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PREFACE

It has been suggested that the time and effort Invested in the

publication of an annual report (AR) might be spent In a better way, e.g. by

doing physics. On the basis of this appealing albeit controversial idea, we

decided last year not to publish an AR-1981. To some people's amazement, this

did not go unnoticed. Several colleagues and institutes informed us that they

had not received our AR-1981 and asked us to send one as yet.

This historical note serves a twofold purpose. Firstly, it is a word of

encouragement for writers and editors of AR's. Secondly, it explains why this

report is in fact a biannual report for 1981 and 1982, with - of course -

emphasis on our work of 1982.

Nuclear physics is moving towards higher energies. This undoubtedly is

the most active frontier of our field. In line with this development we

submitted a proposal for a 'booster', a post—accelerator for the EN-tandem. On

financial grounds our funding agencies decided that this plan could at present

not be realized. This disappointing decision forced us to adapt our plans.

Fortunately, modern accelerators providing particles of high energy have

recently been built in Amsterdam (NIKHEF) and Groningen (KVI). With the

support of our colleagues at these institutes, we decided to direct a sizeable

fraction of our activities towards these two laboratories. For those who are

inclined to think that all geographical distances in the Netherlands are

negligible, this decision may seem an easy and simple one. For the Utrecht

group, which to a large extent consists of (under)graduate students who either

follow or give courses, however, the new direction will definitely cause

complications. Nevertheless we are convinced that it Is a logical decision,

since the challenge of nuclear physics at higher energies outweighs these

difficulties.

The first activities in this new direction are already reported in this

AR. The most direct example is the detector for intermediate-energy heavy ions

(ch. 7.3), but the careful reader will find references to Groningen and

Amsterdam at several places.

It is a preface-writer's prerogative to expose a few highlights to his

personal liking. Within this right I gladly draw the reader's attention to a



few selected topics.

Close cooperation between nuclear-structure experimentalists and shell-

model theoreticians has for years stimulated the research in our department.

So far, however, this relation has been somewhat one-sided. In case of

discrepancies between experiment and calculation, it was taken for granted

that the latter was erroneous. Obvious scapegoats were a limited configuration

space and/or a too simple interaction. The improved quality of the

calculations presently reverses this trend in a few cases. The exciting

suggestion (ch. 4.1) that large gaps do occur in our experimental knowledge of

the very light (p-shell) nuclei, in fact stimulates experimentalists, not only

in Utrecht, to reinvestigate these nuclei.

Many of the experiments described in this AR were made possible by the

construction of Compton suppression spectrometers with a large solid angle.

The impressive background suppression makes it possible to observe weak

transitions even in the notoriously complicated heavy-ion y-ray spectra

(ch. 1.1). Indirectly this work has led to the observation, unprecedented in

light nuclei, of low-energy decay branches (38 and 33 keV) of 38K levels with

excitation energies as high as 3.5 MeV. The apparatus is delicate, but

transportable, as is demonstrated by the experiments performed in Louvain-la-

Neuve (ch. 3.1).

Another application is the measurement of y-ray energies with eV-

precision. Some consider this field to be the exclusive domain of an unlikely

combination of next-decimal fanatics and experimental pragmatists. Ever since

a possible finite neutrino mass is again a hot topic, however, this type of

work enjoys broad interest. A direct measurement of the neutrino mass, at most

a few tens of eV, indeed requires eV-precision.

This AR clearly reflects the growing Interest in the application of

nuclear physics techniques and apparatus to other fields. In the first place

to other branches of physics, like atomic physics, surface science and

technical physics, but also to other disciplines like chemistry, nuclear

medicine and biology, and to more technical topics like metal research, solar

cells, chips and environmental safety. Examples of all these aspects can be

found in chapter 6.

A huge extension of these possibilities to e.g. geology, meteorology,

oceanography, archeology and history, may be expected once the tandem-

accelerator mass spectrometer (TAMS) set-up, described in chapter 6.1, is

fully implemented.



These examples illustrate that the classical exclusive association of

accelerators with nuclear physics is outdated. The requests for beam time from

other departments and disciplines are increasing at such a rate, that a

shortage of particle beams may become a problem in the near future.

Optimal functioning of the machines will then be even more essential than

in the past. In this respect the recent accelerator and computer developments

(ch. 7.1 and 7.2) are as relevant as the construction of improved detectors

(ch. 7.3).

A novelty in this AR is the inclusion of a report on the work of the

small but active particle-physics section of our department. The results

obtained at CERN and the activities in Stanford, are briefly summarized in

chapter 8.

So far as appearance goes, this AR reflects the economic situation. It is

more sober than its predecessors. Hopefully its modest appearance is slightly

compensated by its early appearance.

Fast publication was made possible by the cooperation of the authors, who

have written their contributions between Christmas and New Year, and by the

combined efforts of

- the reprospecialists Frans Verdonk and Henk van Zoest,

- the typists Monique Fokke and Wendy Ficker, and

- the editors Piet Glaudemans and

Cor van der Leun.

January 1983



CONTENTS

PREFACE 1

CONTENTS 4

1. RESEARCH WITH THE EN TANDEM ACCELERATOR 6

1.1. Nuclear structure investigations with heavy ions

1.1.1. High-spin states of 38K

1.1.2. High-spin states of 39K

1.2. Nuclear reactions

1.2.1. A coupled-channels description of the (p,t) reaction

1.2.2. Prefusion emission of protons from the 12C + 12C system

1.2.3. Four-nucleon transfer in the 32S(160,12C)36Ar reaction

1.2.4. Alpha-decay of excited states of 2i*Mg

2. RESEARCH WITH THE 3 MV ACCELERATOR 21

2.1. Capture reactions

2.2. Precision calibrations

3. RESEARCH WITH FACILITIES IN OTHER LABORATORIES 27

3.1. Band-crossing phenomena in 170»171w [Louvain-la-Neuve]

3.2. Neutron-capture reactions [Petten]

4. THEORY «, * 34

4.1. Shell-model calculations

4.1.1. A new general shell-model code (RITSSCHIL)

4.1.2. Normal- and nonnormal-parity states of A « 4-16 nuclei

4.1.3. Model space effects tested with sd-shell nuclei

4.1.4. Studies on Ti isotopes

4.1.5. Collective properties of shell model states

4.1.6. The level density in 6kCu

4.1.7. Alpha transfer in the 90Zr region

4.1.8. Nuclei in the Pb region

4.2. Nuclear models

4.2.1. Statistical methods

4.2.2. Interacting-boson model

5. REVIEW ACTIVITIES 45



6. APPLICATIONS 46

6.1. Tandem accelerator mass spectroraetry (TAMS)

6.2. Radionuclides in medicine

6.3. Hydrogen profiling

6.4. Metal research

6.5. Non-nuclear physics

7. INSTRUMENTATION 56

7.1. Accelerator development

7.1.1. Tubes

7.1.2. Ion sources

7.1.3. GVM-drift

7.1.4. The injection system

7.1.5. Belt-charge controller

7.1.6. LE-buncher

7.1.7. The 3 Mtf Van de Graaff

7.1.8. Beam time

7.2. Data handling system

7.3. Detectors

7.3.1. A heavy-ion detection system

7.3.2. A delay-line readout for the spectrograph detector

8. PARTICLE PHYSICS 69

8.1. The PEP two-photon experiment

8.2. Fragmentation of protons in p-p collisions

8.3. Total cross section in pp scattering

9. PUBLICATIONS 75

10. PREPRINTS 78

11. PH.D. THESES 79

12. CONFERENCE CONTRIBUTIONS 80

13. OTHER LECTURES 83

14. INTERNAL REPORTS 84

15. PERSONNEL 87



1. RESEARCH WITH THE EN TANDEM ACCELERATOR

1.1. Nuclear structure investigations with heavy ions

H.F.R. Arciszewski, P.J.M. van der Burgt, P.C.N. Crouzen, G.A.F. Engelbertink

E.J. Evers, E.M. van Gasteren, J. Knoester, E.A.J.M. Offermann,

C.J. van der Poel, D.E.C. Scherpenzeel and J.W. de Vries

The construction and test measurements of Compton-suppression

spectrometers with a solid angle of 120 msr and excellent suppression have

been described in ref. • Subsequent gamma-ray studies of 31*C1 and 167»l68Hf ^

carried out with these spectrometers have been published in refs. . In the

past year the nuclei 38K, 39K and 1 7 0, 1 7 1W have been investigated. Some

results of the latter experiments are given here and in chapter 3.

1.1.1. High-spin states of 3 8K

A number of high-spin states of nuclei in the upper half of the sd shell

is related to the excitation of a lf|. nucleon pair coupled to J - 7 ,

T • 0. This aspect is emphasized by (a,d) work ' on sd-shell nuclei and by a

study 'of high-spin states of 3lfCl. Other previous observations in nuclei

around A • 40 also point in this direction.

A weak-coupling calculation 5^ for 38K places the J* = 7 , ( l f ^ ) 2

state at rather low excitation energy in the midst of states of low spin. Its

decay will therefore be severely hindered. Indeed a 32 us isomer of 38K with

high spin has been found 6^ at E x - 3458 keV.

In the present study of the high-spin states of 38K the 21»Mg(160,pnY)38K

reaction is used with a pulsed 1 60 beam and a large-solid-angle Compton-

suppression spectrometer equipped with a 20% efficient GAMMA-X detector

(LACSS). This combination is especially suited to search for weak branches in

the decay of the isomer (such as the E4 transition between the isomer and

the 38K ground state), and to obtain information on the spins and parities of

the levels involved in the decay of the isomer. States of high spin decaying

to the isoraer have also been studied.

The pulsed beam was obtained by means of an electrostatic beam chopper at

the low-energy side of the tandem. At this location of the chopper a

relatively low switching voltage of about 300 V on the plates is sufficient. A

42 MeV pulsed 1 6 0 6 beam with a burst width of 6 ps and a duty cycle of 1/16



was used In the experiment! For timing purposes a reference signal coincident

with the beginning of the burst (tref) is generated. By means of conventional

fast-timing techniques the data (E ,t-t ,) are recorded on-line in event

mode.

In the off-line analysis decay curves t(E ) for a certain y-ray peak of

energy E or delayed y-ray spectra E (ti"^) corresponding to a given time

window tj-t2 are generated. For the decay of the isomer only those events In

the off-beam period which occur later than at least 1 LIS after the end of the

beam burst are accepted. Furthermore, contributions from long-lived states

with T » 32 us are subtracted by means of the events collected at the end of
m

the off-beam period of 90 (is. These delayed CSS spectra are extremely clean.

As an example we discuss the ground-state decay of the isomer, which is

of particular interest as It takes place between the isomeric state with

predominantly (If ) 2 character and the ground state with predominantly
_2 7/2 7+,0

(ld,,,)^, n character. The strength of the E4 transition, which Is forbidden

between the two above configurations, thus sensitively depends on e.g.

If2 components in the 38K ground-state wave function.

Experimentally the hitherto unobserved and very weak 3458 keV transition

is normally obscured by coincident summing contributions of several stronger

CATCHER M mg/cm* Mg target

Fig. 1. The set-up with the UCSS used In the

detection of the E4 ground-state decay of the 3458

keV lsoner. The 2 en Pb plug (backed with 4 mt Cu

and 4 mi Al) In the W colllmstor of the LACSS

reduces sunning contributions. The target Is

placed 1.5 en upstream. The 3flK recoils are

collected on a Nl catcher.

3420 kev

— — 4.8 kev

42Mev'*0 on 2

PULSED BEAM

LACSS

S y rei

*>K

N-CHANNEL AVERAGE

2550 2600

CHANNEL NUMBER

Fig* 2. High-energy part of the delayed spectrum

observed with the LACSS In the set-up of f ig . 1.

The 3458 keV (7 ) + * 3 + transition Is clearly

present.



cascades. To eliminate summing as much as possible the experimental set-up of

fig. 1 is chosen. The LACSS with its relatively small solid angle of 120 insr

already reduces the summing. Furthermore a 2 cm thick Fb plug, backed with 4

mm Cu and 4 mm Al is inserted in the W collimator of the LACSS. It shields the

GAMMA-X detector from low-energy y-rays and thus effectively eliminates the

summing contributions involving the 38 keV y-ray.

The LACSS spectrum, accumulated from 4 to 64 (is after the beam burst is

shown in fig. 2. The data were collected in 30 hours. The 3458 keV peak is

clearly visible. Only 2% of the 3458 keV peak area is due to summing.

In comparison with a conventional experiment with a continuous beam and a

bare Ge(Li) detector, the use of the pulsed beam in combination with the LACSS

has reduced the background around the 3458 keV peak with a factor of about

2000.

The observed ground-state decay of the isomer has a total branching ratio

of (0.15 ± 0.02)%, which corresponds to an indeed very small E4 transition

strength of 3.9 ± 0.5 mW.u. The delayed singles spectrum and coincidence

measurements establish further that the E x - 2612.9 ± 0.4 keV, J
% => 3~ level,

which decays 100% to the ground state, is fed from the 2646 keV level by means

of a new 33 keV branch.

An exploratory prompt y-y coincidence experiment shows that, if states of

high spin above the isomer are excited in the 2"*Mg + 160 reaction, they

certainly have very small decay branches to the (6)~, 3.42 MeV level. It is,

however, quite possible that such states preferentially decay to the (7)

isomer. Therefore a prompt-delayed y-y coincidence experiment with a time

difference of microseconds between prompt and delayed y-rays has been carried

out. The prompt y-rays are observed with two large Ge detectors and the

delayed 38 keV y-rays, signaling the decay of the isomer, with a 5 cm

detector. As a compromise between statistics and randoms an average beam

current of 160 pA (particles) is used. Only those events are recorded in which

fires one of the Ge detectors during the beam burst as well as the small

detector in the off-beam period.

