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PREFACE

This annual report is the fifth issued in English from the Tandem
Accelerator Laboratory in Uppsala since research was started in
November 1970. It covers work performed during the calendar year
1976 and updates information given in earlier annual reports with
regard to laboratory facilities such as computer configuration and
layout of the experimental area. The descriptions of the research
projects are also in general more detailed than usual and may
sometime contain results obtained before 1976 in order to avoid
too many references to earlier annual reports. It has, for instance,
been thought of interest to make the sections on the study of beam
foil excitation of atoms and on the measurements of nuclear deforma-
tions by the REPREC method quite extensive.

Investigations of problems in nuclear physics have as before consumed
the major part of the accelerator beam time; in fact this fraction
has even increased slightly*; Among the results may be mentioned the
precise measurements of probabilities for elastic neutron scattering
from deuterium which do not appear to agree with theoretical expecta-
tions, the first few measurements of electromagnetic decay properties
of excited 0 + states in tin isotopes, the measurements of several
quadrupole deformations of excited nuclear states with associated
increased possibilities of interesting theoretical comparisons, the
first results from fusion reactions with light heavy-ions with complete
identification of the residues, and other achievements. The results
have thus been obtained in many quite different fields proving the
flexibility of the tandem accelerator. Recently, promising attempts
have been made to produce radioactive isotopes of biological and
clinical interest by proton and deuteron beams. It appears likely
that the tandem accelerator will be quite useful for this purpose and
to some extent be able to replace the GWI synchrocyclotron during the
years that accelerator will be closed for reconstruction.

Almost half the time the tandem accelerator has been run with oxygen
ions. This is in part a sign of the increased interest in heavy ions
and in part due to a temporarily reduced interest in 1976 for deuteron
and alpha particle beams. The variety of ions used in 1976 has, in fact,
been more limited than the previous year. It is, however, expected that
many more different species will be accelerated in 1977 due to the
recently installed sputtering ion source.

Four doctoral theses have been presented during 1976, which have been
based on research carried out at the Tandem Laboratory. In all, work at
the laboratory has now given material for twentyone completed theses.

The laboratory was given a permanent organization during 1976, which
among other things, meant that the interim board of trustees was
replaced by a program committee. The national character of the laboratory
is asserted in the new regulations. The University of Uppsala has,
however, a formal administrative responsibility. I would like to thank
sincerely all members of the interim board, which served for almost
nine years. The laboratory has greatly benefitted from their active
interest and devoted work.



Financial support from a number of sources is gratefully acknowledged.
The major part of the funds (used for running costs, personnel in
Section 2.9 excluded) was obtained via the University of Uppsala, the
Swedish Atomic Research Council supplied about 15 percent of the funds
which were used for research equipment and for inviting scientists
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of the Swedish Universities.
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THE TANDEM ACCELERATOR

3.1 Accelerator operations

During 1976 the tandem accelerator vas used in research for k 687
hours effectively. Routine maintenance normally took 8 hours per
week. Statistical details of the accelerator operations are given
in Tables 1-U and Fig 1.

Table 1 Statistics of accelerator operations in 197<J. Division
of time among activities

Scheduled beam time

" maintenance

Unrequested time, holidays

Total

Hours

6 596

675

1 513

8 78U

%

75.1

7.7

17.2

100.0

Trble 2 Statistics of accelerator operations in 1976. Division
of scheduled beam tiae among activities

Effective beam time

Operational difficulties

Unscheduled maintenance

Computer or experiment failure

Total

Hours

h 6U0

226

1 373

357

6 596

70

3

20

5

100

.k

.h

.8

.k

.0

Table 3 Statistics of accelerator operations in 1976. Division
of effective beam time among ion beams

Protons,

9

Deuterons
rf

1|

l6o
32s
35C1

Total

continuous

pulsed

, continuous

, pulsed

Hours

617

703

769
93

268

2 l¿fO

15

35

I«

13.3

15.1

I6.6
2.0

5.8

1*6.1

0.3

0.8

100.0
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Table h Statistics of accelerator operations in 1976. Division
of effective beam time among users

Project

Few-particle reactions

Nuclear spectroscopy
around A = 100

IMPAC, DPAD

Nuclear spectroscopy
around A = 25

Neutron capture

Electric quadrupole moments

Heavy-ion reactions in light
nuclei

Beam-foil spectroscopy

Instrument developments

Neutron-induced reactions,
fission

Multiplicities of y-cascades

(d,n) and (d,ny) reactions

Solid state physics

Physical biology

Total

Section in
this report

6.1.1

6.1.7-6

6.3

6.1.2

6.1.5-5

6.1.9

5.2.U-5

6.2.1

5.2.7, I

6.1.10-i

6.1.U

6.1.3

6.3.2

6.1+.1

1.8

1.6

2.6

¡.7

5.1.12

Hours

930

691

553

502

501

391

265

170

162

155

136

72

67

39

20

15

11

10

10

8.

5.

3.

3.

3.

2.

1.

1.

0.

100.

i

.1

.0

.9

.8

.8

1+

7

7

5

3

9

6
5

8

0

During 1976 a substantial amount of time was devoted to maintenance.
The main reasons were replacements of several components, e g the
low-energy tube sections, the charging belt, the column resistors
and a burnt drive motor.

The accelerator tank was opened a total number of fourteen times
during 1976. Besides the reasons already mentioned the openings
were made to readjust the screens, to replace stripping foils and
to repair the terminal steering. The operational difficulties shown
in Table 2 was largely causad by instabilitities and sparks which
occurred before the column resistor was replaced and an extra
collector screen was installed.

The original low-energy inclined-field tubes were replaced after
38 000 hours of running time. The new tubes contain permanent magnets
for the suppression of secondary electrons and are similar to the
ones which have been in use for some time on the high-energy side.
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20° MAGNET

ACCELERATION TUBE

SPUTTERING ION SOURCE

Fig 2 Present layout of three negative ion sources and two
inflection magnets

Due to an increased failure rate during 1976, the original column
resistors have been replaced by a set of resistors fabricated at
the laboratory, similar to the ones used by Kreische at the Erlangen
tandem accelerator. Each new column resistor consists of 28 smaller
resistors rated at 15 MÍ2 2 W, which are mounted in an isolating
tube and pressed together by a spring. It is not yet clear what mean
life these resistors will have, but at the present time after about
2 000 beam hours no resistor has failed.

On several occations during 1975, the screens caused operational
instabilities. These difficulties now seem to have vanished because
of a different mounting of the screens so that they touch the belt
at an angle of approximately 60° instead of being at right angles
to the belt. At present four screens are being used; two of which
are placed in the terminal to ensure efficient charge removal.

In connection with the exchange of low-energy acceleration tube
sections, the new units having a much larger conductance than the
original ones, a turbomolecular vacuum pump with higher pumping
speed than the one previously used was installed.
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DATA ACQUISITION AND HANDLING

U.I The TMOLDA data acquisition system

(Karl-Göran Görsten, Ib Koersner, Leif Glar.-.tz and Jörgen Pihl)

The computer system consists of one PDP 15/UO with 56 kword and
one PDP 11/05 with 32 kword cora memory. The ?DP 15, which has
an expanded set of peripherals, is operated by a modified RSX PLUS
multi-user operating system while the PDP 11, which is mainly used
to control a CAMAC system, is operated by a stand-alone program.

During 1976 much time has been spent on hardware maintenance as well
as on construction and testing of new hardware facilities. Compara-
tively little programming has been done.

The PDP 15, which is not covered by any service contract, has been
in continuous operation during 1976 except for short breakr; for
service or repair. In spite of the fact that an intermittent error
in the memory logic and a couple of malfunctioning power supplies
caused many computer crashes, the total lost time has not been very
long. The up-time has been slightly over 90 %.

k.2 The hardware system

During 1976 a four-port teletype interface has been built and
installed in the PDP 15 so the the PDP 15 perpheral set now consists
of

- two 2561 fixed-head disks
- four lUU k magnetic tape units (DECTAPES)
- one industrial compatible 7~track magnetic tape unit
- one Tektronix 6ll storage tube display
- one Calcomp incremental plotter
- one Centronix 101 matrix printer
- four Northern Scientific 13-bit analog/digital converters

(ADC's) with a special coincidence adapter and a routing
unit

- interfaces for up to 6 teletype compatible terminals
The PDP 15 system works satisfactorily except for one of the ADC's
which shows a peculiar odd-even effect: the odd channels count about
0.6 as many counts as the even channels do.

The PDP 11 peripheral set consists of one teletype and a CAMAC based
system consisting of

- one CAMAC crate
- eight 12-bit ADC's
- one 8x8 coincidence matrix i e up to 8 different coincidence
patterns of the 8 ADC's can be allowed for simultaneously

- twelve sealers
- one display
- one 7~track tape unit



There are still considerable problems connected with the hardware of
the CAMAC system. One of the main problems is the synchronisation of
the ADC's in coincidence mode. The present solution, which involves
a significantly stretched gate puls, is not quite satisfactory since
it may sometimes allow a ADC to make two conversions during the
same gate pulse. Another problematic detail with the ADC's is the
construction of the input linear gates. They are normally open,
which implies that the ADC's can spend a considerable part of the
time rejecting nonrelevant singles events. Consequently, a large
contribution to the system dead time is obtained.

Besides the two computer systems there are two terminals, one hardcopy
and one video, that can be connected to virtually any computer center
via the telephone network.

In the near future the system will be expaned to include
- a link to interconnect the two processors. The hardware exists
but is not fully tested.

- a switchboard and a lightpen connected to the PDP 15
- a modem to enable a user to connect the PDP 15 as a GUTS
terminal to the IBM computer at the Data Center of Uppsala
(UDAC)

PDP 15/iO

56 kword mem.

-oooo

Magtape

B
Display

Any TTY- 1
eo»patit>lef '
unit J

ADC ADC

TTY

PDP 11/05

32 kvord aem.

Deotape3

PDP !«,-
PDP 11
Interf.

Line
printer

TTÏ

Semigraphlc Videoterminal

I—J ÏPA I—I

Four paraaeter adapter

Fig 3 The TMOLDA hardware



t.3 The software system

Under the RSX system, which operates the PDP 15, the core memory is
divided into segments, called partitions. Each partition can hold a
running program, called a task. The tasks normally, reside on the
system disk and is brought into a suitable partition when requested.
Critical tasks, such as device handlers and on-line control programs,
are fixed in core to ensure immediate reponse. The present core lay-
out is shown in Fig it. In a few weeks time a new system will be
generated which will use all the 56k memory of the PDP 15; l6k of
the memory was installed very recently. The new core layout will
include

- a bigger MCR partition
- a partition for the link handler (i e the link between the
two computers)

- a partition for utility programs
- an additional partition for user programs

A very important part of the TM-RSX system is the On Line Data
Analysis (OLDA) program. The OLDA program is built of four sets of
tasks

I ADC drivers
II display drivers
III supervisory tasks
IV computational tasks for numerical calculations

By dividing the program into different sets, flexibility and modularity
is achieved, thereby making it easy to change or replace certain parts
of the system. The on-line data, experimental parameters and intertask
messages are stored in system common blocks. That makes them accessible
to other programs, for instance Fortran programs, and makes it very
easy to implement new on-line functions. The common blocks are saved
twice a minute in a back-up file on disk when data acquisition is going
on. This serves two purposes

1 to loose a minimum of data if the computer goes down
2 makes the data accessible to other non-privileged programs

The computational tasks include routines for peakfinding, peak area,
centroid and FWHM (Full Width at Half Maximum) calculations, spectrum
smoothing, calibration of spectra, etc.

For off-line analysis of experimental data there are programs which
can perform most of the functions that OLDA can do as well as other
important functions. For instance, there are programs for automatic
peakfinding, plotting of spectra on the Calcomp plotter, and fitting
of an arbitrary function to a peak in a spectrum. In addition, for
off-line analysis, there are programs for sorting of two- and four-
parameter data and for plotting of spectra, running on the IBM
computer at UDAC. Also, the SAMPO program is available.

Another important part of the TM-RSX system is the whole set of
utility programs and Fortran callable subroutines that exists to
help the user/programmer to manage the system and to write his own
programs. There are, for instance, programs/subroutines to

- transfer data in different formats between different media
- input/output data in different formats to the user's program

in a comfortable way
- list/dump files on the line printer
- create/restore backup copies of Dectapes on magtape



16

The software of the PDP 11, controlling the CAMAC based system, permits
collection of data event by event with up to eight combinations of
the eight parameters simultaneously. Each event is stored on magnetic
tape together with a word describing the actual parameter combination.
The contents of the twelve sealers and information of the dead time
are stored at the end of each Ik magnetic tape record. The data may
also be sorted into at most two Uk slices which can be displayed.
Optionally, the data from any two ADC's may be stored in a bidimen-
sional kk array, which can be displayed in contour mode. This option
will be expanded to allow six different pair? "f ADC's to be sorted
into six bidimensional maps. One or two ADC's can be used for collecting
singles spectra in direct memory access.

Core map Partition

120000

7^000

llkOO

70000

67000

64000

63OOO

50000

k6hoo

i+oi+oo

20000
17^00

lltOOO
13000

TDV

10.

10.

10.
10.
10.

FOR

RF

VP
AD
MT
LP

OLKBL

OLDA

SPEC

FLAG

10.

MCR

RSX

DT

Use

Large Fortran programs and utilities

Disc handler

Display handler

ADC handler

Magnetic tape handler

Line printer handler

Small Fortran programs and utilities

On-line keyboard listener

On-line functions

On-line spectrum

On-line parameter storage

Dectape handler

Operator functions

Resident monitor

Fig h The OLDA-RSX on-line system
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RESEARCH INSTRUMENTATION AND METHODS

5..1 The experimental hall

(Bo Sundqyist, Tandem Accelerator Laboratory, Uppsala)

o

The experimental hall covers U50 m area useful for experimental
purposes and there are nine beam tubes (Fig 5). Walls of concrete
blocks divide the hall into one large and two minor areas so that
work in general can be carried out without radiation risk in one
area, while an experiment with beam on target is being performed
in another area.

Fig 5 Experimental hall with experimental arrangements

The experimental arrangements along the beam tubes are indicated in
Fig 5 and briefly characterized in Table 5. Most instrumentation is
generally available and is shared between all users of the tandem
accelerator.
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Table 5 The instrumentation along the beam tubes

Beam direction

-60°

-U5°

-25°

-12.5°

0°

+12.5°

+30°

+1*5°
+60°

Instrumentation

Detector system for low energy ions
(see Sect 5.2.6)

Apparatus for reorientation precession
measurements
(see Sect 5.6)

a) Charged particle scattering chamber,
r=38 cm

b) Backscattering chamber
c) Charged particle gamma correlation

equipment

Electron-Electron coincidence spectrometer
(see Sect 5.3)

Not used at present

Neutron time-of-flight facility
a) 6 m flight path between -100° and +30°
b) l6 m flight path in forward direction

a) Spectrometers and other equipment for
beam-foil studies

b) Heavy particle magnetic spectrometer

Electron-gamma spectrometer

Equipment for studies of perturbed angular
correlations

5.2 Equipment and technique for the study of charged-
particle reactions

5.2.1 A method to determine polar scattering angles

(ib Koersner and Bo Sundqvist, Tandem Accelerator Laboratory,
Uppsala)

The work on the method to determine polar scattering angles by
measuring the energy of protons scattered from target hydrogen
has been finished. Scattering angles can be obtained with a
relative accuracy of at least ±0.03°. The absolute precision is
mainly determined by the accuracy with which the incident beam
is known. A report on the method has been published (l).

5.2.2 A six-detector system for the study of three-body
reactions

(Arne Johansson, Bo Sundqvist, Lars Amten, Leif Glantz and Ib
Koersner, Tandem Accelerator Laboratory, Uppsala)

The six-detector system with the associated electronics and data
acquisition units, which were designed and assembled in 1975, has
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been tested off and on line. The system, which is adapted to the
CAMAC eight-parameter data acquisition system at the laboratory,
is intended to considerably improve the possibilitites to investigate
three-body reactions. The data collection rate is in many cases
increased by more than a factor of ten.

COINCIDENCE
SYSTEM

MONITOR
SYSTEM

Fig 6 Block diagram of the electronics for the eight-parameter system

P pulser
PPS pair-pulse sequencer
SC sealer
DET detector
PA preamplifier
T time derivation unit
FO fan-out
FI fan-in
D nanosecond delay
TAC time-to-amplitude converter
MA main amplifier
MIX mixer
SCA single-channel analyzer
CM coincidence matrix oí' the eight-parameter system
ADC analog-to-digital converter
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The system has six surface-barrier detectors for coincidence
measurements (plus one monitor detector for normalization). The
detectors are placed in the 38 cm radius scattering chamber. The
charged particle scattering chamber has been equipped with a new
detector table with room for many closely spaced detector holders.
Six detector holders have been constructed and tested in such a way
that the detectors can be cooled by Peltier cooling and that the
temperature of the detectors can be measured. The principles of
the electronics are shown in Fig 6. The emphasis is on fast timing,
good energy resolution and high efficiency (~ 100 %). The last
requirement is associated with the aim to measure precise absolute
cross sections. Coincidences between all pairs of six detectors
will be recorded. To be able to monitor the deadtime of the system
a special pair-pulse sequencer has been constructed which simulates
coincidence pulses from every pair of detector at a known count rate.

The system has recently been tested in a d(p,2p)n measurement at
10 MeV proton energy. The main purpose of the test was to investigate
the total deadtime of the electronic and data acquisition systems.
These on-line measurements revealed some problems which turned out
to be connected with the particular construction of the ADC's. A
considerable amount of data was lost due to errors in some of the
8-word ADC buffers. After these problems had been solved (Sect h.2)
the average deadtime of the total system was found to be acceptable
(~ 2-3 % at an average counting rate in each ADC of about 1.5 kHz).
A high low-energy cut off is caused by the present solution to the
problem with the ADC buffers. However, this fact does not give rise
to any difficulties for the intended measurements on three-body
reactions.

5-2.3 Surface-barrier detector fabrication

(Herman Norde and Sture Peterson, Institute of Technology, University
of Uppsala, and Bo Sundqvist, Tandem Accelerator Laboratory, Uppsala)

The price of commercial detectors often forbids large assemblies. It
is thus very important to be able to make good detectors at the
laboratory. During 1976 surface-barrier detectors with an area of
100 mm2 and thicknesses of 100 urn and 1000 ym have been manufactured
and tested. They were of the conventional gold contact type and
about 50 % of them were of good quality. The 100 ym detectors will
be used for 8Be detection and the 1000 ym detectors for the six-
detector system (Section 5.2.2) and in the apparatus for nitrogen
analysis of wheat (Section 6.U.I).

Also platinum silicide type surface-barrier detectors have been made.
The tests showed that at room temperature the leakage current was in
many cases too high for the delector to be useful but by cooling the
detectors to about -30° C very good performance was achieved. The
leakage currents were typically a few tens of nanoamperes. A
particularly interesting feature of this detector is the high electric
field which can be applied: up to h V/ym. This property will be further
tested in connection with fast timing measurements because at these
high electric fields the charge collection time in the detector has
reached its minimum, which is about 10 ps/ym.
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A zero-time detector for nuclear fragments using channel
electron multiplier plates

(Bo Sundqvist, Tandem Accelerator Laboratory. Uppsala)

The zerotime detector constructed in 1975 (Fig 7) has been further
improved during 1976. The principle is to use secondary electrons
produced when a charged particle passes through a thin foil. The
electrons are multiplied with two channel electron multiplier plates
coupled in tandem. Due to the short transit time in this kind of
multiplier (~ 2 ns) very good timing properties are expected. The
grid used to accelerate the electrons from the foil (Fig 7) has now
been moved away from the space where the heavy ions pass thus
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increasing the efficiency of the system. Furthermore, the timing
performance has been improved in two ways. The earlier trigger, a
so called ARC timing unit has been replaced with a fast amplifier
and a constant fraction discriminator (ORTEC 571* and U73A). The second
reason for improved timing results is that the risetime of the detector
pulse has been decreased from 0.8 to 0.5 ns by putting the two plates
very close together (~ 0.2 mm). With the setup shown in Fig 7 a timing
peak width of l65 ps (FWHM) was obtained with 5.5 MeV a-particles (Fig 8).
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This kind of detector will probably soon become even more interesting
due to recent results on the yield of secondary electrons from low
density KC1 films reported by M P Lorikan (2) who has found i,hat
the yield can be increased by a factor of 100 compared to carbon foils.
A preliminary check of those results have been made and a factor of 20
has been measured. This will probably make it possible to detect even
minimum ionizing particles with this technique. More systematic
measurements on the yields of secondary electrons will soon be started.

5.2.5 A AE-E telescope for energy and charge determination of
heavy ions

(Bo Sundqyist, Tandem Accelerator Laboratory, Uppsala)

The AE-E telescope for heavy ions constructed in 1975 has been further
developed. The telescope consists of a thin entrance window ionization
chamber which works as a AE detector and a silicon surface barrier-
detector, placed inside the ionization chamber, in which the residual
energy is measured. The entrance window has until now been made of
Parlylene C and supported by a high transmission (97 %) mesh of Ni
wire. The chamber is operated with a constant flow (~ 0.2 l/min) of
gas mixture containing 90 % argon and 10 % methane. The telescope
gives an energy resolution of 39 keV (FWHM) for 5-5 MeV a particles.
The telescope is now used in the heavy-ion detector system (Section 5.2.6)
and performs very well.

During 1976 efforts were made to develop techniques to produce thin
entrance windows with larger areas. The technique used so far has
allowed the production of 120 mm2, l6 yg/cm2 thick foils which can
withstand kO Torr during long runs. Preparations hav<» been made to apply
the technique recently developed at Los Alamos (3). The larger and
stronger foils made with their technique to the same thickness as was
used earlier will make it possible to increase the solid angle of the
telescope significantly.

