.3.4 Electromagnetic Decay Properties of Rotational Bands 
in 1 6 0 Tm 

A. Nordlund, R. Bengtsson, M. Bergstrom, A. Brockstedt, H. Carlsson, 
P. Ekstrom, H. Ryde, A. Atac, G. B. Hagemann, B. Herskind, H. J. Jensen, 
J. Jongman, S. Leoni, A. Maj, J. Nyberg and P. O. Tjørn. 

High spin states in ""Tin have been studied based on thin-target data from 
the fusion-evaporation react.on '"TeP'C' l , 5n). Transitions in the yrast 
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Figure 6.26: Measured transition quadrupole moments in (a) the yrast band 
and (b) the side band of 1 6 0 T m . 

decay sequence have been observed up to a spin of 38" , and in a second 
sequence up to spin 31 + . The yrast decay sequence is interpreted as based 
on the configuration i>il3/2 7. irft u/2, Aa and Ab at low spin, and ABCa and 
ABCb after the i / t l 3 / 2 BC band crossing. The second band is believed to be 
built on the Ea and Eb configurations at low spin, with the odd neutron in 
the [521]3/2 _ orbital (E) and the EABa and EABb configurations after the 
"'13/2 AB band crossing. To enable the measurement of transition matrix 
elements in these sequences, two further experiments were carried out on 
the NORDBALL detector array, of 20 Ge detectors, in conjunction with a 
60 element BaFj multiplicity and sum energy filter, with the same reaction. 
The targets in the first experiment had thick backings of either gold or 
terbium to fully stop all recoiling ions produced in the reaction. The Doppler 
Shift Attenuation Method (DSAM) was used to extract lifetimes for states 
at high spin. In the second experiment, thin targets were used with a high 
precision plunger, placed at various distances behind the target, stopping the 
recoils. The Recoil Distance Method (RDM) was used to extract the longer 
lifetimes for states at low spin. For both decay sequences the two signature 
partners are connected by mixed M1/E2 transitions in competition with 
stretched E2 transitions. The extraction of transition quadrupole moments, 
<?,, and fl(.Wl) values therefore requires both branching and mixing ratios. 
In combination, the data from these experiments enabled the extraction of 
Q, and (.W 1) values in the two bands for transitions depopulating states in 
the spin range / 10 t<. / 32. 
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Figure 6.27: Measured absolute B(M 1) values in (a) the yrast band and (b) 
the side band of 1 6 0 T m . Also shown is the result of the tilted-axis cranking 
code. 

The transition quadrupole moments measured in the yrast bands shown in 
fig. 6.26 (a) increase from ~5.5 eb at low spin to ~7.0 eb at higher spin, 
whereas the transition quadrupole moments of the second decay sequence 
are ~5.5 eb over a wide range of spin as indicated in fig. 6.26 (b). 

fl(A<fl)-values represent a direct probe of magnetic nuclear properties, and 
therefore provide a quantitative test of models which predict quasiparticle 
aligned angular momentum, such as the tilted-cranking model 1), which dif
fers from conventional cranked shell model calculations because the cranking 
is around the total angular momentum axis rather than the rotation axis. 
Independent tilted-cranking calculations were performed for two and four 
quasiparticle configurations in each band, to avoid the difficulties inherent 
in reproducing the interaction between two configurations at a band cross
ing. From the calculated quasiparticle angular momentum projections on 
the 1, and 3 axes absolute fl( M1) values for each configuration of interest 
are calculated. The calculated tilting angle of the two-quasiparticle bands 
vary between 45" and 20" and the four-quasiparticle bands between 20° and 
10" in the relevant frequency range, the angle of BABa being ~5° greater 
than that of ABCa over the entire spin range in the analysis. 

The B(Ml) values in the yrast band correlate closely with the predictions 
below the backbend, but at higher spin deviate markedly (fig. 6.27 (a)). It 
should be noted, though, that the yrast band has signature inversion at low 
spin and large signature splitting at high spin, which the present 2D tilted-
axis cranked-shell model code is unable to reproduce. Within experimental 
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errors, the fl(Ml) values for the side band which has negligible signature 
splitting, show excellent agreement below and above the backbend (fig. 6.27 
(b)) in this odd-odd nucleus. 
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6 .3 .5 A n A n o m a l o u s l y L o w A l i g n m e n t G a i n a t t h e y l B - b a n d 
C r o s s i n g for t h e Tvh9/2\541})/2~ B a n d in 1 6 7 T m 

H. J . Jensen, P. O. Tjøm, G. B. Hagemann, R. A. Bark, S. Leoni, T. Lonnroth, 
W. Reviol, L. L. Riedinger, T. Shizuma, X. Z. Wang and J. Wrzesinski. 

The production of I G 7 T m in a heavy-ion i n reaction requires "very light" 
heavy ion beams, for example G ' 7 Li, 1 0 Be or 1 0 U B . The relatively low angular 
momentum input in these reactions as well as the high neutron background 
produced are, however, drawbacks. Alternative reactions are those with 
charged particle emission. In October 1992 a combined experiment for a 
fluctuation analysis and a search for hyperdeformed bands in 1 0 s Y b was done 
at EUROGAM. The reaction used, 1 2 4 Sn( ' l 8 Ca 1 4n) 1 ' i 8 Yb, £ , „„ , x 210 MeV 
gives a small production of 1 6 7 T m via the p-4n reaction channel, with a 
calculated cross section corresponding to approximately 0.6% of the total 
cross section. In the present experiment, 10 or more different nuclei were 
formed with a cross section larger than or comparable to the cross section 
for " 7 T m . 

With a total number of triple and higher fold events equal to approximately 
5 • 10° it has been possible to analyze 1 6 7 T m by applying double gates on 
"clean" transitions. The data have been sorted into a cube (1 keV/ch.) -
using the sorting program "JUGGLER'' - and analysed with the interactive 
cube analysis program "LEVIT8R". The analysis, still in progress, has so 
far been concentrated on the [541]l/2~ band. The favoured signature part
ner has been extended from spin / = 33/2A l) to 61/2A. The amount of 
open reaction channels makes it impossible to find any clean single transition 
from 1 6 7 T m in a "y - ~i matrix. The triple data have, howewer, proved to be 
very efficient. Almost any double gate on two transitions in the |541]l/2" 
band gives a clean spectrum. The number of counts in the double gates 
is low, but the background is also considerably reduced. The figure shows 
the sum of the 15 strongest and most clean double gates. It has been im
possible to extend the unfavoured signature partner. The large signature 
splitting resulting in a weak population of the unfavoured signature part
ner (in the reaction , r ' 'Ho(a ,2n) , f ' 7 Tm ' ) the observed population was 20-30 
times weaker than the favoured signature partner), the irregular decay from 
the negative signature via strong M\ transitions competing with the inband 
El transitions and the low cross section for " 'Trn makes the analysis of the 
unfavoured signature extremely difficult 
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Figure 6.28: Sum of 15 "clean" double-gates on transitions in the 
7rh 9 / 3[541 1/2" band in , 6 , T m . 

In the report for the work on l 6 5 T m we have presented the empirically 
known shifts in the AB band crossing frequency, 6huic, for the [541J1/2 -

band relative to the crossing frequency for the ø-band in the neighbouring 
even-even isotones among odd-Z rare-earth nuclei. For 1 6 7 T m we have found 
a shift Shu? K 30 ± 11 keV, very similar to the values observed for 1 6 9 Lu, 
m T a and 1 7 3 R e . In these N = 98 isotones also a remarkable small gain 
in alignment for the [541]l/2~ band, At , , at the AB band crossing and a 
strong interaction with the S-band is observed. For 1 6 7 T m a value as small 
as A:'r ~ 2.8 h has been determined, whereas At , ~ 8.3 h is observed for 
1 6 8 Y D . This is sofar the largest observed difference in gain in alignment, 
ÆAt, ~ —&.5 h, between a odd-Z nucleus and the neighbouring even-even 
isotones in the rare-earth region. In a recent CSM-based analysis, 2), of 
the values of deformation, e 2 , and neutron pairing gap, A„, required to 
simultaneously explain the corresponding observed values for 6huc and 6Aix 

in """Lu, resulted in a reduction in A„ as large as ~ 30 % relative to the 
values for 1 6 8 Y b . In the present case of 1 6 7 T m the necessary reduction in 
A„ is expected to be considerably larger. Preliminary BCS calculations of 
A„ for both 1 6 7 T m and 1 6 D Lu indicate that occupation of the irng/2[54111/2-
configuration only introduces a decrease in A„ of less than 10%. 
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6 . 3 . 6 D S A M L i f e t i m e s in 1 6 7 L u 

H. Schnack-Petersen, R. A. Bark, R. Bengtsson, P. Bosetti, A. Brockstedt, 
H. Carlsson, L. P. Ekstrom, G. B. Hagemann, B. Herskind, F. Ingebretsen, 
H. J. Jensen, S. Leoni, A. Nordlund, H. Ryde and P. 0 . Tjøm. 

An investigation has been undertaken of the structure of the odd-Z nucleus 
l e 7 L u , in order to elucidate the deformation-driving effects of orbitals in 
which the odd proton occupies an intruder orbital like the (541]l/2~ Nilsson 
configuration in the heavier rare-earth nuclei. In addition, if we succeed 
in populating and identifying a band built on the [660]l/2 + configuration 
(observed recently in 1 6 3 L u and with almost identical energies in 1 6 5 Lu) there 
is a strong interest in measuring the transition quadrupole moment of this 
decay sequence. 

A beam of 1 0 F ions, at an intensity of 15 pnA, was used to bombard enriched 
targets of 1 M S m at an incident energy of 102 MeV, populating 1 6 7 L u nuclei 
at high spin via the six neutron evaporation channel. The 7 rays emitted in 
the decay of high-spin states in 1 6 r L u were detected in the Nordball array. 
A thin 1 = 4 S m target (1.6 mg/cm 2 ) target was used in order to establish the 
decay scheme, whilst gold- and lead-backed targets were used to measure line 
shapes for a DSAM analysis (2 m g / c m 2 I M S m foils with 6 mg /cm 2 natural 
Au and 10 mg /cm 2 2 0 8 P b backing layers). 

The backed-target data have been sorted into four matrices corresponding 
to different combinations of detector angles from the Nordball array. Gates 
on the sum-energy and fold i'tformation from the B a F 3 multiplicity filter, 
and time windows on 7-ray energy versus TDC spectra have been used to 
select the required channel and to remove background. The analysis of the 
line shapes is ongoing at Manchester. Analysis of the level scheme of the 
odd-odd nucleus, l 6 8 Lu, is also being carried out. 

6 . 3 . 7 B a n d c r o s s i n g s a n d t h e x i ] 3 / 2 B a n d in I 7 7 R e 

R. A. Bark, H. Carlsson, S. J. Freeman, G. B. Hagemann, F. Ingebretsen, 
H. J. Jensen, T. Lonnroth, S. Mitarai, M. J. Piiparinen, H. Schnack-Petersen 
and P. Tjørn. 

Our previous investigation of the nucleus " 7 R e was complemented this year 
by a further coincidence measurem . t • ing the reaction 1 0 3 Dy( ' , F ,5n ) at 
105 MeV on a target backed with ent Au to stop recoiling nuclei. 
This was performed to determine DCO ratios and to search for possible 
isomeric states. In addition, a higher gamraaray resolution below spin 20h 
allowed the placement of more bands in the level scheme The level scheme, 
constructed with the aid of the program F.SCLHR by I). <". Radford, has 
been completed. 
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Figure 6.29: Energy vs. spin for selected bands in 1 7 7 Re. A reference band 
has been subtracted. Left: Experimental bands, closed symbols or = 1/2, 
open a = - 1 / 2 . Right: lines without symbols are unperturbed bands from 
the band-mixing calculations. 