In the off-line analysis a narrow off-beam energy gate on the 38 keV peak

is set as shown in the insert of fig. 3. The good real-to-random ratio and the

low background in this gate ensure reliable coincidence results.

Figure 3 displays the prompt-delayed coincidence spectrum. Three

y-rays with energies of 1296, 1796 and 2143 keV are observed. On the basis of

their intensities and their mutual coincidence relations they appear to form a

1296 -»• 2143 * 1796 keV cascade on top of the (7) + isomer.



PROMPT-DELAYED COINCIDENCES
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Pig. 3. Prompt y-Bpectrum observed with the

Ge(Li)'a at 6 - 90* In delayed coincidence with

the 38 keV transition (see Insert) in the LEPS.

Corrections for background and random coincidences

have been taken into account. The three newly

observed transitions are placed according to their

relative intensity.
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Fig. 4. Comparison between the newly observed

levels above the isomer of 38K with a partial

level-scheme of 36Ar. The 7* level of 38K is

lined up with the ground state of 36Ar, see text.

The level scheme and the y-decay of the presently observed 38K states

above the Isomer are compared in fig. 4 with properties of low-lying 36Ar

states. The (7) + level of 38K is simply lined up with the ground state of
36Ar. The resemblance between the level schemes and y-decay is striking. This

suggests that the high-spin states of 38K have largely the structure of

a (f . )2 pair coupled to the appropriate 36Ar states and that in the decay
*fc2 7,0

the f.£. pair acts as a spectator. From the observed analogy we therefore

suggest the assignments of JU - (9 +), (10~), (12~), (11~) and (13") for the

new 38K levels at 5.25, 7.40, 8.69, 8.75 and 10.98 MeV, respectively.

1.1.2. High-spin states of 39K

The discrepancies in J assignments for high-spin states of 3 9K between

ref. and ref. , are shown in fig. 5. Discrepancies exist for the spin

assignments to the 5.72, 6.47 and 7.775 MeV levels, the decay of the 7.775 MeV

level and the presence of the 7.14 + 5.72 MeV transition. The present

experiments especially aim at investigating these discrepancies. Two

reactions, 25Mg(16O,pnr)39K at E(160> - 40 MeV and 28Si(160,opr)39K at E(160)

= 45 MeV are used and y-y coincidence measurements are performed with a

Compton-suppression spectrometer ' with a solid angle of 120 msr and equipped

with a 20% efficient GAMMA-X detector.

I
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The most direct test is an investigation of the decay of the E x - 7142

keV level. For ̂(5718 keV) - 9/2", the 7142 • 5718 keV branching should be

extremely small as a 1% branch would already correspond to an M3 strength of

1.5 x 106 W.u. The branching ratio for this transition was determined by

Eggenhuisen et al.7^. as (5 ± 1)X, while Nolan et al.8' claim an upper limit

of 2%. Thus, the existence of the E - 1423 keV, 7142 -»• 5718 keV transition is

a stringent test for the spin assignments.

Fig. 6 displays LACSS spectra from the 25Mg + 16O reaction in coincidence

with the 887 keV<8028 + 7142 keV), 1774 keV(5718 •»• 3944 keV) and 347 keV

(3944 •> 3598 keV) transitions. The 1423 keV peak is clearly visible in all

spectra of fig. 6, and is also observed for the 2814 and 1130 keV gates.

The 28Si + 160 reaction has similar statistics and yields the same

results. Compared to the work of Eggenhuisen et al. ', the use of the LACSS

has resulted in a factor of 10 more statistics for both reactions.

From these coincidence data a branching ratio of (6.0 ± 1.5)Z is derived

for the 1423 keV [E - 7142 + 5718 keV] transition. Its presence excludes

the J (5718 keV)

of 9 x 106 W.u.

9/2" assignment of ref.8', as it would imply an M3 strength

9.03

7.14 L

6.43

5.72

3.944

s

13
01

,7
5

7
1. 

17
74

(1512.19/2)

13/2*

«12"

11/2-
13/2'

912"

tl/2"

3.03

7.776 •

7.14

6.48 5
5.43

5.72

3.944

13
01

.-
I. 

,„
•

19/2

17/2*

15/2"

15/2*
(13/2*:

13/2"

11/2-

NOLAN ET AL.CI9S1) EGGENHUISEN ET AL.11978)

Fig. S. Partial decay scheme» of 39K a» published

previously. Discrepancies exist for Che levels at

E x - 5.72, 6.47, 7.14 and 7.78 HeV.

Fig. 6. The 1250 - 1450 keV region of r-r

coincidence spectra observed with the LACSS. The

Inserts show the gates set In the Ge(Ll)

detectors. For comparison, the total coincident

LACSS spectnus Is also shown. The 1423 keV line Is

clearly present In all spectra.
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A second discrepancy concerns the E x - 7776 keV level. Is this a «ingle

level or a doublet? The coincidence spectra from the 36Ar(a,py)39K reaction

displayed in figs. 4(c) and 4(d) of ref.8^ show only 252-1301 keV and not

252-1342 keV coincidences. Nolan et al.8^ therefore suggest that the 1301 keV

and 1342 keV transitions do not originate from the same level.

The latter measurements, however, are in direct conflict with the present

coincidence data obtained with the 25Mg + 160 reaction at E(160) - 40 MeV

shown in fig. 7. The spectrum coincident with the 252 keV gate (set in the

LACSS, see insert) unmistakingly shows the 1301 as well as the 1342 keV peaks.

In conclusion, the present coincidence data yield no evidence for a

doublet at E x = 7776 keV.

For a description of the high-spin states we have performed a shell-model

calculation for both positive and negative parity states in nuclei in the

upper half of the sd-shell.

The A = 29-41 nuclei are described in the model space
ui no

(2s1y2»
ld3/2^ (lf7/2'2p3/2^ wlth nl + n2 * A~28» n2 * 1 for neSative parity

states and n2 = 0 or 2 for positive parity states. In this space the largest

matrix with a dimension of 860 x 860 occurs for Jn = 3+, T » 1 in

A = 36. The maximum spin which can be constructed in this configuration space

is for positive parity J = 12, T « 0 in A = 36 and for negative parity

J = 17/2, T - 1/2 in A - 35.

For simplicity, the surface delta interaction (SDI) is used as residual

two-body interaction. The calculation gives a reasonable description of

positive and negative parity states of both low and high spin in the vhole

mass range A = 29-41. In particular, the theory gives.a simple explanation for

the structure of the high-spin states in this region in terms of few-particle,

few-hole excitations.

The level scheme of 39K given by the present model is displayed in fig.

8. Theoretical results for the yrast and yrast-plus-one levels are compared

with the available experimental information. Both the positive and negative

parity states are reasonably well reproduced. The experimental counterparts of

the J11 - 1/2", 7/2+, 9/2+ and ll/2+ yrast levels have not yet been Identified.

The experimentally known Ju » 15/2" and 19/2" states are not generated in the

model, as these states demand the presence of at least (f7/2^
3 excitations.

The wave functions for the positive-parity yrast 13/2+, 15/2+ and 17/2+ states

appear to have very much the character of the coupling of a (f ) 2 +
7/2 "̂  ,T™0

pair to the 37Ar, J - 3/2 ground state, whereas for the 21/2 yrast level
the (f ) 2 + pair is coupled to the third excited state (Ex * 2.22 MeV,
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Fig. 7. Gamma-spectrum observed with a Ge(LI)

at 8 • -90" in coincidence with the 8028 + 7776

keV transition. The Insert shows the^favourable

peak-to-background ratio for the 252 keV

gating T-ray in the LACSS. Both the 1301 and 1342

keV transitions are clearly present.

Fig. 8. Comparison of calculated and experimental

excitation energies of 39K levels, which are

labeled with 2J. For the calculated levels the

yrast and yrast-plus-one states for each spin are

given.

J* = 7/2+) of 37Ar.

The present assignment of J% =13/2" to the 5.72 MeV level is in line with

the calculation which places the 13/2" yrast level at E x - 5.50 MeV. Also the

Ml decay of this level Is reasonably well reproduced.

The calculation places the 17/2+ yrast level at E x - 7.54 MeV, in

agreement with the experimental energy of E x » 7.78 MeV. Fair agreement

between experiment and calculation exist also for the E2 decay of this level.
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1.2 Nuclear reactions

C. Alderliesten, E.A. Bakkum, A. Becker, K. van der Borg, C.P.M, van Engelen,

R. Kamermans, H.J.M, van Langen, E. van Meygaard, L. Zybert and R. Zybert

Our interest has been focussed on the study of nuclear reactions in the

low incident energy region and on the preparation of experiments in the field

of intermediate energy heavy-ion physics. The latter topic will be discussed

In chapter 7 of this annual report.

1.2.1. A coupled-channels description of the (p,t) reaction to low-lying 0 +

states in the Ge isotopes.

The peculiar behaviour of the differential cross sections observed in

(p,t) and (t,p) reactions leading to low-lying excited 0 states in the even

Ge isotopes and recently also in (d,6Li) and (6Ll,d) reactions is well-known.

The variations in (p,t) and (t,p) strengths are analogous to the ones observed

in the Sm region and have been related to a coexistence of spherical and

deformed states in a single nucleus and to a transition from spherical to

deformed shapes with increasing mass. In addition to the observed variation,

one finds in the Ge isotopes also an anomalously shaped angular distribution

for the weaker transitions. A description of these shapes has never been

obtained, neither in a collective model nor in a more microscopic approach

based on the orthogonality of the 0 + ground and first-excited states in either

the proton or neutron configurations.

We have studied the 72>7l*>76Ge(p,t) 70»72»7fGe reactions with 13 MeV

protons '. At this energy the triton exit channel is sub-Coulomb, which will

enhance the sensitivity of the shape of the angular distributions to the

structure of the form factors. Angular distributions (fig. 1) have been

measured in 10* steps in the angular range from 20* to 140*; the emerging

tritons were momentum analyzed in an Enge split-pole spectrograph and detected

in a gas-ionization chamber.

Assuming simple shell-model wave functions with '°Ge considered as an

inert core and the remaining neutrons occupying the 2pj#j a n d 1&9/2 subshells,

the shape of the g.s. + g.s. transitions could be well described by single-

step DWBA. Neither the shape of the angular distribution for the 74Ge(0 ) nor

the shape for the 72Ge(0_) state could, however, be reproduced. Also the

observed enhancement of the experimental cross sections with respect to the

U
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calculated values appeared to be rather large. However, a coupled-channels

analysis with the zero-range code CHUCK including the direct (p,t) step and

the sequential (p,d) (d,t) routes via the lowest excited 1/2" and 9/2+ levels

in the intermediate odd Ge isotope gave the following results:

i) the shapes of the g.s. •*• g.s. angular distributions are nicely reproduced

(fig. 1), ii) the calculated absolute values are much closer to the

experimental cross sections (table 1), iii) by changing one component in the

wave function for 74Ge both anomalous angular distributions for the
72>71*Ge(ot) transitions are well described (fig. 1, table 1). Details of this

analysis can be found in ref. 1.

Within this CCBA approach also the (p,t) and (t,p) angular distributions

at higher incident energies could be well described. The wave functions used

comprise the dominant components of those obtained in more elaborate shell-

model calculations. They are also in fair agreement with spectroscopie factors

for single-neutron transfer and were found to give a good description for

the ot-transfer reactions leading to the same Ge states. Some results from

single-proton transfer reactions cannot be reproduced, which indicates that

the structure of the Ge isotopes is more complicated than has been assumed

above. However, from our analysis it is clear that a description of the low-

lying 0 + states should at least include neutron configurations which differ

considerably for the ground state and the excited state.

1.2.2. Prefusion emission of protons from the 12C + 12C system

In the 12C(12C,p)23Na reaction, the angular distributions of some proton

groups show a strongly oscillatory pattern throughout, an incident energy range

from 29.5 to 30.5 MeV (lab.). It has been suggested that the proton is emitted

from a well defined state in the early stage of the collision. This prefusion

emission has been observed for low-spin final states, which must proceed via a

low-angular momentum window in the entrance channel. Therefore the

colliding 12C ions can reach distances small enough to allow a transition

between two-center shell-model levels.

To test this prefusion hypothesis we have performed angular distribution

and excitation function measurements for 12C(12C,p)23Na proton groups over a

broad incident-energy range '. The protons were detected with a Si detector

telescope. Excitation functions at a fixed angle of 6. , - 30* have been

measured in 100 keV steps between 29.0 and 31.0 MeV and in 200 keV steps

between 34.8 and 36.8 MeV. Angular distributions have been measured at E, . »

12.0 MeV (sub-Coulomb), 22.8, 25.4 and 35.8 MeV. Results for three low-spin

states are shown in fig. 2.
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Table 1

Comparison of measured and calculated cross sections for the (p,t) reaction

exciting the lowest 0 states in the even Ge isotopes.

Final State

70Ge(g.s.)
72Ge(g.s.)
72Ge(O+)
71*Ge(g.s.)

2

(lib/sr)

2.2

94

3.1

425

2.8

edirect

4.7

5.6

5.7

6.1

-1.5

eCRC

0.9

1.1(1

2.0(3

1.8(1

-1.2

c)

.5)

.6)

.6)

a) Differential cross section at the first maximum

<9lab " 30#)'

b) Ratio of experimental to calculated cross sections

for the single-step DWBA calculations.

c) Ratio of experimental to calculated cross sections

from the coupled-channels analysis. The values

between brackets were calculated with the modified

wavefunctions for 7lfGe.