5.2.6 A detector system for low-energy ions

(Bo Sundqvist, Hans Berggren, Karl-Hakan Flodkvist, Arne Johansson and
Ib Koersner, Tandem Accelerator Laboratory, Uppsala)

A detector system for low-energy ions has been designed and tested.
It consists of two zerotime detectors or foil detectors (Section 5.2.10
and a AE-E telescope (Section 5.2.5) (Fig 9). From i.hp t. i me—of- flight between
the two foil detectors and the total energy the mass can be calculated
and from the energy-loss measurement in the ionization AE counter the
atomic number can be deduced. So far complete identification of ions
with A ~ 30 and Z ~ 15 has been achieved for E/A £ 0.3 MeV/nucleón.
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Fig 9 A schematic drawing showing the principles of the detector
system.

This has been possible mainly because of the small amount of material
in front of the energy detectors. The two foils in the foil detectors
and the entrance window for the ionization chamber are together about
UO yg/cm2. This fact is very important in order to reduce energy
straggling and multiple Coulomb scattering which otherwise might
seriously reduce the efficiency of the system for the heaviest
fragments. The solid angle of the system is at present ~10~'t sr
but will soon be increased by the use of better timing and a larger
entrance window for the ionization chamber. The system has been
tested with h2 MeV 160 on an 27A1 target at a scattering angle of
13°. In Fig 10 a nuclear chart spectrum of the yield is shown.
Results on this system were presented at the 1976 IEEE Scintillation
and Semiconductor Symposium, New Orleans, October 20-22, 1976 (h).

16,

Fig 10 An isometric nuclear
chart of nuclei detec-
ted at 13.5° for 1*2
MeV 160 on 27A1 and
with an energy gate
of 17 Í E £ 25 MeV.
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A new so called bellow scattering chamber has been constructed and
is now being built at the laboratory. This will make it possible to
measure angular distributions of heavy fragments with the detector
system.

5.2.7 Detection of Be

(Per Hákansson, Bo Sundqyist and Arne Johansson, Tand-m Accelerator
Laboratory, Uppsala)

The ground state of 8Be is unstable and decays into two a particles
with a meanlife of 10~16 s. By detecting the two a particles in
coincidence 8Be can be identified and its energy measured. A computer
code which calculates the efficiency, the effective solid angle and
the angular resolution for detection of 8Be particles has been written.
It can handle two equal-area, circular or rectangular detectors. An
extension of the program can also handle several detectors arbitratily
located in the detector plane. These codes are now used in order to
design systems- I'd'8Be detection.

A 8Be energy spectrum from the reaction 1 2C( 1 60, 8Be)20Ne is shown
in Fig 11 where a few identified peaks are labeled with the spins
and parities of the corresponding levels in 20Ne. The curve shows
the effective solid angle for the 8Be detector as function of the
8Be energy. In this case, a simple 8Be detector was used consisting
of two equal, circular Si(.-.b) detectors (area = 78 ran2; centers 2.3
cm apart).
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Fig 11 A Be energy spectrum and the effective solid angle of the
detector as a function of energy.
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The most promising design for a 8Be detector system seems to be to
use two foil detectors and behind them a position sensitive Si(Sb)
detector. One advantage of this system is its large effective solid-
angle (several msr) detector H!lowirj-Svery small cross sections to
be measured. Such a detector setup is now being tested experimentally.
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5.3 Half-life measurements in the sub-nanosecond region
using a magnetic electron spectrometer and a pulsed
beam

(Nils-Göran Jonsson, Anders Bäcklin, Institute of Physics, University
of Uppsala, and Juhani Kantele, Tandem Accelerator Laboratory, Uppsala)

The ion-beam long-lens magnetic spectrometer (l) offers a unique
possibility of measuring delayed coincidence between a pulsed beam
and conversion electrons. The accelerator can supply proton pulses
with a width down to 0.5 ns and with 500 ns repetition time. The time
jitter of the electron detector is small, about 100 ps, and therefore
the total time resolution of the system will only be slightly larger
than the accelerator pulse duration. In an earlier arrangement the
accelerator pulse has been picked up capacitively at a position
before the beam switching magnet, which introduces some time-spread
to the pulse. The present arrangement includes a secondary emission
electron "zero time" (SEEZT) detector with one channel plate (2)
placed only 0.5 ns from the target. With this arrangement a time
resolution of 0.5 ns has been achieved, making it possible to
determine half-lives as short as 150 ps directly from the slope of
the time distribution.

Shorter lifetimes have to be measured from the centroid shift with
respect to a prompt time distribution. One draw-back with this technique
is that indirect population of the level studied from other levels of
the excited nucleus with detectable lifetimes will affect the measure-
ment. It is therefore necessary to have a clear picture of the decay
scheme and also, if possible, some knowledge of the expected lifetimes
of feeding transitions.

In this type of experiment the stability of the time peak is the crucial
point. Long time drifts due to slightly changing conditions in the PM
tubes and the electronics have been observed and been remedied by the
use of a specially designed stabilization system using light-emitting
diodes (l). Another source of long-time drifts is the accelerator
pulse shape, which according to our preliminary experiments seems to
vary with time. In order to compensate for this a second electron
spectrometer is used for recording the time distribution from a
reference line. Both electron detector signals are fed in parallel
to the start channel of the time-to-pulse-height converter (TPHC)
and the signals from the SEEZT to the stop channel. In this way the
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difference between the centroid positions of the two observed time
distributions is unaffected by variations of the accelerator pulse
shape. The two reference pulser peaks are placed just below these
time distributions and a commercial stabilizer is set on the pulser
peaks and compensates for shifts in the time spectrum by changing
the zero level and the gain of the analog-to-digital converter (ADC).

The position of the time peak corresponding to a prompt transition
is strongly depending on the energy of the transition. When using
the centroid shift method it is fundamental to know as accurately
as possible this energy dependence (walk-curve) since it is seldom
possible to find a prompt reference transition with exactly the
same energy as the transition studied. Walk-curves have been taken
with both a pulsed beam and radioactive sources and show a walk of
about 0.5 ps/keV in the 1 MeV region.

Preliminary experiments with this method involve the measurement of
the half-lives of excited 0+-states above 1 MeV in 116Sn using the
(p,p') reaction at 10 MeV proton energy.

The data obtained so far indicate a half-life less than 100 ps for
these levels. In the near future faster photo-multiplier tubes with
zener stabilized voltage divider net-works are going to be installed.
With this improvement and a stable pulse from the ion source we
believe that the pulsed beam technique may become a valuable tool
for measurement of nuclear lifetimes down to, say, 20 ps.
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5.1* A high-pfficiency coincidence method for double coulomb
excitation studies of weakly populated vibrational
1 evels

(Nils-Goran Jonsson and Anders Bäcklin, Institute of Physics,
University of Uppsala, and Juhani Kantele, Tandem Accelerator
Laboratory, Uppsala)

In double Coulomb excitation studies of vibrational nuclei, transitions
from weakly populated levels are often difficult to observe in singles
y-ray spectra or in ordinary coincidence experiments. This is especially
true of quanta produced with low yields, such as the transitions from
two-phonon-like levels in even Sn isotopes.

In order to observe transitions from weakly populated vibrational
levels, a high-efficiency geometrical arrangement sketched in Fig 12
has been developed. The target (usually thick) is placed in the center
of a large Hal(Tl) annular detector (25.U cm in diameter and 30.5 cm
long, with a tunnel diameter of 8.5 cm, Section 5-6), at a 9 ram
distance from the cryostat window of a 120 cm3 {2h % efficiency)
Ge(Li) detector. In the study of the Sn isotopes, a 5 mm thick lead
absorber was placed inside the tunnel as shown in Fig 12; in cases in
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which the energy of the 2* •*• Oj transitions is well below 1 MeV,
no absorber was used.

10 cm

PM

PM

Fig 12 Experimental arrangement for the detection of gamma-rays
associated with levels with low cross-sections for double
Coulomb excitation. Coincidences are registered between
the Ge(Li)--detector and the Nal annular detector.

In the energy region of interest, from about 0.3 MeV to 1.5 MeV,
the photopeak efficiency of the Ge(Li) detector in this arrangement
varies between about k and 1 %. If no lead absorber is used in the
tunnel the peak efficiency of the annular detector is 70 % at 0.3
MeV and 30 % oc 1.5 MeV. With a 5 mm lead absorber in the tui.nel,
the corresponding efficiencies are about 2k %. All efficiences are
determined with the aid of radioactive sources emitting non-
coincidenct y-rays (203Hg, 137Cs and 6SZn) with accurately measured
rates. The absolute photopeak efficiences of both detectors are
determined to within ±5 % (including uncertainties due to possible
variations of the position of the source or the beam spot).

A typical spectrum measured with this arrangement is shown in Fig 13.
In order to extract the reduced transition probabilities from such
a spectrum, the absolute efficiency of the arrangement has to be known.
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In the measurments performed so far thin Tins bevn obtained from
transitions with known double excitation cross sections observed in
the singles spectrum as well as in the coincident spectrum. In addition,
known radioactive sources have been used. The present aim is to
achieve an accuracy in the excitation cross sections of 10-15 %•
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Fig 13 Gamma-ray spectrum from double Coulomb excitation of 12"Sn
taken with a 120 cm3 2k % Ge(Li) detector in coincidence
with 1.17 MeV gamma-ray in the annular Nal(Tl) detector.
Resolution is 2.0 keV at 1.33 MeV gamma energy.

5-5 Instrumentation for ion-implantation perturbed angular
correlation measurements (IMPAC)

(Claes Fahlander, Kurt Johansson, Erik Karlsson and Goran Possnert,
Institute of Physics, University of Uppsala)

The term IMPAC (implantation PAC) covers a class of experiments
where perturbed correlations of y~rays (PAC) are observed after the
emitting nuclei have been implanted by the recoil of the reaction
into a target hacking. Normally the nuclei to be studied are Coulomb
excited by heavy ions (e g 36-1+0 MeV 1 60 + 6) and those events are
recorded where ions back-scattered into a ring-counter are in
coincidence with the y-rays following the Coulomb excitation.
Typical recoil energies are of the order of 25 MeV and most interest
is concentrated on implantation into ferromagnetic target backings,
where static and transient hyperfine interactions can be studied.

The experimental arrangements (l) (l''ig ]'i) coiuiist of a correlation
table with four ^-detectors (four scintillation detectors or two
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scintillation plus two Ge(Li) detectors) and one particle annular
silicon surface Carrier detector, a coincidence system with a
LABEN U096 channel MCA t̂ id an electromagnet capable of giving
7 kG over the target volume to polarize the ferromagnetic backings.

Fig 1U Block diagram of the IMPAC setup at the tandem accelerator.
The system records the total and the accidental coincidences
simultaneously on LABEN multichannel analyzer.

The intense transient magnetic field in gadolinium allows studies
of magnetic interactions in ps nuclear states. However, since the
Curie temperature for gadolinium is 292 K, target cooling is necessary.
Therefore the setup has been reconstructed and a cold finger, allowing
liquid nitrogen cooling has been built (Fig 15). In order to avoid

Fig 15 Simplified sketch of the IMPAC scattering chamber.
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condensation of vapours on the cold target, a very good vacuum is
needed. For this purpose a new vertical turbo molecular pump from
Leybold with a short pumping distance has been installed. So far
these facilities have been sufficient, but for the temperature
dependence investigations of hyperfine fields, there will be a
need for more efficient cooling equipment such as helium gas
flow arrangements.

Finally, preliminary experiments on time differential studies
(DPAD) on isomeric states have been performed, using the pulsed
ion source. Since good timing is needed and the pick-up tube is
not sensitive enough for use with the a beam, a new pulse detector
(2) is under construction.
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5.6 An experimental facility for measurements of static
electric quadrupole moments of excited states using
the reorientation precession technique, REPREC

(John-Erik Thun, Lennart Hasselgren and Claes Fahlander, Institute
of Physics, University of Uppsala)

Measurement of static electric quadrupole moments of excited states
using the reorientation precession technique (REPREC) (Section 6.1.9)
require a very precise determination of the geometry. That is, the
location of the particle detectors with respect to the Ix-ammust be
better than 0.1° and that of the gamma ray detectors better than
0.2°.

Theoretically it can be shown that a measurement of the static
quadrupole moment of the first ea '"ed 2 + state using the reorienta-
tion precession technique is best j-Sj. "o:\ued when the particle detectors
in the CM-system are located at 90° to the beam. The gamma ray
detectors are then to be placed in the reaction plane through 22.5°,
67.5o and so on with respect to the beam. REPREC is described in more
detail in Section 6.1.9.

A cross section of the scattering chamber constructed to satisfy the
conditions given above is shown in Fig l6.
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Fig 16 The experimental setup used in the measurements of static
electric quadrupole moments of excited states.

The central part of the scattering chamber has been designed to be the
support of one collimator, two particle detectors and the target. It
is manufactured out of one soJid piece of aluminium in such a way
that the centers of the slits defining the entrances to the particle
detectors and the target are located on a line at right angles to
the collimator. Using mercury as a mirror the particle detectors
can then be adjusted to be at a 90° position to the horizontal plane.

The horizontal direction is defined by a telescope. The adjustment
of this telescope is not accepted unless a rotation of the telescope
l80° in tue horizontal plane and l80° in the vertical plane gives
the same location of the cross hair. That means that the horizontal
direction is very well defined.

The beam is defined by two collimators adjusted to be in the horizontal
plane with the aid of the telescope. This collimator system gives a
beam-spot with a diameter of 1 mm on the target.

The y-ray vindow of the scattering chamber has an angular width of
±35°• A mechanical device and the telescope is used for the adjust-
ment of the Nal detectors.

The particle detectors are placed at a distance of 6 cm from the
target, and the 7-5 cm x 7'5 cm Nal detectors at a distance of 20 cm.
The slits in front of the particle detectors have a diameter of 12 mm.



The accuracy in the determination of the angles for the particle and
Y-ray detectors respectively is better than 0.1°. The normalization
in an experiment is always made by counting particles scattered into

' the relevant particle detector. Since ratios are always taken "between
coincidences detected with the same Hal detector, the efficiencies of
these detectors do not have to be taken into account. The high symmetry
of the experimental setup minimizes some possible geometrical errors.
Thus the mean value of the ratios for the two Nal detectors will be
correct despite any small deviation of the beam from the horizontal
direction or a small deviation of the particle detectors from the 90°
position.

The multiparameter facilities at the laboratory are used to record
the data. Since ratios are taken between coincidences using the same
electronic units a knowledge of the efficiency of the electronic
system is not required.

The scattering chamber was especially designed for the measurements of
quadrupole moments of first excited 2 + states in even-even nuclei. Of
course REPREC can also be used to study odd nuclei. However, in this
case the geometry needed can be quite different. Therefore, a new
scattering chamber which will be more flexibel is at present under
construction. The new experimental facility will also mean an increased
efficiency for this type of experiments.

5-7 Anti-Compton mode detection of high-energy gamma rays

(Anund Lindholm, Leif Wilsson and Muhammad Anwar, Tandem Accelerator
Laboratory, Uppsala)

A Nal(Tl) annulus detector has been delivered to the laboratory during
1916. The detector is a 30.5 cm long hollow cylinder with outer and
inner diameters of 25-^ cm and 8.6 cm, respectively. It is optically
divided into two half cylinders, each coupled to three 3" photomulti-
plier tubes. The detector is inteded to be used as an anti-Compton
spectrometer together with either a Ge(Li) detector or a Nal(Tl)
centrum detector, 7.6 cm in diameter and 17.8 cm long (Fig 17).
The centrum detector has a resolution of 8.0 % at 662 keV, whereas
the corresponding value for the annulus detector is 10.5 %• The centrum
detector is equipped with a light-emitting diode intended to be used
for photmultiplier gain stabilization. The light emitting diode is
powered from a so-called electric gamma source. The anti-Compton
spectrometer consisting of the annulus and the 7.6 x 17.8 cm Nal(Tl)
centrum detector has been tested with monoenergetic gamma rays from
the reaction U B ( P , Y ) 1 2 C , 13C(p,Y)llfN, and 89Y(p,Y)90Zr. The response
functions turn out to have a rather weak low-energy tail and a peak
width (PWHM) of about 1 leV in the gammaenergy range 10-23 MeV. In
these test experiments two discriminator settings, 660 and 900 keV,
in the gamma-ray spectrum from the annulus were used.
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Fig 17 The anti-Compton annulus detector arrangement

The annulus detector has also been used together with a Ge(Li)
detector in a coincidence experiment designed to investigate decay
properties of 0 + states (Section 5.3). The photopeak efficiency for
662 keV gamma rays from a source in the geometric center of the
detector was then determined to be 67 %•

5.8 Light-isotope gas analysis by proton-elastic scattering

(Staffan Söderberg, Claes Kordborg and Leif Nilsson, Tandem Accelerator
Laboratory, Uppsala)

A method to analyze the isotopic composition of gas mixtures has been
developed. The technique is based on the kinematics of the elastic
scattering of protons by nuclei. The investigations are motivated by
the needs to analyze the composition of gases in various types of
gas targets used in nuclear reaction studies. The method was initally
intended for mixtures of hydrogen and helium isotopes but was found
applicable also to heavier elements like carbon, nitrogen and oxygen.

One application of the analyzing method is related to a program at this
laboratory to study neutron-induced reactions in the 2 - 1 1 MeV region,
described in Section 6.1.6. In these experiments monoenergetic neutrons
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are produced by the reactions T(p,n)^He and D(d,n)3He. The incident
proton (deuteron) beam bombards tritium (deuterium) gas enclosed
in specially designed gas-target systems. A calculation of the neutron
flux necessitates that the isotopic composition of the target gas be
known.

Another need for a gas analyzing technique is connected to a recently
started project aimed at measuring the 6Li(n,a)T reaction cross section
by studying its inverse reaction T(ot,6Li)n, see Section 6.1.13. One
possiblity to measure the cross section of this reaction would be to
bombard a gas target containing a mixture of ''He and T2 with alpha
particles and to record the number of outgoing 6Li ions in relation
to the number of alpha particles scattered from ^He, i e to determine
the T(a,6Li)n cross section relative to the a-a scattering cross
section. This kind of measurements would require a technique to
determine the relative numbers of ^He and T atoms in the target gas.

This study of the elastic scattering method for light isotope gas
analysis shows that accuraties in the isotopes concentrations comparable
to those of other methods described in the literature can be obtained.
Fractional errors are typically of the order of 2 ?. The analyzing method
is non-destructive and reasonably fast; a scattering spectrum is obtained
in approximately one hour.

Part of the work has been presented in an internal report (l). A final
report is being prepared for publication.
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5.9 Detectors and electronic equipment

The laboratory supply of surface barrier detectors for charged-particle
detection has been renewed by some ten units of various conventional
types and sizes. A new and attractive possiblity to supply experimenters
at the laboratory with charged-particle detectors has appeared by the
fabrication started by a group at the Electronics Department, Institute
of Technology described in Section 5.1-3. Various developments for the
detection of heavy ions and nuclear fragments are presented in Section
5.1.U-5.1.7.

The 23 % coaxial Ge(Li) detectors mentioned in the 1975 annual report
was delivered in the beginning of 1976. It has a resolution at 1.33 MeV
of 2.0 keV but is at present limited to count rates up to 12 kc/s. No
other Ge(Li) spectrometers have been purchased during 1976, which implies
that the laboratory equipment for high-resolution gamma-ray spectroscopy
at present consists of six units, four coaxial detectors ranging in
efficiency from 8 to 23 % and two Low Energy Photon Spectrometers
(LEPS). In addition, one Si(Li) X-ray detector is available.
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The anti-Compton Nal(Tl) annlus detector mentioned in the 1975 annual
report has been delivered and is described in Section 5.6.

The pool of electronic modules has been extended through the purchase
of some ten units, in particular for high-performance amplification
of analog signals at high count rates and for time derivation with
semi-conductor detectors. Fast/slow preamplifiers of Berkeley design
are being built at the electronic workshop of the laboratory.

5.10 Target preparation

(Rolf Didriksson, Tandem Accelerator Laboratory, Uppsala)

The thin foils of varying composition and thicknesses between 10 um -
0.01 ym used as targets in the experiments are normally made at the
target laboratory. Also some targets have been made for other institutes.

Most of the equipment used is constructed at the laboratory. The methods
are for example vacuum evaporation, ion beam sputtering, rolling and
electrolysis. New techniques used during 1976 are:
1. Reductive evaporation of chromium onto a heated metal substrate

with tantalum as the reductive agent. Thicknesses up to 500 um/cm2

have been achieved.
2. Self-supporting carbon-13 foils with thicknesses 50-300 yg/cm2

have been made by cracking of isotopically enriched methyliodine.
3. Pressing of ruthenium powder with ~ 10 tons/cm2 have been used to

prepare foils with thickness ~ 30 mg/cm2.
k. Self-supporting silicon monoxid (20-50 mg/cm2) by evaporation and

self-supporting tantalum oxide (50-300 yg/cm2) by anodization have
been used as oxygen targets.

The problem with carbon buildup is often embarrasing. Tin targets have
been successfully cleaned by melting them in hydrogen atmosphere. Most
of the contaminants then diffuse to the surface. The pellet can then be
etched, cleaned and rolled to desired thickness.