In total, fragments of 29 bands (characterised by a single signature) have 
been placed in the scheme. 

A major motivation for the study of this nucleus was to search for a back-
bend in the band assigned ') to the Tri13p configuration. However, our 
investigations have revealed a second band of the same signature that inter
acts with it. Two other bands of the opposite signature (a = - 1 / 2 ) are also 
observed, and these likewise interact with each other. These bands are plot
ted on the top of figure 6.29. To identify the unperturbed, non-interacting 
bands, band-mixing calculations similar to that of *) were employed. The 
results of these reveal the unperturbed bands shown in the bottom figure. 
They suggest that some of the bands are signature partners and this is sup
ported by the observation of some weak dipole transitions. In particular the 
band previously assigned ') to the Ttu/j configuration, has a partner with 
a signature splitting too small to be consistent with this assignment. 

Suggested assignments for the unperturbed bands are displayed on the fig
ure. At low spins a strongly-coupled, unperturbed band with a low exci
tation energy, and an alignment of about 4ft, is possibly based on an /lo/j 
proton coupled to an octupole vibration. Three quasiparticle structures 
may be responsible for the three lowest bands in the interval 15 - 25fi, but 
the most likely choices for such configurations, eg, x f t 0 / 3 i/AE,AF, would 
have the signature (a 1/2) favoured, contradicting experiment below 
spin 25A. Finally, at high spins, the remaining band may be due to the 
configuration 1/2|660| "i'li/r 
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To better understand which configurations give rise to these hands and to 
what extent shape effects are responsible for the signature splitting, we are 
performing calculations with the CSM code the Ultimate Cranker 3 ) . 
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6 .3 .8 A P l u n g e r L i f e t i m e E x p e r i m e n t of 1 7 7 I r w i t h N O R D -
B A L L 

R. A. Bark, G. B. Hagemann, B. Herskind, H. J. Jensen, W. Korten, 
J. Wrzesinski, M. Bergstrom, A. Brockstedt, H. Carlsson, A. Nordlund, 
H. Ryde, P. Bosetti, S. Leoni, P. Tjørn and F. Ingebretsen. 

The odd-Z isotopes in the region of A = 170 - 180 provide a unique op
portunity to study the properties of single-particle orbits that have pro
foundly different shape-driving tendencies. The main contribution to the 
nuclear deformation in this region comes from three high-j proton orbitals, 
namely ti3/2, ho/2 and ^11/2 with Nilsson notations l /2 + [660) , 1/2~[541] and 
9/2"[514], respectively. Dracoulis et al. 1) have performed a spectroscopic 
experiment for 1 7 7 I r and built the level scheme up to spin 7=57/2 in the 
l /2 + [660] band and up to 7=49/2 in the l/2-(541] and 9/2"[514] bands. 
To give a deeper insight into the deformation we have performed a plunger 
lifetime experiment on this nucleus. In addition, Lieb et al. 2) have done 
a DSAM lifetime experiment for the 1 7 7 I r which nicely extends the lifetime 
information to higher spins in the h0/2 and z'i3/2 bands. 

In the experiment, a reaction 1 '" 'Nd( 3 ! 'Cl,4n) 1 7 7 Ir at a beam energy of 165.5 
MeV was used. The thickness of the self-supporting Nd target (enriched 
to 97.6%) was 980/i g/cm 3 . An 8 mg/cm 2 thick gold foil served as a stop
per. The zero distance calibration and the alignment of the stopper and 
the target foils was done using the well known capacitance technique. The 
NORDBALL array with a full amount of its Ge-BGO detector units was 
used together with the plunger device built and tested in Risø. At that time 
only 43 BaFj inner ball elements were available. Fourteen different distances 
were used including the backed target run representing th' "true" zero dis
tance. At the closest distances 30 to 50 million good, prt .ed events were 
collected. The off-line analysis is in progress and almost all distances have 
been sorted to five different matrices, each representing different detector 
angle combination of the NOH l)lf ALL. In this way we will have 70 matrices 
for the decay curve analysis. In the final sorting, gates set on the inner ball 
multiplicity and sum energy are u»ed. Also, energy dependent (le time gates 
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are used to resolve the clean events from the background and in particular 
neutron contamination. 
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6 .3 .9 S t u d i e s of O c t u p o l e D e f o r m a t i o n in 2 2 r R a ; L i f e t ime 
M e a s u r e m e n t of t h e 90 k e V 3 / 2 [ 7 6 1 ] Level 

H. Mach, G. Løvhøiden, T. F. Thorsteinsen, K. Nybø and the ISOLDE 
collaboration 

Experimental and theoretical investigations have given evidence for stable 
octupole deformations in nuclei in a region around A = 225. Important 
signatur*- •>-, «he existence of reflection-asymmetric nuclear shapes are close-
lying states of e^ual spins and opposite parity which are connected by fast 
El transitions, and "anomalous" decoupling parameters for K = 1/2 bands. 
Such evidence has been found for nuclei around mass 225 and the present 
collaboration are in the process of exploring the extent of this region of 
octupole deformation. 

It is of particular importance to study the transitional region and to demon
strate experimentally the sudden disappearance of the octupole deformation 
in the presence of a well developed quadrupole field. We have studied the 
/9- decays of " 7 R n - 2 2 7 Fr and of 2 2 7 Fr - 2 2 7 R a at PSB ISOLDE/CERN. 
We report here results on the transitional 2 2 7 Ra. 

Two-fold 7-coincidence events were accumulated in the XARDIS array, which 
consists of 12 Compton-suppressed Ge detectors and a LEPS detector: this 
is the first time such an array was used at ISOLDE. The main features of 
the previous coincidence results in the 2 2 7 Fr decay ') are confirmed. Two-
dimensional peak fitting was carried out on the coincidence matrix, allowing 
many additional weak cascades to be identified from the rather weak source 
of approximately 10 3 atoms/s. 

The lifetime of the 90 keV 3/2[761| level was measured using the fast timing 
0fr(t) method 2 ) . It represents the first use of this complex technique at 
ISOLDE and requires specialized procedures to combine ISOLDE results 
with prompt calibrations of timing detectors at the OSIRIS separator at 
Studsvik. The measured Tin of 262 ± 50 ps indicated a slow fl(El) rate 
of 5 .7(12)xl0" W.u. for the 3/2(761) to 3/2[63l| transition between parity 
doublet bands. The deduced dipole moment of D„ ; 0.098(11) efm is con
sistent with the transitional character of " 7 Ra, although its value is higher 
than expected ') . This could be attributed to the influence of octupole 
vibrations. 
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6.4 High and Intermediate Energy Nuclear Physics 

6 .4 .1 I s o t o p i c Ef fects in Light Fragment E m i s s i o n 

M. Guttormsen, G. Løvhøiden and the CHIC collaboration 

Detailed information about the emission of complex fragments in interme
diate energy heavy ion reactions is important in order to understand how 
fast and homogeneously an excitation energy up to hundreds of MeV can 
be distributed in nuclei. The key question for reactions in the energy 20.A 
- 40 A MeV is whether evaporation from one incompletely fused compound 
nucleus dominates the emission of light and medium heavy fragments or if 
a fast fragmentation process followed by secondary decay contributes signif
icantly. 

The experiment was performed at Gustaf Werner Cyclotron in Uppsala using 
a 32 A MeV I 4 N beam with an average current of 10 nA. Self-supporting 
enriched targets of 1 1 2 - 1 2 4 S n with thicknesses around 1 mg /cm 2 were used. 
Fragments were observed at 60° by two Si telescopes each consisting of 
five transmission detectors with thickness ranging from 14 /an to 3500 /mi. 
Inclusive cross sections of ' - " H , ' - " H e , 0 T - 8 9 I i and " • ' " • "Be fragments 
have been measured. 

In any statistical decay model the ratio Rt between the yield of fragments 
from the two N+Sn remnants which are reasonably cr.se in size will be given 
by the simple exponential relation, ref . ' " 3 ) , 

R,(A,, Z , ) ~ e x p ( £ ) , (6.8) 

where T is the apparent temperature, and the quantity X may be given the 
following model description, 

X = AEH-(npZ,+»nN,)A.(j), (6.9) 

if only the difference in isospin is considered and if a linear dependence of 
the chemical potential on N/Z is assumed. In the last expression, En is the 
Helmholtz free energy, and the quantities p, should also be replaced by the 
derivatives dfi,id(,N/Z},i = p,n. As shown in Fig. 6.30, this approach gives 
a good description of the experimental data with an apparent temperature of 
4.0±0.2 MeV for p = 0.15 fm~ 3. This approach thus represents an alternative 
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Figure 6.30: Fast breakup grand canonical X systematics of the energy 
integrated isotopic ratios. 

description of the experimental data without the need to introduce sources 
with unrealistically high temperatures. More details on this work may be 
found in ref.*). 
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6 .4 .2 I so top ic Effects for Light Fragment E m i s s i o n in 3 2 / l M e V 
and 14A M e V N + Sn R e a c t i o n s 

M. Guttormsen, G. Løvhøiden and the CHIC collaboration 

Results on isotopic effects in the production of b'ght fragments in reactions 
of 14 A MeV and 32 A MeV U N ions with " 3 S n and ""Sn are presented. As 
shown in Fig. 6.31. two emission sources are clearly observed both at 14 A 
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Figure 6.31: Invariant cross section contours in the parallel and transverse 
momentum plane for 7Li emitted in 32 A MeV (a) and 14 A MeV (b) I 4 N 
+ 1 2 4 S n reactions. The arrows correspond to the velocity of the cms-system 
and the mean speed (nucleon-nucleon) system. 

and 32 A MeV. The data are discussed both in the frameworks of classical 
Weisskopf evaporation and an alternative Fermi gas prescription. The source 
isospin dependence of the production rates is consistent only with the latter 
prescription. It is observed that similar data from p - nucleus reactions and 
from projectile- like fragments in 4 0 A r induced reactions behave in the same 
way.More details on this work may be found in ref.1). 
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6.4.3 Measurements of K + -Mesons at SIS 

M. Guttormsen, G. Løvhøiden and the CHIC collaboration 

Sub-threshold production of kaons can give important information on corre
lated mechanisms in the reaction zone and on the equation of state (EOS). 
At CiSI (Darmstadt) the CHIC collaboration has installed an experimental 
set-up at the target used by the KAOS-spectrometer group with the purpose 
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of measuring low energy positive kaons as a complement to the spectrometer 
measurements. Recently, the kaon telescopes were moved to the CELSIUS 
installation in Uppsala. 

The range telescopes consist of a stack of plastic scintillators surrounded by 
muon detectors. The system should be able to measure K"*" in the kinetic 
energy range from 15 to 130 MeV in 8 consecutive bins. The identification 
of the K + is possible by the muon from the process 

K + -ii* +i> . (6.10) 

with a branch of 63.5 % and a lifetime for the muon of r(i>) = 12 ns. 

Analyses of the data is in progress. 

6.4.4 Strangeness Production in Ultra-relativistic Nucleus-
Nucleus and Proton-Nucleus Collisions 

G. Løvhøiden, T. Storås and the NA36,WA94,WA97 Collaborations 

In the past few years there has been a lot of interest in the search for the 
quark gluon plasma. One of the possible signals for the plasma is an en
hanced production of strange particles. The measurement of strange particle 
production in heavy ion collisions is the main objective of the NA36, WA94 
and WA97 CERN collaborations. 