The excitation functions for the 0.44 MeV J*- 5/2+, 2.39 MeV Jn« l/2+

and 2.98 MeV jn»3/2 states for the two incident-energy regions show no clear

and correlated structure. The energy dependence of the cross section for

prefusion emission is caused by the dependence of the overlap between wave

functions of the disturbed 12C + 12C system and a state in the 23Na + p system

at the distance between the colliding nuclei. Depending on the width of the

two-center shell-model states and the angular momentum coupling in the

entrance and exit channels, the energy dependence will be smeared out, which

results in a smoothly varying excitation function.

The angular distributions measured below the Coulomb barrier (see fig. 2)

do not show any indications for prefusion emission. At E l a b '22.8 MeV a

distinct P2 component for the lowest spin state is observed, whereas in the
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energy region between 29.5 and 30.5 MeV two states exhibit a prefusion-like

structure, which is preserved throughout the 1 MeV range. Thus we can conclude

that the mechanism of prefusion emission must have a width r > 1 MeV. The

presence of the oscillating pattern for the higher spin state J% « 5/2 at

0.44 MeV was also explained within the framework of the two-center shell

model. At higher incident energies one can expect a transition to higher-lying

levels in the shell-model structure of 12C + 12C which have a larger overlap

with other states in the 23Na + p system. This should be combined with the

effect that higher angular momenta in the entrance channel can cause the

transition of a proton.

The results for the 12C(12C,p)23Na reaction clearly show that the

observed nonstatistical process cannot be related directly to the presence of

a pronounced structure in the excitation function. The results of the angular

distribution measurements can be explained at least qualitatively within the

framework of the prefusion model. However, the data collected so far reveal a

need for the quantitative description of the process, which requires more

detailed two-center shell-model calculations and includes the reaction

dynamics.

1.2.3. Four-nucleon transfer in the 32S(16O,12C)36Ar reaction

Multi-nucleon transfer reactions are a valuable tool to obtain

information on correlations of nucleons in nuclei, although the reaction

mechanisms can be very complicated. The reaction (160,12C) , however, is

presently believed to proceed through a relatively simple mechanism, in which

the four nucleons are transferred as an 'a-particle1 with a 0s internal

structure. In order to establish this reaction mechanism the (160,12C)

reaction ought to be studied in more detail.

The reaction 32S(16O,12C)36Ar has been studied at E l a b - 45.5 MeV.

Angular distributions have been measured of 12C groups that correspond

to 36Ar levels with excitation energies up to 8 MeV. The targets consisted of

70 |ig/cm2 ZnS on a 70 ug/cm2 Ag backing. The 12C ejectiles were detected with

an ionizatlon chamber placed along the focal plane of an Enge split-pole

spectrograph. Data were accumulated for both the 5 + and 6+ charge states of

the 12C ions, because part of the detector range had to be shielded in order

to prevent the elastically scattered 16O ions to enter the detector, which

would have produced too high counting rates. The angular distributions were

measured in 1.5* steps from 0, . " 2' to 35* with an opening angle for the

spectrograph of 1.5* and a solid angle of 1.2 msr. The different runs were

i

1 ._
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normalized to each other by means of a monitor at a fixed angle of 0. • 30*.
JLdD

For the purpose of absolute normalization the elastic scattering Intensity was

measured at several forward angles.

In fig. 3 a l2c^" spectrum is shown, measured at 81 h * 5*, which

Illustrates some of the complications arising In this type of reactions. The

energy resolution of 120-150 keV, determined mainly by the energy losses in

the target, is of the same magnitude as the average level spacing in 36Ar in

the excitation-en«rgy range E x » 4-8 MeV. Target contaminations of

about 1 |ig/cra2 C and 0 lead to several disturbing peaks, which are not well

focussed and thus broader than the 36Ar peaks. Nevertheless, by means of a

careful analysis it was possible to extract reliable angular distributions for

about ten 12C groups to 36Ar levels below E„ » 8 MeV. Special attention was

paid to the shape of the contaminant peaks and of the Doppler-broadened peaks

resulting from reactions on 32S and 12C in which the 12C ejectiles are excited

to the first 2 state. Some peaks could only be analyzed as unresolved

doublets.

A few examples of angular distributions are shown in fig. 4. The angular

0.56 O.5B 0.60 0.62 0.64 0.66

MAGNETIC RIGIDITY Bp (Tm)

Fig. 3. Spectrum of the 32S(16O,12C)16Ar reaction

at 8 l a b • 5°. Contaminations from the
lab

12C(16O,12C)16O and 16O(16O,'2C)J0He „actions
are indicated. Fart of the spectrum had to be
shielded from elastical ly scattered 1G0.

0 20 40 60 O# 20* 4O* 60'

Fig. 4. Angular distributions for five states. The

solid lines are calculations assuming <x(Os)-transfer,

whereas for the dashed curves the four nucleons are

transferred as a cluster with 2ncu internal structure

and zero spin (Ex % 17 MeV).

L
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distributions for the lower spin states are strongly oscillating. For higher

spin states the oscillations are damped because more magnetic substates are

contributing. However, the angular distribution pattern for different final-

state spins is sufficiently characteristic, especially at forward angles, to

distinguish between different spin values. It should also be noted, that the

shape of the two 0 as well as the two 2 angular distributions shown are

quite similar. This is in contrast with the results of a straightforward DWBA-

calculation.

Exact finite-range DWBA calculations have been performed with the

computer code DWUCK5. The four nucleons were assumed to be transferred as

an a-particle in its ground state; surface transparant potentials [ref. 3]

were used. The shapes of the angular distributions for the negative-parity

states and for the lowest positive-parity states (see curves in fig. 4) can be

well described by these calculations. Moreover, the resulting relative

spectroscopie factors are in good agreement with a-spectroscopic factors

obtained from shell-model calculations, which were performed at our institute.

However, among the higher excited positive-parity states some deviating cases

are encountered. As shown by the solid curves in fig. 4, the calculated

angular distributions for the second 0 + and the third 2 + state do not match

the measured shapes, while the corresponding relative spectroscopie factors

differ by more than two orders of magnitude from the shell-model values. The

origin of these severe discrepancies is still under study. Special attention

is paid to the influence of processes, where the four-nucleon cluster is

transferred with an excited internal structure, causing it to be more deeply

bound in the nucleus. An indication for the importance of these processes was

found from the fact that they produce angular distributions which are

reasonably well in agreement with the experimental results (see dashed curves

in fig. 4).

1.2.4. Alpha-decay of excited states of 2I*Mg

Experiments have been started with the ^3Na(^He,d)21*Mg(on) reaction in

order to extract information on the F JV ratio for low-spin states
an t o t

of 21*Mg with E x - 10.5 - 12.5 MeV. The emitted deuterons were detected with

the magnetic spectrograph to obtain the required energy resolution. Standard

Si detectors were employed for the detection of a-particles. The a_-decay of

about 8 states was observed.

Calculations for the angular correlation functions have been performed

both for the direct component (with the programs DWUCK4 and ANGCOR) and for

L
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the compound nucleus component (via an extension of the program STATIS) of the

reaction process. Preliminary results of angular distribution experiments

at E(3He) - 20 MeV show that at forward angles the major part of the cross

section is due to the direct reaction component.
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2. RESEARCH WITH THE 3 MV ACCELERATOR

2.1. Capture reactions

E.L.Bakkum, J.F.A. van Beurden, R. Bos, Danka Chmielewska, C. Dommisse,

P.M. Endt, H.P.L. de Esch, F.P. Jansen, C. van der Leun, R.C. Makkus,

G.W. Prins, O.P. van Pruissen, L.B. van Put, A.P. Riethoff,

H.J.G.M. Scholten, H.P.J. Schut, P.C.C. Wagemans, Joyce H.D.H Westerink,

P. de Wit, F. Zijderhand.

The study of proton-capture reactions has been stimulated considerably by

two independent recent developments.

In the first place, the users-friendly computer code RITSSCHIL became

available (see chapter 4). This code facilitates the detailed shell-model

calculations required for comparison with the experimental data. It has e.g.

stimulated investigations of p- and fp-shell nuclides, which fall outside the

traditional range of the Utrecht sd-shell work.

Secondly, new possibilities were opened by the construction of a Compton-

suppression spectrometer (CSS) with a large solid angle of 120 msr (see

chapter 1.1). Although this spectrometer was designed for heavy-

ion y-ray spectroscopy, its large solid angle combined with the high beam

currents available, make it also very useful in the study of (p,y)

resonances. The relatively simple CSS spectra allow a more detailed analysis

of the -y-decay studied and thus lead to the determination of more nuclear

properties, often via the measurement of only one singles CSS spectrum.

Systematic studies have been performed on the following reactions:

The decay schemes of eight resonances In the range E » 500 - 3100 keV

have been measured. Many hitherto unobserved weak branches have been observed

which provide information on the strengths of isospin-forbidden or retarded

El, Ml and E2 transtions In the self-conjugated nucleus llfN. Especially the

El's are a critical test for the theory. It is remarkable that for several

types of y-transitions the strongest transitions observed so far, do occur in

L



22

22Ne(p.T)23Na

The interpretation of the extensive data available on the 12C(12C,p)23Na

reaction l', is hampered by our inadequate knowledge of the highly-excited

low-spin states of 23Na. The 22Ne(p,y)23Na reaction is an ideal tool for

studying these states. At several resonances angular distributions have been

measured with the CSS. The analysis yields many spins, parities, branchings,

mixing ratios and lifetimes. Shell-model calculations on 23Na are in progress.

25Mg(p,Y)26Al

The suggestion that in A - 26 nuclides E2 transitions might occur with an

isovector component exceeding the isoscaler component by an order of

magnitude, initiated this investigation. The suggestion turned out to be

incorrect S but the experiment yields a wealth of new information on 26A1.

Not only precise branchings and excitation energies, but also new and unique

spin, parity and isospin assignments have been deduced for some 30 bound

states of 26A1 from singles CSS spectra only.

This implies that 26A1 is presently the most completely investigated

nucleus. The complete spectra suggest not only statistical methods in the

analysis of the data, but also make 26A1 a possible candidate for a test of

statistical theories as described in chapter 4.

36S(p,Y)37Cl

The data published in the thesis of Nooren ' have been completed bv

additional angular distribution measurements. The experiments yield unique

spin assignments to all 37C1 levels with E < 5 MeV; several of these deviate

from previously accepted values.

The complete data are presented and compared with new shell-model

calculations in two articles which have been prepared for publication * '.

38Ar(p.y)39K

Inelastic electron scattering experiments, performed at NIKHEF-K in

Amsterdam , revive the old suggestion that four of the low-lying states of
39K form a hole-vibration quadruplet. Such an interpretation, however, is in

conflict with the accepted 7^ spin assignment, jn-y2 ,to the level at

Ex» 3.88 MeV, whereas the spin of the 4.13 MeV level of the quadruplet is not

yet known.
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The 38Ar(p,y)39K angular distributions measured at several resonances yield

unique spins for these two levels: J » 5/2 and 7/2 for the levels at K^ - 3.88

and 4.13 MeV, respectively. These values corroborate the hole-vibration

quadruplet interpretation.

In a search for analogue resonances the yield curve was measured in the

range E » 400 - 1300 keV. It turns out that resonances with measurable

strengths in this fp-shell nucleus occur at energies as low as E » 485 keV.

This resonance has j11 - 3/2~ and is the analogue of **7Ti(1.55 MeV).

Angular distributions measured at many other resonances yield information

for a detailed test of shell-model calculations.

E1/M2 mixing ratios

Several primary transitions from proton-capture resonances have been

reported to have sizeable E1/M2 mixing ratios. Two of these mixing ratios,

reported to occur at the E » 1468 keV, 3 1*S(P,Y) 3 5C1 resonance, have to be

rejected since the resonance spin is not J » 3/2 as suggested previously, but

J = 1/2. Two other reported values, at the E » 2061 keV, 30Si(p,y)31P

resonance, cannot be accepted since this resonance is not single and isolated,

as shown in fig. 1. This means that the four highest reported E1/M2 mixing

ratios are incorrect.
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Fig. I. Yield curve of the 30Si(p,y)3IP reaction for two different channels, indicating that the E - 2061 keV

resonance is not a single isolated resonance.
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M2 transitions strenghts

The recoramanded upper limit (RUL) for M2 transition strenghts, plays an

Important role In nuclear spectroscopy since It leads to J restrictions.

Since the strongest reported M2 transition turned out ' to be based on an

incorrect assignment, it seemed worthwhile to reinvestlgate the other M2

transitions with a strength S > 1 W.u..

Selected resonances have therefore been studied In the reactions
13G(p.T)llfN, 15N(p,Y)16O, 20Ne(p,Y)

21Na and 31P(p,Y)
32S .

Although all the data have not yet been analysed, a substantial change of the

RUL for M2 strenghts may not be expected.
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2.2. Precision calibrations

C. Alderllesten, C. van der Leun, J.A. van Nie, P. de Wit.

The precision-calibration experiments reported here have been performed

in the context of the activities of a task group of the IUPAP-committee on

Atomic Masses and Fundamental Constants.

The Q-value of this reaction has been determined as Q - 2 224 575 ± 9 eV

*'. This value is related exclusively to the gold-3tandard for gamma-ray

energies. It corroborates (with higher precision) one of the conflicting

values from two recent precision experiments performed In the USA and the USSR

(see fig.l). This Q-value implies a neutron mass-excess of 8 071 376 ± 26 eV.