38

RESEARCH REPORTS

6.1 Nuclear physics 1*2

6.1.1 Nuclear few-particle systems
(A Johansson, B Sundqvist, L Amíen, H Berggren,
K-H Flodkvistj L Glantz, P Hakansson and I Koersner,
TLU) ki

6.1.1.1 Introduction • k2

6.1.1.2 Elastic neutron-deuteron scattering 1*3

6.1.1.3 The d(p,2p)n reaction 1*5

6.1.1.1* The d(a,pa)n reaction 1*5

6.1.2

6.1.2.1

6.1.2.2

6.1.2.3

Studies of nuclear reactions and structure of nuclei
around mass number 25
(j-E Christiansson, J Dubois and H Roth, CTH)

25 25
Levels in Mg and Al

Heavy-ion reactions

2k
Deformed states in Mg

kB

1*8

50

52

6.1.3 The use of (djny) reactions to study isobaric
analogue states
(I Bergqvist, B Erlandsson and J Lyttkens, DPUL,
and G Lodin and L Nilsson, TLU) 52

6.1.1*

6.l.i*.2

6.l.l*.3

6.1.1*.!*

6.1.5

Multiplicity of unresolved y ray cascades in a
particle induced reactions

(S-E Arnell, Ö Skeppstedt and E Wallander, CTH)

Introduction

Ni(a,py) Cu reaction

The Mo(a,nv) Ru reaction

The S(a,py) Cl reaction

57
Lifetime measurements of level in Fe
(I Bergqvist and L Carlen, DPUL, and L Nilsson and
A Rahman, TLU)

53

53

5k

56

59

62



39

6.1.6 Neutron capture reactions in the giant resonance
region
(I Bergqyist and B Pálsson, DPUL, and A Lindholm and
L Nilsson, TLU) 63

6.1.6.1 Spectrum measurements
(partly in collaboration with A Likar, Institute
Jozef Stefan, Ljubljana, Yugoslavia) 63

6.1.6.2 Activation measurements 65

6.1.7 Studies of possible Co-existence phenomena in odd-
mass nuclei 67

, . _ . _ . 109,111.
D.l.7-1 Isomers in Ag

(K-G Görsten, TLU, and A Bäcklin, IPUU) 67

6.1.7-2 Properties of low-lying levels in Tío
(L Westerberg, W Dietrich, G Madueme and A Bäcklin,
IPUU, and K-G Görsten, TLU) 68

6.1.7.3 Study of the transitional nucleus Jïu
(H-G Jonsson, L-G Svensson, L Westerberg, A A El-Haliem,
A Bäcklin, J Lindskog and J-E Thun, IPUU) 69

6.1.8 0 states and EO transitions in even Sn isotopes
(A Bäcklin, W Dietrich, N-G Jonsson and L Westerberg,
IPUU, and R Julin, J Kantele, M Luontama and
T Poikolainene, DPUJ) 70

6.1.8.1 Introduction 70

6.1.8.2 Experiments 70

6.1.8.2.1 Identification of 0 states and measurements of
E0/E2 branching ratios 71

6.1.8.2.2 Measurements of transition rates 72

6.1.8.3 Results 73

6.I.9 Measurements of static quadrupole moments using the
reorientation precession technique (REPREC) and
measurements of transition matrix elements
(J-E Thun, L Hasseigren, C Fahlander, B Orre and
G Possnert, IPUU, and B Skaali, OU) 75

6.1.9.1 Introduction 75

6.1.9.2 The reorientation precession technique 75

6.1.9.3 Me asurement s 79



ko

6.1.9-3.1 Transition matrix elements in ' Pd

6.1.9.3.2 The sign of the Coulomb interference term

6.1.9.3.3 Quadrupole moments of first excited 2 states

6.1.9.** Nuclear model interpretations of the results in
the Pd nuclei

79

81

83

85

6.1.10 The g factors of the first 2 states in ' Cr,
5 Fe and ^Ge
(C Fahlander, K Johansson, E Karlsson and G Possnert,
IPUU) 90

6.1.11 Neutron-induced reactions in l ight nuclei
(C Nordborg and L Nilsson, TLU, and H Condê
and L-G Strömberg, F0A) 92

6.1.12 Measurements of fission cross-section ratios and
fission fragment angular distributions

- (H Conde and L-G Strömberg, FOA, and C Nordborg,
TLU)

6.1.13 Studies of the Li(n,a)T reaction
(H Condi, FOA, and T Andersson, M Anwar, C Nordborg
and L Nilsson, TLU) 96

6,2 Atomic physics 97

6.2.1 Beam-foil spectroscopy
(L J Curtis, R Hallin, J Lindskog, A Marelius,
K Sharma and R Sjödin, IPUU, and J Pihl, TLU, and
P Lindner, IQC) 97

6.2.1.1 Radiative electron capture by multiply-ionized

chlorine atoms 97

6.2.1.2 Vacuum ultraviolet spectra from highly ionized oxygen 103

6.2.1.2.1 Singly excited 0 VI 103

6.2.1.2.2 0 VI doubly excited 105

6.2.1.2.3 Singly excited 0 VII 107

6.2.1.2.1* Doubly excited 0 VII 108



1+1

6.2.1.2.5 Unidentified transitions 108

6.2.1.3 Vacuum ultraviolet spectra from highly ionized fluorine 108

6.2.1.U Alignment effects in highly ionized beam foil
excited oxygen atoms
(L J Curtis, R Hallin and J Lindskog, IPUU, and
J Pihl, TLU) 111

6.3 Solid state physics 115

6.3.1 Transient hyperfine magnetic fields in gadolinium
(C Fahlander, K Johansson, E Karlsson and G Possnert,
IPUU)

6.3.1.1 Z- dependence

6.3.1.2 The velocity dependence

115

115

6.3.2 Nitrogen depth distributions in Chromium Steel
(L Gönczi, R Didriksson and B Sundqvist, TLU,
and L Rohlin, SAB) 120

6.h Physical biology 122

6.U.I The method for determination of the nitrogen depth
distributions applied for plant breeding purposes
(L Gönczi, B Sundqyist and R Didriksson, TLU, and
U Lindh, GWI, and J Mac Key, 122

6.U.2 Production of radionuclides for biological and
medical applications
(S-J Hesselius, H Lundqvist, B Langström, P Malmborg
and C-G Stálnacke, GWI)



k2

6.1 Nuclear physics

6.1.1 Nuclear few-particle systems

(Arne Johansson, Bo Sundqyist, Lars Amtén, Hans Berggren, Karl-Hákan
Flodkvist, Leif Glantz, Per Hákansson and It Koersner, Tandem
Accelerator Laboratory, Uppsala)

5.1.1.1 Introduction

The study of nuclear few-body systems is a vast field. For several
years the work in Uppsala has been dominated by investigations of
the three-nucleon system with the main effort concentrated on the
production of precise cross sections and on the analysis of the data
in terms of exact solutions of the Schrödinger (Faddeev) equations
using assumed "realistic" two-nucleon interactions. The aim is to
reach an accuracy of the order of one percent in the comparison between
experimental results and theoretical calculations in the model implied
by this assumption. The calculations are extremely complicated when
one wants to go beyond the assumption of simple s-wave two-nucleon
interactions. Also an exact treatment of the Coulomb force has not
been possible so far.

The Coulomb difficulty is avoided if the n-d system is studied and,
therefore, elastic n-d scattering has been investigated experimentally
in Uppsala and the desired accuracy has been reached or nearly reached
in some limited angular regions. A preliminary analysis involving two-
nucleon interactions in s, p and d waves as well as tensor forces has
displayed significant discrepancies (Section 6.1.1.2).

A large amount of data on the p-d breakup reaction has been obtained
in Uppsala and is being analyzed (Section 6.1.1.3). However, the phase
space in this case is multidimensional and certain regions of it may
be expected to contain particularly interesting informations. Such
regions may be selected from large-scale Faddeev calculations. The
experimental work will thus be continued with a recently assembled
and tested six-detector system designed to make such measurements
efficient (Section 5.2.2).

It is important and necessary to try to apply the facts learned from
the study of three-nucleon systems to more complicated many-particle
combinations. For instance, it seems unrealistic to hope that dynamically
exact calculations will be possible when the number of interacting
particles is large, perhaps already when it is larger than four.
Therefore, approximations must be introduced which, however, have to
include the essential effects. The d(ot,pa)n reaction seems useful in
this respect. Experimental results have been obtained at 15 MeV in
Uppsala and two types of analysis are being performed, one a dynamically
exact three-body analysis and the other based onadynamically approximate
reaction model but with explicit consideration of important reaction
processes (Section 6.1.1.1*).
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Experimental and theoretical few-body techniques are useful for even
more complicated systems, for instance, sequential processes in
connection with the fusion of light heavy-ions and reactions with
8Be as one of the final-state particles. Equipment for the study of
these reactions have been designed, built and tested (Sections 5.2.3-
5.2.7).

During 1976 a close collaboration with the theoretician P Doleschall
from Budapest has taken place. During his one-year stay in Sweden he
has finished a three-body breakup code in which it is possible to
include two-body p and d wave-interactions and tensor forces. He has
also converted the programs to FORTRAN so that they can be run on
the IBM 370/155 computer in Uppsala. The Uppsala data on the d(p,2p)n,
d(a,pa)n reactions and n-d elastic scattering is now being analyzed
with these programs. Particularly, the analysis of the three-nucleon
data is expected to be one of the most complete so far in this field.

During 1976 two members of the group participated in the "European
Conference on Nuclear Physics with Heavy Ions" at Caen in September
and five members took part in the "1976 European Symposium on Fewbody
Problems" on Vlieland in September. At the latter meeting talks on
n-d elastic scattering and the d(a,pot)n reaction were given by group
members. Results from the d(ot,pa)n study were also presented at the
Fall Meeting of the Nuclear Physics Division of the APS at East Lansing
in October. The heavy-ion detector system (Section 5.1. ) was
demonstrated during a poster session at the 1976 IEEE Symposium on
Semiconductor and Scintillation Counters at New Orleans in October.

6.1.1.2 Elastic neutron-deuteron scattering

Measurements of the elastic n-d scattering were started in 197** at this
laboratory. The l80° differential cross section at 8.05 MeV neutron
energy was obtained by detecting the recoiling deuterons. Because the
geometry was not optimized then, a new scattering chmber was constructed
in 1975 and the cross section was remeasured with a completely new
geometrical setup. A small but signifcant discrepancy between the two
values was established, which has been thoroughly investigated during
1976. The discrepancy has been found to be due to too high a threshold
of the AE timing module used in the older measurement. New measurements
in both chambers were performed with a carefully selected and tested
timing module of a different design. The cross section 230.1+1.8 mb/sr
(old chamber) and 235.2±3.h (new chamber) were obtained, where the
errors are statistical. Other errors common to both measurements were
estimated to be less than 2 mb/sr.

The main effort has been made at a neutron energy of 10 MeV. Cross
sections have been measured at l80° and around the cross section
minimum at 105°-1^0° (CM angles) using two AE-E telescopes, the latter
of which had a position sensitive detector as the E detector. Two such
sets of measurements were performed. The results are shown weighted
together in Fig l8. together with a few theoretical curves. Adding six
of the eight data points around the minimum one finds that the cross
section minimum has been determined to a statistical precision of 2.7 %•
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Fig 18 The elastic differential cross sections for n-d elastic
scattering at 9.98 MeV.

The measurements have been compared to several calculated cross
sections, five of which are shown in Fig 18. The curves were
labelled Ebenhöh, Kloet, and Lamot and an? all obtained bv solving the
Faddeev equations, i e they are exact solutions to the three-body
problem starting from an assumption about the two-body interactions.
Ebenhöh used separable two-body potentials and Kloet (l) local
potentials. In both cases only two-body s wave interactions were
included. Lamot (2) on the other hand also took p wave interactions
and tensor forces into account.

None of these curves gives a completely satisfactory description of
the experimental results. In particular, the fairly large differences
at l80° are somewhat surprising since the backward scattering should
be strongly dominated by the proton exchange process and largely
dependent only on simple well-known properties. The same behaviour
as at 10 MeV seems to exist also at 8 MeV, where for instance the
experimental result is significantly larger than the value obtained
from the Ebenhöh calculation.

The curve labelled Fuda has been obtained by replacing the Kloet
phase shifts for higher partial waves (L-2) by values calculated
from a simple relation which only takes the first order proton
exchange into account (3). Finally, to illustrate in a rather
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arbitrary manner the magnitude of the changes that will be necessary
to reproduce the data, the quartet S and P phase shifts have been
varied to achieve agreement. The result is shown as the dot-a.-inhed
curve ("'S decreased by 2 % and ^P increased by 8 %).

It is disturbing that the rather complete calculation of Lamot
disagrees rather strongly with the data. Further theoretical analysis
is clearly needed and, therefore, an exact three-body calculation
using the code of P Doleschall is in progress in Uppsala. The
calculations take into account higher partial waves, tensor forces
and the D state of the deuteron.

6.1.1.3 The d(p,2p)n reaction

No new experimental data has been obtained on this reaction during
1976. An accurate measurement of the angular distributions of the
singlet n-p final state interaction is being prepared. The intention
is to use the new six-detector system (Section 5.2.2) for these
measurements.

Meanwhile the p-d breakup data already obtained are being reanalyzed.
The data will then be analyzed with three models all based on
dynamically exact three-body calculations using s wave two-body
interactions.

In the first model which is due to Ebenhöh separable potentials are
used with an average NN singlet interaction in the kernels to reduce
the number of roupledintegral equations.This model is often referred
to as the hybrid model. In the second model due to Bruinsma this
approximation is removed taking the full charge dependence into
account. Finally in the third model due to Kloet local s wave two-
body interactions are used.

6.1.1.U The d(a,pa)n reaction

Kinematically complete measurements on the d(ct,pa)n reaction were
performed in 1975 with a beam of 15 MeV a particles. Particle
.identification was achieved with a time-of-flight technique, using
cooled and overbiased detectors together with fast preamplifiers.
Several spectra were measured. The main part of the spectra form an
angular distribution with 6a=17

o and ep=12
o-50°. Spectra were also

recorded at 6a=8°, 6p=35°, where the neutron energy is low, and at
Qa=19°, Qp=lk° where the relative n-p energy is low. The main structure
in the spectra seems to be due to a superposition of effects of strong
final-state interactions in the a-n and ot-p systems. Due to the choice
of the incoming energy, the position of the 5He ground state is always
very close to the position of the 5Li ground state along the kinematic
curve. However, the widths and positions of the observed peaks correspond
qualitatively to the widths of the 5He ground state.

During 1976 much work has been devoted to the analysis of these spectra
in terms of two different models. One is the semiphenomenological theory
developed by H Kakamura (It). This model is essentially a modified
impulse approximation and has previously "to.sti y been applied to experi-
mental data at higher energies with a certain amount of success.
Initial and final state interactions are taken into account in the
model. However, in order to avoid serious discrepancies between the
Uppsala data (Fig 19) and calculated cross sections a few additional
processes had to be incl ded-, each introducing some adjustable parameters.
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Fig 19 Arc-projected spectrum from the d(a,ap)n reaction with four
different calculations performed by H Nakamura (U)

Original, so called MIA calculations

MIA + effects of triton exchange (MIA + C )

MIA + Cr + effects of the sequential reaction
a + d -> 6 L i •+ 5 L i + n + a + p + n ( M i A + C r +

MIA + Cr + R^ + effects of n-p final state interaction
r

(MIA + Cr +
np)

One such process is the sequential reactions

a + d •* Li -> Li +n-»-ct + p + n

through a known 1 and a suggested h virtual state in Li. A second
more interesting feature is that it appears necessary to include also
the process in which a triton is exchanged (Fig 20). The relative
importance of these processes is illustrated in Fig 19- The triton
exhange mechnism is particularly interesting because if it contributes
significantly it will make a three-body model of the d(a,pa)n breakup
process valid.

Fig 20 Figure illustrating the triton transfer reaction.



The second model which has been attempted consists of describing the
reaction as a three-body, breakup with the a particle as one unbreakable
unit. Since the lowest energy at which a reaction involving the breakup
of the a particle is possible is more than ík MeV higher than the
present energy the three-body approach might be reasonable. Dynamically
exact three-body calculations have, therefore, been started in
collaboration with P Doleschall. The discrepancies which led to the
suggestion of the importance of exchange mechnisms should remain in
the three-body Faddeev calculations. An example of the preliminary
three-body calculations is shown in Fig 21. No similar discrepancy
as for the Nakamura model is seen. One problem in these calculations,
however, was the treatment of the Coulomb interaction, which had to
be introduced through the use of non-identical nuclear parts of the
a-n and a-p interactions. This seems to have lead to too large effects
from the n-p singlet interaction in some of the spectra.
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Fig 21 Arc projected spectrum from the d(a,ap)n reaction with a
three-body calculation performed by P Doleschall.
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6.1.2 Studies of nuclear reactions and structure of nuclei
around mass number 25.

(Jan-Erik Christiansson, Jean Dubois and Halina Roth, Chalmers
University of Technology^ Gothenbure)

6.1.2.1
25 25

Levels in Mg and Al

The analysis of the experimental data (1) and the theoretical cal-
culations using the collective model on levels in 25Mg and 25A1 have
been completed. The second 9/2+ level at about h MeV excitation energy
is the lowest lying level which cannot be fitted into the strong
coupling rotational model. It has instead been suggested to have
vibrational character (2). More specifically the structure of the
level is suggested to arise from coupling a Y~vibration to the
ground state band. The second K17 = 1/2+ band may have an equivalent origin.

In the calculation of the relative energy of the band heads in a
static spheroidal potential it is disappointing to find that the
Nilsson orbits do not appear in the order experimentally established.
Orbit 9 is calculated to be well below orbit lU and 5, which implies l/2+

ground state of 25Mg and 2 5A1. This calculation was, however, done with
Kilsson's original assumption that the constant y = 0 for the main shells
N = 0, 1 and 2 and y = 0.35 for N = 3. The energy levels have been
recalculated using instead an anverage y-value equal to 0.187 for the
three lowest shells. In this way the position of orbit 5 comes slightly
below orbit 9 and gives the correct spins and parities of 5/2+ and 1/2+

for the ground state and first excited state,respectively.

Furthermore the calculations suggest that there is a large energy gap
between orbits 5 and 11. Both orbits ík and 7 should appear at lower
excitation energies than orbit 11. This is in contradiction to the
traditional interpretation of the Nilsson levels and fevours the suggestion
that the second K71 = 1/2+ band at about 2.5 MeV could indeed have another
intrinsic structure. It remains then to find a good candidate for
orbit 11. The only reasonable choice is the 1/2+ level at 5^76 keV in
25Mg. It is strongly populated in the (d,p) stripping reaction and its
energy is well above the band heads of orbits 1U and 7- Furthermore
the corresponding level in 25A1 at 5280 keV has a large proton width
revealing its structure as a single particle with 1 = 0 outside the
2t*Mg core. The level is at such high excitation energy that at present
it is difficult to identify any of its rotational members among the
large amount of levels above 5-5 MeV.

In the level scheme (Fig 22) are included the assignments of the vibrational
states and the Nilsson orbits together with their associated rotational
bands. It is also suggested that the hole state originating from Nilsson
orbit h should be at 5116 keV in 25Mg. The justification for such an
assignment is that the 5116 and h"J22 keV levels are fairly strongly
populated in pick-up reactions but weakly populated in the (d,p)-reaction.
From the rotational model point of view the 5/2+ level at ^722 keV
should then be the most strongly populated member of the rotational band
based on orbit 7 and the 1/2" level at 5116 keV originating from orbit h.
From the energy calculation orbit h is, however, supposed to lie above
the orbit 11 but on the other hand it is known experimentally from
investigations in 23Na and 23Mg that orbit h can appear at much lower
energy than expected from such calculations.
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Fig 22 Comparison of low-lying levels in the mirror nuclei 25Mg and
25A1. The experimental results obtained in the present in-
vestigation have been used together with information on nuclear
data from ref (3,^). The interpretation of the levels as
rotational bands based on Nilsson orbits a - K171 N nzA | is
indicated to the left in the figure togehter with the vibra-
tional states.

The dynamical behaviour of the energy levels, as it emerges from
their gamma decays is in most cases compatible with the collective
model. For instance, the K" = 5/2+ and K" = 1/2+ rotational bands
based on the ground state and on the 5Ö5 keV level, respectively,
show characteristic enhancement of the intraband E2-transition
probabilities.

It is, however, discouraging to notice that the simple Nilsson model
cannot at all reproduce the experimental branching ratio of the second
excited state at 975 keV. Presumably this is due to the f act that the levels
are mixed. Such mixing can be caused by Coriolis coupling but then
the difference in K-values must be equal to one (or both levels must
have K = 1/2). For the 25Mg and 25A1 nuclei it has in the past been
claimed that there raust be very little mixing of low-lying levels since
only K = 5/2 and 1/2 levels interfere. The identification of Nilsson
orbit 7 with its K* = 3/2+ band starting at 1*359 keV in 25Mg gives,
however, a possibility to perform such mixing calculations including
also the K17 = 5/2+ ground state band and the Kv = 1/2+ band starting
at 535 keV. Since levels originating from orbit 7 in the present cal-
culation must be considered as hole states the off-diacor.al matrix
elements was reduced by 50 %.

