KfK 2686
Oktober 1978

Annual Report

Teilinstitut Kernphysik
(July 1, 1977 - June 30, 19_78)

Editors:
G. Haushahn, K. Wisshak

Institut fiir Angewandte Kernphysik

Kernforschungszentrum Karlsruhe




Als Manuskript vervielfaltigt
Fir diesen Bericht behalten wir uns alle Rechte vor

KERNFORSCHUNGSZENTRUM KARLSRUHE GMBH

ISSN 0303-4003



KERNFORSCHUNGSZENTRUM KARLSRUHE

KfK 2686

Institut fiir Angewandte Kernphysik

ANNUAL REPORT

Teilinstitut Kernphysik

(July 1, 1977 - June 30, 1978)

Editors: G. Haushahn and K. Wisshak

Kernforschungszentrum Karlsruhe GmbH, Karlsruhe






Abstract

The activities of the Nuclear Physics Section of the Institute of
Applied Nuclear Physics from mid-1977 to mid-1978 are surveyed.

The research program comprises both contributions to fundamental
and applied nuclear research. The activities on the application

of nuclear methods mainly concentrate on the measurements of cross
sections of neutron-induced nuclear reactions for the fast breeder
project, the application of gamma-ray spectrometry to nuclear fuel
assay problems, the development of a proton microbeam for elemental

1233 for medical application. The

analysis, and the production of
study of nuclear reactions induced by o particles, 6Li ions and
fast neutrons, and the measurement of optical hyperfine structure
using high-resolution laser spectroscopy form the major part of
the fundamental research work. 1In addition, the operation of the
two accelerators of the institute, an isochronous cyclotron and a

3 MV Van de Graaff accelerator, are briefly reviewed.

Zusammenfassung

Es wird ilber die Tdtigkeit des Teilinstituts Kernphysik des
Instituts fiir Angewandte Kernphysik von Mitte 1977 bis Mitte 1978
berichtet. Das Forschungsprogramm beinhaltet sowohl Anwendungen
der Kernphysik auf Probleme der Kernenergie als auch grundlagen-
physikalische Arbeiten. Schwerpunkte der angewandten Arbeiten
bilden die Messungen von Neutronenwirkungsquerschnitten fir das
Projekt Schneller Briiter, die Anwendung gammaspektrometrischer
MeBverfahren zur Spaltstoffbestimmung, die Entwicklung einer
Protonenmikrosonde fiir die Elementanalyse sowie die Erzeugung von
]23J fiir medizinische Anwendungen. Zu den grundlagenphysikalischen
Arbeiten gehdren Untersuchungen von Kernreaktionen mit a-Teilchen,
Li-Ionen und schnellen Neutronen sowie die Messung der optischen
Hyperfeinstruktur mittels hochaufldsender Laserspektroskopie.
Ferner wird der Betrieb der beiden Beschleuniger des Instituts,
eines Isochronzyklotrons und eines 3 MV Van de Graaf Beschleunigers,

kurz geschildert.






The Institute of Applied Nuclear Physics of the Karlsruhe
Nuclear Research Centre is engaged in research work on the
application of nuclear physics to problems of nuclear energy,
solid state physics, medicine, and analysis. These investiga-
tions are supported by some fundamental research. This report,
the fourth in a series of annual reports, gives a survey of the
work of the Nuclear Physics Section from mid-1977 to mid-1978.
Progress of the Nuclear Solid State Physics Section is reported

separately.

Measurements of cross sections of neutron-induced nuclear
reactions are among the main activities of the institute. Part
of this work provides nuclear data required for the design of
fast breeder reactors. In this field, a new detector for measur-
ing fission cross sections of samples with high o activity has
been developed. Other neutron cross section measurements aim at
data relevant to the astrophysical s-process of nucleosynthesis.
For such measurements, a technique for determining capture cross
sections of noble gases has been established and applied to several
krypton isotopes. The results should allow to determine the

abundance of krypton in the solar system.