A recalculation of neutron binding energies from mass doublets (in which the

above Q-value Is used) yields very precise values for some neutron-capture

v-rays, e.g. the ground state transition of the reaction 12C(n,y)13C ,

E - 4 945 328 ± 20 eV.
Y

'H(n.y)2H O - VALUE MEASUREMENTS

VYLOV ET AL. , i i

GREENWOOD.
CHRIEN I •—I

PRESENT WORK n^-i-i

2224500 2224600 2224700

» O(*V>

Fig. 1. The present value for the binding energy of the deuteron, compared with data from previous precisio

measurements. The solid bars represent the measuring errors, whereas the dotted bars give total errors ob-

tained by adding the uncertainty in the primary reference standard.

12C(n,Y)
13C

Precision values for high-energy Y""rays are presently based on

essentially two standards: the gold-standard ' and the mass-based standard

". In order to check the consistency of these two standards, the energy of

the 12C(n,y)13C ground-state transition was measured in terms of the gold

standard, at the HFR In Petten, via calibration with 66Ga(p+)66Zn y-rays

below). The value of E - 4 945 374 * 24 eV, should be compared with the mass-

bases value E - 4 945 328 ± 20 eV (see above). The difference of 9 ± 6 ppm is

most likely due to deficiencies in the presently accepted values for some
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fundamental constants. If the next evaluation of these constants would lead to

a decrease of the mass-energy conversion factor by 8 ppm, as has been

suggested by Cohen ', the above difference would reduce to 1 ± 6 ppm,

indicating that the two basic energy standards are consistent.

An article on the calibration of the energy of the well-known 6.13 MeV

line of 160 in terms of the gold standard has been published 5'. The final

value, E » 6 129 266 ± 54 eV, extends the range of calibration lines based on

the gold standard °' to a considerably higher energy.

66Ga(g+)66Zn

Precision values for the energies of the y-rays from a 66Ga source

(with E up to 4.8 MeV), have been measured in order to fill a gap in the

presently available y-ray energy calibration lines. The final values will be

available shortly .
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3. RESEARCH WITH FACILITIES IN OTHER LABORATORIES

3.1. Band-crossing phenomena In 1 7 0 > 1 7 1W [Louvaln-la-Neuve] *̂

H.F.R. Arciszewskl, G.A.P. Engelbertlnk, R. Kamermans and C.J. van der Poel

The phenomenon of backbendlng (due to the alignment of the angular

momenta of a neutron pair along the rotational axis) Is well studied In the

region of the rare-earth nuclei where 1^3/2 neutrons and ^n>2 Photons move

close to the Fermi surface. The present work focusses on the heavier rare-

earth nuclei 17O»171W in order to Investigate which nuclear orbitals dominate

the rotational structure at various rotational frequencies . It is an

extension of previous work 2' on the neighbouring nuclei 167»168Hf# Wltl]l
increasing rotational frequency many close-lying states are excited in the so-

called 'quasi-continuum'. Although the decay of these states cannot be

associated with separable peaks in the y-ray spectra, it is of great interest

to search for correlations in the decay patterns. Recently a method has been

proposed ' to isolate energy-correlated y-rays from a background of

uncorrelated events in an experiment with two or more detectors in

coincidence. The use of Compton-suppression spectrometers (CSS) aids

considerably in such an investigation. Because background due to Compton-

scatterlng is removed to a large extent, weak discrete transitions will show

up more clearly In the spectra. Moreover, the large peak-to-total efficiency

ratio of a Compton-suppression spectrometer is advantageous for the study of

the unresolved transitions. Since the peak-to-total ratio of such

spectrometers is about 60%, In a coincidence experiment 36% of the recorded

events will correspond to photopeak-photopeak coincidences, a number which is

to be compared with the roughly 2% in an experiment involving two bare Ge

detectors.

For the tungsten isotopes, y-y coincidences were measured in the
155Gd( Ne.xn) W reaction. A self-supporting target of 6 mg/cm2

*) In cooperation with R. Holzman, M-A. Van Hove and J. Vervier; Institut de
Physique Corpusculaire, U.C.L., Louvain-la-Neuve, Belgium.
M. Huyse and G. Lhersonneau; Instituut voor Kern- en Stralingsfysica, K.U.L.,
Leuven, Belgium and
R.V.F. Janssens and M.J.A. de Voigt, K.V.I., Rijksuniversiteit Groningen, The
Netherlands.
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Fig. I. Summary of the coincidence data on the nuclei 170W and 171W. Presented are (a) the total coincident

spectrum; (b) the sum of spectra coincident uith all uncontaminated transitions in 170W; (c) the sum of spectra

coincident with all uncontaminated transitions in the favoured band of 171W; and (d) the sum of spectra

coincident with all transitions in the assumed unfavoured band of l71W. The known transitions are indicated by

the spin of Che initial level.

155Gd (enriched to 922) was bombarded by the 110 MeV 20Ne beam from the

CYCLONE cyclotron in Louvain-la-Neuve. At this beam energy mainly the 4n and

5n exit channels are open, leading to i 7 1W and 170W, respectively. Both

spectrometers were positioned at an angle of 90* with respect to the beam

direction.

The total coincident spectrum deduced from the y~Y coincidence experiment

is shown in fig. la. The broad background bump is most likely due to

unresolved quasi-continuum transitions because strong peaks at higher energies
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are absent and thus no Compton background In this region Is expected.

Both 1 7 0W and 171W account for most of the strong discrete transitions as is

shown by the spectra of figs, lb and lc. The yrast band in 170W has been

proposed in previous unpublished work *' up to the Jn - 22 level. The present

coincidence data are in agreement with this level scheme, with the exception

of the sequence of the '33 and 447 keV transitions. Angular distribution

measurements are all consistent with stretched E2 transitions. The level

sequences for 1 7 0W and 171W as presented in figs, lb and lc, respectively, are

determined from the coincidence data and the observed y-ray Intensities.

The projection I of the total angular momentum I on the axis of rotation
A

x as a function of the rotational frequency u>, has been obtained from the

experimental energies Ej. of the levels with spin I. The difference ix between

the values of Ix for members of one rotational band and those of a reference

configuration at the same w can be interpreted as the aligned angular momentum

of the states in question. In our study, the reference configuration was

determined from the S-band In 170W. The resulting values for lx as a function

of ID for the various bands in 170»171y are shown in fig. 2. Also Included are

recent results from Recht et al.5' on 169W.

For the even-even nucleus 1 7 0W the results are in good agreement with

theoretical cranked shell-model calculations ' and the results obtained for

168Hf 2)^ notary tne position of the backbending (at ttco = 250 keV) and the

gain in aligned angular momentum ix of about 10 ti. For the odd-N nuclei

169»17lw ^ e absence of the backbending, due to the occupation of one of the

neutron trajectories involved, is well predicted, as well as the increase in

aligned angular momentum of about 4 to 6 ti at somewhat higher rotational

frequencies (tiw = 260 keV). From these data and from similar data for the odd-

N Hf isotopes, an increase in the interaction potential Ivl going from N • 95

to N » 97 is apparent. This behaviour can be explained, at least in a

qualitative way, on the basis of the relative position of the neutron Fermi

level \̂  and the e_. trajectory. From cranked shell-model calculations

involving only the 1^3/2 neutron orbital it follows that for the N » 95

Isotones these levels are much closer than in the case of the N - 97 isotones,

resulting in values for |v| of around 100 and 200 keV, respectively.

Contour plots of parts of the coincidence matrix are shown in fig. 3. The

ridges along the diagonal E » E , which are clearly delineated, mainly

originate from the low-lying discrete transitions in the two W isotopes. For

discrete transitions the width of the central valley is straightforwardly
(2)related to the dynamical moment of inertia QJ' ' of the rotational bands.
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Fig. 2. Plot of the alignment ix versus the rotational frequency fun for the yrast band in
 170W and the favoured

band in 171W. The slightly negative values of ix obtained for
 17I>W at low hu are due to the choice of the

reference configuration. Also included are recent results for the favoured band in 169H.

Fig. 3. Contour plots of parts of the synnetrized v-y coincidence matrix of the 20Ne + '^5Gd reaction, corrected

for random correlations. The discrete yrast-band transitions in the V isotopes are indicated by the spin of the

initial level. Bridge» in the high-energy part are marked by cross hairs.
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Therefore an estimate for the band moment of lnerti.i for the nuclei

170»171w c a n nicely ^ made, provided one carefully distinguishes the
( 2^

transitions in the respective nuclei. This results In values for 20^ ,/fi2
band

at low rotational frequencies (tiw < 0.25 MeV) ranging from 60 to 80 MeV both

for 1 7 0W and m W .

A similar reasoning applies to the quasi-continuous region if the decay

proceeds mainly through rotational bands with roughly the same moment of

inertia. However, the yrast line may be composed of parts of several different

crossing bands so that the decay will proceed along the 'envelope' of those
(2)

many crossing bands 0 . Although it Is at present not obvious to what extent
e n v (o) (T\

the valley width is determined by QÏ and 9 , we believe that the regular

structures (the valleys) in the correlation matrices are Indicative for a
(2)

dominant contribution of 0^ ,. From the correlation matrix the following
Dana

conclusions can be drawn. Below fiw = 0.30 MeV the filling of the valley can be

ascribed to the known backbend in 170W (see fig. 3). Moreover, in the high-

energy region two 'bridges' situated on the main diagonal at energies

Hu = 0.45 and nu « 0.47 MeV stand out, which likely originate from several

band crossings in the quasi-continuous region of the nuclei involved.
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3.2. Neutron capture reactions [Petten] '

Glnevra Delflnl, P.M. Endt, J.F.A.G. Ruyl and T.A.A. Tielens

This section gives a short description of the research performed at the

High-Flux Reactor in Petten within the research group FOM-ECN. For more detail

the reader is referred to ECN reports.

23Na(n,y)2'*Na.

The y-ray spectrum resulting from the capture of unpolarized thermal

neutrons has been investigated in detail. This has yielded many previously

unobserved primary and secondary decay branches and accurate excitation

energies. All three components of the triplet at E x - 1.34 MeV are excited by

primary transitions.

The y-ray circular polarization resulting from the capture of polarized

thermal neutrons has been measured for the strongest primaries. The capture

mainly proceeds through the 1 channel; weak 2 channel spin admixtures could

be quantitatively explained as due to the direct capture mechanism.

The density of 24Na final states Is in excellent agreement with a

modified version of the Fermigas formalism.

The results of this investigation have been published .

't5Sc(n,Y)lt6Sc.

In an investigation of the v-ray capture spectrum ' 426 lines could b

placed in the **6Sc level scheme containing 27 previously unobserved levels.

These reactions have been investigated with (i) unpolarized thermal

neutrons, (11) polarized neutrons, and (iii), for **7Ti and '•'Tl, with

polarized neutrons combined with targets oriented at low temperature by means

of the brute force method. For 48Ti(n,Y), investigated with methods (i) and

(11), the analysis is completed '•

*) In collaboration with K. Abrahams, J. Kopecky and F. Stecher-Rasraussen,
ECN, Petten, The Netherlands.

I
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63>65Cu(n.v)6l"66Cu.

Both reactions have been Investigated with methods (1) and (11) (see

above). In addition, capture y-ray spectra have been taken at the Brookhaven

National Laboratory, USA, at E R • 2 and 24 keV; the observed energy shifts

provide unambiguous assignments of the primaries as such. The results are in

course of publication '.

REFERENCES

1. J. de Boer, K. Abrahams, J. Kopecky and F.M. Endt, Nucl. Phys. A352 (1981)

125.

2. T.A.A. Tielens et al., Nucl. Phys. A376 (1982) 421.

3. J.F.A.G. Ruyl and P.M. Endt, submitted for publication in Nucl. Phys.

4. M.G. Delfini et al., accepted for publication in Nucl. Phys.



34

4. THEORY

4.1. Shell-model calculations

P.W.M. Glaudemans and collaborators

With a microscopic description in terms of the nuclear shell model we try

to interpret and correlate a large body of experimental data. This includes

static properties (e.g. excitation energies and electromagnetic moments) as

well as dynamic nuclear processes (e.g. transition rates and cross sections).

In a quantum mechanical treatment any observable quantity can be expressed in

terms of matrix elements <4>f | 0 | O where <J\ and <J» denote the initial and

final state wave function. The symbol 0 represents the quantum mechanical

operator of the physical process under investigation. Hence, one can test

shell-model wave functions 4> and/or operators 0 by evaluating <<|> |o|(|> > for a

variety of observable nuclear properties.

The required wave functions can be obtained by solving the eigenvalue

equation Hep » E<|». The Hamiltonian H is usually parametrized. The parameters

are evaluated by a least-squares fit of calculated level energies to the

corresponding experimental values.

The number of nuclei to which we apply the shell model, has considerably

been increased recently. It includes nuclei with masses as low as A - 4 and as

high as A » 215. Various subjects investigated during, the last two years will

be summarized below.

4.1.1. A new general shell-model code (RITSSCHIL)

G.A. Timmer and D. Zwarts

A new shell-model code has been developed and tested, which can be used

for calculations on a variety of single-particle and many-body operators, i.e.

energies, transition rates and many-particle transfer amplitudes. The

architecture of the program is of modern standards. The code takes less

computer memory than the Oak Ridge-Rochester code used sofar. The program is

flexible and can handle an arbitrary number of orbits. It is essentially a

two-orbit program. When more orbits are involved it treats a coupled two-orbit

system as a single orbit. With this approach the essential part of the program
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remains relatively simple and flexible. The program can work in the isospin as

well as in the p-n formalism. Quite some effort has been spent to make the

program 'user friendly'.

4.1.2. Normal- and nonnormal-parity states of A » 4-16 nuclei

A.G.M. Van Hees and F.L. Linde

Our main theoretical efforts are devoted to a detailed study of p-shell

nuclei. Compared to other mass regions the A < 16 nuclei are most suitable for

a detailed analysis in terms of the shell model. The calculations can be

performed without the assumption of a closed core. Moreover, several

excitations of nucleons from one major oscillator shell into another can be

taken into account exactly. This is not possible in any other mass region.