Figure 23 gives the theoretical branching ratios and lifetimes for
low-lying levels involved in the calculation together with the experi-
mental results. In most cases the agreement is very good.
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6.1.2.2 Heavy-ion reactions

The excitation functions of some reactions induced by 1G0 ions on a
thin ^Be target have been measured. The measurements were performed
in energy steps of 250 keV from E^i-, = 13 to 20 MeV. The gamma ray
yield was measured at three different angles. Fig 2h shows the
excitation functions of the yield of three gamma rays originating
from the following reactions: 0.351 MeV - 9Be(160,ay)21Ne, O.UUO MeV
9Be(16O,pny)23Wa and 0.871 MeV 9Be(160,170*y)8Be. The uncertainties
of the experimental data presented in the figure are so small that
resonant behaviour in the two first mentioned .reactions cannot be excluded.
Investigations of the interesting regionbelow Eiat, = 15 MeV in more
detail are being planned.
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Fig 2k Gamma-ray yields for the three reactions indicated in the
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The 0.871 MeV gamma rays from the 9Be(160,170*Y)
83e reaction have in

the forward direction a ̂ renounced asymmetric distribution, which
reveals the angular distribution of the gamma emitting170 nucleus and
thus gives information on the dominating reaction mechanism. This can
be studied with the Doppler shift line shape method (DSLSM), where the
gamma-ray energy distribution in a spectrum is given by:
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The distribution is fitted to the experimental shape of the Doppler-
broadened gamma-ray line with the method of least squares, using the
Legendre coefficients (A ) as parameters. In the case of isotropically
emitted gamma-rays the distribution of the particles ( 0) is completely
determined by these Legendre coefficients since then,

0(epart) = AL PL (COS

L=o

This powerful teethed has been taken advantage of and the analysis is
now is progress.
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2k

Deformed states in Mg

2U.The investigation on very deformed states in ""Mg has been continued.
Using the 9Be( 16O,nY)2LfMg reaction and detecting the neutrons and gamma
quanta in coincidence gave no positive results. Therefore special
attention has been focused on the a- and 8Be-decays of the levels.
An experiment with ar dual particle, detector has been performed (together
with Bo Sundqvist et al.) using a beam of le0 hitting a 9Be target
(evaporated on a C-foil). The three lowest states 0+, 2 + and h in
20Ne from the 1 2C( 1 60, 8Be)20Ne reaction are clearly seen, however,
no indication of2i|Mg can be found. This can, of course, be due to
an insufficient amount of yBe in the target, a drawback that can
be avoided in the future by using a self-supporting 9Be target. The
outcome of the experiment might also point to the necessity of detecting
the 8Be in coincidence with the neutrons.
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6.1.3 The use of (d,ny) reactions to study isobaric analogue
states

(ingvar Bergqvist, Bengt Erlandsson and Jacquette Lyttkens,
Department of Physics, University of Lund, and Goran Lodin and
Leif Nilsson, Tandem Accelerator Laboratory, Uppsala)

These investigations have shown that the (d,ny) reaction is a power-
ful tool in the studies of properties of proton states in Light and
medium-weight nuclei. In particular, the method is useful to determine
decay properties of weakly bound isobaric analogue states.

Neutron energies are determined by time-of-flight techniques using a
pulsed incident beam and a large liquid scintillator (l). Pulse-shape
discrimination is used to suppress gamma-ray pulses. Gamma-rays in
coincidence with neutrons are detected by a Ge(Li) spectrometer. The
results from the studies of the 27Al(d,nY)28Si and 54Fe(d,nY)55Co
reactions have been published recently (2, 3). Among the observations
from these experiment, the strong indication that the ground state
analogue level in 55Co is split into two components at 1+720 and
U ^ keV, might be mentioned.
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6.1. Multiplicity of unresolved y ray cascades in
o particle induced reactions

(Sven-Erik Arnell, Örjan Skeppstedt and Erik Wallander,
Chalmers University of Technology, Gothenburg)

(Partly in collaboration with D G Sarantites, Washington University,
St Louis, USA, 2 Sujkowski, Institute of Nuclear Research, Swierk,
Poland, W Walus, Jagellonian University, Cracow, Poland, A Kerek,
Research Institute for Physics, Stockholm and W Dietrich, Institute
of Physics, University of Uppsala)

6.1.U.I Introduction

In recent years, many experiments have been performed in order to
gain information about the formation and deexcitation of compound
nuclei in reactions, induced by heavy ions and ot-particles. As
the particle evaporation in general results in population of states
in a rather broad energy region, in which the level density is
large, the first transitionsin the y cascades are not possible
to resolve experimentally. This means that special techniques,
generally including multi-detector coincidence arrangements, have
to be employed in order to study the y-ray deexcitation process.

The experimental arrangement, that has been used in order to ¿Ic-'y
(a,py)- and (a,ny)-reactions, consists of one Ge( Li') -detector and
two 5" x 6" Nal-crystals for y-ray multiplicity measurements. The
principle (1) of the experiment is to compare the intensities
of the same transition in a singles Ge(Li)-spectrum (O-fold coincidence
spectrum), and a Ge(Li) spectrum recorded in coinciaer.ee vith one
IJal-detector (1-fold coincidence spectrum). The intensity of the
?ame transition in a Ge(Li) spectrum with coincidence interactions in
both Nal-crystals (2-fold coincidence spectrum) offers additional
information about the width of the multiplicity distribution and
also gives a correction to the multiplicity-value obtained from the
ratio between the 1-fold and 0-fold intensities. A computer code d. j
is used to extract the multiplicity of the feeding cascades to a
certain state, that decays with a transition for which the intensity
in the Ge(Li) spectra with different coincidence conditions, as
described above, can be determined. In some cases, it is also possible
to calculate the influence on the multiplicity from feeding via
other discrete states, and thus determine the multiplicity of the pure
side-feeding (i.e. experimentally unresolved) cascades.

In the investigations of the (a,py) reactions, an annular surface barrier
detector for the registration of charged particles in the backward
direction has been included in the coincidence arrangement. This means
that by setting gates in the particle spectrum in the off-line analysis
of the magnetic tapes, produced in the experiment, it is possible to
get the multiplicity as a function of the excitation energy of the
initial states for the y cascades. When investigating (a,ny) experiments,
the surface barrier detector was replaced by a liquid scintillation detector
placed 1 m from the target, and the neutron energies were determined by
time-of-flight techniques.
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Hitherto, the analyses of three experiments giving information about
unresolved cascades in ̂ i>Cl, 61Cu and ̂ "Ru have been carried out.

6.1.1;.2 Ni(a,py) Cu reaction

This experiment was originally performed with an a particle energy
of 18 MeV, and with the Nal detectors at 90° relative to the beam direction.
As this geometry could cause erroneous results, due to angular correlation
effects, the experiment was repeated with the detectors at 55° relative to
the beam and with an a particle energy of 17-5 MeV. Results from the
last experiment is describee, below.

Table 6 Relative population (atot) and ratio of side-feeding to total feeding
( o / a , . ) of °1Cu levels observed in the present experiment. < M1 > is
the average multiplicity of all feeding cascades, including cascades via
observed discrete states, while < Mcl? > is the average side-feeding multi-
plicities.

„_

E (keV)
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± 0.39

+ 0.22

± 0.37
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± 0

± 0

± 1

± 1
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± 1
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± 0 .
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>

.31+

.1+1

.1+2

.32

.15

.31

.25
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11

51+

1+7
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1) The side-feeding multiplicities have not been determined
due to the large uncertainties that are introduced, when
the feeding via other distinct states is important.
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The average total feeding multiplicities determined for a broad energy
region (i.e. h.6 - 11.9 MeV) of the initial states of the cascades tend
to decrease slightly, when going from low excitation energy of the final
states of the cascades to higher, as can be seen in Table 6. The average
multiplicity of the pure side-feeding cascades, however, seems to be
rather constant over the whole region of observed distinct states. The
only significant deviation from this almost constant value is observed
for the 11/2", Uo82 keV state, for which the multiplicities of the
unresolved feeding cascades are lower. If this is a consequence of
the rather high excitation energy of the state, or if there is some struc-
ture-dependent reason, is not possible to state on the basis of this
experiment.

< M' > 2720 (9/2*) - 1733, E - 987 VeV x

2720 (1/2 ) - 1310, E -1410 keV o
4

4-

(MeV)

_}s h-

: MSF > 27:0 (9/2 ) - 1733, E - 987 keV x

2720 (9/2*) - 1310, E^-1410 keV o

(647 side-feeding)

Tr

6 7 8 9 10 Ev (MeV) 6 7 8 9 10 E^ (MeV)

< E >

(MeYJ

\ 1 if"
7 8 9 10 E (MeV) 7 B 9 10 E. (MeV)

<MSF > 3260 (11/2 ) -2612, E^- 648 keV o
SF

3260 (11/2") -1733, E -1527 keV x
3016 (11/2) - 1310, E^-1706 keV

8 9 10 E (MeV) 6 7 8 9 W E (MeV)

8 9 10 E (MeV) 6 7 8 9 10 E (H*V)

Fig 25 Average multiplicities of feeding (total feeding <Mf> , pure
side-feeding <MgF>) Y cascades in the 58Iii(a,pY)61Cu reaction
at 17.5 MeV.



In the second part of the analysis, the particle spectrum was divided
in three intervals, implying that particles populating levels in the
three energy regions U.60 - 7.35, 7.35 - 9-15 and 9-15 - 11.90 MeV
were accepted in the gates. Actually, the particle spectrum was divi-
ded in more intervals in the beginning of the analysis, but later
on it was found that in order to avoid too much scattering of the
points a smaller number of intervals was the best choice. Feeding
multiplicities and side-feeding multiplicites, when possible, were
determined in the same way as when the gate was set on the whole
particle spectrum. The results for this part of the analysis are
presented in Fig 25 for three levels. The trends for the average
multiplicities, for the cascades determined as a function of the
excitation energies of the initial states are very similar for the
various observed final states. The average multiplicities decrease
typically with about 0.5 units when going from cascades starting in
an energy region of about 10 MeV to cascades starting from about
6 MeV of excitation energy.

Concerning the reliability of the data, a good knowledge about the
Nal efficiency is very important. There are reasons to believe that
the efficiency curves that were determined for the two Nal crystals
used in this experiment are correct for the actual conditions. The
best support for the efficiencies is the very good agreement between
the multiplicity values determined for different y transitions, de-
exciting the same state. This can be seen for two of the cases
illustrated in Fig 25.

i-o

The bombardment of a Ni-target with a-particles with energies about
18 MeV can be expected to produce compound states of b%n with angular
momenta with average value of about 6-7 "n (3). However, the spread
around the average, should cause 62Zn states with spins up to say 10'h to
be populated with a not negligible probability. As the proton emission
cannot be expected to change the spin distribution very much, the y-vay
dissipation process should essentially be responsible for the reduction
of angular momentum of the °1Cu residual nuclei, having ground state
with J^ = 3/2~. The maximum experimentally observed spin in 61Cu from
the 58Ni(a,py)61Cu reaction at 18 (or 17-5) MeV bombarding energy is
11/2. States with spins 9/2 and 7/2 are also populated with appreciable
intensities. This means that the side-feeding cascades, with observed
multiplicities of the order 2,3, have to remove a net angular momentum
from the states that are populated by particle emission from the 62Zn
compound nucleus.

A statistical model analysis (3) of the reaction at 17-5 MeV a-particle
energy is in progress and will be published in the near future together
with the experimental results. A comparison will also be performed with
the results from an experiment performed with 20 MeV a-particles.

6.1.U.3 The Mo(a,ny) Ru reaction

97 ^99
The study of this reaction together with the Mo(a,2ny) Ru reaction was
originally initiated for investigation of the possibility of employing
liquid scintillation detectors with pulse-shape analysis for Y-ray multi-
plicity measurements. The positive results led to the development of
a multi-detector assembly, including a number of liquid scintillators (h).
The (a,ny) reaction at Ea = 1^ MeV was also studied in more details con-
cerning the multiplicity of the Y-cascades.
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The results from an analysis of cascades starting from states in the ener-
gy region 6.62 < E < 9-^8 MeV are presented in Tatile 7 and Fig 26.
The conclusion tha£ can be made is that at the low bombarding energy
that was used, the crucial parameter that determines the average multi-
plicity of cascades to a given state, is not the spin of the state,
but rather its excitation energy. The observed side-feeding multipli-
cities and cross-sections for population of the low-lying states in
the residual nucleus are in qualitative agreement with a preliminary
optical model (5) analysis of the reaction at '\k MeV a-particle energy
showing that the most probable angular momenta of states in 100Ru,
being populated by neutron-evaporation from the 101Ru compound nucleus
are of the order 3~5 ~K. However states with spins up to around 10 h
should also have a small probability to be formed.

Table 7 Results from the study of the 97Mo(a,nY)
100Ru reaction at ih MeV.
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0.03
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Fig 26 Multiplicity of y-
cascades in the
97Mo(a,nY)I00Ru
reaction at ih MeV.



In the second part of the analysis the average multiplicity of
feeding cascades (pure side-feeding and feeding via discrete states)
was determined as a function of the energy of the 1 0 0Ru states. The
results, determined for some of the most intense y-lines, are shown
in Fig 27. If the point for the it+-state, determined for cascades
starting around 5-5 MeV, is disregarded (probably the k+ -* 2 + transi-
tion is disturbed by a close-lying line appearing in coincidence with
high-energy neutrons), there is a clear tendency in the results.
For the low-lying states, the multiplicity of the feeding cascades
shows a very weak dependence on the excitation energy of the initial
states of the y cascades, while the ercitation energy dependence becomes
much more pronounced for the higher-lying states. For instance, the
6 , 2.08 MeV state is fed by cascades with average multiplicities of
the order of 3, when the initial levels of the cascades have exci-
tation energies around 9 HeV. However, when starting from the region
5-6 MeV, the average feeding multiplicity has decreased to about 1.5.

. r - if-

. 6 + - if

-f-H
H 1 1 1-

1 1 1 1-

- f

-i 1 1 1 1 h

Fig 27 Multiplicity of feeding
y-cascades in the
Mo(a,nY)100Ru reaction97»

vs the energy of the
initial state of the
cascades.

S 6 7 8 9 10

The tendency is the same, if even not more pronounced, for the feeding
of the 5 state, but in this case the uncertainties are very large.
Again, this behaviour oi' the feeding cascades is interpreted as a consequence
of the excitation energy of the states and not of the spins of the states.
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6.i.h.k The 32S(a,py)35Cl reaction

32 35
Investigations of the S(a,py) Cl reaction (6,7) have revealed informa-
tion about 35C1 states with maximum spin of 13/2 and maximum excitation
energy of 6.09 MeV. As the nuclear systems involved in these reactions
have rather low mass numbers, it is somewhat surprising, that the reac-
tion, initiated with a particles of energies 12 - 16 MeV, displays very
similar characteristics as reactions with targets of larger masses. For
instance, the yield of the y transitions varies very smoothly with
the incident oc-particle energy and the y rays from the states of highest
spins show the largest energy dependence. Furthermore, the summed inten-
sity of the observed y transitions populating a certain state is in
general less than the total intensity of the y rays deexciting the
same state. This fact can be explained either by a direct population
of the low-lying (i.e. below 6 MeV) states by proton-emission from
the 36Ar compound nucleus or by side-feeding. Experimental particle
spectra give no evidence for a heavy population of the low-lying
35C1 levels by high-energetic proton transitions. Instead there is an
appreciable intensity of protons leading to excited 35C1 states, well
about 6.09 MeV, which is the highest-lying state, from which experimen-
tally resolved y transitions are observed. Thus there is evidence that
the states in 35C1 populated by proton-emission from 36Ar are mainly
situated in regions of level density, high enough to cause that the
intensity of the first transitions in the y-cascades, that deexcite
the "Cl nucleus, is spread on so many energies, that the transitions
are not resolvable by a Ge(Li) detector, but rather appear as a more
or less continuous background. In order to check these assumptions
in more details we have investigated the y-ray multiplicity in the 35C1
cascades.

The results from the experiment, which was performed with 16 MeV a-particles,
are accounted for in Table 8 and Fig 28. The initial 35C1 states
for the Y-cascades have excitation energies between 6.5 and 12 MeV.
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Fig 28 Average multiplicity M' and average energy of y~rays in feeding
cascades vs the energy of the final state in the 32S(a,py)35Cl
reaction at l6 MeV.

In Fig 29s the multiplicity as a function of the excitation energy of
the initial Y-emitting states for cascades to some of the low-lying
levels is shown. The general trend of the results is that the multipli-
cities come out rather low, indicating that the Y-ray cascades do not
remove large amounts of angular momentum. This is in accordance with
a preliminary optical model analysis of the reaction, which predicts
that the most probable angular momenta of the compound nuclear states
should be of the order of 5 ~ 6 "ñ.
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7 8 9 10 ! ' E« t"cV)
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Fig 29 Average multiplicities of feeding cascades in the 32S(a,pY)3SCl
reaction vs the energy of the intial state of the cascades.
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Quite recently, an investigation of the Al( N,npY) Cl reaction with
E(lltN)= kO MeV, giving evidence for a ( 17/2-)+ state at 8.8U MeV in 35C1
was published (8). This state is thus situated in an energy region that
was intensively populated by proton transitions in the (<*,pY)-reaction
at 16 MeV. A reinvestigation of the 16 MeV data gave evidence for a very
weak peak in the Y-spectra corresponding to the reported deexcitation of
the (i7/2)+ state. This stimulated to an investigation of the excitation func-
tion of the (17/2)+ state, which presently is performed using «-particles
from the Abo cyclotron, having maximum energy of 21 MeV. The data have
not yet been analysed in detail, but spectra recorded with EQ = 18
and 21 MeV show that the (17/2)+-state is populated with a not very
small intensity. This means that the angular momentum input with
16 MeV a-particles seems to have an upper limit, just in the order
of 8 -ft, provided that the angular momenta of the protons are small.
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6.1.5
57

Lifetime measurements of levels in Fe

(Ingvar Bergqvist and Lars Carlen, Department of Physics, University
of Lund, and Leif Nilsson and Azizur Rahman, Tandem Accelerator
Laboratory, Uppsala)

The Doppler-shift attenuation method has been used for lifetime
measurements of the strongest populated levels in the reaction
56Fe(d,py)^Fe. Earlier this reaction has been used for excitation
energy and decay branching measurements with an annular surface
barrier proton detector and a Ge(Li) detector for gamma ray detection.

The Doppler-shift experiment was done with a twin target technique
(Fig 30). Thin self-supporting 5<>Fe foils were used as targets. ̂ 7Fe
nuclei from reactions in the first target, giving protons into particle
detector 1 will travel towards the Ge(Li) detector and coincident
gamma rays will be Doppler-shifted to higher energy.

PARTICLE
DETECTOR 1

PARTICLE
DETECTOR 2

Fig 30 The twin target detector measurement

Most of the deuteronbeam passes through the first target, giving
possibilities for reactions also in the second target. Proton-gamma
coincidences from particle detector 2 and the Ge(Li) detector will
show gamma spectra shifted to lower energies, since the 57Fe nuclei
here are travelling away from the Ge(Li) detector. By measuring the
gamma energy differences the lifetime of the populated levels can be
calculated (Fig 31).
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¿826—367 AEv 25.4 keV

Fig 31 Gamma-speetra recorded in coincidence with either of the two
particle detectors illustrating the Doppler shift of the
transitions from the U826 keV level to the 367 keV level in Fe.

Coincidences between protons and gamma-rays were stored event by
event on magnetic tape by means of the on-line computer, events
from the two particle detectors being tagged differently.

The results are at present being prepared for publication.

6.1.6 Neutron capture reactions in the giant resonance region

(Ingvar Bergqyist and Bengt Pálsson, Department of Physics, University
of Lund, and Anund Lindholm and Leif Nilsson, Tandem Accelerator
Laboratory, Uppsala)

6.1.6.1 Spectrum measurements

(Partly in collaboration with Andrej Likar, Institute Jozef Stefan,
Ljubljana, Yugoslavia)

The neutron capture process has been studied for many years, partly
together with a group at Los Alamos. The recording of capture y-ray
spectra makes possible the determination of the total capture cross
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section as well as the cross section for capture into individual
levels in the final nucleus. Calculations based on the direct and
the semi-direct (DSD) models show that for neutron capture in heavy-
elements observed excitation functions and also the main features
of the gamma-ray spectra can be accounted for. Recent studies has
been concentrated on neutron capture in the light element silicon
and sulphur. The results of these experiment are reported in Ref 1
together with calculations based on the DSD and compound nucleus
models. It was found that excitation functions for these nuclei do
not show the resonance form found for heavy nuclei and that the
DSD model could not account for observed cross sections. The
introduction of the compound nucleus model implies a conclusive
improvement in reproducing observed data, in particular for neutron
energies below and in the lower part of the giant dipole resonance
(GDR).

To verify the importance of compound nucleus processes in light
nuclei the measurement on neutron capture in ̂ °Ca reported in
ref 2 has been extended down to neutron energies of 3-5 MeV.
Fig 32 shows the excitation functions for capture of the neutrons
into the ground state and into a group of levels at an excitation
energy of about 2 MeV in "'Ca together with predictions from
the capture models mentioned above.
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figure for capture into the 1*772 ground state, the right
for capture into a group of levels between 1.9 and 2.7 MeV
above tLe ground state, mainly 2P3/2 states. Experimental
results are from ref 2 (filled circles) and the present work
(open circles). The dashed curves show the compound nucleus
(CN) and direct-semidirect (DSD) cross sections. The solid
curve is the sum of the two.



The reactions 89Y(n,Y)90Y and 1'tOCe(n,Y)1'tlCe have been studied in
a joint project with the Los Alamos group. Experiments in Uppsala
and Los Alamos cover the entire giant resonance region with neutron
energies between 6 and 16 MeV. In this energy region the DSD model
accounts for observed data but there is a slight disagreement in the
low energy part of the GDR, which may imply that compound nucleus
processes are involved. To clarify the importance of these processes
an extension of this experiment to lower neutron energies is planned
for the near future. Beams of neutrons with energies between 3 and
6 MeV will be produced using the 3H(p,n)3He reaction. A new tritium
gas handling system has been constructed and is now ready to be
installed.

In cooperation with a group from Institute Jozef Stefan, Ljubljana,
investigations have been made on the angular distributions of the
gamma radiation from neutron capture in Sr and Y. There are two
purposes for these experiments:

1. Previous capture cross section measurements were mostly performed
with a detection angle of 90°. The integrated cross sections were

(—)(—) o, i e assuming isotropy, for comparisonestimated by kit

with the calculated cross sections ƒ -£- dfi. Calculations of

angular distribution performed by the Ljubljana group show that
large deviations from isotropy might exist.

2. Fore-aft anisotropies in the angular distribution might be explained
in terms of interference between multipole transitions of different
parity, e g between El and E2 transitions. Angular distribution
measurements thus offer a possiblity to determine the quadrupole
contribution to the capture cross section. Subsequently, this
information might be used to derive properties of the giant
q.uadrupo1e resonance.