Methods of gamma-ray spectrometry are applied to problems of
the nuclear fuel cycle such as the determination of plutonium in
waste and of the isotopic composition of nuclear fuel. For
similar applications a method for measuring the concentration of
uranium and plutonium in solutions by X-ray absorption around the

K-absorption edge has been successfully demonstrated.

The proton microbeam installation which was developed during
the last three years has been completed and has achieved a beam

diameter of 5 Um at an intensity up to several nA,

Further research in fundamental nuclear physics is carried
out in two fields, the study of nuclear reactions at the Karlsruhe
Isochronous Cyclotron and laser spectroscopy of small radioactive
samples. The latter work has yielded results on five unstable
isotopes and isomers of barium. Three new magnetic moments and
two new quadrupole moments have been determined in addition to
the measurements of the five isotopic shifts. The nuclear reaction
work concentrated on reactions induced by 6Li ions at 156 MeV and
48Ca

. . . . 40
on a careful study of the neutron distributions 1in Ca and

by o particle scattering.



The institute operates two accelerators. A 3 MV single
stage Van de Graaff accelerator is primarily used for neutron
time-of-flight experiments and solid state physics. The Karls-
ruhe Isochronous Cyclotron, a fixed frequency machine, provides
beams of 52 MeV deuterons, 104 MeV alpha particles, 26 MeV
protons, and 156 MeV 6Li ions. The cyclotron group has been
able to increase intensity and reliability of the 6Li beam con-
Sidérably during the past year, and some exciting results have
been obtained with this beam. The radionuclide 123.] is now
being produced routinely and supplied to three hospitals for
use in diagnosis. The contracts guarantee full recovery of
production cost. For the major part of its beam time, the
cyclotron is used by a large number of groups from other in-
stitutes of the research centre, from universities, and several
other institutes for research in a variety of fields. This
report covers only that part of the work at the cyclotron in

which staff of the Institute of Applied Nuclear. Physics has

participated.
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Das Institut fiir Angewandte Kernphysik des Kernforschungs-
zentrums Karlsruhe beschidftigt sich mit Anwendungen der Kern-
physik auf Probleme der Kernenergie, Festkdrperphysik, Medizin,
und Analyse. Diese Untersuchungen werden durch grundlagenphysi-
kalische Arbeiten begleitet. Der vorliegende Bericht, der vierte
in der Reihe der Jahresberichte, gibt einen Uberblick iiber die
Arbeiten des Teilinstituts Kernphysik von Mitte 1977 bis Mitte
1978. Uber die Tidtigkeit des Teilinstitutes Nukleare Festkdrper-

physik wird getrennt berichtet.

Die Messung von Wirkungsquerschnitten neutroneninduzierter
Kernreaktionen stellt eines der Hauptarbeitsgebiete des Teil-
instituts dar. Ein Teil dieser Arbeiten dient der Bestimmung
von Kerndaten, die fiir den Entwurf schneller Brutreaktoren be-
nbtigt werden. Dafiir wurde ein neuer Detektor entwickelt, der
die Messung von Spaltquerschnitten an stark a-aktiven Proben
gestattet. Andere Messungen dienen der Bestimmung von Wirkungs-
querschnitten, die fiir den astrophysikalischen s-ProzeR der
Elementsynthese von Bedeutung sind. Hierfiir wurde eine Technik
zur Messung von Einfangquerschnitten an Edelgasen entwickelt und
auf einige Kryptonisotope angewendet. Die Ergebnisse sollten es

erlauben, die Hiufigkeit von Krypton im Sonnensystem zu bestimmen.

Methoden der Gamma-Spektroskopie werden auf Probleme des
Kernbrennstoff-Zyklus angewandt. Beispiele dafiir sind die
Bestimmung von Plutonium in radioaktivem Abfall und die Messung
der Isotopenzusammensetzung in Kernbrennstoffen. In diesem
Zusammenhang wurde eine Methode zur Konzentrationsmessung von
Uran und Plutonium in L3sungen entwickelt. Sie nutzt die unter-
schiedliche Absorption von Rdntgenstrahlen an beiden Seiten der

K-Kante des betreffenden Elementes aus.