For the reuoval of spurious states one must be able to separate the

center of mass part from the intrinsic part. This should be performed for both

the Hamiltonian and the two-particle states. Therefore a translationally

invariant interaction has to be used. This puts severe restrictions on the

two-body matrix elements as well as the single-particle energies.

Presently, results are available for a model space in which all

Ohu and all lfiw excitations (i.e. a hole in the Is shell or a particle in the

2sld shell) are taken into account. The effective interaction has been

obtained empirically. It should be emphasized that the requirement of

translational invariance strongly reduces the number of parameters. The set of

140 j-j coupled two-body matrix elements needed for a full (CH-l)Tiw model space

thus reduces to a set of only 22 relative matrix elements. Hence, the latter

could be evaluated by a least-squares fit of calculated binding energies of

ground states and excited states to the corresponding experimental values. The

relative two-body matrix elements as well as the parameter tlu are taken to be

mass independent. Some results of these calculations 1""J' will be presented

briefly.

In fig. 1 the calculated excitation energy of the lowest nonnormal-parity

state in a number of nuclei is compared to the experimental value. Note that

in 5He a low-lying J% - l/2+ state is predicted which has not been detected

experimentally.

In fig. 2 a comparison is shown between theory and experiment for

magnetic-dlpole and elastic-quadrupole moments. It is seen that although bare-

nucleon g-factors are used, no quenching of the calculated g-factors is

necessary. The quadrupole moments are well reproduced with an effective
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Fig. I, Calculated excitation energies of yrast nonnormal-parity states in p-shell nuclei and their corres-

ponding experimental values plotted with respect to the experimental ground-state energies.
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charge Ae - 0.35 e.

Examples of transitions which take place between states of different

parity are shown for El and M2 strengths In fig. 3. It turns out that the El

strengths are severely underestimated by the present theory. Further studies,

which Include e.g. effects of 2hu and 3nw excitations and Coulomb mixing, will

be performed to investigate the observed discrepancies in more detail. One

might expect that with these improved wave functions the p-shell nuclei become

most suitable for further studies on more fundamental processes like: parity

mixing, mesonlc effects, three-body forces and possible quark effects.

4.1.3. Model-space effects tested with sd-shell nuclei

F..C.H. Broers and B.C. Metsch

It is well known that, apart from a suitable effective interaction, the

selection of an appropriate model space Is very crucial in shell-model

calculations. In order to investigate the latter in some detail, we have used

sd-shell nuclei to test various approximations. These nuclei are well suited

for this purpose since calculations up to the full sd-shell space are

feasible.

The procedure can be illustrated as follows. For example, consider 2l*Mg

with 8 nucleons outside the ^Og core. A model space, to be denoted as space

N, will include all configurations (d5/2)
8~n(si/2d3/2^n w i t h n * N < T h i s m e a n s

-70
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Fig. 4. Calculated binding energies of states

in JI|Mg as a function of the aodel space. The

levels are Indentlfled by J.
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Fig* 5. Comparison between experlnental and theory

for 50Ti. In Theory 1 and 2 the model space

includes one and two particle-hole excitations,

respectively.
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that up to N particle-hole excitations are taken Into account. Binding

energies and other observables are calculated in each of the spaces N with N -

0,1,..8. A typical result for binding energies in 24Mg is presented in fig. 4.

It is seen that by enlarging the model space from N - 0 to N « 8, the binding

energies increase, Whereas the level density of the lower part of the spectrum

decreases. This is a general feature and shows that in a larger model space a

reduction of the interaction strength is required to preserve the same level

density. From these investigations ', which include several other nuclei and

various observables, it follows that a rather good approximation of the full-

space results can be obtained by taking into account up to three particle-

three hole excitations.

4.1.4. Studies on Ti isotopes

R.J.J. Aerdts and L. Zybert

For the interpretation of (e,e') experiments, being performed with the

MEA facility in Amsterdam, we have set up shell-model calculations on the

nuclei 1*8»'»9»50ij.î  <jhe calculations are an extension of the work on A » 52-60

nuclei, discussed below, i.e. the same interaction and model space assumption

are used. Moreover, it is feasible for 50Tl to include also the two-particle,

two-hole excitations. The latter extension of the model space is found to be

essential to reproduce e.g. the second J11 -0 state of 50Ti. This is

illustrated in fig. 5. An interpretation of the <e,e') data on these nuclei is

in progress.

4.1.5. Collective properties of shell-model states of A - 52-60 nuclei

A.F. Aalders, R.B.M. Mooy, M. Scheerboom and P. van Velthoven

There are experimental indications that nuclei around A » 56 may exhibit

collective properties. The doubly magic 28Ni28 core makes it feasible to study

these nuclei also microscopically. In this way one can investigate the

interesting relation between a largely independent-particle behaviour and

collective behaviour of nucleons. Therefore, an extensive shell-model study of

the A » 52-60 nuclei has been undertaken • '. The interaction used is partly

empirical, partly derived from the Kuo matrix elements and partly from the

Surface Delta Interaction. The model space is defined as f~nrm + f-n-lrntfl^

where f denotes the fy/2 orbit and r the remaining fp-shell orbits P3/2»
 f5/2

and Pi/2> i#e* one particle-hole excitation is taken into account.
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It Is found that the experimental data could be very well reproduced by

the shell model. An example is given for magnetic dipole moments and electric

quadrupole moments In fig. 6. Note that, although bare-nucleon g-factors are

used, no indication is found for a systematic quenching of the magnetic

moments. It is also worth noting that the shell model can produce quite large

quadrupole moments as follows from fig. 6.

With the shell model the excitation energies, electromagnetic moments and

transition rates are calculated for all lower states with J < 16. These

observable quantities are considered to be the 'experimental' data for an

interpretation in terms of an axially symmetric rigid-body rotor. In this way

about twenty good rotor bands could be localized in the A » 52-60 nuclei. From

the values of the quadrupole moments one can simply derive the collective

deformation parameter p. Fig. 7 gives a plot of 0 versus N, where N denotes

the number of particles considered as active in the shell model calculation.

It Is remarkable to see that the deformation can be as large as p =0.4.

In order to illustrate the close relationship between the shell-model and

rotor description, we compare the observables of a 'shell-model' band

in 52Fe with the corresponding rotor values. It is seen from fig. 8 that both

models produce almost identical results. One should realize that for a rotor

only one single parameter, i.e. the value of the intrinsic quadrupole moment

Qo Is needed to reproduce all quadrupole moments and E2 transition rates

obtained from the shell model. Further studies on the microscopic structures

of these rotor bands are in progress.
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Fig, 6. Comparison between theory and experiment in A - 52-60 nuclei for (a) g-factors and (b) quadrupole

moments.
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4.1.6. The level density In 6>*C\i

P.J. Brus8aard and M.Ginevra Delflni

Recently performed experiments at ECN in Petten on the reaction
63Cu(n,Y)6l*Cu have provided extensive information ^) about the level scheme

of 6l|Cu. About 70 levels below ̂  » 3 MeV have been observed. One may assume

that the level scheme is complete up to this excitation energy, at least for

spins up to J » 4. Because of the presumed completeness of the data an

interesting comparison with theory can be obtained. For a meaningful test of

the shell model a very large configuration space must be used. To this purpose

a statistical approach 7' has been applied. It turns put that the observed

level density can be reproduced in terms of its lowest two moments, I.e.

centroid and variance, calculated from the two-particle matrix elements. The

latter must be scaled as compared to their values for a smaller configuration

space.

4.1.7. Alpha transfer In the 90Zr region

A.M. van den Berg '

Recent experiments performed at KVi (Groningen) with the (d, 6L1)

reaction have motivated a shell-model study on the Zr, Nb and
92-100 4° 41

Mo Isotopes. A model space with active protons in the 2pj/2 and lgq/2

*) KVI, Groningen, The Netherlands.
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orbits and neutrons In the 2dc/2 and 3sj/2 orbits has been used» The Surface

Delta Interaction has been chosen as effective Interaction. The spectra of

these nuclei are rather well reproduced by the present theory. As

example jJiNb52 is shown in fig. 9. An interpretation of the observed

a-transfer cross sections is in progress.

4.1.8. Nuclei in the Pb region

A. Bouterse, S. Drijfhout and D. Zwarts

Shell-model calculations on heavy nuclei are often too complicated

because of the many active orbits that should be taken into account. An

exception is provided by nuclei near the doubly closed shell core 2g2Pbi26 '

Because of recent experimental interest 8^ we have studied the nuclei with the

magic neutron number N - 126 and active protons outside the Z - 82 core. The

93Nb
41 52

1.5

1.0

0.5

(7")

£ -N-=

f

LJ

EXP TH

Fig. 9. Coriparlnon between theory and experiment

for the spectrum> of 93Nb .

Fig. 10. Plots of Ex versus J for positive- and

negative-parity states in 2^4Ra and ^^Ac

obtained with the Surface Delta Interaction. For

each J the calculated Ex of the lowest four states

is given.
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active protons are restricted to the H19/2» 2f7/2 and 1113/2 o r b i t 8« The

calculations have been performed with two different effective interactions,

i.e. the Herling-Kuo matrix elements ' and the Surface Delta Interaction.

Energy levels, electromagnetic moments and transition rates have been

calculated and their values are compared with the rather scarce set of data.

It turns out that both interactions reproduce the data equally well if for

magnetic properties effective g-factors are taken.

An example of the SDI spectra for 288^a126 an<1 289Ac126 is 8 i v e n *n £i8»

10. From these plots it follows immediately that e.g. the negative-parity

states of 211|Ra with J - 3-11 all have nearly the same excitation energy and

that the lowest positive-parity state of 215Ac has J - 13/2. As yet, nothing

is known experimentally about these properties.
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4.2. Nuclear models

P.J. Brussaard and collaborators

4.2.1. Statistical methods

J.J.H. Verbaarschot

As the eigenvalue distribution of a many-particle system, described by a

single-particle potential and a residual two-body Interaction, can be well

approximated by a Gaussian, in particular for fixed spin and isospin, it is

sufficient to calculate the lower moments for an evaluation of spectral

averages. The moments of the energy distribution are essentially traces of

powers of the Hamiltonian. As an application of scalar distributions to light

nuclei the systematic energy difference between states of positive parity and

of negative parity could be explained. For this calculation the Os-, Op-,

Odls- and Oflp-shells were taken Into account. The effective nucleon-nucleon

interaction that resulted from a fit to the experimental data on the energy

differences that were considered, was much weaker (by a factor 16) than for

the customary calculations in a much smaller model space as, e.g., the Odls-

shell alone. This renormalization effect could be explained quantitatively in

terms of the widths of the relevant spectral distributions. Similarly for

fixed values of spin and isospin the centroids and widths of configuration

spaces can be derived. In figures 1 abed results for 22Na are shown for the

Odls-shell with 160 as an inert core.

Also the distribution of matrix elements of single-particle operators,

e.g. electromagnetic transition operators, can be treated, in particular for

the diagonal matrix elements, I.e. the electromagnetic moments. Evaluation of

the isoscalar and isovector parts of the magnetic dipole and electric

quadrupole moments showed that large fluctuations are superimposed on the

secular behaviour as a function of spin or energy of the states under

consideration.

A novel method was developed to evaluate tensor operator traces for fixed

values of spin and isospin. It is no longer necessary to start the recurrent

relations at the largest possible spin values for the configuration space

under consideration, but at the lowest possible spin values. Thus, in

particular for a large number of particles, it has become feasible to

calculate the physically Interesting traces.
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Fig. I. Fixed-J,T centroids (a) and widths (b) for 22Na, T - 0. The exact values are given by the dots. The curves

show the results when the Edgeworth series expansion in particle number n is used to approximate the dimension of

the configuration space. The dotted, dashed and solid curves correspond to an Edgeworth expansion up to order n ,

n" and n . Figures (c) and (d) show the results when in an early stage of the calculation the scalar trace has

been taken apart in order to reduce Che effect of the numerical error introduced by the Edgeworth expansion.

4.2.2. Interactlng-boson model

N.R. Walet and L.C. de Winter

A start was made to apply the interacting-boson approximation. The aim is

to investigate the relation between the parameters of the fermion shell model

and those of the interacting-boson model.

I _____
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5. REVIEW ACTIVITIES

P.M. Endt and C. van der Leun

Our last review on nuclei In the A - 21-44 region ' appeared In 1978.

Work on a new version should start as soon as a definite updated set of atomic

masses for this region becomes available (hopefully early In 1983). In the

meantime our reference file system has been kept up to date, and preliminary

new master tables have been prepared for those nuclei on which extensive new

data could be incorporated.

The two-yearly meeting of the International Nuclear Data Group, which

coordinates the worldwide nuclear review and compilation activities under

auspices of the IAEA, was organized by the Utrecht group and held in Zeist in

spring 1982.

A compilation of y-ray strengths has been finished. The part on A - 91-

150 nuclei appeared in 1981 2' and the last part covering A > 150 and

including revisions and additions for A < 150 is ready for publication. The

literature scan on this subject continues in view of a possible updated

version in the future.

The first IUPAF-recommended compilation of y~ray calibration energies J

was published in 1979. The next edition will not only update this list, but

also extend It to higher y-ray energies. Presently our activities concentrate

on the latter topic.
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6. APPLICATIONS

6.1. Tandem Accelerator Mass Spectrometry (TAMS)

K. van der Borg, A.M. Hoogenboom, G. Hut ', R.A. Jelmersma and N.A. van Zwol

Heavy-ion accelerators can be used as ultrasensitive mass spectrometers.