The results from the experiments on Y and Sr are in qualitative
agreement with preliminary calculations by the Ljubljana group
based on the DSD model.

6.1.6.2 Activation measurements

Very little data exist on excitation functions for nucleón capture
over the entire giant dipole region (GDR). Excitation functions
given information essential to the understanding of the capture
process.

In this experiment the reaction 176Yb(p,y)177Lu has been studied for
proton energies from 6 to 2k MeV. Measurements have been performed
at the Tandem Accelerator Laboratory, Uppsala, at the Nieüs Bohr Institute,
Ris¿, Denmark and at Chalk River Nuclear Laboratories, Chalk River,
Canada. The docay of 177Lu was identified by the 208 keV gamma
transition in 17'Hf (9/2+ to 9/2") using a high-resolution gamma-
ray spectrometer.
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In addition to the activation measurements we have studied the direct
y-ray spectrum following proton capture in 176Yb for proton energies
6 to 11 MeV at the tandem accelerator in Uppsala. Since the level
density in 177Lu is large only the total integrated cross sections
(at 90°) have "been evaluated from the spectra. Interference from
background y rays sets a lower limit at about 7 MeV proton energy
for the cross evaluation.

The results from the two types of measurements are in good agreement
as an be seen frora Figure 33. The cross section increases with
increasing proton energy, Ep,to about 0.6 mb at Ep=13 MeV, and drops
off at higher energies. The peak energy Ep=13 MeV corresponds to an
excitation energy of about 19 MeV. The two components of the GDR are
expected at 12.lt and 15.15 MeV. The results are in good agreement
with the results (3) on proton capture in the spherical nucleus lk2Ce.
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A report is at present being prepared.
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6.1.7

6.1.7.1

Studies of possible co-existence phenomena in odd-mass
nuclei

Isomers in 109,111,

(Karl-Göran Görsten, Tandem Accelerator Laboratory, Uppsala, and
Anders Bäcklin, Institute of Physics, University of Uppsala)

Systematic studies of odd mas In isotopes have shown the existence
of low-lying "anomalous" states with low spin and positive parity
in 107~119In (l-3). Typical properties of these states are large
reduced E2 transition probabilities for transitions between the states
and strongly retarded El transitions from the state to the lower l/2~
and 3/2" states typical for the normal spherical shape of these nuclei.
These states have been suggested as associated with a stable deformation
of the nucleus and potential energy calculations (2,ii) within the Wilsson
model indicate that the positive parity states may be interpreted as
members of the l/2+O3l] rotational band.

In the present work the search for states that may be interpreted as
rotational has been extended to odd mass Ag isotopes. The low-energy

ill-Pdpart of the level scheme of Ag as established in the decay of
and lllmPd (5,6) contains two levels at 377 keV and U05 keV, respectively,
with unknown spin and parity. In order to determine the parity of these
levels in-beam conversion electron and gamma-ray spectra from the
110Pd(d,p)1l*Pd reaction have been measured. The conversion coefficients
are compatible only with an El assignment of both transitions. Therefore,
it is concluded that th 377 keV state is 3/2+ and the U05 keV state
is l/2+ or 3/2+.

The half-lives of the 377 and U05 keV states were studied with the
delayed coincidence method both with a pulsed beam and a Ge(Li)
detector and in the radioactive decay taking the start pulses from
a plastic scintillator detecting the ß~ continuum. A preliminary
evaluation of these data indicates that the half-life cf the 377 keV
level is several ns. The half-life of the U05 keV level is less than
1 ns.

A similar study carried out on the decay of Pd-* Ag indicates a
half-life of several ns for the 725 keV level in 109Ag, which is
either 3/2+ or 5/2+ (T). Although the final data of the present
experiment are not yet available it may be concluded that * 'Ag
and probably also 109Ag exhibit "anomalous" low-lying positive
parity states with properties similar to those observed in the odd
mass In nuclei. Although no measurements have been made of the
quadrupole moments or E2 transition rates, it is likely that these
states have the same nature as the In state and therefore may be
interpreted as rotational states.
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6.1.7.2 Properties of low-lying levels in
101.

Mo

(L Westerberg, W Dietrich, G Madueme, A Bäcklin, Institute of Physics,
University of Uppsala, and Karl-Göran Görsten, Tandem Accelerator
Laboratory, Uppsala)

Potential energy calculations similar to those performed for odd In
nuclei (l) indicate a secondary minimum for low-spin negative parity
states in the neutron-rich odd Mo nuclei. Although an earlier
investigation of 97>99Mo showed no such states below 1 MeV, they m ay
possibly show up in 1 0 iMo, which has been observed (2) to have a
considerable larger density of states at low energy that the lighter
Mo isotopes.

In the present work the (d,py) reaction has been used together with
in-beam spectroscopy to obtain information on 101Mo. The spectroscopie
methods applied have been gamma-gamma, proton-gamma and gamma-electron
coincidence experiments, gamma-ray excitation functions and pulsed-
beam delayed gamma and electron coincidences.

The spectra obtained are extremely complex. In addition to the
transitions associated with the (d,p) reaction the (d,n) and (d,2n)
reactions as well as the radioactive decays I01Mo-»-10 lrTc->-1() !Ru and
100.Tc-»- Ru contribute to the spectra. In order to eliminate the
contributions from the latter the pulsed-beam technique vas employed in
some of the measurements.

In all, about 50 transitions have been identifed in this nucleus and
a preliminary level scheme containing most of these has been constructed.
No low-lying l/2~ or 3/2" states has been identified so far.



69

References

(1) W Dietrich, A Bäcklin, C 0 Lannergárd and I Ragnarsson, Nucl
Phys A2|3_(1975) ^29

(2) W Dietrich, G Madueme, L Westerberg and A Bäcklin, Physica
Scripta 12 (1975) 271

6.1.7.3 Study of the transitional nucleus Eu

(N-G Jonsson, L G Svensson, L Westerbcrg, A abd El Haliem*, A Bäcklin,
J Lindskog and J E Thun, Institute of Physics, University of Uppsala)

The nucleus 151Eu has 88 neutrons and is therefore very close to the
nuclei with N=90, which are known to be fairly strongly deformed.
Earlier studies of 151Eu in radioative decay (l,2) and Coulomb
excitation (3,^0 have not indicated any rotational structure in the
151Eu level scheme. However, recent studies (5,6) of the reaction
153Eu(p,t)151Eu have revealed new levels at 26l, 1+15, 651* and 801 keV,
which may be interpreted (5,6) as the two lowest members of the
5/2+[Ul3] rotational band and the corresponding 3 vibrational band.

In order to obtain information on the electromagnetic nroperties of
these possibly shape isomeric states a spectroscopie study has been
undertakne of the reaction :52Srn(p,2n)15 Eu using in-beam gamma-ray
and electron spectroscopy. The strong competition from the (p,n)
reaction which gives rise to very complicated spectra, made it
necessary to measure carefully the excitation functions of the
transitions, from which it was possible to single out about 30
transitions in 151Eu. The level scheme of 151Eu, which is very
complicated, is being constructed with the aid of gamma-gamma
coincidence data.

A special effort was made in order to measure the half-life of the 26l
and Ul5 keV states, which could be used to extract information on the
character of the states. The half-lives were found to be definitely
shorter than 1 ns, indicating that these states are no extreme shape
isomers.
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6.1.8 O states and EO transitions in even Sn isotopes

(A Bäcklin, W Dietrich, N-G Jonsson and L Westerberg, Institute of
Physics, University of Uppsala, and R Julin, J Kantele, M Luontama
and T Poikolainen» Department of Physics, University of Jyväskylä,
Finland)

6.1.8.1 Introduction

The 0 + states are of special interest in the even Sn isotopes, vhere
two or even three such states have been reported to be among the very
lowest excited states (l). The main body of information on these
states has been obtained from two-particle transfer reactions. The
cross-sections for these reaction show a fair over-all agreement with
those predicted in various two-quasi particle models and the pairing
vibrational model(l). Although the pair excitation must be considered
to be an important feature of the Sn spectrum, the exact nature of
the 0 + states is not known. For instance, also the two-phonon
quadrupole vibration is expected in the energy interval of interest
here. The need for additional experimental data, especially on the
EO and E2 decay of the 0 + states has therefore been recognized since
long (3). The previously available information on these transitions
has been scarce (h,5).

A systematic study of the lowest excited 0 + states in all stable Sn
nuclei is reported in the following. Several differenti ways of
excitation have been used and several different types of electron-
and gamma-ray spectroscopy have been imployed. This has only been
possible through a joint effort of the Department of Physics,
University of Jyväskylä, Finland, and the Tandem Accelerator Laboratory,
University of Uppsala.

6.1.8.2 Experiments

Table 9 Summary of experiments made

Reaction

(p.P1)

(p,2n)

(d.p)

( ,2n)

Coul exc

Sb-decay

a)
Type of spectroscopy

e ,Y

p'~Y coinc

p'-e coinc

pulse-e coinc

e~»Y

p-e coinc

Y
Y~Y coinc

e~,Y

Mass of Sn isotope
investigated

112,llU,ll6

120,122,121»

ll6,122,12U

116

111+

118

118

112,llU,120

118,120

Laboratory

U

U, J

J

u
J

J

u
u
u

a) e indicates electron spectroscopy, singles mode,
Y indicates gamma-ray spectroscopy, singles mode

b) U = Tandem Accelerator Laboratory, Uppsala
J = Department of Physics, University of Jyväskylä



6.1.8.2.1 Identification of 0
branching ratios

71

states and measurements of E0/E2

Table 9 gives a survey of different possible methods for the
excitation of 0 + states in even Sn nuclei. Inelastic proton
scattering has been used for excitation in the majority of cases.
The proton energy has generally been adjusted to the £p=0 isobaric
analog resonance (IAR) (6). For the mass numbers 112 and llh this
reaction is very favourable, since the IAB here lies below the (p,n)
threshold, which limits the competing reactions mainly to the (p,y)
reaction. This reaction has a comparatively low cross-section and
therefore allows the identification of the lines associated with the
(p,p') reaction to be identified in singles electron- and gamma-ray
spectra. This is also possible in 116Sn, where the (p,n) threshold
still is close to the Coulomb barrier and the IAR, thus reducing the
intensity of the (p,n) lines in the spectrum. A fact that helps in
indentifying the (p,p') lines is that the (p,n) reaction leads to a
doubly-odd nucleus with the dominating transition intensity below the
lines of interest in the Sn isotopes (Fig 3U).

-j 7,00

V

Sn «plfiillMfVl«' £ƒ"
V
E . "

MUULJ 14==*
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12ÜC 1600 ?C»0 ?»0C 2tC0

CHANNEL NUMBER

i*i

Fig 3h Electron spectrum from the reaction 116Sn(p,p') with E^
adjusted to the £p=0 IAR taken with a mangetic lens plus
Si(Li) spectrometer. Lines which are not in 116Sn are due
to the (p,n) and (p,y) reactions.

In 118Sn and 120Sn the deacy of 3.5 min 118Sb and 16 m 120Sb were
found to populate strongly the two lowest 0 + states. These activities
were produced in the (p,n) reaction with 10 MeV protons.
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For the heaviest 122»121*Sn isotopes inelastic proton scattering via
the IAE again showed to be the simplest excitation method. Here the
(p,n) reaction dominates the singles spectra completely. The spectra
could however "be almost completely "cleaned" by requiring coincidences
with the inelastically scattered protons. For this purpose a 2 cm2,
1500 u annular Si detector was placed at 180° to the beam.

To obtain a more general view of methods that can be used in the study
of E0 transitions, also other reactions were tried for some of the
isotopes. Of the compound nucleus reactions the (p,2n) reaction should
in principle be the best suited for the study of low-lying states.
Its use for systematic work on even nuclei is, however, limited due
to the lack of stable target isotopes. The (a,2n) reactions was tested
for 118Sn at lU and l6 MeV particle energy and turned out to populate
at least the two lowest 0 + states fairly strongly. This reaction may
be used for studies of the Sn isotopes lighter than 112Sn. The larger
momentum transfer necessary in this region may however bring down the
population of the 0 + states below what is acceptable. Also the (d,p)
reaction populates the 0 + states, but it has limited use from the
systematic point of view.

Among other reactions one may mention inelastic scattering of particles
heavier than protons. It has however been observed that these cross-
sections are not very large (7) and furthermore strong competition of
other reactions are expected.

Most of the isotopes have been studied with both Y~ray and electron
spectroscopy. Gamma-ray spectra have been taken at 55° to the beam using
a co-axial Ge(Li) detector with 2U % efficiency. Electron spectra have
been recorded at Uppsala with a Si(Li) detector combined with a magnetic
lens for removing the elastically scattered particles (8). At Jyväskylä
two systems have been used: a Si(Li) detector + lens system (9) and a
double lens combined with a Si(Li) detector (10). A spectrum recorded
with the Uppsala spectrometer is shown in Fig 3U.

6.1.8.2.2 Measurements of transition rates

The lowest 0 + states can be expected to have half-lives of the order
of 10" -10"11 s, assuming a moderate enhancement of the E2 transition
to the 2^ state. Two methods of measurement can be considered here:
delayed coincidences for the longer half-lives and double Coulomb
excitation for 0 + states of moderately high excitation energy and a
reasonably large enhancement factor for the E2 transition. Both experi-
ments are difficult and special efforts are needed to develop the
methods•
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Work on the delayed coincidence method is in progress both at Jyväskylä
and Uppsala. At Uppsala the proton beam is pulsed to a width of less
than 1 ns and the time distribution is recorded for conversion electrons
detected in a lens spectrometer with a plastic scintillator detector
(Section 5.3)

Work on double Coulomb excitation is under way at Uppsala. Due to
the extremely low cross-sections expected the E2 transition from the
0+-states is not visible above the background from the singly excited
2 + state in a singles gamma-ray spectrum. Therefore, a special high-
efficiency arrangment has been developed for detecting doubly excited
transitions in coincidence with the 21-*O

+ transition. The latter is
detected in a 10"xl2" Nal(Tl) annulus, in which the thick target has
been placed at the center. The annulus also contains a Ge(Li) detector
with 2k % efficiency placed at 0° to the beam as close to the target
as possible (9 mm). Details of this arrangement and its calibration
are reported in Section 5.I+. , where is also shown a spectrum obtained
in the double Coulomb excitation of 120Sn with U8 MeV l 60 ions.

6.1.8.3 Results

Energies and E0/E2 branching ratios obtained in the present work are
given in Table 10 and visualized in Fig 35. The smooth trend in
all values in going f rum 121*Sn to the lighter nuclei is to be noted.
At mass number Ilk tnis trend seems to be broken. Careful searches
in several reactions (Table 9) for a lower 0 + state in 11!*Sn, as has
been reported (ll), has been negative.
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Fig 35 Systematics of the lowest 0 states in even Sn isotopes as
observed in the present work. The numbers indicate X-values
as defined in the comments to Table 10.



Table 10 Properties of 0 states in even Sn isotopes

Nucleus

112Sn
ll4Sn

116Sn
118Sn

120Sn

122Sn
124Sn

Energy
kev £'

2190.9

1953.2

1756.8

1757.8

1874.3

2088.4

2129.3

I

I

0

1

0

0

0

.55±0

.00*0

.38*0

.32*0

.12±0

• oí)b>
2Í>

.10

.20

.08

.06

.03

S t

X C )
Xexp

0.044

0.042

0.0086

0.0097

0.0070

> t e a »

Energy
keV

2027.3

2056.5

2159.8

2674.2

26B6.7

re
r.

1

1

2

(0^2*,

.18±0.20

.3*0.5

.0

X

0

0

0

exp

.066

.10

.22

+

*vib

0.014

0.013

0.013

Ie ( 03~' 02 ) p2(0j»02)

Ie ( 03'* 0í ) P2(0j-*0Í)

16*5 120*40

5*2 34*14

a) 0j refers to the first excited 0 + state, 0 + refers to the second excited 0 + state.

b) Intensity ratio for the K conversion lines.

XeJ[p - e R B / B ( E 2 ) - 2 5 6 x 10
9

K-conversion coefficient

the E2 transition in MeV. d) Harmonic vibrator value, see text, e) Lowest observed state in this experi-
ment, see text, f) Best values from the present work and from refs (121 and (13) Typical error ±0.5 keV.

c) X e 2.56 x 109 A4 / 3- [Iß (0* * ï[)/le(0
+—2^) • [aK<E2)/í¡K] -E* where aK i s the theoretical

An interesting feature is the strong enhancement of the ot -»• 0^
transition as compared with the Ot •*• 0Í transition. Additional
comments have been given in Ref (2).

The very recently performed Coulomb excitation measurements have
not yet been evaluated numerically. As a qualitative statement
it may be said that the O2 state in * 1 2J 1 1 4> 1 2 0Sn is excited by
an E2 transition enhanced to about the same degree as that exciting
the 2 2 and h^ states, while the O3 state is not observed at all.
Preliminary results from the delayed coincidence measurements
indicate that a similar situation is likely in 116Sn.
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6.1.9 Measurements of static quadrupole momento using the
reorientation precession technique (REPKEC) and
measurements of transition matrix elements

(John-Erik Thun, Lennart Hasselgren, Claes Fahlander, Bengt Orre
and Goran Possnert, Institute of Physics, University of Uppsala,
and Bernhard Skaali, University of Oslo, Norway)

6.1.9«1 Introduction

Measurements of quadrupole moments and transition rates in nuclei
reveal fundamental properties of the nuclear system. In such
investigations Coulomb excitation is an attractive excitation
mechanism since it is very well understood. Computer codes exist
which make it possible to extract nuclear properties from the
experimental data without the assumption of a specific nuclear
model.

During the last few years experimental techniques using Coulomb
excitation have been applied to a great number of nuclei in order
to measure B(E2) values and quadrupole moments of their first
excited 2 + states, Q(2j). For nuclei with ¡(2 £ Z Í ¡t8 and 50 * N £ 68
the quadrupole moments Q(2j) are negative and their values somewhat
smaller than the rotational values calculated according to the

formula |Q | = 0.9059/B(E2;0,-»-2r). The theoretical interpretations

of the properties of the low, excited energy levels in these nuclei
have been difficult and are far from satisfactory. More experimental
data are needed in order to get a better view of the systematics for
isotopes and isotones in this region and in order to make a more
complete comparison with the theoretical predictions possible.

With these facts in mind it was decided to start measurements of
B(E2) and Q(2^) for nuclei in this mass region where the experimental
information still is incomplete. Since the present experimental
technique for measurements of Q(2j), the reorientation precession
technique (REPREC), is a different approach compared to the "reorien-
tation effect", it was thought worthwhile to apply this method also
to the measurement of a few quadrupole moments of first excited 2 +

states which had already been measured by the reorientation method.
Furthermore, as will be discussed below (Sect 6.1.9.2) REPREC has
certain advantages over the reorientation technique.

6.1.9.2 The reorientation precession technique

The reorientation precession technique, REPREC, is based on the fact
that the distribution of the magnetic substrates will change as a
consequence of the interaction between the electric field gradient
from a projectile Coulomb-exciting a nucleus and the quadrupole
moment of the nuclear excited state. In contrast to the reorientation
effect which depends on the time-dependent hyperfine splitting of
the excited level, KEPREC is a first order effect and under equal
experimental conditions less sensitive to the multiple excitations
through higher excited states.



REPREC has been described before (l) and in the following only a
short description of the technique is given. The experimental arrange-
ment is described in Section 5.6« • In the present setup 160
particles are scattered from the target nuclei 90° (Fig 36).
The deexcitation gamma rays from, for example the first excited
2 + state in the target nuclei are detected in coincidence with
these particles. In this way a ratio R = WY(22.5°1/Wy(157.5°) is
obtained which is sensitive to the sign and magnitude of the
quadrupole moment of the first 2 + state.

90* 80*

Fig 36 The experimental
geometry and the
y-ray distributions
for Q(2+) = 0

270' 280'

This technique of measuring quadrupole moments (REPPEC) can also be
used to determine the sign of the "Coulomb interference terms".
Under most experimental conditions interferences where higher excited
states are involved will have an influence on the interpretation of
the experimental results. One of these interference terms is the
product of the matrix elements M n + O + M o + O+ M„+o+. An unknown sign of

°I22 2221 °121
this product of matrix elements will in general imply that two values
of the quadrupole moment of the first excited 2 + state, Q(2*), will
be in accordance with the experimental data. A determination of
the sign of this matrix product will pick out the correct value of
the quadrupole moment. Furtennore» under the assumption of adiabatic
motion, the sign of the Coulomb interference term can in itself be
predicted from different theoretical models and an experimentally
deduced sign will therefore contain fundamental information. In REPREC
the sign of the Coulomb interference term is deduced by determining
the ratio R' = Wy(22.5°)/Wy(l57.50) for the transition 2+ -• 0*.



77

Since heavy-ion induced Coulomb excitation is far from trivial due to
double excitations and incorporation of interference terms a reliable
analysis of experimental data from REPREC requires that a number of
transition matrix elements are known. When important experimental
information on B(E2) values is missing such measurements have to
be performed. Of course, experimental information on B(E2) values
contain valuable information itself (Section 6.1.9-3).

The Winther-de Boer program is the standard program for the analysis
of Coulomb excitation data. Using this program a number of calculations
have been made to see how higher excited states will influence the
ratio R = Wy(22.5°)/WY(l57.5°) for the 2* •+ 0* gama ray transition
in different nuclei. Fig 37 shows the ratio R for the 2\ -*• 0\
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Fig 37 The effect of multiple transitions in 110Pd as function
of the energy of 1SO ions. The transition 2* -»• 0 + is studied.

transition in ^"Pd as a function of the energy of incoming *^0 ions.
The calculations have been made taking into consideration different
number of of levels. The results of these calculations are typical
for nuclei in this mass region. As can be seen from Fig 37 multiple
excitations through higher excited states have only a small influence
at low bombarding energies, but the importance of these states increases
with energy. Most important are the h+ states. The influence from the
second 0 + state as well as from the third 2 + state is weak. In general,
a higher excitation strength means a stronger influence on the ratio.