Die Protonenmikrosonde, die in den letzten drei Jahren ent-
wickelt wurde, ist jetzt fertiggestellt und erreicht einen

Strahldurchmesser von 5 Um bei einer Stromstirke von einigen nA.

Weitere Arbeiten zur Grundlagenkernphysik werden auf zweil
Gebieten durchgefiihrt, der Untersuchung von Kernreaktionen am
Karlsruher Isochronzyklotron und der Laserspektroskopie kleiner
radioaktiver Substanzmengen. Auf dem letzten Gebiet wurden Er-
gebnisse an fiinf instabilen Bariumisotopen bzw. -isomeren
erzielt. Drei neue magnetische Momente, zwei neue Quadrupol-

momente sowie alle fiinf Isotopieverschiebungen konnten bestimmt



werden. Die anderen Arbeiten konzentrierten sich auf Kern-

. ., 6 . . .
reaktionen mit Li-Ionen von 156 MeV und auf eine sorgfidltige
Studie der Neutronenverteilungen in 4OCa und 48Ca mit Hilfe

der Streuung von 0-Teilchen.

Das Institut betreibt zwei Beschleuniger. Ein einstufiger
Van de Graaff Beschleuniger von 3 MV wird hauptsdchlich fir
Neutronenflugzeitexperimente und fiir die Festkdrperphysik
benutzt. Das Isochronzyklotron Karlsruhe, ein Festfrequenz-
Zyklotron, liefert Strahlen von 52 MeV-Deuteronen, 104 MeV-
Alphateilchen, 26 MeV-Protonen und 156 MeV—6Li—Ionen. Der
Zyklotron-Betriebsgruppe gelang es im letzten Jahr, Intensitét
und Zuverlidssigkeit des 6Li-Strahls wesentlich zu verbessern,
Mit diesen Teilchen wurden bereits einige sehr interessante

]23J wird jetzt routine-

Ergebnisse erzielt. Das Radionuklid
midBig hergestellt und an drei Krankenh#user fiir diagnostische
Anwendungen geliefert. Die entsprechenden Vertrdge sehen eine
volle Erstattung der Herstellungskosten vor. Uberwiegend wird
das Zyklotron jedoch weiterhin von Gruppen aus anderen Instituten
des Kernforschungszentrums und von Universitidten sowie anderen
externen Forschungs-Instituten fiir Arbeiten auf den verschieden-
sten Forschungsgebieten genutzt. 1In diesen Bericht wurden nur

diejenigen Arbeiten am Zyklotron aufgenommen, an denen Mitarbeiter

des Instituts filiir Angewandte Kernphysik beteiligt waren.

it

(G. Schatz)
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i NEUTRON PHYSICS

1.1 FUNDAMENTAL RESEARCH: NUCLEAR PHYSICS
1.1.1 A Measurement of the Total Neutron Cross-Sections of
3

He and 4He with High Resolution Between | and 30 MeV

+ .+ + Lo co s ¥
H.0. Klages , W. Heeringa , B, Haesner , H. Dobiasch , B. Zeitnitz ,

G. Schmalz, B, Leugers, D. Erbe, and F. Kidppeler

In view of the general progress in the theoretical description of few
nucleon systems it seemed worth-while to improve also the experimental data
basis for intercomparison. Therefore a series of neutron total cross section
measurements with high resolution was started at the neutron spectrometer

of the Karlsruhe cyclotron.

In a first run 3He and 4He were investigated between | and 30 MeV with
an overall energy resolution of 0.007 ns/m using the 190 m flight path.
Although data analysis is not yet completed an overall accuracy of <2 7 is
expected for the cross-section magnitude. The main emphasis of these mea-
surements was laid upon the search for resonances, corresponding to states

in 4He'and 5He. In spite of our good energy resolution - e.g. AE/E = 0.1 %

081
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Fig. 1. The preliminary total neutron cross—section of 'He between 18

and 26 MeV (1 ns/channel).



at 20 MeV - no additional resonances were found in both isotopes except the
well known 22.16 MeV resonance in 4He. Fig. 1 displays the total cross~sec—
tion of 4He in the energy range between 18 and 26 MeV. The energy scale was

. . 12 .
confirmed by various well known C resonances 1n a separate run.