Radiocarbon dating with a tandem e.g., is about three orders of magnitude more

efficient than the conventional dating method '.

The existing facility, designed for nuclear physics experiments, had to

be adapted for mass spectrometry, especially In order to Improve the accuracy.

A dedicated facility has been designed and partly realized. The design aims at

measurements not only of lkC, but also of other nuclides with extremely low

abundances, like e.g. the radionuclldes 10Be, 26A1 and 1 2 9 I .

The first carbon samples have been measured to test the performance of

the present facility.

6.1.1. Measurements with carbon samples

The first measurements of 14C/12C ratios with the Utrecht tandem were

made possible by the following improvements of the accelerator:

- installation of spirally inclined field tubes (sect. 7.1.1.);

- improvement of the sputter ion source (sect. 7.1.2.) and

- generator voltmeter stabilization of the terminal voltage within 0.2%

(sect. 7.1.3.).

Negative ion beams produced in the sputter source, were accelerated and

analyzed by the analyzing magnet with the slits set at p/Ap - 500. The M e -

lons were counted in a heavy-ion detector ' located behind a 13*

electrostatic analyzer, with an energy resolution of E/AE « 100, for

background reduction. This detector measures the energy loss AE, the total

energy E t o t and the position. The AE-E plots (fig. 1) were used for on-line

event selection. The 12C and 13C currents were measured In a Faraday cup which

could be placed in front of the detector.

Carbon samples with llfC/12C ratios known to 1% accuracy, were prepared In

Groningen from either charcoal or C02 previously dated with the conventional

method. From the rather porous charcoal, manganese carbides were formed, which

' Isotope Laboratory, University of Groningen, The Netherlands.
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produced stable 12C currents between 2 and 4 uA for several hours. Relatively

dense carbon samples were prepared from CO2 In a new

set-up In which acetylene was aade which subsequently was. cracked in a rf-

field and deposited in 0.2 - 0.3 mi thick layers. These rf-cracked samples

produced stable 12C currents up to 7 \iA during one hour. In the measurements

described here, tha rf-cracked samples were used. Similar results were

obtained with the charcoal samples.

The ratios were measured at a terminal voltage of 4.35 MV, where the 4 +

stripping efficiency is nearly optimal for carbon. The 14C ions had to be

counted in periods of only five minutes, because of beam transmission

instabilities. For each sample five of these periods were alternated with 13C

beam-current measurements, which reproduced only to 102. Each sample had to be

mounted separately In the Ion source.

Fig. 2 compares the results of our measurements to the values obtained,

to 1Z accuracy, with the conventional decay method. The ratios are expressed

in percentages of modern carbon (pmC), where 100 pmC corresponds

to l**C/12C - 1.18 x 10~ . The 80 pmC sample is used for calibration. The

linear dependence Indicates that 1!*C dates can be obtained to about 10%

accuracy. The systematic errors in our data O 10%) are larger than the

statistical errors (32). This low accuracy is due to the instable beam

transmission of the present set-up and to the interchange of samples which

10-
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Fig. 1. Display of energy lass, AEt versus total

energy, &toi.t used for event selection.

Fig. 2. Conparlson of results obtained with the

accelerator method and results obtained with the

conventional aethod of counting decays.
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required Ion source shut down. Improved accuracy may therefore be expected

from the new sputter source (see ref. 2 and sect. 7.1.2), which produces

stable and intense beams with a satisfactory efficiency of 42. This source

also enables quick interchange of eight samples with reproducible currents.

Recently, calibration samples have been prepared ' by graphitlzing the

porous charcoal at a pressure of 10 kbar and a temperature of 850 *C.

The 20 uA 12C-current obtained, is a factor of 4 smaller than that obtained

with standard graphite, indicating that a higher preparation temperature is

needed 3)

6.1.2. Design for a dedicated facility

Although the new injection system will drastically improve the beam

transmission stability, the accuracy that can be reached with the present set-

up is expected to be at best a few percent '; far from the 0.1X accuracy

obtained with the conventional method for large carbon samples.

In order to reach a comparable accuracy, a dedicated facility has been

designed for 1<fC measurements (see fig. 3). Essential are the rapid switching

between the injection of the different isotopes (already suggested *' in 1978)

and their measurement at identical accelerator and beam transport element

settings. The cyclic injection of the different isotopes is achieved by

voltage pulsing of the vacuum chamber of the injection magnet, such

that 12C and 13C ions obtain the same magnetic rigidity as the ll*C ions for

which the magnet is set. For the abundant Isotopes, 12C and 13C, the pulse

time is chosen short with respect to the response time of the accelerator. The

Intense beams can be accelerated In short time intervals of about 0.1 ms,

while most of the time is available for measurement of 14C, the isotope with

EN TANDEM ACCELERATOR

100 kV INJECTOR

Fig. 3. Schematic representation of the tandem accelerator facility dedicated for accurate routine lltC dating

measurements.
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low abundance. The electrostatic, thus mass independent, bean transport ele-

aents guarantee equal bean transmission for the three isotopes up to the

analyzing magnet, which separates them. The lkC ions are counted in a

detector, whereas the 12C and 13C currents are measured in Faraday cups. In

Zurich ' a similar set-up, also with an EN-tandem, has recently produced

excellent results.

Beam-optics calculations for the designed set-up indicate, that at the

detector and Faraday-cups the 12C and 1(|C beams will be separated from the

central 13C beam by about 100 mm (resolution ra/Am * 450). As an example,

fig. 4 shows the results of these calculations for the latter part of the beam

line, from the stripper to the focal plane of the 90* analyzing magnet.

These'calculations were performed with the interactive program OPTRYK 5',

which was extended and adjusted for the PDF 11/70 computer. In an earlier

state of the design the same program has been used for extensive calculations

which made it clear that

- due to asymmetric lens effects, the tubes in the low-energy part of the

accelerator had to be replaced by other tubes,

- a new injection system had to be built since (1) the sputter ion source

produces beams too wide for the lenses of the standard injector, and (ii)

the mass resolution of the injection magnet had to be improved.

These improvements are discussed in some more detail in sections 7.1.1. and

7.1.4. of this report.

DEDICATED DATING ARRANGEMENT

Fig. A. Beam optics for the dedicated facility for dating measurements. Indicated are Che spatial limitations,

the resolution of the electrostatic analyzer, and the resolution of the analyzing magnet.
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6.2. Radionuclides In medicine

M. de Bruin *\ P.A. Hogenhuis, C. van der Leun, H. Schut and

A. Zondervan.

The Nuclear Medicine group of the Utrecht University asked us to

investigate the possibility of producing the short-lived positron-emitters

^ C , 13N and 150 with the Utrecht accelerators. These radionuclldes of

biologically significant elements are used in positron-emission tomography

(PET). With this technique the concentration of radioactive labelled

substances' in the living body, can be displayed with a clarity that cannot be

obtained by any other technique.1'

Two additional advantages above the traditional labelling techniques are:

(i) the elements C, N and 0 are major constituents of biomolecules, so that

these molecules can be labelled isotopically, thus avoiding disturbing

labelling effects;

(ii) the short half-lives of the radionuclides mentioned above (of the order

of minutes), are evidently attractive from the point of view of

patient-radiation-dose and environmental safety.

On the other hand, the short half-lives make it necessary to produce the

sources close to the medical and biological centres where they are used. Since

these nuclides are generally produced with cyclotrons in proton-induced

reactions, their applicability in medical diagnosis in limited to the very few

hospitals situated very close to such an accelerator.

The aim of the present research project is to study the feasibility of

using low-energy Van de Graaff accelerators for routine production of these

radionuclides. The low costs and easy operation of these accelerators would

greatly extend the usability of PET, e.g. to regional hospitals.

Presently the research is focussed on two points:

(i) accurate measurements of the reaction cross sections for

10B(d,n)uC, 12C(d,n)13N and llfN(d,n)150 in the deutron-energy range

Ed - 0.2 -2.0 MeV;

(ii) continuous extraction in gas form of the radioactivity produced from the

target chamber during irradiation.

As to the latter point, the low particle energy does not allow for the

*> I.R.I., Delft, The Netherlands

I
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use of windows between the accelerator and target chamber. This complicates

Che choice of target material and the construction of the target chamber.

Sofar, this problem has been solved by using an open connection to the

accelerator, combined with differential pumping.

REFERENCE

1. M.M. Ter-Pogossian, M.E. Raichle and B.E. Sobel, Scientific American 243

(1980) No. 4, 141.

6.3. Hydrogen profiling with the resonant reaction *H(15N,gy)*-2C

G.A.P. Engelbertink, E.J. Evers and F.H.P.M. Habraken *'

The reaction 1H(15N,ay)12C at resonance energy E(15N) - 6.39 MeV

(equivalent to E(1H ) • 429 keV) is used to investigate the hydrogen

concentration in silicon-(oxy-)nitride films, grown on Si in a LPCVD (Low

Pressure Chemical Vapour Deposition) process.

The hydrogen profile can be determined up to a depth of a few hundred nm

for concentrations down to about 1 at.%, as is illustrated in fig. 1. The

depth scale, calculated from stopping power data from Ziegler , is in good

agreement with ellipsometrical measurements of the film thickness.

The surface layer, which is used as. zero for the depth scale, is also

observed for a bare Au foil. From measurements under different angles of

incidence a negligible thickness has been found in comparison to the resonance

width of T, . « 13 keV. The first measurements have pointed out that, in

spite of the rather uncertain state of the layer, it can be used as an

extremely thin H target for accurate determination of the resonance energy and

width.

REFERENCE

1. J.F. Ziegler, Stopping cross-sections for energetic ions in all elements,

Vol. 5 of The stopping and ranges of ions in matter, Pergamon Press, New

York 1980.
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Fig. I. Hydrogen concentration as function of the depth in a LPCVD-nitride film.

6.4. Metal research

C. Alderliesten and A.P. Voskamp *)

When exposed to high rolling contact stresses, ball bearings undergo

structural transformations *' which are possibly accompanied by macroscopic

(pm) displacements of atoms. This subject Is being investigated in

collaboration with SKF Engineering and Research Centre by producing
56Co-active spots on the raceway of a bearing, endurance testing It beyond the

point where macro-structural changes take place, and determining the

distribution of the radiation as a function of depth.

REFERENCES
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6.5. Non-nuclear physics

The accelerators from the nuclear physics department are also used by

colleagues from the Institute of Atomic Physics (AMOLF) in Amsterdam and by

groups from other Utrecht departments: atomic physics, technical physics and

chemistry.

Since physicists from our department are not directly involved in these

activities, they are not incorporated in this report. The following listing of

publications, based on investigations performed with the accelerators, has the

limited intention of giving an impression of the type of work that is carried

out.

AMOLF, Amsterdam

- J.F.M. Westendorp, Z.L. Wang and F.W. Saris,

'Ion beam mixing of Cu-Au and Cu-W systems'.

Proc. 9th Int. Conf. on Atomic Collisions in Solids (1981) p. 453.

- J.F.M. Westendorp, Z.L. Wang and F.W. Saris,

'An ion-scattering study of oxygen indiffusion during pulsed laser

annealing/cleaning of silicon'.

Laser and electron-beam interactions with solids,

North-Holland (1982) p. 255.

- Z.L. Wang, J.F.M. Westendorp, S. Doorn and F.W. Saris,

'A comparison of atomic mixing behaviour of Cu-Au and Cu-W systems for room

temperature and low temperature Irradiation'.

Metastable materials formation by ion implantation,

North-Holland (1982) p. 59.

- Z.L. Wang,

'Fundamental aspects of laser and ion-beam interactions with solid

surfaces'.

Thesis, Utrecht University (1982).

ATOMIC PHYSICS

- W. Duinker and C.R. Boersma,

'Observation of energy shifts due to K-shell ionlzation In the reactions
26Mg(p,Y)27Al and 2 7 A 1 ( P , Y ) 2 8 S 1 ' .

Phys. Lett. 100B (1981) 1.
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- W. Duinker,

'Inner-shell ionization at small Impact parameters In proton-atom

collisions'.

Thesis, Utrecht University (1981).

- W. Dulnker and J. van Eck,

'Impact parameter dependent K-shell lonlzatlon of argon by protons scattered
over large angles'.

J. Phys. JJH (1981) 4825.

- W. Duinker and J. van Eck,

'The use of a retarding field electron spectrometer In ion-atom collision

experiments'.

J. Phys. JE15. (1982) 525.

CHEMISTRY

- G. de Roos, J.M. Fluit, J.H.W. de Witt and J.H. Geus,

'The reaction of NiO and a-Al O studied by Rutherford backscattering'.

Surface and interface analysis 3_ (1981) 229.

- T.G.M. van den Belt and J.H.W. de Witt,

'The diffusion of platinum and gold in nickel measured by Rutherford

backscattering spectrometry'.

Thin Solid Films (to be published).

TECHNICAL PHYSICS

- F.H.M. Spit, J.W. Drijver, W.C. Turkenburg and S. Radelaar,

'Thermodynamics and kinetics of hydrogen absorption.in amorphous NiZr-

alloys'.

Metal Hydrides, Plenum (1981) p. 345.

- F.H.M. Spit et al.,

'Kinetics of hydrogen sorption in some metallic glasses'.

Proc. 4th Int. Conf. on Rapidly Quenched Metals (1981) p. 1635.

- F.H.M. Spit,

The thermodynamics and kinetics of hydrogen solution In some metallic

glasses'.