Similar calculations for the transition 2^ -»• 0* show a weak energy
dependence as well as a small dependence on Mp+2t compared to the

the effect from the sign of the product M„+„+Mo+~+M„+0+. The same
°122 2221 °121

conclusion can also be drawn about the influence from higher excited
states on R'. Figs 38 and 39 show typical results from such calculations.
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The quantum mechanical corrections are of greater importance for REPREC
than for the reorientation effect. This is due to the fact that the
particle parameters depend directly on the phases of the excitation
amplitudes, and that these phases differ consideratie between a semi-
classical and a quantum mechanical description.

The quantum mechanical correction used have been calculated with a
coupled channels code written by Pelte and Smilansky (2). Cases with
large Sommerfeld parameters (n >25), however, cannot be handled with
this program. The Coulomb excitation with 160 particles (n » Uo-50)
was therefore simulated by performing the calculations for a particles,
i e n « 10 - 15, and modifying the matrix elements and the excitation
energies so that the £ and x parameters take the correct values for

0 bombardment. The actual quantal correction is then obtained by
assuming a linear l/n dependence, where a de Boer calculation
(l/n = 0) gives the second point. Extensive calculations show that
this is indeed a good assumption.

The calculations have been performed for both two-level and three-level
systems. The quantal correction decreases with increasing energy of
the projectile if only the level sequence o£ - 2* - 2% is considered.
This is well understood since the first order corrections are of a
kinematical origin. The calculations also show that the quantal
corrections are almost insensitive to M 2 2 and to the inclusion of the
second 2 + state. The inclusion of a h+ state in the calculations showed
that the quantal correction in REPREC then will increase as a function
of energy. This is understood since the projectile orbit will be more
affected by excitations in which the h+ state is involved.

6.I .9 .3 Measurement s

6.I.9.3.I Transition matrix elements in

Measurements of B(E2) values in 102>101fPd have been finished. The
measurements were performed using 9 MeV a particles and 38 MeV 160
ions. Spectra of a particles backseattered from thin targets and
Ge(Li) y spectra from thick targets were recorded. Examples of particle
and Ge(Li) spectra are shown in Figs Uo and kl.

Fig kO Spectrum for 9 MeV
ot-particles back-
scattered from 10ltPd.

103 -

3100 3300
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Fig Ul Gamma-ray spectra resulting from "bombardment of 101tPd
and 102Pd respectively with 38 MeV 1 60.

Since a particle induced Coulomb excitation is very little affected
by quadrupole moments and interference terms, the a particle back-
scattered spectra were used to deduced B(E2, oj •*• 2^). Knowing
B(E2, 0Í -*• 2^) a determination of the relative intensities between
Y transitions in 102>10I'Pd and the corresponding 2t •* 0^ transitions
i'. sufficient to get the matrix elements for the other transitions.
All theoretical calculations were performed using the Winther- de Boer
computer code.

The results are summarized in Table 11. The errors on the B(E2) values
correspond to three times the statistical errors. For 101|Pd the present
value of B(JS2, 0Í -> 2-. ) is in good agreement with that from Refs 3 and
3 (O.5I+O.O5). As can be seen in Table 11 the a and 160 projectiles
give consistent results . For both 102Pd and 10l*Pd the values for the
branching ratio are in good agreement with published data.

J
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Target

1 0 2Pd 35 Vg/cm2

10 mg/em2

l u U Pd 65 US/en2

o
20 og/em

"roj

a

a

l 6 0

a

a

l 6 0

Fnercy IV»

9 0*-!

9 2g-+<

38 2*-K

2g-»!

9 0*-*£

9 2*-<

2**£

38 2*-*

2 2* £

Exo Prob 177.!t° T #->'.,„+
1 _ , Y(?X " l
f xl° s lo"3

>* 5.3U±.36

)* 0 .87±. l l

•* 0.69+.06

)^ 1.26±.13

!^ 0.99+.05

>̂  2.29+.07

* 5.9U+.13

)^ 1.13±.O6

'1 1.39±.05

^ I.I46+.IO

^ 2.15+.0i(

J 2.01+.08

)

j B(E2; I J - I J . )

x 10 e c

O.U5±O.O5

0.0G1'8±O.O003

0.O36í0.016

O.O051±O.O003

o.oUi+0.011

O.1^7±O.OO9

0.51±0.03

0.00U5±0.00O?

0.083+0.012

O.OOÍIO+O.0003

0.085+0.027

0.152±0.009

Adopted B(E2¡ Ij-Ij.)
U ,„-UB 2 Um x 10 e cm

O.U5ÍO.O5

O.OO5O+O.OOO3

0.0 ^±0.011

0.1><7±0.009

O.5ÜO.C3

0.00!l2+0.0003

O.O8U+O.O12

O.152±O.OO9

Table 11 B(E2)-values and branching ratio derived from the a-
particle and 160-projectile induced Coiilomb excitation
of 102'101tPd. The 2g •• 2* transitions have been assumed
to be pure E2-transitions.

6.I.9.3.2 The sign of the Coulomb interference term

By measuring the ratio R' = ¿í (22.5°)/Wy(157-5°) for the 2^ + 0^
transitions in 1 0 8> 1 1 0p¿ anf^ z n

 102>101fftu the sign of the matrix
product P^ = MQ+2+ MQ+2+ M^+2+

 M
2
+ p + n a s t16011 determined . The results

on 108>110pd and on 102Ru have been published (l,5). An example of
a coincidence y-ra.j spectra in the case of 101*Ru is shown in Fig 1+2.
Fig if3 gives the experimental results together with the theoretically
calculated values. In all cases it is found that Pi. < 0.
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Fig 1*2 A coincidence Y~ray spectra in Ru
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R'

Fig !i3 The experimental results
of R1 = W (22.5°)/Wy(l57.5°)
fpr the 2Í^ 0^ transition in
1 ''Ru. Theoretical curves
are also shown. The upper
curve corresponds to M^U=+0.l66
and the lower curve to

Mllt=-o.i66

W////////A
R' 1.1110.20

-2.0 -1.0 1.0 2.0

6.1.9.3.3 Quadrupole moments of first excited 2 states

REPREC measurements of Q(2*) in 1 0 2 >10" >108 »110Pd and in 100'10l*Ru
have been performed using "'160 ions as projectiles. The results
for 1 0 8» 1 1 pd have been published (l). Fig hk shows the experimental
results for 1 0 2 101*Pd. The theoretical calculations were performed
using the matrix elements deduced from the Coulomb excitation with
a and 160 projectiles (Section 6.1.9.3.1). In the case of 100>101tRu
the theoretical calculations were performed using matrix elements
from ref (6). Fig ^5 shows the experimental results from these
nuclei.
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The results are summarized in Table 12 together with results from
other measurements. In the cases where a comparison can be made the
results from REPREC and from measurements using the reorientation
technique are in good agreement. In the cases of 108»110PcL and
io2,iotRu £t w a s p0Ssit>ie to deduce the sign of the Coulomb inter-
ference term but for 102»I0'*Pd and 100Ru the excitation probabilities
to the second 2 state using 160 ions as projectiles are too small
for such a determination. However, as can be seen in Table 12 the
unknown sign of the Coulomb interference term in these cases will
have a minor influence on the deduction of ( )

Isotope

1 0 2 P*o

108pd c

D

110Pd C

D

C
100.

B u B

C

- H u D

" * * p

No energies

2

3

2

Constructive

7

Constructive

Constructive

EEPREC

No levels

h

U

5

Lnterferenc

6

interferenc

li

Lnterferenc

3 1 U
C o n s t r u c t i v c i n ' < T : Y T ' rn

Q(2?)eb

-.20J.15

-.20±.15

-.k7±.ia

-.i5±.10

-.66±.l8

e deduced

-.72t.lU

e deduced

-.l<0±.12

-.liOi.12

e deduced

-.76±.19

.i.-ilm-riil

Ref 8 Ref h Ref 7 Hef 9 Ref 3 Ref 10 Ref 11 "ef 12
Q(2*) e b

-.58t . l3

- .37t . l3

-.72±.08

-.l<5±.08

-.26± .07a

-.02*.07

-.149*.Oil

-.25±.0li

-.'/.*. 08

-.lil±.08

-.51±.O6

-.3O«.O6

-.55t.08

-.35t.O8

-.83t. l9

-.25±.12
•.05±.10

- . 52 t . l 2

-.211Í.114

-.U±.l

- . l i . l

-.37t.2|4

-.19±.2l'

-.8l4±.21

-.53i.21

-.63t.2

B ' This value is derived assuming Q(2*; lloPd«-O.6O. If Q(2^i 110Pd)—0.66 the value of 0.(2^; 1Ol<Pd) should be -0.32.

Table 12 Experimental results on Q(2 }.

6.1.9.*» Nuclear model interpretations of the results in
the Pd nuclei

As mentioned in Section 6.'1.9.2 the assumption of adiabatic motion
implies that the sign of the Coulomb interference term is predictable.
To compare with the models it is useful to introduce (13) the quantity
P¡, = M + + Mn+O+ NL+O+ Mo+O+ which is independent of the sign convention
4 °121 °122 2221 2121

used for the Mrs. Thus the anharmonic vibrator model (lU), the asymmetric
rotator model of Davydov and Chaban (15) and the pairing plus quadru-
pole model in the vibrational limit (when the 2g level is a K = 2 state)
(13) all predict P^ < 0. As was mentioned above the results were Pi < 0
for 1 O 8» n oPd and 102»10l*Ru in accordance with these model predictions.
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The theoretical interpretation of the properties of the energy levels
of even-even nuclei in this mass region has been very difficult. The
Alaga model has been successfully applied to some Cd nuclei (l6).
Similar calculations for the Pd and Ru nuclei will, however, he
more complicated due to a necessary coupling of more particle (hole)
states and such calculations have not been performed. Anharmonicities
in the harmonic vibrator giving mixing of the one- and two-phonon
states have been considered by Tamura and Udagawa (17) and more
recently by Singh et al (l8). The predicted quadrupole moments have
the correct signs but are too large. The calculated ratios
B(E2, 22 •> 2*)/B(E2, 2^ •*• oj) are in good agreement with experiments,
but the B(E2, 2g ->• 0Í) values are overestimatedvalues are overestimated.

Boson expansion techniques have been used by other authors. Using the
technique Kishimoto and Tamura have performed calculations for 1 °Pd
(19) and more recently also for 102» Pd (20). The results are given
in Fig k6 together with the experimental values. The predicted B(E2)'s
have the correct magnitudes compared with the experimental values
and, in some cases, the agreement is very good. However, the predicted
values of Q(2*) are generally too large and the agreement between
predicted energy levels and experimental ones is not impressive.
At present the interpretation of these discrepancies is not clear.

A different approach has been applied by Janssen (2l). Using group
theory and utilizing the algebraic properties of operators it was
possible to diagonalize a Hamiltonian expressing a quite general
interaction between phonons. The results c:" these calculations
on 208Pd are presented in Fig h6. The ordering of the energy levels
in 108Pd is correct but some discrepancies exist for the absolute
values. The general agreement between the calculated and experimental
values for B(E2) ratios, quclrupole moments and energy levels seems
very promising.

A model which is very similar to the approach by Janssen is the boson
mapping technique by Arima and Iachello (22). In their interacting
boson model (IBM) the subgroup SU(5) of SU(6) will describe the
vibrational limit and the subgroup SU(3) the rotational limit. In
regions where the symmetry is only slightly broken perturbation theory
can be used to give formulas for energies and matrix elements.

Within the IBM model it is possible to extract formulas for B(E2)
values using a simple quadrupole-quadrupole interaction. If the
interaction is assumed to be of this type the following expressions
for some of the matrix elements (23) are valid

0.011

1.211

1.2

2.k

1.211 T^E2)11 2.2

( E 2 )

a

a

ß(N-l)]

« 1.211 Tv ;11 1.2

/f • ¿2 - i« 0.011 Tl ' l l 2.2 » = 1/5 aß /Ñ

= / ! " { - a ^ [1 + (ÍS(N-I)]}
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a and ß are parameters and N denotes the number of active pairs
outside the closed shells. It is interesting to note if one set
of values of a and ß is fitted to loltPd the same values will give
a rather good agreement with the experimental data for 102Pd (23)
Table 3). This is in accordance with conclusions drawn from general

1 0 2Pd N«5

1 0 l tpa N-6

B(E2;

Th

0.081

0.102

Exp

0.090

0.102

(10)

(6)

B(E2;

Th

0.136

0.176

Exp

0.11,7

0.152

(9 )

(9 )

B(E2;

Th

0.099

0.130

Exp

0.039

O.OBli

(11)

(12)

Th

0.0015

0.0023

Exp

0.0050

O.0OU2

(3)

(3)

Th

-OM

-0 .50

Exp

-0 .20

-0.U6

(15)

(10)

Table 3 Results in 102»10£>Pd assuming a quadrupole-quadrupole
interaction. a=0.1l6T f^O.02311». The B(E2)-values
are given in ICT1*8 e2cm'* and Q(2?") in e b (Ref 23).

properties of these nuclei. An inspection of Fig hf reveals that the
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Fig 1+7 The systematics of energy levels and values of B(E2; 0, ->•
in 102-U0pd. 1
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ordering of the energy levels within the two-phonon multiplet is
changed from 100Pd (5** neutrons) to 116Pd (70 neutrons). Thus
in one region the quadrupole-quadrupole interaction seems to
dominate (E(1*̂ ) < ECO^) < E(2|)) and in the other pairing and JL'1_
forces become more important. A plot of B(E2, Oj -»• 2j) also contains
interesting information. In the vibrational limit B(E2, 0-̂  •*• 2*) ^ N
and in the rotational limit B(E2, 0^ -*• 2Í) ^ N 2 where N is the number
of active pairs outside closed shells. Fig hf clearly shows that in
going from 102Pd to 110Pd a transition seems to occur from nuclei
with vibrational characters to nuclei with more and more rotational
characters.

Results of detailed calculations using the IBM model are presented in
Fig hd. The general agreement between the theoretical and the
experimental values is quite good. However, the location of the
0Í state in ^"2Pd is uncertain and will influence the value of
'BtE2, 1+* ->• 2*). In these calculations seven parameters are fitted to
six energy levels and to B(E2, 2Í -»• 0}_) in order to calculate the
rest of the B(E2) values. Also all matrix elements within the phonon
multiplet were put equal to zeros in the analysis of the experimental
data. Since these matrix elements might be large it is not meaningful
to comment on the discrepancies between the theoretical and experimental
values before knowing more about how the inclusion of such matrix
elements will influence the rest of the experimental data.

Calculations along these lines are presently under progress for the
rest of the Pd isotopes as well as for the Ru isotopes.
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6.1.10 The g factors of the first 2 + states in 50'51*Cr,
5kFe and 70Ge

(Claes Fahlander, Kurt Johansson, Erik Karlsson and Göran Possnert,
Institute of Physics, University of Uppsala)

Excited state properties of doubly even nuclei in the heavier mass
region 70 _<A<_130 have been the topic of a number of experimental (1)
and theoretical (2,3) investigations during the last few years. To
check different theoretical approaches, nuclear electromagnetic
moments are useful sensitive properties. Here the g factors of three
isotopes in the 1 f7/2 shell and of one germanium isotope close to
the border of the vibrational region are reported.

The experimental technique used in these measurements is the IMPAC-
method (section 5.5). If the static internal magnet field B as well
as the transient field (p in the ferromagnetic backing (gadolinium)
and the lifetime of the nuclear level are known, the g factor can
be evaluated from the measured precession ÜJT and the relation

U)T

h
BT +<p

The rotation ÜJT is extracted from the parameter R calculated from
the true y coincidences C:

R = C+-C" c W(9,+H)-W(e,-H)
C++C~ W(8,+H)+W(6,-H)

where H is the polarizing magnetic field and W the angular correlation
function.

The value obtained g 2 + = 0.50±0.11 of
 70Ge is close to the collective-

model Z/A prediction. This is in contradiction to the results of
Hubler et al (1), who report almost twice as large a value. Their
measurements were performed in Fe and presumably an incorrect
assumption about the velocity dependence of the transient magnetic
field was used, this dependence being more pronounced in short lived
states (r<2p).

The result g2+ = 1.2U ±0.30 for
 5t*Fe confirms the assumption that

this state has a single-particle nature. It overlaps the Schmidt
limit and recent calculations by Zamick (k) and Talmi (5). The error
of the g factor measurement is too large to allow the two calcula-
tions to be distinguished.

For the g factors of 50,5itCr (Fj_g 1 ^ ^ o.69±O.17 and 0-70+0.17,
respectivly, theoretical calculations are in progress.
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6.1.11 Neutron-induced reactions in light nuclei

(Claes Nordborg and Leif Nilsson, Tandem Accelerator Laboratory,
Uppsala, and Henri Cond'2 and Lars Göran Strömberg, National Defence
Research Institute, Stockholm)

The main purpose of the experiment is to obtain cross sections of
neutron induced reactions which are important for the calculation
of gamma radiation doses obtained from fast neutron interactions in
air, concrete etc.

Thus the gamma production cross section of oxygen has been measured
at incident neutron energies between 7 and 10.5 MeV. The production
of the 6.13, 6.92 and 7-12 MeV gamma rays by the (n,n'y) reaction in
160 and of the 3.09, 3.68 and 3.85 MeV gamma rays by the (n,oy) reaction
has been studied. In addition, the production cross section of the
k.hk MeV gamma ray from inelastic neutron scattering on carbon has
been measured at one neutron energy, since many earlier measurements
of gamma ray production cross sections have been performed relative
to this cross section.

Monoenergetic neutrons were produced by the 2H(d,n)3He and 3H(p,n)3He
reactions. The gamma radiation was detected by a large Nal(Ti)
scintillator using time-of-flight techniques. The neutron flux was
measured by means of a proton-recoil telescope using the n-p
scattering cross section. The differential gamma ray production cross
sections at 90° and the angular distribution at one neutron energy
were measured.

After background subtraction the gamma ray spectra were unfolded by
means of detector response functions, which were determined in a
separate measurement. The effective incident neutron flux upon the
sample was determined from the run with the proton recoil telescope
by taking account of the anisotropy of the neutron source reaction
and by calculating the neutron attenuation and the multiple scattering
effects using the Monte Carlo program MULTSCAT. A correction was also
applied for the attenuation of gamma rays in the samples.

The results for oxygen (Figs U8 and U9), which show pronounced
structure of the cross section over the whole energy region, are in
disagreement with current data files, whereas the results for carbon
(Fig 50) are in agreement with a number of recent investigations of
the 12C(n,n'Y)12C and 12C(n,n')12C reactions. The absolute errors of
the results were estimated to be about 10$ and the neutron energy
resolution about + 50keV. As a consistency check of the neutron flux
measurement, a separate measurement was made of the 27Al(n,a)2l*Na
cross section using activation techniques. From the neutron flux
determination by the proton recoil telescope the 27Al(n,<x)2HNa cross
section was calculated to be 55 ± 6 mb in agreement with previous
measurements.



30

E
fe 10
<n

a
(O

z

S
S
g

6.0

160(n,n'y)

Ey = 6.13 MeV

. I

a Perkin (1960

o Dickens ond Perey (1970!

, Lundberg et al (1970)

(recalculated)

• Present experiment

¡'

=6.92 +7.12 MeV

.Vi . "«•:•

7.0 eo 90
NEUTRON ENERGY IN MeV

100 11.0

1
5 5

6.0

160(n.a.Y)

E Y > 3.09 MeV
i Dickens and Perey (19701

i Present experiment

7.0 8.0 9.0

NEUTRON ENERSY IN MeV

10.0 11.0

Fig U8 Differential 90° cross sections for the production of
6.13 MeV gamma rays (a) and for the production of 6.92
and 7-12 MeV gamma rays (b) by the 160(n,n'y)160 reaction.

Fig 1+9 Differential 90° cross sections for the production of
3.09 MeV gamma rays (a) and for the production of 3.68
and 3.85 MeV gamma rays (b) by the 160(n,ay)13C reaction.
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gamma rays by the 12C(n,n(Y)12C reaction and for the
(n,n') reaction to the h.hk MeV level in 12C from
measurements in the neutron energy range 8.1 - 9-0 MeV.

6.1.12 Measurements of fission cross-section ratios
and fission fragment angular distributions

(Henri Conde and Lars-Göran Strömberg, Research Institute of National
Defence, Stockholm, and Claes Nordborg, Tandem Accelerator Laboratory,
Uppsala)

In the neutron energy region from 5 to 9 MeV the cross section for
neutron-induced fission has a sharp rise due to the fact that the
excitation energy is high enqugh to permit evaporation of one neutron
followed by fission of the residual nucleus (second-chance fission).
An experiment is in progress to study the energy dependence of the
fission cross section for various fissile nuclei over the energy
region of second-chance fission.

The fission fragment angular distributions are also measured with
the two-fold purpose to be able to correct the observed fission cross
section data and to obtain more information about the reaction
mechanism.
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Measurements of neutron-induced cross section for 2 3 6U, 238U and
232Th relative to that of 235U have been performed in the neutron
energy range from 5 to 9 MeV. The detector used was a back-to-back
fission counter containing three pairs of fission foils of 235U and
the studied fissile nuclei.

The total amount of fissile material in the foils has been determined
by using the thermal column of the R20 reactor at Studsvik.

The corrections which are necessary to apply to the measured data
have been studied very carefully, being of the order of 1%.
Corrections have been made for incident neutron spectrum, anisotropy
of the fission fragment angular distributions, detector efficiency
and bias losses, deposited material and isotopic composition and
scattering effects.