The systematic investigation of light nuclei will be continued with to-

. . . . 3
tal neutron cross—section measurements on the hydrogen isotopes, including H.

University of Bochum, present address: Institut fiir Kernphysik

1.1.2 Investigation of Isospin-Forbidden T = 3/2 Resonances in

13C nd 170

S. Cierjacks, D. Erbe, F. Hinterberger', B. Leugers,

+
P. von Rossen , and G. Schmalz

In the light nuclei with mass number A = 4 n + | sharp T = 3/2 resonances
are observed at higher excitation energies. As a speciality the lowest T = 3/2
states are bound to isospin-allowed particle decay. From a study of the iso-
spin-forbidden particle-decay widths and other properties 1like excitation
energies and gamma-decay widths one obtains direct access to the charge
dependent effects in the nuclear states, i.e. the structure and size of isospin
impurities. The investigation of proton-induced T = 3/2 resonances on target
nuclei with A = 4 n from ]2C to 40Ca yielded rich information on the isospin-
forbidden decay properties of the lowest T = 3/2 resonances in A =4 n + 1,
Ty = - 1/2 nuclei. Similar investigations of neutron—-induced T = 3/2 resonan-

28 .
cesare only known for 24Mg + n and 831 + .

In order to obtain a precise determination of the excitation energies,
total widths and ground-state neutron decay widths jthe lowest T = 3/2 levels

of ]3C and 17O were investigated as isospin-forbidden resonances in a high-reso-

. I .

lution study of the IZC + n and 6O + n total neutron cross—section. The expe-
riment was performed at the 190 m neutron time-of-flight facility of the
Karlsruhe Isochronous Cyclotron. The overall time resolution of the neutron

bursts as deduced from the full width at half maximum of the prompt gamma-




peak was 1,05 ns, Thus the neutron time—of-flight~resolutionwas At/L=5.5 ps/m

yielding an energy resolution AE/E=4.8 T

at E = 10 MeV. A 1.019 atoms/barn
thick pyrolytic graphite sample of natural carbon was used for the 12C+n
transmission experiment. A 1,200 atoms/barn thick liquid sample of natural

16 . .
oxygen was used for the " "O+n transmission experiment.

The measured transmission data were analyzed using a single-level
Breit-Wigner resonance formalism. In the region of a sharp resonance the
nonresonant background was fitted by a quadratic approximation. The effec-
tive energy resolution was taken into account by an appropriate folding pro-

cedure.

The first T = 3/2 level in ]3C which was of special interest did not
show any visible resonance anomaly. This observation yields an upper limit
for the branching ratio Pﬁ/F < 0.02 in contradiction to the value Fn/F
= 0.070 + 0.018 of a previous coincidence experiment (1). Also in the re-
gion of higher excited T = 3/2 states of ]3C the measured transmission data

did not show detectable resonance anomalies.

Table 1. 16O+n > l7O(T=3/2) resonance parameters

E, (keV) T (keV) I (keV) E_(keV) a"
R n, X

6935.0 + 0.3 3.0 + O. 2.1 + 0.1 11079.3 + 0.9 1/2°
8323.4 + 1.6 1.1 + 1.6 1.7 + 0.2 12467.7 + 1.8 3/2°
8854.0 + 1.5 4ol + 1.1 0.51+ 0.07 12998.3 + 1.7 5/2°
10090.4 + 0.6 21.5 + 1.3 2.45+ 0.15 14234.7 + 1.0 772"
10143.6 + 3.3 6.6 + 5.7 0.35+ 0.19 14287.9 + 3.4 3/2°

In case of ]70 about ten T = 3/2 levels are known from (3He,p),
(3He,a) and (d,t)studies (1,2). From those states five T = 3/2 resonances
were observed as anomalies in the ]6Otn transmission data. Interestingly
only T = 3/2 states with negative parity were observed which is in accor-
dance with shell model predictions. The results of a preliminary resonance
analysis are given in Table 1, It should be noted that there are marked
deviations between the present results and a previous 13C (0,,m) resonance

study (3).