Thesis, Utrecht University (1982).
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7. INSTRUMENTATION

7.1. Accelerator development

D. Balke, A. van den Brink, K. van der Borg, J.P. van der Fluit, A.P. de Haas

A.M. Hoogenboom, F.A. Hoppe, H.J.H. Kersemaekers, A.J. Mlchlelsen,

C.J. Oskamp, J. Sodaar, B.A. Straatera, A.J. Veenenbos, A. Vermeer,

Ph.E.P. van der Vliet, H. de Vries, P. de Wit and N.A. van Zwol

7.1.1. Tubes

The straight accelerator tubes with aluminum electrodes at the high-

energy (HE) side of the tandem have been replaced by Dowlish spiral inclined

field tubes with titanium electrodes. As a result the radiation level inside

the tank, especially at the terminal, is lower by more than a factor of ten.

In the past an artificial leak had to be used to achieve stable operation of

the HE tubes at high terminal voltages. Presently, with the new tubes, good

stability is obtained at a pressure in the tubes as low as 3.10""' Torr, which

Is about a factor of ten lower than before.

7.1.2. Ion sources

Most of the ion beams were obtained from sputter sources. The ANIS source

worked reliably, but the cesium-beam spot size is rather large (about 3 mm)

and the output is low for beams such as B, Mg, Al, 30Si and 3hS. To obtain

currents as high as those reported by the university of Wisconsin with their

SNICS source, the ANIS source was modified Into a SNICS-like configuration.

The system of two filaments in the ANIS, which emits electrons to ionize the

cesium vapour, was replaced by a spiral ionizer (see fig. 1). At the spiral

surface the cesium Ions in the source chamber become ionized and are focussed

onto the sputter cone with a spot size of 1 to 2 mm. The extracted negative

ion currents of this modified Utrecht Negative Ion source by Cesium Sputtering

(UNICS) are presented in table 1, and compared with those obtained with the

original ANIS source.

Another source in regular use, is the inverted sputter source. This

source was modified following a proposal of Yntema (Argonne). An immersion

lens which focusses the positive ions on the sputter target and the negative

ions through the hole in the ionizer (see fig. 2), was placed between the
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Table 1

Negative ion currents obtained with the new
UNICS source. For comparison the currents from

the original ANIS source are also given

Sputter
cone

TiH2

15* B/Ni

C

Fe

Mg

Al

Si

15Z P/Cu

FeS

Mn3C

Ni

Cu

Au

Ion

1H"

10,"

HB"

HBO"
1 2c"
160~

21*MgH~

2 7AIH"
28Si"
30si~

31p"

32S-

3ts"
55MnH~

58 N 1-

63Cu~

I (1

UNICS

32

0.10

0.37

4
21

6

0.10

0.10

0.7

27
0.8

5

12

0.48

0.20

6.5

8

15

iA)

ANIS

3

0.10

0.6

3

5.4

0.05

0.05

0.20

10

0.3

1.6

4

0.16

3

4.2

ionizer and the sputter target. The geometry of the electrode configuration

was optimized with computer programs that calculate and plot the trajectories

of the positive and negative ions in the electrostatic field (see figs. 3 and

4). An optimal geometry for the source is determined and tested experimen-

tally. This set-up allows the positive cesium ions to be focussed on the

sputter target with a spot of less than 1 mm. Some ion currents obtained with

this source are given in table 2. On the revolving head (see fig. 2) eight

cylindrical target holders can be mounted. This source is well suited for

the l^C-work because of the low non-target background.
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Table 2

Ion currents obtained with the Modified
inverted sputter source, as measured at the

low-energy end of the tandem

Sputter
target

TiH2

A1B2

C

Mg

AgCl

Ni

Cu

Ion

XiH"

"HO"

12c"

35C1-

«Ni"

63CU"

3.8

0.25

0.28

1.2

1.2

86

0.07

8.5

11

18.5

SPUTTER

TARGEA

SPIRAL/

IONIZER

Fig. 1. The UMCS-ion *ourc*. A «plral ionizer 1*

used In «n ANIS-*ource geoaetry.

MMERSON LENS
'ELECTRODE

Fig. 2. The modified inverted sputter source.
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Flg. 3. The trajectories of the boabardlnf, Cs-lons Flg. 4. The tnjtetorlti of the extracted negative
bttwttn the lonlztr and tht sputter target of the lont Inside the source; see also fig. 3.
Inverted «putter source. The square blocks
represent the computerized picture of the source
shown In fig. 2.

7.1.3. GVM-drift

A slow negative drift of the order of 1 to 3 kV has been observed in the

reading of Che generating voltmeter (GVM) after a sudden change in beam load.

This error in the measurement of the slit-stabilized terminal potential,

depends on the radiation level at the terminal. It turned out to be due to

charging of localized non-conducting oxydized areas on the aluminum surfaces

of the GVM by charged particles from the tank gas. The drift effect

disappeared by gilding the polished aluminum surfaces of the GVM.

7.1.4. The injection system

A new injection system has been constructed, which is situated in front

of the present system, see fig. 5. The optical design is based on beam

transport calculations with an extended version of the interactive program

OPTRYK *'. The requirements for the new injection system are (see also section

6.1.1.): optimal and reproducible transmission through the accelerator, high

mass resolution (m/Am > 100), and sequential injection of different masses in

time intervals which are short with respect to the accelerator response time.

The calculations were made for an ion-source emittance of 100

mm.mrad for 20 keV ions, which is a reasonable upper limit for sputter ion

sources • Calculations show that the transmission is governed by lens

effects in the first acceleration tube of the tandem. These effects are

strongly dependent on the terminal voltage. For the present injection system

with the 20* injection magnet, the transmission is mainly limited by the

asymmetric lens effects due to the slotted electrodes of the HVEC acceleration

tubes. The calculated minimum beam size at the position of the stripper, which



Fig. 5. The new injection system built on the insulated platform.

Fig. 6. The beam envelopes calculated for the tandem with new acceleration tubes, combined with the present

injection system (a), and with the new injection system (b). The half beam envelopes for the horizontal

and vertical planes are drawn above and below the beam axes, respectively. Spatial limitations are indicated

by shaded areas»
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Table 3

Devices used In the new Injector

Device Specifications

injection magnet

pre-acceleration tube

electrostatic quadrupole
triplet lens

vacuum pumps

insulation transformer

acceleration tubes

90' deflection, 40 cm radius, 87 cm Image
distance, 6.0 cm gap; Intrinsic mass resolution
m/Am - 300, mass-energy product - 6 amu.MeV.

9.0 cm diameter, 45 cm (optical) length,
ISO kV max. voltage.

7.0 cm diameter.

2 Diffstak oil diffusion pumps; pumping speeds
300 and 700 1/s.

3 phase, 20 kVA, 100 kV epoxy insulation.

spiral inclined field tubes with circular
electrodes.

determines the transmission, is 20 mm. Although this beam size is large with

respect to the 6 mm diameter stripper canal, the brightness distribution makes

the measured transmission of 50% plausible. Our calculations show that a

replacement of the asymmetric tubes by symmetric ones, with circular

electrodes, will result in a considerable improvement. These tubes with a

gridded entrance lens enable focussing in a small waist in the stripper for

all terminal voltages. Fig. 6a shows the calculated beam envelope for the

present injection system in the accelerator arrangement with new tubes and

with the triplet quadrupole lens necessary for the new Injection system. In

this situation good transmission through the tandem will be obtained for a

reasonable source emittance.

The new injection system ensures high mass resolution by a double

focussing 90* injection magnet (see table 3 for details). A gridded lens with

low aberrations ' is used after the ion source. Avoiding aberrations at this

point is important first of all because it limits the vertical beam size in

L
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the magnet. The mass resolution */Aa » 100 can be obtained for the full

emittance assumed. Reduction of the bean width is achieved by preacceleration

of the ions to naxiaally 120 keV. In this way the beam can pass through the

spatial limitations of the present injection system. At a voltage of 100 kV

across the 45 en long preacceleration tube its lens effect is sufficiently

convergent, but at a lower voltage an additional Einzel lens just in front of

the tube is necessary. The triplet quadrupole lens is necessary to keep the

high energetic ions within the 60 am diameter gridded lens in the first

acceleration tube. The gridded lens further focusses the beam in a small waist

of about 3 mm diameter in the stripper, see fig. 6b.

Sequential injection of different masses in short time intervals is

possible by applying a sequence of proper voltages on the vacuum chamber of

the magnet (see sect. 6.1.1.). Calculations show that, in order to prevent

effects on the transmission, it is necessary that the voltage jumps occur

within 300 mm of the object and image spots of the magnet. A time sequencer

has been developed for the definition of the various pulse lengths; these can

be chosen between 0.1 and 0.9 ms with a repetition rate of up to 20 Hz. The

voltage pulsing is achieved by solid state switchers which can switch within

20 us. The pulsed voltage Is adjustable up to 4.2 kV.

The build-up of the new injection system required new devices; see table

3 for details. The injector is mounted on a platform which is Insulated to

ground for voltages up to 150 kV, The electrical power needed to operate the

injector is provided by a 3-phase insulation transformer. The vacuum system is

equiped with two oil diffusion pumps of the Diffstak type. In order to cool

the magnet coils, diffusion pumps, Faraday cups and slits, three separate

cooling circuits have been installed, with the electrically non-conducting

coolants freon-113 for the magnet coils and oil for the rest, and with water-

cooled heat exchanges at ground potential.

The injector is situated in a cage which is provided with safety

Interlocks. Precautions have been made against high-voltage transients. Fiber

optics communication Is used to operate and to read out the devices at the

high voltage level. A 32-channel control system has been developed for serial

transfer of 24 bit data words at a data rate of 1 Mbit per second.

7.1.5. Belt-charge controller

The belt-charge controller Is designed to replace the rather slow manual

belt charge adjustment of the tandem. It continuously controls the belt charge

by a microprocessor (Motorola 6802) equiped with a 2 kbyte program stored in
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an EPROM. The control signals are taken from the CVM (regulating range ± 50

kV) and from the exit alits of the 90' analysing magnet. The adjustment of the

belt charge occurs in steps of 2 |iA. The controller has two other functions:

- it reduces the belt charge immediately when, after an electric breakdown

inside the column, the terminal voltage drops by more than 1.75 MV.

- it reduces the belt charge current to zero and gives an alarm signal when

either repeated sparking occurs, or the pressure in the LE- or HE-tubes

surpasses a specified value. The amount of reduction of the belt-charge is a

function of the original terminal voltage. After a breakdown the belt charge

is slowly increased with a programmed speed of 2 uA/s.

7.1.6. LE-buncher

A LE-buncher for ns pulses of the Argonne type, intended for lifetime

measurements and for the mass selection by time-of-flight, is under

construction. It will be installed at the tandem in the beginning of 1983. A

13.5 MHz sawtooth generator has been developed for the bunching voltage

between the grids (0 » 24 mm; d » 2 mm). The sawtooth voltage with an

amplitude of up to 5 kV is generated through mixing of three harmonics with

frequencies of 13.5, 27 and 40.5 MHz. The maximum output powers for the three

harmonics are respectively 150, 75 and 25 Watt. The electronics for the

sawtooth generator, as well as the phase and amplitude stabilization controls

are ready.

7.1.7. The 3 MV Van de Graaff

It has been tried to recondition the used high-frequency ion sources by

gluing new bottles onto the remaining metal parts by an anaerobe glue.

Although the gluing technique is not yet fully mastered, the results look

promising.

7.1.8. Beam time

Notwithstanding the incorporation of the many improvements discussed

above, both the tandem and the 3 MV accelerator have been in operation for

more than 6000 h over the period discussed in this report.
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7.2. The data handling system

H.F.R. Arciszewski, E.L. Bakkum and R.J. Elsenaar

The on-line data acquisition Is accomplished with two PDP 11/34A

minicomputers, one for each accelerator. The hardware configuration consists

of a CPU with 124 kW memory, a disk system (5 and 37 Mbyte), a magnetic tape

unit (1600 BPI, 125 IPS), a dedicated interface for eight ADC's for direct-

memory-increment, a live memory display, a dedicated interface for eight ADC's

for list-mode transfer with direct-memory-access and a single CAMAC crate

system. A PDP 11/70 Is used for the off-line data reduction. This system has a

416 kW memory, two tape units, 37 terminal ports, some with interactive

graphics, plot and print facilities, and a 156 Mbyte storage capacity spread

over three disk units.

The operating system used at the three computers is RSX-11M (version

3.2). All software is developed on the largest computer and can be used at the

other processors (task-file compatibility). The special hardware is controlled

by home-written drivers. The CAMAC driver Is designed with particular care. It

can simultaneously handle more than one request in-progress. The (software

emulated) repeated Q-scan for list mode data [10.RLB], a set of single CAMAC

transfers [10.XMT] (to handle for example sealers) and several connect-to-lam

requests [IO.CTL] can be active at the same time. The CTL request for RSX-11M

version 4.0 is already implemented as buffered I/O, so that the requesting

task can be checkpointed. After specifying the Q-scan. parameters only once

with a single request [10.WAT], the list-mode data is read by standard FORTRAN

and Pascal 1/0 transfers [compiled to IO.RLB] for simple data taking (also PIP

and DMP can read the data).

A large effort is put into the 'human interface' of the interactive

programs. A set of functions is developed for the OMSI Pascal-2 compiler to

facilitate the writing of command driven programs (the so-called

Pascal/Command-Language).

BACO has already been used several years as a 'BASIC-like' interpreter

for the existing data-acquisition and -analyzing programs '. Help- and

comment-file options have been added to the package. The 'number-system' is

simplified and integrated with the 'indirect-elements'. This opens the

opportunity for a better interface with FORTRAN written subroutines. It also

facilitates the Implementation of CAMAC modules. Reading and writing this
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hardware (through the previous mentioned driver) is achieved by simple

assignments.