The angular distributions of the fission fragments have been studied
for all elements with Macrofol techniques in this energy region and
will be published as a separate report.

Final, corrected data have been produced only for the ratio of
238JJ/235U fission cross sections (1), and the results are presented
in Fig 51, where a comparison could be made with other recent data-
Additional measurements for 236U and 232Th are in progress as a
complement to the earlier obtained data.
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Fig 51 Results of the fission cross section ratio measurement
for 238U to 235U compared to the results of other recent
experiments.

Reference

(1) C Nordborg, H Conde and L G Strömberg, Proceedings of the
NEANDC/KEACRP Specialist meeting on Fast Neutron Fission
Cross Sections of 2 3 3U, 2 3 5U, 238U and 239Pu, p 128,
NEANDC(US)-199/I< (1976)
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6.1.13 Studies of the 6Li(n,a)T reaction

(H Condê, Research Institute of National Defence, Stockholm and
T Andersson, M Anwar, C Nordborg and L Nilsson, Tandem Accelerator
Laboratory, Uppsala)

In the blanket material and cooling medium of possible future fusion-
reactor systems, lithium, in particular lithium-6, will be an
important constituent to obtain tritium breeding by the reaction
^Li(n,o)T. For detailed calculations on the tritium economy in
fusion-reactor systems it is therefore important to know the cross
section of this reaction accurately. A further reason to study this
reaction in detail is the fact that its cross section for many years
has been used as a standard in neutron cross section measurements.
Recently, new measurements have turned out to be in disagreement with
previously accepted data. Also recent R-matrix calculations have
failed to reproduce the earlier data sets.

The present investigation aims at measuring the 6Li(n,a)T cross
section relative to the 180° n-p (or n-d) cross section for neutron
energies up to about 5 MeV by recording the outgoing tritons and (or)
alpha particles in semi-conductor conter telescopes. A special
scattering chamber is being constructed for this purpose. It will be
equipped with an air lock system allowing targets to be transferred
under vacuum from the evaporation chamber to the scattering chamber.
The relative numbers of hydrogen and lithium-6 atoms in the target
will be measured by proton elastic scattering. This can be done
provided the 6Li-p scattering cross section is known. A separate
experiment is planned to perform a precision measurement of this
cross section.

It is also intended to study the inverse reaction T(a,6Li)n in the
present investigation. In this experiment the outgoing 6Li ions are
emitted in a narrow cone in the forward direction and must be
detected in a heavy flux of transmitted and scattered alpha particles
and recoiling tritons. For this reason the outgoing particles will be
analyzed by means of the magnetic spectrograph. In the focal plane of
the spectrograph, 6Li ions will be identified by a AE-E telescope.
The T(a,èLi)n cross section will be measured relative to the T-cx
scattering cross section by relating the number of detected 6Li ions
to that of recoiling tritons. A separate AE-E telescope placed at
about 20° to the incident beam will be used for tritium detection.

Some preparatory experiments are being performed at present and the
first production runs are planned for the first half of 1977«
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6.2 Atomic physics

6.2.1 Beam-foil spectroscopy

(Larry J Curtis*, Reinhold Hallin, Jan Lindskog, Anders Marelius,
Krishna Sharma** and Reine Sjödin, Institute of Physics, University
of Uppsala, Jörgen Pihl, Tandem Accelerator Laboratory, and
Peter Lindner, Institute of Quantum Chemistry, University of
Uppsala)

6.2.1.1 Radiative electron capture "by mutliply-ionized
chlorine atoms

The existence of radiative electron capture (REC) in ion beams
excited by thin foils was first observed by Schnopper et al (l).
Later similar spectra were observed by a number of groups (2-7).
In the majority of these works the experiment has been arranged
so that mostly capture into hydrogen-like or helium-like ions has
been studied. If the ions have a lower charge state a K-vacancy
has to be created in the ion before the REC process can take place.
In this case one has the complication with the competing Ka and Kg
processes.

In the present investigation the X-ray spectrum has been studied
from chlorine ions with energies from 9 to 58 MeV and charge states
in the region from 7+ to 13+ interacting with foils of carbon and
nickel. The energies and angular distribution of the X-rays originating
from the REC process has been measured as well as the cross-section
for this process.

As target carbon foils ranging in thickness from 3.5 to 100 pg/cm2

and nickel foils with thicknesses from i+5 to 1*50 yg/cm2 were used.
The X-ray detector was a Si(Li) detector with a resolution of about
200 eV on Fe Ka. This detector had a Be-window of 13 y. The detector
viewed the target through a system of collimators in order to
minimize the contribution from X-rays produced in other parts of the
target chamber. A 7.6 ug/cm2 mylar window was situated between the
target and the detector. The target was tilted 1*5 degrees relative
to the beam and the detector was placed perpendicular to the beam
direction. For normalization purposes the target chamber was
provided with a surface barrier detector which detected particles
scattered 1*5 degrees relative to the beam. Furthermore, the beam
current was measured with a Faraday cup.

In the angular distribution measurement a special target chamber was
used.

* Present address: Institute of Physics, University of Lund,
S-223 62 Lund, Sweden

** Present address: Department of Physics, University of Rajasthan,
Jaiphur-302001* (Rajasthan) India
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The spectra were recorded in a PDP-15 on-line computer and the intensity,
position and half-width of each line were determined through a fitting
procedure in which the line-shape was assumed to be Gaussian. Fig 53
shows a typical X-ray spectrum.

A INTENSITY

5keV
ENERGY

Fig 53 The X-ray spectrum obtained with a beam of 1+8 MeV chlorine
ions incident on a 10 pg/cm2 carbon foil. The intensity-
scale is logarithmic.

The energy of the REC line as a function of beam energy is seen in
Fig 5*+. An approximate value for the energy of the REC-line is given by

E REC = hu = e. -
mv
2

The Epjjc value is expected to increase with energy which is clearly
seen in the Figure. The reason for this increase in energy is two-
fold. First an increase is expected due to the increase in the kinetic
energy of the electron with beam energy owing to the increase iñ ion
velocity. However, an additional increase in Ei~£f is also expected
if the REC takes place in ions that are not fully stripped of electrons.
At 9 MeV the most probable ions are Cl7+ and Cl8+ (8) with K binding
energies (9) around 2.62 keV while at U8 MeV Cl12+ and Cl13+ with K
binding energies 2.71 keV dominate. In Fig 5k two theoretical curves
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Fig 5h The energy of the REC line as a function of beam energy. The
experimental results are compared with theoretical values
calculated under two different assumptions. The upper curve
is calculated for Cl16+ while the lower curve is obtained
under the assumption that the charge of the ion corresponds
to the most probable charge at the actual beam energy. For
comparison the energy of Ca(K ) is shown as function of
beam energy.

are shown. The lower curve shows the energy of the REC-line calculated
with the above formula assuming that the capture takes place into the
ion with the most probable charge at each energy. The upper curve
on the other hand is calculated under the assumption that the REC
takes place only in the Cl16+ ion. This comparison clearly shows that
the REC processes that is seen, take place in Cl7+ to.Cl13+ and
therefore compete with Ka and Kg transitions in these ions. In order
to check that the REC line was not due to any impurity similar
measurements were made with a target consisting of Ca evaporated on
a thin carbon foil.



100

As pointed out by Betz et al (lO) the interaction between the incoming
ion and the target foil is quite complicated. Due to a short lifetime
of the K-hole an ion has a fairly large possibility to be excited
several times during the passage through the foil. The ion can be
deexcited by several different process with comparable probability.
The deexcitation processes considered in Ref (10) are emission of
characteristic X-rays and capture of an almost free electron which
may or may not result in emission of radiation.

The notations used by Betz et al are followed here. As shown in Ref 10
the competition between the excitation and deexcitation processes will
lead to a steady state in which a certain fraction YQ of the ions have
a vacancy in the K-shell. This fraction of ions, which will leave
the foil with a K vacancy, will give rise to a certain number of
X-rays, N a, emitted after the foil where N a = Ü>YQ and u is the fluor-
escent yield. During the interaction process a certain number of X-
rays, Hj, are emitted from inside the foil. The total X-ray yield
is then Kx = N¿ + Nfl.

Under certain conditions there is non-proportionality between the X-ray
yield and the foil thickness.

Using the same arguments as in Ref 10 one can show that the number
of quanta emitted from the REC-process, which only takes place
inside the foil, can be written

NREC
- ^ (a X -Y )am v o o

If a™ is large compared to O p ^ and a then N ^ is approximately
proportional to the target thickness Xo. The cross-section for the
REC process can be calculated from

ÜREC

MREC
Ni nvx.

AN.
or

In order to separate N^ from N a measurements have to be made at
several different foil thicknesses. In Fig 55 one example of the
X-ray intensity as a function of foil thickness is shown. The
intensity shows the expected behaviour with a rapid increase of
the K - and Kg-intensities at small foil thicknesses, a transition
region and then an increase proportional the foil thickness for
thicker foils. In Fig 55 the intensity of the REC-line is also
shown as a function of the foil thickness.

Fig 55 The intensity of
the Ka , Kg, and
REC lines in chlorine
as a function of foil
thickness. The energy
of the chlorine ions
was h& MeV.

FOIL THICKNESS IN jig/cm'
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In order to calculate O j ^ from these measurements it is necessary
to know TR. This lifetime has been calculated for neutral atoms
by J H Scofield (ll). The radiative decay rate for the K-vacancy
is assumed to be approximately the same for the neutral chlorine
atom as for the ions Cl7+ to Cl12+. From Ref 11 the radiative
meanlife for the Ka-transition is T_ = 1.175 10~

llfs. An analysis
of the experimental data in the way described in Ref 10 gives a
meanlife for the KQ-transition equal to (3.6±O.9)lO~

15s and a
fluorescent yield of 0.3. For neutral chlorine atoms the fluorescent
yield is 0.1 (12). A value of 0.3 for the highly ionized atoms is
therefore quite reasonable and supports the assumption that the
radiative lifetime does not change considerably between these ions
and neutral atoms. A separate measurement of the fluorescent yield
would, of course, give a more accurate value for Tp.

The angular distribution relative to the beam direction was measured
with a separate chamber as mentioned above. The result of this measure-
ment is seen in Fig 56. A sin^e distribution is obtained even if
the statistical accuracy is modest.

Fig 56 The angular distribution
of the REC intensity.

150 OEG

During the cross-section measurement the detector was placed at 90
relative to the beam direction and therefore detected the maximum
intensity. Since the Ka and Kg radiation has an approximately
isotropic distribution it is necessary to correct the ratio

. for this effect.
1

The cross section for the REC process in Cl-ions penetrating carbon
was measured at beam energies of 30, 1*0, U8 and 58 MeV. The REC
cross section is presented in Table 1^ and Fig 57> which also gives
the theoretical values calculated with a modified Bethe-Salpeter
theory using experimental values on the width of the REC-distribution.
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Table ll* Comparison between theoretical and experimental values
for the REC cross section for chlorine ions on carbon.

Ebeam
MeV

30

1*0

1*8

58

Calculated value

BS

7550

5520

1*510

361*0

M B S 1 '

6970

6500

1*51*0

31*20

(barns)

M B 1 5

2080

2580

2370

2190

Exp
value
(barns)

7100+lUoO

7100+1600

l*900±ll*00

5IOO+I5OO

l) The exp value for the width of the REC distribution was used.

UREC

BARNS

10000

5000

o EXPERIMENTAL

• THEORETICAL

30 50
BEAMENERGY

60 MeV

Fig 57 Comparison between experimental and theoretical values for
aREC w^en *^e theoretical values of the cross section were
calculated the experimental value of the width of the REC
line was used.
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The same measurements were also performed for Mi-foils with thick-
nesses 60, 110, 300 and 5̂ 0 pg/cm2. In this case, however, the
X-ray intensities do not show the same dependence on the foil
thickness as in the carbon case. The effect will be further
investigated.

It has thus been shown that one can see REC at low beam energies
in competition with Ka and Kg transitions. The energy of the REC-
radiation agrees well with the value expected for chlorine ions
of the most probable charge at each ion energy.

The large discrepancies between theoretical and experimental values
of the cross section reported in this energy region by Appleton
et al (7) are not reproduced in this measurement. The present
measured value of the cross section agrees well with the theoretical
calculations using the Bethe-Salpeter theory. Although the errors
in the experimental value are relatively large it seems clear that
the plane wave Born approximation does not apply to the present case,
if the assumption concerning the radiation lifetime is correct.

6.2.1.2 Vacuum ultraviolet spectra from highly ionized oxygen

In this work photon spectra of 0 VI to 0 VIII were investigates,
and the lifetimes of some excited levels were measured. The spectra
were obtained in the wavelength region 350-1150 Á. An additional
spectrum was taken in the 1200-1900 A region.

The experimental work was performed with beam energies ranging from
3 to 25 MeV. The beam was excited by a thin carbon foil with a
typical thickness of 20 yg/cm2. The experimental data were obtained
by using a i m normal incidence monochromator of Seya-Namioka type.
The monochromator was equipped with a tripartite grating which has
1200 lines/mm and is blazed at 800 Á. A channel electron multiplier
or a photomultipler with a LiF window were used as detectors.

When the lifetime measurements were performed the foil could be
moved up to 35 cm upstream along the beam. The measuring procedure
was fully automatized. Stepping motors were used to turn the
gratings as well as to move the foil during the lifetime measurements.
The data were fed into a PDP-15 computer, which was also used when
the analysis was performed by means of a special least-squares
fitting program (13).

6.2.1.2.1 Singly excited 0 VI

The observed transitions can be seen in Fig 58. This figure also
includes transitions observed in the air wavelength region (lU)
and two lines earlier recorded by a grazing incidence spectrograph.
It seems as if no transitions at all from higher lying 2S and 2P
terms will appear with reasonable strength in the beam-foil light
source. The most intense lines originate from states of high 1-
quantum numbers. This means that the non-penetrating orbits are the
most heavily populated ones. This and other (15,16) observations
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support the assumption that the major intensity of the line? included
from ref ík come from states with the highest 1-quantum number.

Fig 58 Observed lines in 0 VI.

The lifetimes for three states using the 520, 1*98, hkl A lines have
also been measured. The result together with other experimental
results and theoretical calculations can be seen in Table 15. The
Itf 2 F term was corrected for an observed cascade of 188+13 ns and
the kd 2 D term was corrected for an observed cascade of l6k±35 ns.

Table 15 Lifetimes of 0 VI states

Wavelength (A)

520

U98

UU7

Transition

3d 2D - Uf 2F°

3p 2P° - ltd 2D

3s 2S - Up 2P°

Lifetime of upper terms (ps)
This work

U8±3f)

29±l4f^

73±8

Other experiments

23 a )

65±Uc)

6Ua)

Theory

26.2d)

2Te)

63.1d)

63 e )

a) Ref 21, b ) Ref 1»5, c) Ref 1»6, d) Ref U?, e) Ref kS
f) Corrected for cascade
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6.2.1.2.2 0 VI doubly excited

Theoretical calculations are available for terms up to We VIII (17)
and a large number of additional terms in 0 VI and F VII (18). By
comparing theoretically calculated energies for Auger electrons
from ref 18 with experimental results from ref 19 information
about the accuracy of the theoretical calculations can be obtained.
The agreement is found to be of the order of 2 eV or better. An
error of that order of magnitude is therefore introduced when the
term values are recalculated from ref 18, which will result in an
error of a few Angstroms for transitions in the VUV-region. The
identification of unknown transitions will therefore be uncertain.

In Fig 59 a term diagram for the quartet system for 0 VI can be seen.
All terms are recalculated from the above mentioned theoretical
calculation by assuming a ground level of 555.16 eV (17). From the
energy values of the different terms allowed electric dipole
transitions, that are expected in the wavelength region 350-1150 A,
have been calculated and are listed in Table 16. together with the
assigned transitions. Some uncertain identification of the observed
spectral lines are also listed in Table 16.

eV

700- .'

690—

680-

670-

660-

650-

6 4 0 -

JLL-
P 4S "P 'D

Limit U2p,3P

nd

nf

Fig 59 Term diagram for the quartet system of 0 VI.

J
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Table 16 VUV-transitions in the quartet system of 0 VI.

Cale, wave-

length (A)

354

363

363

405

429

432

440

441

444

463

464

466

471

473

477

479

496

500

504

525

541

549

553

566

961

969

969

984

1008

1050

1060

1127

Assigned

2p3d V

2P3d
 4P°

2p3d V

2s3s V

2P3s V

2p3s V

2P3s V

2p3p 4D

2s3p 4P°

2s3(i 4D

2p3p 4D

2p3p ^P

2p3p 4P

2p3p 4L-

233p V

2p3p 4D

2s3d 4D •

2p3p 4S •

2p3d 4F° •

2p3d 4D •

2p3ci V •

2p3d 4P° •

2p3d 4P° -

2p3d 4P° -

2s4s 4S -

2P4s
 4P° -

2p4s V -

2p4p 4D -

2p4p 4D -

2s4d 4D -

2s4p 4P -

2s4d 4D -

transition

- 2p5p 4P

- 2pSp 4P

- 2p5p 4 S e

- 2s4p V

- 2p<p 4P

- 2p4p 4 S e

- 2p d 4D

- 2p d 4P°

- 2s- d AD

- 2S4Í 4F°

- 2p4d V

- Z,4á 4P°

- ZpAá 4C°

- 2p4u *FC

- 2s4s 4S

- 2p4s •)P°

- 2S4P
 4P°

- 2p4s 4P°

- 2p4o 4D

- 2p4s 4P

• 2p4 3 4 D e

• 2p4o 4P

• 2p4 > 4S

• 2p4p 4 D e

• 2s5p 4P°

2p5p 4S

2p5p 4P

2p5d 4D°

2pSd 4F°

2s5f 4F°

2s5s 4S

2s5p 4P

obs. wavelength (A)

blend 0 VI

405

440

443

449

474

470

472

475

blend O v

495

501 blend 0 VI

505

525

539

551

562

981

blend 0 VI
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Another aid for the identification had been accessible if the
lifetimes for the upper levels of the different transitions could
have been measured. Due to the low intensity observed for these
transitions it was generally impossible to measure all of them.
The effort was concentrated on the most intense line at hfk A.
At a beam energy of 6 MeV the upper level was found to have a
lifetime of 1*7±3 ps. This lifetime is tentatively assigned to
the 2sUf '•F0 level and the line to the 2s3d '•D*2 - 2skt '»FO
transition in 0 VI. However, it seems somewhat surprising that
the lifetimes of the 2sl+f '•F0 level and the kf 2F° level (Table 15)
should be the same.

6.2.1.2.3 Singly excited 0 VII

The observed transitions from the grazing incidence region, the
VUV-region and most of the lines from the air wavelength region
(19) can be seen in Fig 60. The two lines at 21.6 Á and 21.8 A
could not be resolved. The presence of the inter-combination
line 1 'SQ - 2 3P 1 at 21.8 A was revealed by looking approximately
1 cm down-stream.

eV

600-

5*0-

500-

*»-

Fig 60 Observed lines in 0 VII.
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The lifetimes have also been measured of the 2
using the two transitions 2 3S 1 - 2

 3P^ 2 (
2°)«

1 levels by

In this work is also reported on the lifetime measurement of the
kf 3F term by using the strong 382 A line. A lifetime of 13±6 ps
for the Uf 3F state was obtained. A cascade of 88+20 ps was also
observed. The lifetime for two of the feeding terms have been
measured by Buchet et al (21). They report a result of 0.072 ns
for the 7g 3G and 6g 3G terms respectively.

6.¿.1.2.k Doubly excited 0 VII

Most of the lines should appear in the X-ray region. However, the
2s2p 3P - 2p2 3P transition have been calculated to 1912.9 A (22).
A line at l8l2 A has been observed, which is tentatively suggested
to be this line.

6.2.I.2.5 Unidentified transitions

The lines for which tentative assignments have not been suggested
are generally weak. However, there is one very strong group pf
lines at about 11^2 A, which is not at all understood. It can
easily be followed and resolved in different spectra. The lifetime
of the strongest component was measured to be O.58±O.O6 ns.

6.2.1.3 Vacuum ultra-violet spectra from highly ionized fluorine

This work reports on observations of spectra from beam-foil excited
one-to-three electron fluorine ions, in the wavelength region
250-950 A.

High energy fluorine beams were obtained from the Tandem Accelerator
by using SFg gas in the negative ion-souree. Beam intensities of up
to 3 pA at the target were used. 20 pg/cm2 thick carbon foils were
used as exciters. A 20 tig/cm2 thick foil has sufficient thickness
to ensure charge state equilibrium, but it is thin enough not to
cause severe deterioration of the beam by Rutherford scattering.
Beam energies of 6, 9, 12, l6, 20 and 25 MeV were used.

The experimental set up was the same as the one used in the previous
investigation on oxygen (Section 6.2.1.2), Very complex peak-
structures or very weak peaks were analysed by the LSQFIT interactive
fitting program (23). Results of all fits were checked by making
expended computer plots of the fitted peaks overlayed on the
experimental data. Other programs were written to store the results
of analysis in magnetic tape files, and to sort and manipulate the
results for calculation of energy calibration functions or excitation
functions (2k).

The recorded spectra exhibit very much the same structure as observed
in other high energy beam-foil experiments, i e levels with high
principal quantum numbers and high angular momentum are excited.
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Gabriel (25) has noted that laser-induced plasma light sources show
local thermodynamic equilibrium populations of the higher terms.
However, in such light sources the hydrogenic transitions are
strongly affected by line broadening due to interior stark effect
(26). This is not the case in the beam-foil light source, where de-
excitation through collision, and stark effect is practically
absent, due to the low density. Thus it is possible to observe
transitions between hydrogenic levels with high principal quantum
numbers.