In the NA36 and WA94 experiments the strange particles K°, A, A, S and 
E were detected with a combination of tracking devices in strong magnetic 
/ields. In the NA36 experiment a time projection chamber (TPC) was placed 
in a magnetic field of 2.7 T, while WA94 used wire chambers and silicon 
microstrip detectors in the CERN OMEGA magnet with a field of 1.8 T. 

An enhancement of A and A production, which is multiplicity dependent, 
has already been reported in sulphur induced reactions ' ) . Furthermore, 
it has been shown that the rapidity distribution of A produced in central 
S + Pb collisions is shifted toward mid-rapidity 2 ) , suggestive of a central 
fireball. The crucial question is whether the observed trend in the data 
may be explained by the onset of a QGP, or interactions in a hot hadronic 
gas (HG). In this respect, the production of multiply strange baryons and 
especially anti-baryons may help to distinguish between the QGP and HG 
scenarios by providing a much more sensitive probe of the (anti)strange 
quark density achieved in the collision. In particular, the production of 
multiply strange anti-baryons in a hadronic scenario would be suppressed 
due to high production thresholds and the long time scales required for multi-
step strangeness exchange reactions. Thus, a considerable enhancement of 
multiply strange anti-baryons would be highly suggestive of a QGP rather 
than a HG source. To shed some light on this issue, some new data 3 ) 
from the NA36 collaboration is reported here. They have measured the 
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Figure 6.32: A summar" of the world data on various particle ratios involv
ing A, A, 3 and S. 

production ratios A/A, H/E, S/A and S/A close to the central rapidity 
region of S+Pb collisions at 200 GeV/c per nucleon beam momentum. The 
value of the H/A ratio showed an enhancement of a factor 2-3 over what was 
found in p+p collisions at the CERN ISR (Fig. 6.32). 

A model independent analysis, which assumes only a thermalized source 
freezing out at some temperature T, leads to a small value for the strange 
quark chemica] potential that is compatible with zero. On the other hand, 
a model based on a hadron gas at a temperature of about 160 MeV is also 
consistent with the data as demonstrated in Fig. 6.33. Thus, it appears 
that it is not necessary to introduce the quark-gluon plasma hypothesis to 
explain the observed particle yields, although a temperature of 160 MeV is 
considerably lower than usually reported for the fireball. 

The data from the NA36 and WA94 fxpenrnents are still being analyzed. 
More information may be found in ref 4 ) . 
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6.4 .5 T r a n s v e r s e m o m e n t u m d i s t r i b u t i o n of c h a r g e d p a r t i 
c les in u l t r a - r e l a t i v i s t i c n u c l e u s - n u c l e u s col l i s ions 

T. Storås, H. Helstrup, E. Andersen, G. Løvhøiden and the WA85 collabo
ration 

In an ultra-relativistic heavy ion collision with fixed target, the major part 
of the momentum of the outcoming particles will be pointed in the beam di
rection to ensure momentum conservation. However, a significant transverse 
momentum component, pt, may be produced by elastic quark scattering, or 
by a hot thermal source as the one believed to be created in a central colli
sion. The transverse momentum distribution of the resultant particles will 
thereby provide information about the reaction processes in the central hot 
zone of the collision. 

T e m p e r a t u r e ca lcu la t ions 

Assuming the pt distribution being due to a thermal source, the temperature 
at which the particles were emitted may be extracted. This has been done 
for A, A, E" and E~, and for the gross of negative particles (see Tab. 6.5). 
These preliminary data show a temperature discrepancy between the spec
ified particles and the negative particles h~. This might be due to the 
somewhat crude acceptance and efficiency corrections applied to the nega
tive particles, that is, all particles are corrected as if they were pions. The 
validity of this approximation is being looked into. 

Inverse slope (MeV) 
A 232 ± 3 1990 data ' ) 
A 230 ± 6 

H
I 239 ± 11 

h- | ~256± 3 ± 15 1987 data r) 

Table 6.5: Preliminary WA85 data. 

P o s i t i v e / n e g a t i v e r a t i o 

In a heavy ion collision no atomic electrons take part They are all stripped 
off prior to, or blown off in the collision. This causes an excess of positive 
charge in the outcoming particles. The ratio, h* /h~ , of positive particles, 
h" , to negative particles, h , varies with p, as shown in Fig. 6.34, along with 
a theoretical description calculated with the Monte Carlo evpnt generator 
Q<;SM ') 

The explanation 4 ) of the p, dependence of A" //i in p i p and p * n collisions 
was one ol the earlv achievements of quantum chromodynairiics, Qf'I). In 
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Figure 6.34: The preliminary experimental data show a higher pos/neg ratio 
than the Monte Carlo simulations. 

the preliminary WA85 S + W data the h+ jh~ ratio shows a pt dependence 
which is qualitatively different from that of the p + p and p+n collisions, 
and thus cannot be described by a simple superposition of nucleon-nucleon 
collisions. Collective effects will probably have to be taken into account 
although the mechanisms are not understood Also the ratio appears to be 
underestimated in the QGSM prediction (Fig. « 34). 

More detailed comparison require further corrections to the experimen
tal data. The WA85 setup does not allow particle identification for non-
disintegrating particles. This makes it impossible to do specific acceptance 
and efficiency corrections. Tentatively all particles are corrected with accep
tance and efficiency tables for pions. The magnitudes and directions of the 
errors made with this assumption may be estimated by applying the appro
priate acceptance and efficiency corrections to a known particle distribution. 
Such a distribution is achieved by Monte Carlo simulation. This work is in 
progress. 
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Chapter 7 

Theoretical Nuclear Physics 

The aim of our work in nuclear theory is to understand the many features 
of nuclear structure re* ialed in nuclear reactions. Most of our efforts are 
devoted to the calculation of nucl ar properties from first principles. This 
involves calculating the shell-model effective interaction, starting from the 
free nucleon-nucleon interaction and using many-body perturbation meth
ods. We have calculated effective interactions for a large variety of nu
clear systems. Most recently, we have constructed an effective interaction 
for the neutron-deficient Sn-isotop-s, starting from modern meson-exchange 
nucleon-nucleon potentials. To calculate the structure of such nuclei requires 
large scale shell-model calculations based on the Lanczos algorithm. To our 
knowledge, this is the first realistic shell-model calculation ever performed 
for this mass region. 

A popular testing ground for the nuclear many-body problem is represented 
by infinite nuclear matter. Here, we have studied alternative methods for 
denning the single-particle potential in nuclear matter. This has been ex
tended to neutron matter, where we have derived a new equation of state 
which will be applied to calculation of the basic properties of neutron stars. 
With members of the Bergen group we are studying the collective proper
ties of nuclear matter as they appear in relativistic heavy-ion collisions. In 
particular, we have studied the thermal properties of exc'ted dilute nuclear 
matter with a momentum-dependent effective interaction. The possibility 
of obtaining a phase transition from hadronic matter to quark-gluon plasma 
is examined in some detail. 

Further applications of nuclear many-body theory include studies of subnu-
cleonic degrees of freedom. An example is evaluation of the contribution 
from the isobar degrees of freedom to the imaginary part of the optical -
model potential for finite nuclei. Also, the modification of the isoscalar 
axial current of the nucleon due to the nuclear medium has been studied. 

We do alsc, study problems related to the foundations of quantum phvsics 
such as the non separability of systems in a pure quantum state and the 
completeness of quantum mechanics Further studies will be made of some 
of the main interpretations of the quantum theory and of alternative theo 
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ries. An analysis will be attempted on the basis of Bohr's complementarity 
concept and his understanding of the nature of measurements involving ac
tions of the order of the Planck constant. 

7.1 The Nuclear Many-Body Problem and Nu
clear Structure 

7.1 .1 S t u d i e s of t h e effect ive i n t e r a c t i o n for finite n u c l e i . 

T. Engeland, M. Hjorth-Jensen, A. Holt and E. Osnes 

In a series of papers 1 - 8 ) we have investigated the nuclear many-body prob
lem from a perturbative point of view, i.e. through the effective intei action 
approach. Several nuclear systems have been studied, ranging from mass 
number A = 4 to A = 108. The perturbative many-body formalism we 
employ to derive an effective interaction has been exposed in refs. 12) As an 
example of the power of our many-body approach we focus here on recent 
work by us on the structure of neutron deficient Sn isotopes 6 ) For other 
mass areas, such as A = 40 or A = 16, the reader is referred to the references 
' - 7 ) below. For a more general survey, see e.g. ref. 2 ) . A more extensive 
report on our work on the nuclear many-body problem is given in a separate 
BONTT (Bergen - Oslo Nuclear Theory Team) progress report. 
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7.2 The Foundation of Quantum Physics 

7.2 .1 S Q U I D s as m a c r o s c o p i c q u a n t u m o b j e c t s . 

0 . Lund Bø and K. Gjøtterud 

Magnetic flux quantization in a superconducting ring is a well known macro
scopic quantum effect. By inserting a Josephson junction in the ring, a Su
perconducting QUantum Interference Device (SQUID) is constructed. The 
idea is now that flux quanta should be able to tunnel into and out of the 
ring through the Josephson-junction. It should in principle be possible to 
prepare the SQUID in a pure quantum state which is a superposition of 
macroscopic distinguishable flux states. 

We have analyzed thought- and real experiments whose aim is to demon
strate such superpositions. We have furthermore discussed the relevance 
of the SQUID as a macroscopic quantum object for the Schrodinger's cat 
argument, ') . 

One series of experiments is built un A. J .Legget's 2 ) idea of measuring flux 
as function of time, and looking for quantum tunneling out of a metastable 
potential well or for quantum coherence in a symmetric double well poten
tial. Several successful tunneling experiments are reported, but they do 
not, according to our analyses, seem to be able to distinguish quantum tun
neling from classical statistical fluctuations well enough to be convincing. 
Coherence experiments are technically extremely difficult to carry out, and 
no successful experiments have so far been reported. If they could be car
ried out, they would however serve as very convincing tests of macroscopic 
quantum behavior of the SQUID. 

R. J. Prance et a). 5 ) have carried out some successful experiments built on 
another idea. The SQUID is inductively coupled to a classical tanJc circuit, 
and its influence on the tank circuits frequency response is measured. The 
experimental results are claimed to be a demonstration of the validity of 
the macroscopic quantum model of the SQUID, since this model predicts 
qualitatively what is seen in the experiments. It is our view that these ex 
perimenls do give considerable evidence for the macroscopic quantum model 
a» far as no reported alternative model has been able to reproduce the ex 
pertinental remits. 

Anvwny. from mir pi mil uf VHW M i» difficult to interpret anv >>f • )••• reported 
'•xp'Timent* .«* an ' r/'l» >> A**uumniri\inmnf flux 'iiperpo.wiiom That would 
rpqiiirf %*>tw kind of ivn interfer«*nre '•xperiineni 
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It seems to us to be a serious misunderstanding to connect SQUID experi
ments to the Schrodinger's cat argument for the measurement problem 4 ) . 
There is a decisive difference between the macroscopic state of cats or mea
surement apparatus as compared with the electromagnetic state of a SQUID, 
even though they are all macroscopic and involve a large number of atomic 
particles. Flux and current motion in SQUIDs are collrrlive phenomena 
which can under certain circumstances be describes as pure quartum states 
from the strong quantum correlation between the charge carriers involved 
in the motion. The macroscopic states of cats and measurement pointers 
are actually thermodynamical equilibrium states where thermal fluctuation 
completely dominates quantum fluctuations, and they are as such classical 
in nature. From our point of view, SQVIDs are not to be viewed as sli
pt reondurting laboratory rersions of Sehrodingers cut, and macroscopic flux 
superpositions in these systems are not a Schrodinger's cat type of situation. 
Even though a SQUID may under favourable technical conditions behave as 
one single macroscopic quantum object, one cannot from that conclude that 
all macroscopic objects in principle are quantum objects. Our conclusion is 
that SQl'll) fsperime nls sttm not to be of relevance [or the Srhrodinger's 
rut argument for thf measurement problem. 
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7 .2 .2 T h e Trail of Light t h r o u g h o u t His tory . 