Institut fiir Strahlen— und Kernphysik, University of Bonn, Germany
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1.1.3 Isobaric Analog Impurity from Total and Differential

. . s *
Neutron Scattering Cross—Sections of Silicon

) +
S. Cierjacks, S.K. Gupta , and I. Schouky

Resonance parameters for four resomances in Si have been obtained by
analyzing measured differential neutron scattering cross-sections combined
with the total neutron cross—section in the neutron energy range 1.05-1.40 MeV
and applying R-matrix single channel multilevel theory.The resonarce at
1254 keV has been identified as the s-wave analog resonance in 2981. The
identification also takes into account experimental radiative neutron cap-
ture data and shell model calculations for the radiative width . Estimates of

the isospin mixing matrix elements are given.

* phys. Rev. C17 (1978) 12.

¥ Nuclear Physics Division, Bhabha Atomic Research Centre, Bombay 400-085,

India.

1.1.4 Investigation of the Validity of the Valence Model
for Neutron Capture in the Mass Range 40 < A < 70

H. Beer

For a considerable number of nuclei in the mass range of the 3s giant
resonance (40 < A < 70) the capture and total cross—sections have been
measured at the Karlsruhe pulsed 3 MV Van de Sraaff accelerator (1-4). In the
analysis of the s-wave resonances significant correlations between reduced

neutron widths and total radiation widths have been detected (1) in con-




trast to the expectations of the model of compound nucleus formation. Correla-
tions of that type are frequently associated with a single particle capture
mechanism, the valence capture (5,6) which should exhibit strong high energy
El transitions from s]/z—states to low lying 2 p]/z,?’/2 levels. According to
thismodel the partial radiation widths of these transitions can easily be
calculated by means of experimentally determined resonance neutron widths

and (d,p)-spectroscopic factors of the final states., The total radiation
widths of the resonances are then obtained by a summation over all partial

radiation widths of these high energy transitions.

In the present investigation total radiation widths were calculated via
" the valence model for the various nuclei which have been studied experi-
mentally at the Karlsruhe 3 MV Van de Graaff accelerator. The calculations
were carried out using the formulae given by Cugnon (7). In Fig. 1 the
theoretical and experimental results for the s-wave resonances of the even-
even nuclei are compared by white and hatched bars, respectively. For reson-
ances located below the 5 keV energy limit of the Van de Graaff measurements
experimental values from other work were included. The experimental results

of 5L'Cr were taken from Stieglitz et al. (8)

The comparison of calculation and measurement shows that in some cases
valence capture seems to be responsible for essentially all the observed
radiation width. In addition, the existence of a threshold effect in neutron

5OCr and 58Ni

energy 1s indicated. For the neutron deficient nuclei > Fe,
the agreement between theoretical and experimental values is very good up

to about 100 keV resonance energy. The transition to more neutron rich nuclei
which is connected with a reduction in excitation energy seems to lower this

neutron energy threshold so that for the neutron richest nuclei 54Cr, 58Fe

and 64Ni the model totally fails in predicting the experimental radiation

widths.

Among the studied odd target nuclei 53Cr and 57Fe seem to be good
candidates for a valence model capture mechanism. 59Co and 61Ni show
sizeable valence capture only for some resonances with large neutron width

whereas for the 47Ti resonances the valence model fails.
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Fig. 1. Comparison of experimental and theoretical total radiation widths
for the even-even nuclei of Cr, Fe and Ni (experimeﬁtal values:
hatched bars; theoretical values: white bars). For each resonance
the neutron energy EO and for eacn nucleus the binding energy EB

are specified.