The line intensities in the present spectra indicate that the
relative population of different terms as a function of I may
have a statistical (i + 2 A + l) dependence. In fact, terms with
high angular momentum seem to be even more heavily populated than
terms with lower I values. However, cascading from terms with
higher n values and varying partial transition probabilities mask
the direct excitation, making a precise measurement very difficult
without using photon coincidence techniques.

The observed transitions were assigned. Relativistic calculations of
Garcia and Mack (27) were used to identify transition in the one electron
system F IX. The calculations of Accad et al (28) of S and P terms,
together with calculations of D - F transitions by Brown (29) aided
the interpretation of the F VIII spectrum. The F VIII spectrum was
compared against term values calculated with the polarization formulae
suggested by Edlen (30). Good agreement was found between observations
and calculations. Transitions in F VI, F V and F IV were also found,
which all have been reported in the litterature (26,27). Identified
transitons in F IX - F VII are tabulated in Tables 17-19. In Table 20
some transitions are listed which could not be identified as transitons
in singly excited F VII or F VI, although their excitation functions
indicated that this should be the case. In the experiments carried
out by the Uppsala group on beam-foil excited states in highly
ionized oxygen (32,33), it was found that several spectral lines
could be attributed to radiative transitons between doubly excited
quartet levels of Li I-like 0 VI ions. These levels have been observed
in electron spectra from fluorine beams by Smith et al (31*). They
found that the excitation function for doubly excited levels in
F VII was shifted to a slightly lower energy compared with the
excitation function for singly excited levels in F VII. By comparing
the experimentally obtained wavelengths against theoretical calculations
of quartet state in F VII by Hol^ien and Geltman (35)» and by Junker
and Bardsley (36) tentative assignments were made.

Table 17 Observed transition in F IX

Transition

3-1*
h - 5
1* - 6
1» - 7
5 - 6 (w)
5 - 7
5 - 8
6 - 8 (w)

Wavelength (A) a )

231.30
1*99-83
323.90
267.19
920.2i>
57l*.lO
1*61.56
926.85

a) Wavelengths according to Garcia and Mack (27)
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Table 18 Observed transitions in F VIII

Transition

3d - 1+f
l*d - 5f
ltd - 6f
l*f - 5g
l*f - 6g
2*f - 7g
5g - 7h
5s - 8h

(bl)
(w)

(w)

Wavelength (Á)

Experiment

292.5
632.O
I+O8.9
632.8
1*09.7
3**0.0
727.O
581*.O

(0.2)
(1.0)
(0.1+)
(0.2)
(0.1)
(2-0)
(0 .U)
(0.2)

Theory '

292.52
632.02
1*08.82
632.I+ k
1*09-90
338.16
726.71*
581+.13

b) The theoretical wavelengths were calculated using S and P terms
from Accad et al (28), D and F terms from Brown (29)

(w) - weak line, (bl) - blend

Table 19 Observed transitons in F VII

Transition

2 2
2s S - 2p¿P

P P
2s S - 2p P

P 9
3s S - l*p P

3p2P - l+s2S

3p2P - l+d2D

3d2D - ltp2P

3d2D - ltf2F

l+s2S - 5p2P

lts2S - 6p2P

l*p2P - 5d2D

Up2P - 6d2D

l+p2P - 7d2D

l+d2D - 5f2F

l+d2D - 6f2F

ltd2D - 7f2F

Uf2F - 5d2D

l+f2F - 5g2G

l+f2F - 6g2G

ltf2F - 7g2G

Uf2F - 8g2G

3/2

1/2

(bl)

(bl)

(bl)

(bl)

(bl)

(bl)

Wavelength

Experiment

883.1

890.7

335-5

39I.9

367.6

388.0

381.8

736.8

It9l+.i+

797.0

523.2

1*32.8

82I+.5

531*.1*

1+1+1.0

827-2

O25.8

535-7

l+i+l+.O

396.7

(0.1)

(0.2)

( 0 . 5 )

(0.2)

(0.2)

(1.0)

(0.1)

(0.3)

(0.3)

(0.1+)

(0.5)

(0.5)

(0.5)

(1.0)

(0.3)

(0.5)

(0.5)

(0.2)

(1.0)

(0.2)

(Á)

Theory0 '

883.11

890.80

335.18

392.07

367.72

388.6I

381.81*

736.1*1

1*93.92

796.87

522.91+

1*33.22

82U.75

53l*.83

1*1*1.27

827.05

826.5I*

535.50

1*1+3.63

396.70

c) Calculated with formulae of Edlln (20) together with S and P

terms from Cantú et al (31).
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Table 20 Unidentified transitions in F VII

Tentative

2s3dV -
2p3dV -
2P3dV -
2p3dV -
2pl*pV -
2sl<dV -

assignment

2sl*f F°

2pl tpV

2pltp1*Pe

2pl+pV
2p5dV
2s 5fV

Wavelength (A) ^^
Experiment

351.0

377.0

385.6

395.0

75^.2

772.7

(1.0)

(0.5)

(0.3)

(0.7)

(0.7)

(0.7)

Theory '

3kk

373

385

3,9k

751

775

d) According to Junker and Bardsley (36)

6.2.1.1* Alignment effects in highly ionized "beam foil excited
oxygen atoms

(Larry J Curtis, Reinhold Hallin and Jan Lindskog, Institute of
Physics, University of Uppsala, and Jörgen Pihl, Tandem Accelerator
Laboratory, Uppsala)

Since the discovery (37) that the beam foil interaction can provide
a source of anisotropically excited atoms, this property has been
widely exploited in measurements utilizing quantum beat, field
quenching, rf resonance and level crossing technique (38), and it
can sometimes be utlized to obtain cascade-free meanlife measurements
(39). Since nearly any ionization state of any atom is accessible
to beam foil excitation, such measurements could greatly extend our
knowledge of fine and hyperfine structure, Lamb shifts, g-factors,
etc, which is now generally limited to neutral or few times ionized
atoms. However, until now, there has been little or no evidence
for the persistence of these beam foil excitation asymmetries in
highly ionized systems. Although there is presented no satisfactory
model for describing the beam foil interaction process, the recent
discovery (1*0) that tilting the foil relative to the beam axis can
produce orientation (dipolar excitation anisotropies) indicates
that an important portion of the dynamical excitation arises at
the foil surface. This gives an added parameter for producing
excitation asymnetries, which has also not been tested until now
at very high energies.
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It has been found that the beam foil source exhibits substantial align-
ment (quadrupolar excitation anisotropies) for low energies (50 keV -
2 MeV) and low ionization states (i-IIl) which manifests itself in
the linear polarization and angular distribution of the emitted
radiation. Linear polarization fractions M/l defined as

M/I = {Iff -I±)/(I//
 + I±)

of as high as 20 % have been observed for some members of the He I
and Li I isoelectronic sequences (!+l) but more typical are the 6 %
polarization fractions which have been observed for neutral, singly and
doubly ionized oxygen, neon and argon (h2). Polarization fractions
of a few percent have also been seen in N IV (1+3). However, as has
been pointed out by Andrä (h!+), the trend of measurements in this
energy region is such that the alignment seems to decrease with
increasing mass of the beam and with increasing charge of the
excited atoms. For this reason the present work has sought to
extend the range of energies and charge states for which such polari-
zation measurements have been made.

Polarization measurements were performed using an analyzer consisting
of a rotable linear polarizer and a demountable achromatic quarter
wave plate. The linear polarization analyzer consisted of a polariod
transmission filter followed by and mounted coaxially with a Hanle
scrambler depolarizer, which eliminated virtually all instrumental
polarization effects. In preparation for these measurements the optical
axes of the polarizer and depolarizer were precisely adjusted on an
optical bench so that light polarized by the filter was pseudo
depolarized by the scrambler to within the fluctuations in a bench
mounted regulated discharge lamp source, which were ~ 1/10 %.
Stokes parameter measurements were made with the linear polarizer
axis set at angles of 0, U5, 90 and 135 degrees to the beam, with
and without the quarter wave plate (fast axis along the beam).

The result is presented in Table 21. The polarization was found to
be negative in all of the oxygen levels studied. The similarity of
the magnitude of the various polarizations in the oxygen transitions
is quite striking, and indicates a similarity among these highly
excited levels. The hydrogenic or nearly hydrogenic L-degeneracy of
this type of transition prevented the yrast portion from being resolved
for the high lying An = 1 transition in oxygen. However, the similarity
of the polarization of An = 1 and An = 2 transitions in 0 VIII implies
that non-yrast transitions also possess alignment. Stokes parameter
measurements were made for all of these transitions using foils tilted
at 30° to the beam. No appreciable circular polarization was observed
for any of the levels studied, but the linear polarization diminished
by more than a factor of two with tilted foils.
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Table 21 Measured linear polarization in 36 MeV oxygen ions

Ion

0 VII
0 VIII
0 VIII
0 VIII

Wavelength (Á)

3880
Í*3íi5
6075
1+665

Transition (n-n1) M/I {%)

7 - 8 -7±2
8 - 9 -7±1
9 - 1 0 -10+3
10 - 12 -6+3
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6.3 Solid state physics

6.3.1 Transient hyperfine magnetic fields in gadolinium

Claes Fahlander, Kurt Johansson, Erik Karlsson and Goran Possnert,
Institute of Physics, University of Uppsala

6.3.1.1 Z. 2. dep_endence_

A series of experiments has been performed at the tandem accelerator
in order to measure the transient magnetic field acting on Coulomb
excited nuclei which are recoil implanted into ferromagnetic Gd. In
these experiments the implantation pertubed angular correlation
technique (IMPAC) was used. So far, data exist for the heavy elements
Sm,Gd, Yb(i) and Pt (2). A more complete systematics is needed to
study the origin of the phenomena and compare it with the theory (3)j
as well as to use it in measuring g factors of excited nuclear states
with lifetimes in the ps region. The static magnetic fields for
several impurities in Gd have recently been measured (U-7). IMPAC
results can add information for isotopes insoluble in Gd and also
check results from radioactive work (NO, PAC, MB). Suitable candidates
for this investigation are even isotopes of Ru, Pd, Mo, Cd, Ge, and Fe.

The target material (200-500 yg/cmz) is sputtered or evaporated onto
a Gd-backing. In order to have good thermal contact with the cold
finger (~ 77 K) the targets were rolled onto Cu with In as interface.
The beam was 1 6 o + 6 of 35~^0 MeV which implies recoiling energies of
15-25 MeV. According to magnetometer measurements an external magnetic
field of 3 KG was sufficient to polarize the backing. The beam bending
from the fringing field was found to be ~ h mrad.

The total angular shift (tor) of the angular correlation is

0)T

where B is the effective static field and e
in flight (8) (Fig 61).

corrects for decay

-<4/r(mrad)

20-

40"

__ Pd

Ru

50 100

Fig 6l IMPAC values vs meanlife for Pd and Ru implanted into
polarized Gd at 77k. The intercept at T=0 gives the
transient precession (p and the slope B.



Table 22 Result for the reduced transient magnetic field (<p/g)

Nucl

54Fe
56Fe

70Ge

72Ge

74Ge

98Mo

100Mo

1 0 2Ru

104Ru

106Pd

108Pd

110Pd
110Cd

116Cd

122Te

1 2 4Te

128Te

2 +

keV

1408

847

1040

834

596

787

536

475

358

512

434

374

658

513

564

603

743

T
ps

1.15(4)

9.67(29)

1.88(4)

4.76(58)

18.80(29)

5.0(6)

14.9(16)

23.1(14)

77.9(58)

17.3(12)

34.3(25)

! 62.0(43)

7.2(7)

19.8(14)

11.0(16)

9.5(6)

4.6(6)

Í

g

1.42(23)

0.60(10)

0.88(21)

0.58(14)

0.46(21)

0.34(18)

0.34(18)

0.37(3)

0.41(5)

0.36(2)

0.36(2)

0.35(3)

0.49(11)

0.41(11)

0.31(3)

0.25(4)

0.31.(3)

1

mrad

32.4(23)

34.0(19)

16.2(18)

17.7(19)

20.8(13

23.5(23)

23.4(16)

33.5(15)

40.5(10)

25.5(14)

22.2(14)

21.2(14)

23.5(36)

15.2(32)

24.8(20)
i

¡ 19.0(26)

1 17.0(20)

-ip/g
mrad

i

57±15

44±12

75±22

74±10

72±5

70±35

106±35

B IMPAC
KGauss

+65±25

-45±23

B RAD
KGauss

0±16a)

+50±10b)

-64±6
C)

-312±9°

-38±10

-229±2e)

O\

a; ref 5, t>) ref 9, c) ref 6, d) ref 11, e) ref 13
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The static magnetic field B=O±16 for Fe in Gd (5) vas used to
extrapolate to x=o for 56Fe. Experiments on 5lfFe support this
result.

The reduced transient effect cp/g for Ge was calculated from the
72,7<+Ge iMPAC data with the g-factors of Hubler et al. (8).

-ftglmrad)

Fig 62 Reduced transient field effect in Gd vs Z.

The present results are shown in table 22 and Fig 62 where the line
corresponds to the values predicted by the Lindhard-Winther model.

6.3.1.2 The. velcnjity_dej?endenc£

The high transient field for Fe cannot be explained by the linear
response theory given by Lindhard-Winther (3)> which proposes the
field to be inversely proportional to the velocity of the recoiling
ion. Similar deviations have recently been observed also for some
light elements with high recoiling energies, stopping in ferromagnetic
iron (12).

The measured reduced effect can be expressed by the integral

dvdE/dR

where dE/dR is the stopping power, B(v) the transient field and ts

the stopping time. The evaluated values of this integral according
to ref 3 for 56Fe are plotted in Fig 63 with the nuclear lifetime
as parameter.
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Fig 63 Calculated reduced effects for 56Fe in Gd.
ref 8
ref 1U

The new enhanced rotations have caused Eberhardt et al. (1U) to
propose a completly new approach to the-phenomena, suggesting a
dependence of the field directly proportional to the velocity.
The correspondingly reduced transient magnetic field are shown
in Fig 63.

Knowledge of the relation between the field and the recoiling
energy of ions traversing ferromagnetic materials is of great
importance in the determination of g-factors of shortlived nuclear
states.

In order to check this dependence for Gd as tacking, a series of
experiments has been started where 56pe at different velocities
is used as a probe.

There are two possible ways to vary the recoiling energy, namely
by changing the incoming beam with respect to mass or energy, or
by letting the recoils pass through a stopping material before
entering the backing.

The first method will be used in the high velocity part with
sulfur ions.

The use of a degrader between the target and the backing to
reach lower velocities with high Coulomb excitation yield
requires quite an accurate value of the stopping power (dE/dR).
However, very little experimental data exist on heavy ions
(Z>26) in high-Z elemental solids. Therefore, measurements for
iron stopping in Cu have been started. The experimental setup
(Fig 6U) consists of two movable silicon surface barrier



±±y

beam

\ det2

Cu
TARGET

Fig 6h Experimental setup for stopping power measurements.

detectors, number I for detection of the recoil and number 2 for
discriminating against non-coincident scattered events. The recoil
velocity can then be changed either by varying the energy of the
beam or by changing the detector positions. Preliminary results
are shown in Fig 65.

5-

as 1.0

Fig 65 Energy loss of 56Fe recoils in Cu.
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6.3.2 Nitrogen depth distributions in Chromium Steel

(Laszlo Gönczi, Rolf Didriksson, Bo Sundqvist, Tandem Accelerator
Laboratory, Uppsala and Lennart Rohlin, Sandviken AB)

A method for nitrogen depth distributions in single kernels of seed
(Section 6.1+.1) has been applied to samples of Chromium steel. It
has been found that during the manufacturing process small amounts
of unwanted nitrogen is introduced into the steel surface. Since
this nitrogen contamination changes the surface features of the
steel there is a need to measure the amount (0.1-0.01 weight percent)
and location of the nitrogen. However, at present no adequate method
exists for such a measurement and, therefore, the particular technique
developed at this laboratory for the determination of nitrogen depth
distributions (1,2) has been preliminarily tried on these samples.
By using a rather low deuteron bombarding energy (2-3 MeV) contributions
from heavier elements like silicon can be avoided. As can be seen in
Fig 66 the nitrogen distribution can be determined down to a depth of
about 3 pm. The measurements will continue and include the determination
of the absolute scale in weight percentage of nitrogen in the depth
distributions.
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Fig 66 Relative nitrogen depth distribution using 3 MeV deuterons

References

(1) B Sundqvist, L Gönczi, R Bergman and U Lindh, Int J Appl
Radiat Isotopes 2J|, 277 (197^)

(2) B Sundqvist, L Gönczi, I Koersner, R Bergman and U Lindh,
Int J Appl Radiat Isotopes 2J, 273 (1976)



122

6.k Physical biology

6.4.1 The method for determination of the nitrogen depth
distributions applied for plant breeding purposes

(László Gönczi, Bo Sundqvist and Rolf Didriksson, Tandem Accelerator
Laboratory, Uppsalt, Ulf Lindh, the Gustaf Werner Institute, Uppsala
and James Mac Key, Department of Genetics and Plant Breeding of the
Agricultural College, Uppsala)

During the last few years a method for the determination of the total
content of nitrogen as well av the nitrogen depth distribution in
single kernels of seed has been developed (1,2). The method is based
on the nuclear reaction ^N(d,p0) *%. A deuteron energy of 6 MeV has
been found to be suitable.

The purpose of the present work is to investigate the usefulness of
the method in genetical research. Three basic requirements must be
fulfilled:

a. Radiation damages have to be small
b. Biological uncertainties, like individual variation, must be low

compared with the sensitivity of the technique
c. The costs and speed of the technique must be competitive with

other known techniques

Radiation damages have been studied (3). It has been found that it
is possible to handle this problem. To compare the biological
uncertainties with the sensitivity of the present technique, a new
experimental setup has been built and a large group of kernels of
seeds (about 20 000) has been grown. The control group of seeds are
grown in Mitscherlich pots at the Department of Genetics and Plant
Breeding of the Agricultural College in Uppsala.

In an evaporated scattering chamber up to UOO kernels can be
analyzed automatically before reloading is necessary. (Fig 67)
The kernels are transported one at a time into the beam position by
a stepping motor, which is controlled by the data collecting PDP-15
computer. At a scattering angle of 150° six surface-barrier
detectors are mounted symmetrically, thus allowing a high rate of
analysis. Mainlv four different parameters will be studied, namely
type of seed, time of harvesting, levels of nitrogen applications
and position in the ear.
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Fig 6? Scattering chamber for automatic analyses of hOQ samples
and a detector system with a large total solid angle.

During 1976 a report on the method for determination of nitrogen
depth distributions in single kernels of seed was published (2).
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terms from Cantú et al (3l]7~

6.k.2 Production of radionuclides for biological and
medical applications

(Sven-Johan Hesselius*, Hans Lundqvist, Bengt Langström**, Petter
Malmborg and Carl-Göran Stälnacke, Gustaf Werner Institute, Uppsala)

Shortlived radionuclides have been produced and used in biological
and clinical research at the Gustaf Werner institute for several
years (1). This work is supported by the Swedish Cancer Society and
carried out in cooperation with several medical clinics around the
country (Univ Hosp Uppsala, Radiumhemmet KS Stockholm, Univ Hosp
Huddinge, Univ Hosp Lund).

Parts of this work concern the biological and medical applications
of n C , 13N and 150.which can preferably be produced in low energy
particle reactions. With the tandem van de Graaff accelerator it
should be possible to obtain these raclionuclides in amounts that
make them biologically and clinically interesting.

Table 23 Nuclear Reaction Yields

Reaction

11+N(p,a)1:iC

12C(d,n)13N

llfN(d,n)15O

Ein

7

6

6

(MeV)

.U

.3

.3

Approximative yield at 10uA

0

0

2.

1 mCi/s

1 mCi/s

0 mCi/s

Al-plate

//"////////'//• '/''/X.'/ :

vj&y//':// •'•'•>'/ '•'/ 7..'f/i.

Cooling flange,
brass

Fig 68 Gas target.

* Department of Physics, Abo Academy, Finland
** Department of Organic Chemistry, University of Uppsala
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ig Ascarite'R

Proton
beam

Filter

J
isFig 69 Experimental gas flow system for 11CÜ2 production. ^

trapped in Red-Al (NaA1H2(OCH2CH2OCH3)2) in triglyme
(triethylene glycol dimethyl ether).

A gas target system (Fig 68) has recently been constructed and used
with promising results. The target is of a flexible design to allow
production of various radionuclides. After chemistry either off line
or on line labelled compounds are achieved for direct use or for
further organic chemistry work;
a) 11C02 for labelling of thymidine, aminoacids (J1C- methyl-L-

methionine) and glucose (2)
b) 1 ^ M for nitrogen fixation ¡
c) 1500 and 1900 for oxygen metabolism (3)
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Reports from a research visit to the Institute for
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11-21* L Peker (Vrije Universiteit, Amsterdam)
Properties of side bands in deformed even-even nuclei
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Heavy—ion interactions at relativistic energies
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A search for N* in He
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Development of on-line computer systems
Acta Universitatis Upsaliensis, 366, 1976-05-07

J Lyttkens
An investigation of properties of excited levels in particular
isobaric analogue states in 28Si, 55Co and 6aNi, 1976-05-21
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C Fahlander, L Hasseigren and J E Thun:
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measurements of Q(2J} in I02Pd and r<f"Pd
Symposium on Nuclear Physics, Uppsala, June 12-11* 197e and
Conference of Physics on Tandem,International Centre for
Theoretical Physics, Trieste, 1976-0^-27—05-07

L Amtên, A Johansson and B Sundqvist:
Elastic n-d scattering at 10 MeV
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Low energy a-induced deuteron breakup
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Gamma-ray production cross section of oxygen
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B Sundqvist, L Glantz, A Johansson, L Amten and I Koersner:
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G Lodin:
A large size liquid scintillation neutron detector
TLU UU/76

J Pihl, R Sjödin, R Hallin, J Lindskog, A Marelius, S Kandela and
K Sharma:
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