F Grini and O K. Gjatterud. 

The study of light has throughout history been regarded as part of many dif
ferent branches, i e. philosophy, theology, geometry, physiology, psychology 
etc , but is today mainly handed over to the physicists Hut despite the fact 
that man ha» tried to penetrate the mysteries of light for tens of centuries, 
aspects of this phenomenon still puzzles physicists all over the world. 

The aim of this project is to trace the thoughts and development of the sci
ence of light, frum the controversy in Ancient Greece between extrainission 
and introniUMon theorv, through Arab influence and medieval science, to 
the n>rpii»riilnr and wave throne» of the 17th. IHlh and li)th centuries, the 
rlrrtroiuagii'iir theory of light, and, vi far. ending with quantum theory 
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where the corpuscular and wave pictures both are accepted, or rather, both 

rejected. 

The outlined history will be analyzed and discussed; how and why did this 
story take the different directions that it did, what is kept of what the 
masters of earlier ages stated, and which questions are still open? 
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7.2.3 Primary Manifestation» of Symmetry. 

H K. Amla» and K GjHUerud 
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relations, expressed in a symbolical formalism that found its interpretation 
within the framework of complementarity On the basis of such a quanti
zation procedure, extended to incorporate relativislic invariance and gauge 
symmetry, quantal physics has heen successful in accounting for an ever 
wider range of phenomena 

As the more rtnnprt hi ii.-tn subject, however, quantal physics should have a 
basis of its own, i-e. one which does not invoke classical analogues, just as 
relativity theory can be developed without point of departure in Newtonian 
mechanics. In the absence of such a general basis for quantal physics, the 
origin of indeterminacy and complementarity have remained an issue in the 
continuing debate concerning the interpretation of the quantal description 
and the completeness of the theory. 

In the work by Bohr and Ulfbeck.ref. ' ) , a foundation of this kind for quan
tal physics is suggested by the extended role given to space-time invariance 
in modern descriptions of quantal phenomena. While classical applications 
of space-time symmetry deal with the transformation of physical quanti
ties under a change of coordinate systems, Bohr and UUbeck argue that 
in quantal physics, the coordinate transformations of space-time symmetry 
can be considered as providing a basis for quantal physics itself, in which 
the transformations be taken as elementary variables. These symmetry vari
ables have properties determined by their geometric relations, from which 
it is realized how indeterminacy and complementarity necessarily become 
inherent features of the quantal description. 

By thus taking the symmetries themselves as basic variables (primary man
ifestations of symmetry), it is possible to claim that quantal physics can be 
regarded as an extended manifestation of realistic invariance, t utinly lilxr-
nhfl from quantization conditions and from the need for further interpreta
tion of a formalism- Indeed, a quantum can be seen to constitute a grmip of 
symmetry variables, the full specification of which may involve an extension 
of space-time invariance to include also invariance under gauge transfor
mations (accounting for interactions). Complementarity thereby emerges 
merely as an implimtion of non-Abelian space-time invariance. Classical 
physics is seen as a limit in which symmetry is only recognized in a subordi
nate role, i.e. a way of connecting quantities in different reference systems, 
because the origin of the variables is not apparent (their complementary 
relations being hidden by lack of resolution. A pitxilion variable can be seen 
to emerge when the representation of space-time symmetry is viewed with 
a resolution that is low compared with its intrinsic scale (non-relativistic 
regime u/>- < 1). In view of the above statement on the difficulties involved 
in the localization of individual quanta, this is an exciting aspect of the 
theory. 

Furthermore, it is realized that the appearance of conjugate variables x and 
p with the canonical commutation relation lt{t),p] -- i. which is at the 
basis of non-relativistic quantum mechanics, hinges on the recognition (in 
the proper limit) of the Galilean transformation as a rotation in space-time. 
Hence, the notion of location (position at a given time), and the resulting 
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complementarity of the conjugate variables, require the brk between space 
and lime introduced by the theory of special relativity. Also, with inde 
t-riiunacy a» an inherent property of the elementary variables, the issue of 
• ninjili h m >» of the quantal description conies into a new perspective. 

We intend to examine more closely the applicability of such a theory, pri 
marily by attempting to extend the Bohr/l'lfbeck description to incorporate 
fractional statistics (anyons). Moreover, we wish to invesi.igate further ex
tensions towards a theory of interacting systems. 
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Chapter 8 

Other Fields of Research 

8.1 Radiation Physics 

8 .1 .1 I n s t r u m e n t a t i o n for S i m u l t a n e o u s 2 2 0 R n and 2 2 2 R n M e a 
s u r e m e n t s 

J. Solnørdal", R. Svendsen', B. Bjerke, F. Ingebretsen, T. Strand and S. Strøm' 

"Graduate student. 

""Llectronic group. 

Continuous measurements of thoron ( 2 2 0 R n ) in indoor environments are 
much more difficult than measurements of radon ( 2 2 2 R n ) , due to the much 
lower concentrations of thoron in most indoor environments. However, the 
bronchial doses fr.-m thoron daughters are not negligible. On the average, in 
Norway the effective dose from thoron daughters is about 10% of the corre
sponding dose from radon daughters. In houses with elevated concentrations 
of thorium ( 2 3 2 T h ) in building materials, the situation may be somewhat dif
ferent, and the doses from thoron daughters may be higher than the doses 
from radon daughters. 

This project was started in 1992, primarily as an instrumentation project, 
with the aim of designing an instrument for continuous measurements of 
thoron and radon concentrations in air. Two ionization chambers, each of 
30 1 volume, are coupled together with an approximately 10 m long tube 
(electrically insulated from the chambers), through which filtered air is con
tinuously pumped - and very slowly - via the first and then through a filter 
in into the second chamber. The output difference between the first and the 
second chamber is (partly) a measure of the radon - thoron {T^1Th„m = 55 
s) difference. 
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The data logger, now under final assembly and testing, is built around a 
7.K01SI processor, a 4 x 20 character display and a 4 it 4 keypad, controlled 
bv the two processor IMOs Furthermore, three of the serial interfaces are 
dedicated t o a I T anil twoLASC (ref. ' )) through a MAXIM IIS232 circuit. 

The ZHO processor is run by a program written in assembly language (of 
about 70 kbytes) The program is user controlled through the keypad. It 
reads and store the LASC data flow, performs various data validity checks, 
generates relevant statistics, and presents data through the display for con
trol. The program also communicates with an auxiliary PC for further data 
handling For the later purpose, a C program for the PC has been made. 

References: 

1 S. Strom and B. Lind, Department of Physics Report, 
UIO/PHYS/89-24, 1989 

8 .1 .2 L S A S c a l e in Oil P r o d u c t i o n 

D. Kristensen" and T. Strand 

"Graduate student. 

Scale forms in oil production tubing and process equipment as a conse
quence of associated water production. In offshore areas, sea-water injection 
for reservoir pressure maintenance can aggravate the situation if there are 
chemical incompatibilities between the sea-water and formation water. The 
less saline sea-water may dissolve additiomil salts (including R a S 0 4 ) from 
minerals present in reservoir strata. Temperature and pressure changes as 
well fluids pass through production equipment may also cause scale dissolva-
tions under certain conditions. Carbonates (CaC0 3 ) and sulfates ( B a S 0 4 , 
S rS0 4 ) are the most common scales, and some of these scales may contain 
elevated levels of radium ( 2 2 c R a and " 2 a Ra) . 

The 2 2 r , R a concentration in scale may vary from background levels of less 
than 5 Bq/g to more than 1000 Bq/g. At the time being about 70 tons of 
waste, from decontamination opeiations in Norway in the last 5 years, is 
stored at IFE, Kjeller. The average concentration of 3 2 ( ! Ra in the waste is 
about 25 Bq/g, which is about 500 times higher than the average concen
tration of radium in rocks and soils in the nordic countries. 

Classification of contaminated equipment as "radioactive" or "non-radioactive' 
is carried out by simple measurements with a radiation counter or a dose-
rate meter. Every item which gives a signal above the background level is 
considered "radioactive". The depositions is then removed from the item 
and transported for storage as radioactive waste at Kjeller. Mathematical 
:!-dimensional models describing the exposure rate from radioactive deposi
tions inside tubulars has been developed. According to these models, the 
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current classification of equipment is very uncertain and random The ma
jor problem is that the external dose-rate is very dependent on both the 
thickness and the density of the scale depositions. 

Measurements and calculations of external and internal doses to workers 
in offshore and onshore operations show that doses are generally low. The 
highest doses, both internal and external, are received by onshore cleaning 
personnel. Conservative estimates give annual doses of 0.76 mSv to onshore 
cleaning workers and 0.05 mSv to offshore workers involved in LSA scale-
operations, including external and internal exposure. 

The main results of our studies show that the LSA scale problem from a 
radiation protection point of view is not of great concern. The current situ
ation, however, is far from satisfying and further research and investigations 
are required. Of particular interest is the environmental impact of release 
of both the LSA scale and the produced water, treatment and disposal of 
the waste and methods of classification of contaminated equipment. 

8 .1 .3 N a t u r a l R a d i o a c t i v i t y in G r o u n d - w a t e r 

D. Banks ' , O. Røyset" , T. Strand and H. Skarphagen" 

'Geological Survey of Norway 

"Norwegian Institute of Air Research 

Influx of radon from the subsoil and the bedrock is the most important 
source of indoor radon in Norway. Building materials and household water 
ar^ of less importance. However, high concentrations of radon have been 
obtained in water from deep drilled wells in some areas of the country and 
in these situations, degassing of radon from tap water has been identified as 
a significant source of indoor radon. However, there are a number of other 
naturally occurring radionuclides in ground water and some of them could 
be of significance dosimetrically 1). 

L-i our study, measurements of 2 2 2 R n , 2 3 S U , 2 3 , , U and 2 3 2 T h were made on 
samples of ground-water from different parts of Norway L 2 ) . The radon 
analysis were made by liquid scintillation counting; the other analysis by 
ICP mass spectrometry. The highest concentrations of natural radioactivity 
were found in samples from the Precambrian Iddefjord Granite of South 
East Norway where median values of radon, uranium and thorium of 2500 
Bq/1, 15 /ig/1 and 0.38 pg/1 respectively were obtained. The corresponding 
maximum values were 8500 Bq/1, 170 /ig/l and 2.2 /jg/1. These studies will 
be continued. 
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8 . 2 G e n e r a l I n s t r u m e n t a t i o n 

8 .2 .1 A l g o r i t h m s for t h e J u s t I n t o n a t i o n of K e y b o a r d M u s i 
cal I n s t r u m e n t s . 

K. E. Skaarberg*, F. Ingebretsen and J. Sandstad". 

'Graduate student. 

"Electronic group. 