The program SPECTRE is used for on-line and off-line list-mode data

processing K The program consists of five tasks running at three priorities.

The command handling is based on BACO. This interpreter sets new table states,

builds sorting elements and invokes commands, such as display functions. The

transport task operates differently in the on-line and off-line modes. The

sorting task recognizes the EVENTS (four different formats have been

implemented), which are sorted by evaluating the CONDITIONS, that are linked

in a network. This network is generated by a recursive algorithm to build a

set of paths of a fast sorting process. CONDITIONS with a short evaluation

time are placed in the beginning of the sorting network, so more complex

calculations can be prevented if further evaluation is already rejected. The

results of the sorting process are called ACTIONS, these can be increments in

histograms or data visualizing at a graphical display (a dot or a line). The

increments are usually applied to channel contents located in a disk file. The

disk updating task will de-randomise these data and performs the channel

increments. The fifth task is to handle the data for the graphical display of

the EVENT values.

The on-line data transport is multi-buffered and is only limited in speed

by the input, the special hardware for list-mode data [100 kW/s], or the

software driver for CAMAC [12 kW/s] or at the output, the maximum tape data

rate [85 kW/s], The sorting speed depends on the complexity of the data

manipulations, but can be estimated by the disk-updating speed, if direct

visualizing of EVENTS on a graphical display is switched off. The disk

updating speed is about 2 kHz of increments randomly spread over a total space

of one million channels and 10 kHz over a space of four thousand channels at a

PDP 11/70 with a RM03 disk unit.

At this moment one- and two-dimensional histograms and their appropriate

CONDITIONS are Implemented. The total number of channels (the contents is

represented in 24 bits) is now limited by the largest possible disk-file.

Presently the program services coincidence measurements of gamma and particle

experiments.

REFERENCES
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7.3. Detectors

C.P.M, van Engelen, E.A. Bakkua, R. Blaauboer, A. van den Brink,

R.A. Jelmersma and R. Kamermans.

7.3.1. A heavy-Ion detection system for reaction studies at Intermediate

energies.

A start has been made with the realisation of a detection system for the

study of nuclear reactions induced by heavy ions in the intermediate energy

region between 10 and 40 MeV/nucleon. This set-up, which will be able to

detect e.g. coincidences between a projectile-like fragment and one or more

light particles, will be installed at the cyclotron of the KVI in Groningen in

the spring of 1983. The detection system which is shown in fig. 1. will

consist of the following parts:

1. A 60 cm diameter scattering chamber in which detectors for light particles

can be placed. Four large gates enable large detection systems to be

coupled to the chamber. The chamber is mounted on a turntable, which allows

a naxiaum rotation of 60 degrees.

2. A heavy-ion counter (HIC, depth 1 meter, active area 400 * 110 mm2) in

which heavy ions (Li - Ar) up to 40 MeV/nucleon can be detected. This

Fig. 1. The heavy-ion detection system which consists of a scattering chamber, a T.O.F. path and a huge

ionization chamber.
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detector is a copy of the 'Maaaut' ionlzatlon chaaber developed at the GSI

£n Darastsdt (ref 1.). The HIC is connected to the scattering chamber at

one of the four large gates.

3. A flight path (length 1.0 or 2.0 aeter) between the scattering chaaber and

the HIC.

4. A tiae-of-flight systea consisting of two parallel plate avalanche counters

(PPAC). One saall FPAC Is placed in the scattering chaaber directly behind

the target, one large PPAC is aounted directly in front of the HIC.

The scattering chaaber and the housing of the HIC have been constructed

in the workshop of the Technical University in Delft. After vacuua tests they

have been aounted on a turnable placed at a beaaline of the Utrecht tanden

accelerator, in order to test the systea performance with low-energy

heavy-ions. The mechanical set-up has been completed with the installation of

the flight path and the housing for the large PPAC.

One of the critical parts of the HIC is the entrance foil which shields

the gas volume within the HIC from the vacuum in the flight path. This foil

should be as thin as possible in order to obtain a good energy resolution and

to minimize angular effects. Two perspex entrance windows have been made and a

mylar foil with a thickness of 2\im was mounted on them. In order to have a

good electrical field configuration at the entrance window, a potential

divider along the height of the window was provided for. One of the windows is

mounted between the HIC and the PPAC housing. Presently, it maintains a

pressure of 300 Torr in the HIC while a good vacuum (2 * 10 Torr) persists

in the scattering chamber.

To control the pressure in the scattering chamber, the HIC and the

PPAC's, and to facilitate the evacuation of the whole set-up, a gas regulation

system has been developed. The system makes it possible to flow gas through

the PPAC's, while keeping the pressure constant with an accuracy of 0.02 Torr.

The electrical configuration in the HIC consists of four cathode plates,

two Frish grids and eight anode plates, all positioned in a framework which

can be assembled outside the HIC. The two grids have been constructed in the

workshop of the high-energy physics division of the NIKHEF in Amsterdam. They

consist of a trapezium formed steel support on which 1200 wires (50 pm thick

copper-berilium) are fixed at a mutual distance of 1 mm. The first anode plate

will be used for position readout in the reaction plane following the method

developed at Heidelberg (ref 2.). The method is tested in the "Rochester"-type

detector in the magnetic spectograph (ref 3.) and a position resolution of

1.4% of the length of the anode plate has been found. For the HIC this
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resolution would mean 8 H I , which corresponds to an angular resolution of 0.44

degrees if the HIC is used in connection with the 1 «eter flight path.

In order to process the different types of events coming from a

coincidence set-up (e.g. HIC - several telescopes - beam monitors), an

electronic system has been designed (the "event-strober") which undertakes

several actions on receiving an «vent signal.

(1) The type of the event signal is transferred to the CAMAC Interface (eight

event inputs are provided for),

(ii) A LAM is sent to the CAMAC interface.

(iii) ADC strobes may be generated depending on the type of event,

(iv) Depending on the event, one to eight condition units can be started. They

will send a fast clear signal to the ADC's, kill the LAM and clear the

event-strober if some slow condition signal (0.5 - 20 (is after the event

signal) is not present. In this way a check can be obtained, for instance on

the signals coming from the HIC which are delayed by 5 to 15 us because of

the small electron velocity in gasses ( 1 - 5 cm/us).

7.3.2. A delay-line readout for the spectrograph detector.

A test set-up for a delay-line readout to be used In the Rochester focal-

plane detector has been built. Experiments with heavy ions, in which a slit

(slit width 0.2 mm) system was placed in front of the detector, yielded a

position resolution between 0.3 and 0.4 mm. Moreover, the linearity of this

relatively simple readout system is satisfactory. As a result of these

experiments the Rochester detector will be modified in the near future, in

order to Include two of these tapped delay lines replacing the old

charge-division resistive-wire readouts.
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8. PARTICLE PHïSICS '

8.1. The PEP two-photon experiment

J.C» Sens '

The set-up of the two-photon equlpnent at the Positron-Electron Project

(PEP) of Che Stanford Linear Accelerator Center (SLAC) dates back to the end

of 1980. The period up till October 1982 was mainly used to Install and test

the entire experimental equipment. This Included alignments, tuning and

calibrations of magnets and detectors, the PEP-4 central detector and the set-

up of computer systems. The first data collection on e e~ collisions with a

complete central (PEP-4) and forward (PEP-9) equipment began in May 1982.

8.1.1. The experimental equipment

The computer system of the PEP-9 experiment has been completed with the

installation of four VAX computer systems. The latter are connected via OECNET

with each other and with about forty other computers at SLAC and elsewhere.

One VAX 11/780, made available by SLAC, is used for data collection and for

the development of programs. The other three VAX computers are used for the

analysis of the data and for Monte Carlo calculations. The computer set-up of

PEP-9 is shown in fig. 1.

In November 1981 sixty Nal detectors were severely damaged because of

beam losses in the PEP-9 detectors. In order to repair these crystals they

were heated up to 300 *C with a gradient of 5 'C per hour in computer

controlled ovens. The successful result of this treatment is illustrated in

fig. 2.

The development and construction of 24 plastic Cerenkov mirrors performed

at the NIKHEF workshop have been completed. In addition, 34 glass mirrors were

built, which will replace the optically less stable plastic mirrors.

Some measurements have been performed on photodiodes as possible

) For more details see Annual Reports NIKHEF/H 1981 and 1962.
' In collaboration with J.C. Armitage, A. Buijs, M.A. van Driel, F.C. Erne,
W.G.J. Langeveld, H.P. Paar, B.K. van Uitert and E. Wassenaar, NIKHEF/H,
Amsterdam, The Netherlands, and groups from the universities of Davis, San
Diego and Santa Barbara, Calif., USA.



70

Tap.
units

Central
processors

Disk
unit*

South Array
June 1961

0.4 G«V-

South Array
Fet>l962

North Array
Nov 1982

0.6 GeV-

- South Array
- Nov 1982

0.5 G*V

0 4 8 12 16 20

BHABHA ENERGY (GeV)

Ftf. 1. Tb* computer lyitH of FÏP-9. Th* arrow*
Indicate tbc direction of th* data transport.

Fif. 2* Tl» energy apeccrim of 24.5 M*V Bhabha
alectrone before (Jun* 1981) and aftar (.February
1952) radiation daug«. The daaafed aouth array
aftar haat treataent la coapaiad to the undanaged
north array (Hovembar 1982).

replacements of the photomultlpllers for Nal crystals in the vicinity of

magnetic fields. These measurements show an almost linear relationship between

the light output of the crystal and the diode signal for a total energy

deposit of up to 100 GeV.

8.1.2. Analysis of recent results

The analysis of the data concentrated on the following topics.

(i) A systematic application of a procedure in which Bhabha scattering Is used

for a semi-continuous energy calibration of the Nal and shower detectors.

(11) The measurement of the angular distribution of Bhabha scattering between

1 and 10 degrees, for which previously no quantitative measurements had been

performed. The results, with an absolute accuracy of about 10%, are found to

be In agreement with the expected angular distribution,

(ill) The selection of the two-photon process e + + e" •»• e + e" + \i + p
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by the Identification of one electron and one nuon in the PEF-9 detector and

the other auon In the PEP-4 detector (tingle tag events). The distribution of

the \i-\i Invariant aatt, see fig» 3, and of Q2 (the squared momentua transfer

to the virtual photon) has been determined from these data,

(lv) The selection of e + e -»• e + e + \i + \i by a complete reconstruction

of the final state (double tag events). The distribution of Q2 is found to be

In qualitative and quantitative agreement with that of a Monte Carlo

calculation based on quantum electrodynamics, see fig. 4.



72

8.2. Fratmentatlon of proton» In p-p collision» at very high energy

H.A.J. Botjc, P.M.J. Hoppenbrouwers and J.C. Sens *)

Th* Investigation on the production and correlation of particles and

resonances with high momentum produced in p-p collisions at the CERN

Intersecting Storage Rings (ISR) has been completed. The conclusions are:

(I) No correlations are found between mesons produced with high momentum and

at small angles. This observation is consistent with an exchange of gluons as

the predominant mechanism.

(II) The correlations observed l n p + p + p + p + X and p + p + p + A + X

are in agreement with the results from theoretical models for the correlated

excitation of colliding protons.

( H i ) The momentum distributions of the lambda particles and of the 1S20 MeV

lambda resonance produced between one and two degrees with respect to the

proton beams are given in fig. 1. From the distributions it follows that these

particles behave like protons with a modified quark content,

(iv) The momentum distribution of f-mesons produced between one and two

degrees (see fig. 2) is consistent with a parton-fusion model.
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*) In collaboration with G.J. Bobbink, M.A. van Driel, F.C. Erné, P. Kooyman,
W.G.J. Langeveld, J. Timmer and K.B. van Uitert, NIKHEF/H, Amsterdam, The
Netherlands.
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8.3. Total cross «action la pp scattering

H.A.J. Botje, F.L. Linde and J.C. Sens *)

The pp and pp «will-angle elastic scattering at center-of-uss energies

/• - 30, 53 and 62 GeV have been Measured. Miniature scintillation-counter

hodoscopes were used, inserted in thin-walled Movable sections of the ISR

vacuum chamber. The data cover scattering angles from 1 to 8 mrad and extend

into the Coulomb-nuclear Interference region. A typical set of pp and pp

data is shown in fig. 1 along with the best fit.

At each energy the pp and pp differential cross sections have been

simultaneously fitted to the widely used paranetrlzation:

da/dt - *|f c+fj
2 (la)

where
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' In collaboration with G.J. Bobbink and F.C. Ernë, NIKHEF/H, Amsterdam, The
Netherlands.
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fc - +2o[G
2(t)/ Itl ]exp(*la*> (lb)

Is the Coulomb amplitude, and

fn - [(1+P)/**]ototexp(-b| t| /2) (Ic>

approximates the nuclear elastic-scattering amplitude for small values of t,

the momentum transfer squared. 6(t) - [1+ltl/(0.71)]"2 is the proton

electromagnetic f o n factor, a Is the fine-structure constant, and the Coulomb

phase a+ Is that of West and Yennle. In eq. (tb) the upper sign Is used for pp

and the lower sign for pp. In eq. (lc) the total cross section cr. .. Is
tot

Introduced through the optical theorem; p Is the ratio of the real-to-

imaginary part of fn, and b Is the nuclear slope parameter. In fig. 2 we

present our results for p together with a survey of high-energy data and

expectations based on dispersion-relation theory.

The following conclusions can be drawn.

(I) The pp total cross section Is rising over the ISR energy range.

(II) The difference between the pp and pp total cross sections continues to

decrease over the ISR energy range.

(III) The value for p(pp) is positive and increasing over the ISR energy range

and therefore a further indication of rising cross sections.

L
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