The basic background and details of this instrumentation project was de
scribed in the 1992 annual report, and the results are now presented in 
a 1994 cand. scient thesis (K.E.S.). The course of the project has changed 
since it was initiated. In 1993 it was decided to develop a computer program 
package for PC instead of a dedicated hardware solution. This choice has 
opened up for a considerably more general tool for the dynamic intonation 
of a standard 12-key/ociave synthesizer. 

The problem of "beats" has been analyzed, and it has been shown that the 
aim of "beat-free" music is not automatically realized by requiring just into
nation. On the contrary, beat-free music hardly exists, nor is it a generally 
accepted ideal. However, trained musicians playing non-keyboard acousti
cal instruments (or singers) automaticalJy adjust their current pitch when 
playing (or singing) in harmony. Several criteria (algorithms) for similar dy
namic pitch adjustments on a 12-keyed instrument has been implemented. 
The main characteristics of the system is: 

• The frequency ratio of the octave is exactly 2, and all algorithms op
erate on frequencies transposed to within one octavo. 

• Any user defined scale can be utilized (stored as 1] frequency ratios). 

• The frequency ratios of harmonies of two, three and four notes can 
be selected (storpd as a total of 61fi frequency ratios). Thp tuning of 
harmony notes in surplus of four depends on the tuning uf two- and 
four note harmonies. 
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• The notes in a harmony arc all adjusted relative to a leading note, and 
the leading note can be selected according to the following selectable 
criteria: 

- Lowest/ highest frequency note. 

- Note corresponding to the hardest hit key. 

- Earliest played note. 

- Note selected from a user defined "note priority list". 

The leading note frequency can either be chosen equal to the "last time 
played" frequency, or adjusted to a user-defined frequency. 

The system can be played with intonation adjustment on or off. 

8.3 Energy Physics 

8.3.1 Quantum Dynamical Calculations of Dissociative Ad
sorption of H 2 on a Metal Surface 

0 . M. Løvvik 

The dissociative adsorption of H 2 on a metal surface is important both as 
one of the fundamental processes in surface catalysis, and as a basis for 
understanding the surface properties of more complex systems involving 
metal and hydrogen. 

The dynamics of a molecule impinging on a solid surface has been extensively 
studied during the last few years, but there is nevertheless left much to 
understand. The perhaps weakest point in the present description is the 
construction of the interaction potentials 1 ) . One frequent method when 
studying the metal-hydrogen system, is to use a three-dimensional empirical 
London-Eyring-Polanyi-Sato (LEPS) potential surface 2 ) . 

A generalized split-operator method 3 ) is then implemented in order to yield 
the time evolution of the system: 

Mt + T) = Mt) + e i w " " + " 2 ' ( e - " " - 1) e - ' " " ' ^ " 3 ' ^ ^ ) - («•!) 

This provides detailed data for the time evolution of the system, and it also 
gives the opportunity to evaluate the dissociation probability as a function 
of normal incident energy. 

This method gives a fairly good qualitative description of the system, but 
upon comparison with experimental data, it is clear that it is far from giving 
exact information. 

We have started working on incorporating ah initio calculation of the po
tential surface 4 ) in the above scheme. Also, a description where all six 
molecular degrees of freedom are taken into account 5 ) is in progress. 
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Figure 8.1: Contour plot of the LEPS potential energy for H2 impinging on 
a m^tal surface. R is the interatomic distance and Z is the distance from 
the center of the molecule to the surface. The incidence angle between the 
molecule and the Z axis is 7r/2. 
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8.3.2 Solar Energy Converters Based on Quantum Processes 

T. Bergene 

We investigate the possibilities of solar energy conversion processes based on 
quantum processes, that is, the absorption and utilization of solar photons. 

The main challenge is to study conversion processes which convert solar 
energy into some storable fuel (hydrogen) without going through indirect 
steps as in the case of electrolysis. 

One problem is that water is transparent at wavelengths representative for 
the sunlight. This necessitates the use of some catalyzing process or sub
stance. One method is the use of semiconductor material as a catalyzing 
substance. We call this process photoelectrolysis. 

So far efficiencies of up to 8 - 10% have been achieved in experiments. This 
is far below the thermodynamical limit of about 30% 

The basic principles of photoelectrolysis are well understood. We have 
made an analysis of efficiency determining parameters and investigated what 
would be a realistic efficiency limit considering all relevant loss-factors. In 
that respect, our conclusion is that the process can be compared with the 
PV-electrolysis process as far as efficiencies are concerned. But considering 
practical problems to be overcome, the PV-electrolysis is the most promis
ing. 

During our work we have realized that a complete description of the physi
cal processes occuring in the layer between the semiconductor and the elec
trolyte is not available. The common description is of a phenomenological 
nature. 

We would like to give substantial contributions to a physical description. So 
far we have investigated quantization effects occuring in the depletion layer 
of the semiconductor ' ) . This is motivated by the fact that photocatalytic re
actions at irradiated semiconductor/electrolyte heterojunctions are usually 
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assumed to involve the injection of minority charge carriers from the band 
edge of the semiconductor into dopant or defect states of the electrolyte. 
We have constructed a model which takes into account that if corrosion is 
avoided by some coating, charge injection into energy states above that cor
responding to the band edge is possibly due to confinement and trapping 
of minority charge carriers in the depletion region. The model presented 
take quantization effects, surface states and tunnelling processes into ac
count. Photocatalytic reactions at coated n-GaAs/electrolyte junctions are 
discussed within the framework of the model. 

We have also investigated the photosynthesis as a solar energy conversion 
process and discussed similarities as well as differences with the photoelec-
trolysis process 2 Z . 

This part of the project have mainly been centered on the primary events 
of photosynthesis which are light absorption and energy transfer to photo-
synthetic reaction centers. 

To describe the energetics of photosynthesis a thermodynamic model has 
usually been applied. We claim that this model has limited relevance by 
noting that the chemical potential predicted by this model only gives lim
ited information about the primary chemical reactions initiated at the reac
tion center, and that it will have limited relevance for any fuel-generating 
(hydrogen) photochemical system. The former is a consequence of molec
ular electron transfer theory and the latter follows from the assumption of 
a fixed state for the final products. If the converter does not not reach 
thermodynamic equilibrium and/or there are kinetic irreversibilities associ
ated with the primary steps of energy transfer and electron transport, the 
thermodynamic approach turns out to be irrelevant. We demonstrate the 
probability for such irreversibilities and present an analysis of the theoretical 
and realistic efficiencies which differs from the one built on the thermody
namic model. We also show that water splitting reactions at irradiated 
semiconductor/electrolyte junctions are situations with physical parallels to 
photosynthesis. 
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8 .3 .3 C o m b i n e d Q u a n t u m / T h e r m a l C o n v e r t e r s 

T. Bergene, B. Bjerke, 0 . M Løvvik and J. Rekstad 

We have studied the possibility of combining solar cells to a heat-generating 
device. This can be achieved by an appropriate cooling of the solar cells 
which also have a positive feed-back on the cells. 

Besides of an introductory study l ) , we are now describing the system on a 
general physical background. This latter work seeks a detailed description 
of the system with reference to fundamental physical processes relevant for 
the system and to genera] properties of the materials used. 

References: 

1. T. Bergene and B. Bjerke, Thermodynamic considerations concerning 
the efficiency and possible utilization of combined quantum thermal 
converters, Proceedings ISES Solar World Congress, Budapest, 1993, 
Volume 4, 25-30. 

8 .3 .4 I n t e g r a t e d s y s t e m s - T h e r m a l a s p e c t s 

B. Bjerke 

During 1993 our energy group has been technical coordinator for a working 
group named Thermal Aspects ' ) . The working group is a part of the IEA 
Annex IX - Hydrogen Production and it was a cooperation between IEV, 
Forschungszentrum Julich (KFA) and our group. 

I n t r o d u c t i o n 

The photovoltaic-electrolyzer system producing hydrogen is a well known 
path for converting solar energy to storable energy. Worldwide it has been 
built systems from lab-scale up to 250 kW installed PV-fields. The effi
ciency i.e. the ratio between the energy content of the produced hydrogen 
and the total incoming solar power is in the range of 5 -10%. Since a typ
ical electrolyzer is working with efficiencies around 70-90% and the power 
transmission only account for a few percent losses, most of the losses are 
due to the low efficiency of the solar cells. Most of the energy is lost as 
heat generated in the PV-modules. However, the heat generated from this 
process can be removed giving an increase in efficiency for the solar cell 2 ) . 

It is a goal to increase the efficiency and to reduce the cost of hydrogen 
produced in these systems. One way to do this could be by thermal opti
mization of the whole system. The working group has started the work to 
look at the temperature dependence of different parts in the chain. 
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Figure 8.2: Thermal considerations in Hydrogen PV-sysiems. Q is heat flow 
to optimize the process. 

R e s u l t s 

This working group has been working with two aspects of improved chain 
efficiency for solar-hydrogen systems. At KFA the work has been concen
trated around the lab-scale photovoltaic system 3 ) . The PV-modules are 
temperature-controlled by pumping water through them. A number of ex
periments were carried out to see the effect of vertical facade placement 
contra roof-mounted PV-modules. The results show a very different effec
tive heat transfer coefficient for the vertical and horizontal inclined free 
standing modules. A solar radiation input, which was 60% higher for the 
inclined module than for the vertical one, led to about the same temperature 
for both modules. The results show that solar cells installed at the facades 
of buildings have remarkable disadvantages with respect t-o heat removal in 
comparison to free standing modules. 

Calculations based on the experimental setup show that a considerable 
amount of heat has to be taken away from the solar cells. In the calcu
lation the solar cell temperature is controlled and it remains always below 
20°C. For this actual case, an energy (heat) of four times the electrical gain 
must be removed by the cooling system. The electrical output increase about 
10% by forced cooling. This is many times the amount of energy necessary 
for pumping the cooling fluid. 

The activity at UiO has been concentrated at studies concerning the thermal 
effect in the PV-modules and improvement of the power condition between 
the PV-module and electrolyzer. The basis for the thermal improvement of 
the different components is shown in figure 8.2. 

Experiments done with the PV-part of the system, show a relative increase 
of efficiency in the range of 9 - 21% depending on chosen operating temper
ature. By this thermal optimization another effect takes place. The power 
matching between PV-module and the rlectmlyzer will be close to 100% un
der all irradiation conditions •*). This effect removes the PC/DO converter 
usually needed for power condition. 
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S u m m a r y 

Some of the techniques suggested in our work could be considered to improve 
the overall energy efficiency of a PV-hydrogen solar power system. The low 
temperature heat released from the solar panels could find domestic use or 
he used in a larger scale. If there is sufficient demand for hot water, a 
heat pump could be applied. It would work at a high efficiency under these 
conditions. The lower operating temperatures of the PV-devices give higher 
efficiencies and possibly longer lifetimes. Temperature control of the system 
facilitates the match of components and gives a possible reduction of the 
cost of the system. 
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8 .3 .5 M i c r o p r o s e s s o r b a s e d d a t a l o g g e r 

B. Bjerke 

There has always been a need for energy measurements in our research 
group. The first dataloggers used in our laboratory and in field experiments 
were based on specially built equipment. Later from 1985, PCs with data-
acquisition boards were used to collect data. But with the development in 
microelectronics the latest years, new possibilities have emerged. Improved 
technology has increased performance and reliability and at the same time 
reduced sizes and costs of such equipment. 

The new datalogger named TattleTale is a very compact unit measuring only 
120*60*30 mm. The main circuit is build by Onset Computer Corp. This 
company also supplies the development software package and a data ana
lysing program. The unit has analog I/Os, digital I/Os and counter inputs. 
Our unit has been configured for measuring temperatures, sun insolation 
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and a input for kWh-counters. The memory size is up to 512 kB and it is 
battery-powered. A special power saving function provide* useful logging 
period up to 6 months on one battery. 

The unit has been tested both in the laboratory under severe electrical noise 
conditions and in the field for several months. The unit has been stable 
under all tests with no loss of data. 
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8.3.6 Control unit for heatfloor systems 

B. Bjerke and J. Rekst ad 

Todays system for regulation of floorheat is not optimal concerning number 
of components, costs and energy usage. A much simpler regulation can be 
used, because of the special properties of a large floorheat system. Instead 
of using feedback in the control loop as done in traditional systems, the 
feedback can be removed and the heat flow can be adjusted by varying the 
duty cycle of the circulation pump. The duty cycle is calculated on basis 
of the outdoor temperature and the hot-water temperature going into the 
floor-system. By using this principle, the number of parts can be almost 
halved with a significant reduction of costs. 

This old simple concept for heat regulation has been developed using new 
advanced electronics. A control unit based on a microcontroller is developed 
in our group. The unit measures the outdoor- and hot-water temperature 
and with two dials for adjustments. This system can regulate virtually any 
floorheat system based on water as energy transportation medium. 

8 .3 .7 R e s e a r c h o n S o l a r H e a t S y s t e m s 

J. Rekstad and D. Sultanovic 

The research on solar heat systems has been continued in collaboration with 
the company Solnor A/S, which is the only producer of solar energy systems 
in Norway. The company was founded on the basis of the technology l) 
developed by our group. 

The activity in 1993 has been concentrated on 

- solar energy evaluations. 

- studies of various solar energy applications 
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Figure 8.3: Components of SOLNOR System 

- development of product-elements and processes for large scale industrial 
production. 

In connection to Solnor's international activity, a collaboration has been 
founded between our group and General Electric Plastics. 
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8 . 3 .8 A Study of the Application of Rivulet Flow in the Op
eration of SOLNOR Collectors 

D. Sultanovic, B. Bjerke and J. Rekstad 

The principles of SOLNOR collectors are well known from the previous works 
of the authors (ref. *)). An efficient process of heat transfer inside them is 
very important for the heat loss and therefore for the overall efficiency of 
the whole system (fig. 8.3). 

The heat transfer medium (water) is stored in the insulated tank (2). The 
pump (3) forces water up to the top of the collector (1). The system oper
ates under atmospheric pressure. The gravity provides the motion of water 
through the collector and back to the tank. The pump is in operation as 
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Figure 8.4: Components of the Collector 

long as the temperature of the collector is higher than the tank temperature, 
and its function is provided by an automatic controller (4). 

The water flow needed to obtain a suitable cooling effect is roughly 1 1/min 
(16,67 ml/s) per m 2 of the collector. This flow corresponds to 3-18 ml/s 
in each of the channels of the collector (fig. 8.4) for the actual collector 
configurations. Water does not fill the channels, but it flows down in th'i 
form of rivulets. (A rivulet is a narrow stream of liquid flowing along a solid 
surface and sharing an interface with the surrounding fluid.) 

Since rivulets have a large surface area to cross-sectional area ratio and 
meanders, ripples and waves develop, they exchange heat inside the collector 
very fast as proven in a number of experiments (fig. 8.6), which have been 
described earlier (ref. 2 ) . The main profit from this effect is the possibility 
of building much simpler and cheaper collectors than the commonly known 
collector concepts. 

The heat transfer between an open channel of the same type as shown in 
(fig. 8.5), and a water rivulet has been investigated experimentally for dif
ferent flow rates (fig. 8.6). At low flow rates (up to 2 ml/s) most types of 
rivulets are linear laminar rivulets. An increase of the flow rate leads to 
a meandering stream, composed of arcs of circles and some approximately 
straight sections. Such rivulet characteristics as sinuosity, wavelength and 
amplitude of the waves grow as the flow rate increases, so the transition to a 
stable developed meandering stream, which appears at 7-8 ml/s , is accom
panied by a big increase in heat transfer between the plate of the collector 
and the rivulet. This flow regime is very useful for obtaining a suitable 
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Figure 8.5: Cross Section of the Experimental Apparatus 

cooling effect; temperature differences between the rivulets and the channel 
bottoms are about 3-5 °C. When the flow rate exceeds 12-15 ml/s wide lin
ear rivulets form again, without any significant changes in the heat transfer 
rates between water rivulets and the solid surface. 

Comparison of the powers calculated from the measured data and the power 
that actually needs to be absorbed by the cooling water (approximately 120 
W is the max. energy input per meter channel calculated on the basis of solar 
intensity of 1000 W per m 2 of the roof), show that the measured values are 
larger, even for very low flow rates (5-6 ml/s) , and that the heat capacity of 
the rivulets in the channels is large enough to provide an efficient process of 
cooling. 
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9.12 
9.12 

17.12 

T. Engeland: 
J. Blomquist: 
Stockholm 
L. Bravina: 
SENTEF, UiB 

The structure of Sn isotopes. 
New spectroscopic data in 2 t l 8 Pb 

Quark Gluon String Model and Fluid 
Dynamics Predictions for Au + Au 
Collisions at 10.7 A GeV (AGS). 
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Chapter 10 

Committees , Conferences 
and Visits 

10.1 Committees and Various Activities 

External committees and activities only are listed. 

B. Bjerke: Member of Hydrosol - cooperation between UiO, IFE and 
NIVA in hydrogen research. 
Technical coordinator IEA Annex IX - Hydrogen production 

T. Engeland: Referee for Nuclear Physics and Physics Letters. 

K. Gjøtterud: Referee for Institute of Physics Publishing. 
Member of the committee for The LisI and Leo Eitinger 
price. 
Member of The Norwegian Physical Society's Human Rights 
Committee. 
Member of "International Federation of Scientists for Soviet 
Refusniks". 
Member of the Committee for the degree Dr. Philos. 

M.Guttormsen: Member of the Board of the Nuclear Physics Committee of 
the Norwegian Physical Society. 
Deputy Member of the National Committee for Nuclear Re
search. 
Referee for Nuclear Physics and Zeitschrift fur Physik. 

T. Holtebekk: Chairman of The Norwegian Standardization Organization 
Sub-Committee for Technical and Physical Units. 
Member of the Norwegian Research Council advisory com
mittee for evaluation of new generation equipment for radio
carbon dating. 
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F. Ingebretsen: Member of the Science Council Physics committee. 
Member of the CERN committee. 
Member of the Norwegian EISCAT board. 
Deputy Member of the University Board (Det akademiske 
kollegium). 
Editor of the periodical "Fra Fysikkens Verden". 
Member of the advisory committee for the "SOLIS" project: 
Solar energy in the school. 

G. Løvhøiden: Member of the CERN SPS and LEAR Committee. 
Referee for Nuclear Physics. 
Member of the Norwegian Academy of Science and Letters. 

E. Osnes: Member of the Council of the European Physical Society. 
Member of the Executive Committee of EPS. 
Member of the EPS Action Committee on Publications. 
Member of the Nuclear Physics European Collaboration 
Committee (NuPECC) under the European Science Foun
dation. 

Member (vice-chairman) of the Executive Board of 
NORDITA. 
Member of the Advisory Committee of Nuclear Physics of 
NORDITA. 
Member of the Norwegian Committee for Nuclear Research 
(NUK) under the Research Council of Norway (NFR). 
Co-editor (with T. T. S. Kuo) of International Review of Nu
clear Physics, published by World Scientific Publ. Comp.. 
Referee for Nuclear Physics, Physics Letters B, t nysica 
Scripta and Physical Review C. 

Member of the Norwegian Academy of Science and Letters, 
and of the Royal Norwegian Society of Sciences and Letters. 

J. Rekstad: Chairman of the Board of Directors of SOLNOR A/S. 
Member of the Board of Directors of International Cardio
logical Institute for Therapeutic Research. 
Member of the Norwegian Reference Committee for the EEC 
framework program "JouJe". 
Member of planning committee for Department of Physics, 
University of Bergen. 
Member of planning committee for new degree in "technical 
physics" at Rogaland Distriktshøyskole. 
Member of the reference committee for a research pro
gram "new renewable energy resources", Norwegian Re
search Council. 

Research Consultant, Hydro Aluminum A.S. 
Referee for Nuclear Physics, Physical Review, Physical Re
view Letters and Physics Letters. 

R. Tangen: Member of the Norwegian Academy of Science and Letters. 
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P. O. Tjørn: Referee for Nuclear Physics. 

10.2 Conferences 

The Section of Nuclear Physics and Energy Physics participated in the An
nual Meeting of the Norwegian Physical Society, Oslo, June 1993. 
D. Sultanovic, T. Bergene and O. M. Løvvik participated in ISES Solar 
World Congress, Budapest, Hungary, Aug. 23 - 27, 1993. 
T. Bergene participated in IEA Planning Workshop, Annex 10 (Photopro-
duction of Hydrogen), Briinnen, Switzerland, Oct. 7 - 8 , 1993. 
L. Bergholt, M. Guttormsen, G. Løvhøickn, J. Rekstad and T. S. Tveter 
participated in Student seminar Finse, March 14 - 17, 1993. 
L. Bergholt participated in the 10th Nordic Meeting on Intermediate and 
High Energy Nuclear Physics, Gråftåvallen, Sweden, Jan. 5 - 6 , 1993. 
B. Bjerke gave an invited talk at the Nordic Symposium on Hydrogen and 
Fuel Cells for Energy Storage, Innopoli Technology Center, Espoo-Otaniemi, 
Finland, March 1 1 - 1 2 , 1993. 

B. Bjerke gave a talk at the 3rd Technical Workshop of the International En
ergy Agency, Annex IX: Hydrogen Production, Lugano, Switzerland, June 
23 - 25, 1993. 

B. Bjerke gave a t a l i at IEA Expert-meeting, Brunnen, Switzerland, Oct. 4 
- 6 , 1993. 
K. Gjøtterud participated on invitation in a meeting of the Swedish Com
mittee for the Freedom of Science in Stocholm 02.12.1993. 
M. Guttormsen participated in the International Conference "Perspectives 
in Nuclear Structure", The Niels Bohr Institute, Copenhagen, Denmark, 
June 14 - 18. 
M. Hjorth-Jensen gave a talk at the 10'th Nordic Meeting on Intermediate 
and High Energy Nuclear Physics, Gråftåvallen, Sweden, Jan. 5 - 9 , 1993. 
M. Hjorth-Jensen gave an invited talk at the Nordita/NorFA Workshop on 
Halo Nuclei, Nordita, Copenhagen, Denmark, March 19 - 23, 1993. 
M. Hjorth-Jensen gave a talk at the Borad Meeting of Nordita, Oslo, May 
25, 1993. 

M. Hjorth-Jensen gave a talk in the Dept. of Physics, University of Barcelona, 
Spain, June 10, 1993. 
A. Holt participated in the 10th Nordic Meeting on Intermediate and High 
Energy Nuclear Physics, Gråftåvallen, Sweden, Jan. 5 - 6 , 1993. 
A. Holt participated in the Nordita/NorFA Study Weekend on Halo Nuclei, 
Copenhagen, Denmark, March 19 - 21, 1993. 
A. Holt participated in the International Symposium on Nuclear Structure 
Physics Today, Chung Li, Taiwan, ROC, May 11 - 14, 1993. 
A. Holt participated in IAU Colloquium no. 145, Supernovae and Super-
novae Remnants, XIA, China, May 24 - 29, 1993. 
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A. Holt participated in Nordic Workshop on High Energy Heavy Ion Reac
tion Theory, Bergen, Norway, June 11 15, 1993. 
T. Engeland, M. Hjorth-Jensen and E. Osnes participated in the Inaugural 
Symposium for the European Center of Nuclear Theory, Trento, Sept. 10 -
11, 1993 
T. Engeland, F. Ingebretsen and E. Osnes participated in the EPS 9 - Con
ference "Trends in Physics", Firenze, Sept. 1 4 - 1 7 , 1993 
G. Løvhøiden participated and gave an invited talk at the NORDPLUS 
School and Nordic Workshop, Bergen, June 9 - 15, 1993 
G. Løvhøiden participated in the International Conference "Perspectives in 
Nuclear Structure", The Niels Bohr Institute, Copenhagen, Denmark, June 
14 - 18. 

G. Løvhøiden participated in the Tenth Int. Conf. on Ultra-Relativistic 
Nucleus-Nucleus Collisions, Borlånge, Sweden, June 20 - 24, 1993. 
G. Løvhøiden gave an invited talk at the Annual Meeting of the Norwegian 
Physical Society, Oslo, June 8 - 10, 1993. 
J. Rekstad participated and gave an invited talk at Nordic Solar Energy 
Conference, Danish Technological Institute, Taastrup, Denmark, February 
11. 

J. Rekstad participated and gave an invited talk at the 3rd European Confer
ence on Architecture; "Solar Energy in Architecture and Urban Planning", 
organized by the Commission of the European Communities, Florence, Italy, 
May 17 - 21. 
J. Rekstad participated in the International Conference "Perspectives in Nu
clear Structure", The Niels Bohr Institute, Copenhagen, Denmark, June 14 
- 18. 
D. Sultanovic participated and gave an invited talk at ISES Solar World 
Congress, Budapest, Hungary, Aug. 1993. 

P. 0 . Tjørn participated in the International Conference "Perspectives in 
Nuclear Structure", The Niels Bohr Institute, Copenhagen, Denmark, June 
1 4 - 18. 
T. S. Tveter participated in the 10th Nordic Meeting on Intermediate and 
High Energy Nuclear Physics, Graftåvallen, Sweden, Jan. 5 - 6 , 1993. 
T. S. Tveter participated in the International Conference "Perspectives in 
Nuclear Structure", The Niels Bohr Institute, Copenhagen, Denmark, June 
14 - 18. 

T. S. Tveter participated in the Gull Lake Nuclear Physics Conference on 
Giant Resonances, Gull Lake, Michigan, USA, August 17 - 21, 1993. 
J. Wikne participated in RT93, Eighth Conference on Real-Time Computer 
Applications in Nuclear, Particle and Plasma Physics in Vancouver, Canada, 
June 8 - 11, 1993. 
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Chapter 11 

Theses, Publications and 
Talks 

11.1 Theses 

H. E. Andås: Quantum Theory and Questions of Reality and Completeness. 
Dr. Scient. Thesis. 

M. Hjorth-Jensen: Many-body Approaches to Nuclear Physics. 
Dr. Scient. Thesis. 

A. Aanderaa: Development of Optical Stimulator for Use in Vision Ex
periments. 
Cand. Scient. Thesis. 

L. Akselsen: Measurement of Thermal and Fast Neutron Flux Density by 
Neutron Activation. 
Cand. Scient. Thesis. 

0 . L. Bø: An Analysis of the SQUID as a Macroscopic Quantum Object 
and its Relevance for the Schrodinger Cat Argument. 
Cand. Scient. Thesis. 

L. E. Engvik: Nuclear Matter Calculations Using the Model Space Brueckner-
Hartree-Fock Method. 
Cand. Scient. Thesis. 

119 



11.2 Scientific Publications 

11.2.1 Nuclear Physics and Instrumentation 

V. V. Avdeichikov, L. Bergholt, M. Guttormsen, J. E. Taylor, L. Wester-
berg, H. J. Whitlow, Yu. A. Bordenko and S. F. Burachas 
Light output and energy resolution of BGO and GSO scintillators for light 
ions 
Nucl. Instr. and Meth. A336, 381, 1993. 

T. Engeland, M. Hjorth-Jensen, A. Holt and E. Osnes 
The structure of the neutron Deficient Sn Isotopes 
Phys. Rev. C48, 535, 1993. 

H. E. Andås and O. K. Gjøtterud 
Quantum Theory and Questions of Reality and Completeness 
Foundations of Physics Letters, Vol. 6, No. 1, 1993. 

V. A. Avdeichikov, M. Guttormsen, G. Løvhøiden, K. Nybø, T. F. Thorstein-
sen and the CHIC collaboration 
pp, nn and np interferometry in 30A MeV reaction? 
Proceedings of the 8th winter workshop on nuclear dynamics. Advances in 
Nuclear Dynamics, p. 246 - 254. World Scientific, Singapore 1993. 

M. Hjorth-Jensen, M. Borromeo, H. Miither and A. Polls 
Contribution to the Imaginary Part of the Optical-model Potential for Fi
nite Nuclei 
Nucl. Phys. A 5 4 1 , 580, 1993. 

M. Hjorth-Jensen, M. Kirchbach, D. O. Riska and K. Tsushima 
Renormalization of the Isoscalar Axial Coupling Constants 
Nucl. Phys. A563 , 525, 1993. 

A. Atac., M. Piiparinen, B. Herskind, J. Nyberg, G. de Angelis, S. Forbes, 
N. Gjørup, G. Hagemann, F. Ingebretsen, H. Jensen, D. Jerrestam, H. Kusakari, 
R. Lieder, G. M. Marti, S. Mullings, D. Santonocito, H. Schnare, G. Sletten, 
K. Strahle, M. Sugawara, P. O. Tjørn, A. Virtanen and R. Wadsworth 
Linking Transitions from the Superdeformed band in ' " E u 
Phys. Rev. Lett. 70, 1069, 1993. 

E. Andersen, G. Løvhøiden, T. F. Thorsteinsen and the NA36 collabora
tion 
Multiplicity dependence of strangeness production in S + Pb collisions at 200 
GeV/c per nucleon 
Phys. Lett. B316, 603, 1993. 
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E Andersen, G. Lovhoiden. T. F. Thorsteinsen and the NA36 collaboration 
Strange particle production in S + Pb and p-i-Pb collisions at 200 GeV/c per 
nucleon 
Nucl. Phys. A553, 817, 1993. 

V. K Mishra. G. Fai, L. P. Csernai and E. Osnes 
Thermal Properties of Nuclear Matter with a Momentum-Dependent Effec
tive Interaction 
Phys. Rev. C47, 1519, 1993. 

E. Osnes, M. Hjorth-Jensen, T. Engeland and A. Holt 
Shell Model Calculations with Realistic Effective Interactions 
Proc. of Int. Workshop on Nuclear Structure Models, Oak Ridge, Tenn. 16 
- 25 March 1992. Eds.: R. Bengtson, J. Drayerand W. Nazarewicz. 
World Scientific, Singapore, p. 370, 1993. 

J. Rekstad, T. S. Tveter, M. Guttormsen and L. Bergholt 
K dependence in the gamma decay of neutron resonances in l 6 8 E r and l 7 8 H f 
Phys. Rev. C47, 2621,1993. 

T. Komatsubara, K. Furuno, T. Hosoda, J. Mukai, T. Hayakawa, T. Morikawa, 
Y. Iwata, N. Kato, J. Espino, J. Gascon, N. Gjørup, G. B. Hagemann, 
H.J. Jensen, D. Jerrestam, J. Nyberg, G. Sletten, B. Cederwall and P. O. Tjørn. 
High-spin states in odd-odd nuclei 
Nucl. Phys. A557, 419, 1993. 

A. Brockstedt, J. Lyttkens-Lindén, M. Bergstrom, L. P. Ekstiom, H. Ryde, 
J. C. Bacelar, S. Frauendorf, J. D. Garrett, G. B. Hagemann, B. Herskind, 
F. R. May, P. O. Tjørn 
Interpretation of Bands in 1 6 3 Er within the Tilted Rotation Scheme 
Nucl. Phys. A557, 469, 1993. 

J. J. Gaardhøje, A. Maj, T. S. Tveter, Z. Zelazny, F. Camera, A. Bracco, 
B. Million and M. Pignanelli 
Atomic nuclei at high excitation energy studied with giant resonances 
Acta Physica Polonia B24, 139, 1993. 

J. C. Wiine 
A CAMAC 32-channel pile-up detection and rejection module 
Nucl. Instr. and Meth. A330, 210, 1993. 
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11 .2 .2 E n e r g y 

T. Bergene and B. Bjerke 
Thermodynamic considerations concerning the efficiency and possible uti
lization of combined quantum/thermal solar energy converters 
Proceedings ISES Solar World Congress, Budapest, Volume 4, p. 25 - 30, 
1993. 

B. Bjerke 
A Photovoltaic zero-gap alkaline experiment 
Proc. of Nordic Symp. on Hydrogen and Fuel Cells for Energy Storage 
Innopoli Technology Center, Espoo-Otaniemi, Finland, March 11 - 12,1993. 

11.3 Scientific and Technical Reports 

1 1 . 3 . 1 N u c l e a r P h y s i c s a n d I n s t r u m e n t a t i o n 

V. V. Avdeichikov, L. Bergholt, M. Guttormsen, J . E. Taylor, L. Wester-
berg, H. J. Whitlow, Yu. A. Bordenko and S. F. Burachas 
Light output and energy resolution of BGO and GSO ;;dntillators for light 
ions 
Department of Physics Report UiO/PHYS/93-15, 1993. 

L. Bergholt, M. Guttormsen, J. Rekstad, T. S. Tveter and R. K. Sheline 
K dependence in the 7-decay of neutron resonances in 1 6 6 H o 
Department of Physics Report UiO/PHYS/93-25, 1993. 

G. Bao, L. Engvik, M. Hjorth-Jensen, E. Osnes and E. Østgaard 
Neutron Star Properties from Modern Meson Exchange Potential Models 
Department of Physics Report UiO/PHYS/93-19, 1993. 

M. Guttormsen (ed.) and the CHICSI design group 
CHICSIII , A proposal for a multi-detector &E-E particle telescope 
Department of Physics Report UiO/PHYS/93-01, 1993. 

M. Guttormsen and the CHIC Collaboration 
Isotopic Effects in the Light Fragment Emission in the l 4 N + n 2 S n and the 
1 4 N + m S n Reactions at 324 MeV 
Cosmic and Subatomic Physics Report LUD? 9303, 1993. 

M. Guttormsen 
Specifications for the SIRI Chip 
February 19, 1993, unpublished 
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M. Guttormsen, L. Bergholt, F. Ingebretsen, G. Løvhøiden, S. Messelt, 
J. Reiestad, T. S. Tveter, H. Helstrup and T. F. Thorsteinsen 
The ( 3He,a) Reaction Mechanism. A study of the Angular Momentum 
Transfer 
Department of Physics Report UiO/PHYS/93-21, 1993. 

V. Avdeichikov, K. Nybø, E. Ølberg, T. F. Thorsteinsen, M. Guttormsen. 
G. Løvhøiden and the CHIC collaboration 
Experimental isotopic effects in comparison to statistical prescription for 
fragment production in 32A MeV and 14A MeV 1 4 N + 1 1 2 l 2 ' ' S n reactions 
Cosmic and subatomic physics report LUIP9309, University of Lund, Swe
den, ISSN 0348-9329, ISRN LUNFD/NFFK-7145-SE+11P, 1993. 

L. Henden, L. Bergholt, M. Guttormsen, J. Rekstad and T. S. Tveter 
The Level Density in l c 2 D y 
Department of Physics Report UiO/PHYS/93-24, 1993. 

M. Hjorth-Jensen 
Many-body Approaches to Nuclear Physics 
A Thesis on Partial Fulfillment of the Requirements for the Degree of Doctor 
Scientarium. 
Department of Physics Report UiO/PHYS/93-22, 1993. 

M. Hjorth-Jensen, H. Mtither and A. Polls. 
Width of the Delta Resonance in Nuclei 
Department of Physics Report UiO/PHYS/93-18, 1993. 

P. J. Ellis, M. Hjorth-Jensen, T. Engeland, A. Holt and E. Osnes 
Convergence Properties of the Effective Interaction 
Department of Physics Report UiO/PHYS/93-23, 1993. 

A. Holt, T. Engeland, M. Hjorth-Jensen and E. Osnes 
The Structure of Neutron Deficient Sn Isotopes 
Department of Physics Report UiO/PHYS/93-20, 1993. 

V. Avdeichikov, G. Løvhøiden, T. F. Thorsteinsen and the CHIC collab
oration 
Isotopic effects in the light fragment emission in 1 4 N + 1 1 2 S n and I 4 N + 1 2 4 S n 
reactions at 32.4 MeV 
Cosmic and subatomic physics report LUIP9305, University of Lund, Swe
den, ISSN 0348-9293, ISSR LUNFD/NFFK-7141-SE+8P, 1993. 

N. Antoniou, E. Andersen, H. Helstrup, A. K. Holme, G. Løvhøiden, T. F. Thorstein
sen and the ALICE collaboration 
Letter of intent for A Large Ion Collider Experiment at the CERN Large 
Hadron Collider 
CERN/LHCC/93-16, LHCC/I4, 1993. 
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S. Messelt, T. Engeland and M. GuUormsen (edi!ors) 
Section for Nuclear Physics and Energy Physics 
Annual Report 1992 
Department of Physics Report UiO/PHYS/93-08, 1993. 

E. Osnes, T. Engeland et al. 
CERN Related Heavy Ion Theory. RNBT Collaboration and Nuclear Many 
Body Problem Collaboration with US NSF Heavy Ion Theory 
1992 Progress Report by the Bergen-Oslo Nuclear Theory Team (BONTT). 
Collab. with the Hungarian Acad, of Sci. on Nuclear Theory (ed.: L. P. Cser-
nai) 
Department of Physics Report UiO/PHYS/93-14, 1993 

J. Rekstad, L. Henden, M. Guttormsen and G. Løvhøiden 
Undersøkelse av gamma-strålingfra elektrolysecelle med legerte Pd-elektroder 
Internal Report, March 12. 1993, Department of Physics, Univ. of Oslo 

11.3.2 Radiation Physics 

D. Banks, 0 . Røyset, T. Strand and H. Skarphagen 
Radioelement (U,Th,Rn) concentrations in Norwegian bedrock groundwa
ters 
NGU Report 93:121, Norwegian Geological Survey, Trondheim, Norway, 
1993. 

B. Mindrebø and T. Strand 
Radon concentrations and indoor air quality in the municipality Å1 
Joint report from Å1 and Norwegian Radiation Protection Authority, Octo
ber 1993. 

1 1 . 3 . 3 E n e r g y 

B. Bjerke 
Datalogger for Enerpimåunger. En presentasjon av et mikroprosessorstyrt 
datainnsamlingsystem Tor energimålinger 
Department of Phy.'ics Report UiO/PHYS/93-26, 1993. 
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11.3.4 Educational Physics 

C. AngeU and S. Lie. 
Pre-Pilot Results of Physics Items. Results of Piloting in Norway and Swe
den 
Report no. 7, Reportseries, Timss, SLS, University of Oslo, 1993. 

B. Alseth, C. Angell, G. Brekke, P. M. Kind, T. Robberstad, M. Kjaernsli 
and S. Lie 
The TIMSS Item Pilot 1993 - Free-Response Achievements Items Reports 
on Method or Approach and Error Type Listing 
Reportseries, Timss, SLS, University of Oslo, 1993. 

C. Angell og S. Lie 
Er Eksamen Rettferdig? Søkelys på fysikkeksamen 1989 - 1992. 
Skrift no. 10, SLS og Skolelaboratoriet, avd. Fysikk, Universitetet i Oslo, 
1993. 

11.4 Scientific Talks 

11.4.1 Nuclear Physics and Instrumentation 

K. Gjøtterud 
" Spørsmål om sammenheng og fuUstendighet i fysikk og matematikk - N. Bohr, 
A. Einstein, K. Godel og Aage Bohr" 
Forelesning Vitenskapsteoretisk Forum Universitetet i Trondheim AVH 12.10.93. 

K. Gjøtterud 
" Spørsmål om sammenheng og fuUstendighet i fysikk og matematikk - N. Bohr, 
A. Einstein og K. Godel" 
FeUeskoUokvium Fysisk institutt UiO 09.09.93. 

K. Gjøtterud 
"Kvanter og Atomer - en utfordring til sunn fornuft" 
Forelesning for Oslo AOFs opplysningsforum for eldre. 15.04.93. 

K. Gjøtterud 
"Er fysikken ved veis ende eUer er vi fortsatt underveis?" 
Foredrag Forum Midstugrenda, 21.04.93. 

K. Gjøtterud 
"Den kunnskapsteoretiske belæring av fysikkens utvikling fra oppbruddet 
fra Aristoteles til dagens kvantefysikk" 
Gjesteforelesninger for Examen Philosophicum, UiO 20.04 og 27.04.93. 
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K. Gjølterud, T. Bergene og 0 . Lund Bø 
SQUID-eksperimenter 
Faglige diskusjoner med Dr. T. D. Clark og hans forskningsgruppe ved Uni
versitetet i Sussex, England, 12 - 15 juni 1993. 

M. Guttormsen and the CHIC Collaboration 
Isotopic Effects in Nuclear Fragmentation at Intermediate and Relativistic 
Energies 
The 10th Nordic Meeting on Intermediate and High Energy Nuclear Physics, 
p . 29 
Graftavallen, Sweden, January 5 - 9 , 1993. 

M. Guttormsen and the CHIC Collaboration 
Chemical and Kinetic Temperature Extracted in Reactions of U N + 1 1 2 S n 
and " N + 1 2 4 S n at 32,1 MeV 
International School-Seminar on Heavy Ion Interactions and Intermediate 
Energy, Dubna (Russia), May 10 - 15, 1993. 

M. Guttormsen, L. Bergholt, F . Ingebretsen, G. Løvhøiden, S. Messelt, 
J. Rekstad, T. S. Tveter, H. Helstrup and T. F. Thorsteinsen 
Transferred Angular Momentum in the (3He,ct) Reaction 
Conference on Perspectives in Nuclear Structure, Niels Bohr Inst., June 14 
- 19, 1993. 

M. Hjorth-Jenscn 
Many-body Approaches to Finite Nuclei 
Talk, Dept. of Physics, University of Bfircelona, Spain, June 10 1993. 

M. Hjorth-Jensen 
Isobar Contributions to the Optical-Model Potential for Finite Nuclei 
Talk, the 10th Nordic Meeting on Intermediate and High Energy Nuclear 
Physics, Gråftåvallen, Sweden, Jan. 5 - 9 1993. 

M. Hjorth-Jensen 
Microscopic Description of Sn Isotopes 
Invited talk, Nordita / NorFA Workshop on Halo Nuclei, Nordita, Copen
hagen, Denmark, March 19 - 23 1993. 

M. Hjort-Jensen 
Nuclear Physics at the University of Oslo 
Talk, Board Meeting of Nordita, Oslo, May 25 1993. 

A. Holt, T. Engeland, M. Hjorth-Jensen and E. Osnes 
The Structure of Neutron Deficient Sn Isotopes 
International Symposium on Nuclear Structure Physics Today, Chung Li, 
Taiwan, ROC, May 11 - 14, 1993. 
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A. Holt 
Effective Interaction for the Sn Isotopes 
The 10th Nordic Meeting on Intermediate and High Energy Nuclear Physics, 
Gråftåvallen, Sweden, January 5 - 9 , 1993. 

A. Holt 
Shell Model Calculations on the Doubly Magic Sn Nuclei 
Nordita/NORFfa Study Weekend on Halo Nuclei, Copenhagen, Denmark, 
March 19 - 21, 1993. 

A. C. Bayes, H. Helstrup, A. K. Holme, G. Løvhøiden, T. F. Thorstein
sen, G. TJndheim and the WA94 collaboration 
Strange particle production in sulphur-sulphur interactions at 200 GeV/c 
per nucleon 
Quark Matter '93, Tenth Int. Conf. on Ultra-Relativistic Nucleus-Nucleus 
Collisions, Borlange, Sweden, June 20 - 24, 1993. 

J. Nelson, E. Andersen, G. Løvhøiden, T. F. Thorsteinsen and the NA36 
collaboration 
Recent results on production of strangeness 1 and strangeness 2 particles 
Quark Matter '93, Tenth Int. Conf. on Ultra-Relativistic Nucleus-Nucleus 
Collisions, Borlange, Sweden, June 20 - 24, 1993. 

D. G. Burke, 0 . Straume, G. Løvhøiden, T. F. Thorsteinsen and A. Graue 
Complementarity of charged-particle and (n,7) reaction spectroscopies for 
1 7 8 H f 
The 8th Int. Symp. on Capture Gamma Rays and Related Topics, Fribourg, 
Sept. 20 - 24, 1993. 

G. Løvhøiden 
Høyenergi tungione eksperimenter ved CERN 
The Norwegian Physical Society, Annual Meeting, June 8 - 10, 1993. 

E. Andersen, G. Løvhøiden, T. F. Thorsteinsen and the NA36 collabora
tion 
Strangeness production in p + P b reactions at 200 GeV/c 
Quark Matter '93, Tenth Int. Conf. on Ultra-Relativistic Nucleus-Nucleus 
CoUisions, Borlange, Sweden, June 20 - 24, 1993. 

G. Løvhøiden 

Kretsløpsenergi og solenergi i Norge 
Etterutdanningskurs for lærere, Bergen, 28. juni - 2. juli, 1993. 

G. Løvhøiden 
Radioaktivt avfall fra reaktorer, atombombeprøver og reaktorulykker 
Etterutdanningskurs for lærere, Bergen, 28. juni - 2. juli, 1993. 
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G. Løvhøiden 
Heavy ion experiments at CERN 
NORDPLUS schoo! and Nordic Workshop, Bergen, June 9 - 15, 1993. 

Z. Zelazny, J. J. Gaardhøje, A. Maj, T. S. Tveter, T. Ramsøy, W. Ko-
rten, A. Bracco, F. Camera, M. Mattiuzzi, B. Million and M. Pignanelli 
Some open problems in hot GDR spectroscopy 
Conference on Giant Resonances, Gull Lake, Michigan, USA, August 17 -
21, 1993. 

A. Bracco, F . Camera, M. Mattiuzzi, B. Million, M. Pignanelli, C. Volpe, 
J. J. Gaardhøje, A. Maj, Z. Zelazny and T. S. Tveter 
Thermal and quanta! fluctuations as probed by the GDR observables 
Conference on Giant Resonances, Gull Lake, Michigan, USA, August 17 -
21, 1993. 

A. Maj, M. Kicinska-Habior, J. Kownacki, W. Krolas, J. Styczen, J. J. Gaardhøje, 
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