Besides the comparison with calculated total radiation widths, the
existence of valence capture might also be confirmed by the study of high
energy gamma transitions. In a measurement carried out at our laboratorv (9)
this has been done for the 27 keV resonance in 5éFe, the 13,3 keV resonance
in 60Ni and the 15.4 and 63 keV resonances in 58Ni. Only in the case of 60Ni
the valence capture mechanism could be confirmed in this wa. Fig. 2 gives
the tehoretical and measured partial radiation widths for the two 58Ni reson—

ances and for the 13.3 keV resonance in 60Ni.
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Fig. 2. Comparison of calculated and measured partial radiation widths
for high energy transitions of the 13 keV 60Ni resonance (right)
and the 15 keV and 63 keV resonances in 58Ni (left) (experimental
values: hatched bars, theoretical values: white bars). For each
nucleus the high energy transitions are indicated.
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1.1.5 Measurement of Partial Radiation Widths of High Energy

Transitions from keV Capture Resonances in 56Fe and
58,60Nix

+
H. Beer, R.R. Spencer , and F., Képpeler

High energy gamma-ray transitions to low-lying states following neu-

58,60

. 56 . . . il .
tron capture in =~ Fe and Ni have been investigated for individual resom—

ances in the neutron energy range 7-70 keV using a 50 cc Ge(Li)-detector.

Partial radiation widths for s— and £ > O wave resonances were determined.
For the 47.8 keV resonance in 58Ni a spin of 3/2 was derived.

The gamma-ray strength for Ml transitions was found to be (21 *+ 17) x 10_9

9 -3 for 56F 58

and (16 + 7) x 10 7 MeV o e and ~ Ni, respectively. The partial radia-

tion widths of the studied s-wave resonances were compared with valence

model calculations.

¥ 4. Physik A 284 (1978) 173.

* Oak Ridge National Laboratory, Oak Ridge, Tennessee,'37830; USA.

1.1.6 Intermediate Structure in the Capture-to-Fission Ratio

of 235U between 10 and 100 keV

H. Beer and F. Kippeler

The capture-to-fission ratio of 235U has been measured at the Karlsruhe
pulsed 3 MV Van de Graaff accelerator with relatively high energy resolution
compared to previous measurements. In the energy range from 10 to 100 keV
strong intermediate structure has been observed (1). In Fig. 1| the fission-
to—capture ratio from two different runs of the present work is plotted versus
energy together with the fission cross—section of Ref. (2). From the com-
parison of the data a clear correlation between the structures in the present
results and the well-known fluctuations in the fission cross—section (2,3,4,5)
is immediately obvious, although the structures in the fission—to-capture

ratio are much more pronounced.

The structures in the fission cross-section have first been discussed in
terms of the double humped fission barrier and the channel theory of fission
by Cao et al (6). Following this interpretation it has been tried several times
to deduce widths and spacings of intermediate structures in the fission cross-—
section of 235U by means of an autocorrelation analysis and to calculate with

these quantities the energy difference EII between the first and second well



of the fission barrier. The difficulty with this kind of analysis, however,

is that strong statistical fluctuations of the reaction entrance channel are
superimposed on the fission cross—section. A direct way to eliminate the
influence of the entrance channel is offered by the investigation of the fission-
to—-capture ratio where the effects of the entrance channel cancel out. Fluc-
tuations in the capture widths are normally small enough so that structure in

the fission-to-capture ratio can be attributed to the fission channel.
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Fig. 1. The measured fission-to-capture cross—-section ratio of/oc for two

different runs (middle and above) compared to the fission cross-—
section taken from Ref. 2 (below).Thegap in the present data at 22 keV

was caused by the gamma-flash.
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In the energy range from 10 to 30 keV (Fig. 1) 20 resonance-like
structures were determined giving an average level spacing of 1000 + 300 eV.
The corresponding level spacing distribution is well represented by a Wigner
distribution within the available statistics. This behavior is to be ex-—
pected if the structures are associated with subthreshold fission via a
partially open fission channel. Using the level density formula with ad-
justed parameters given by Dilg et al (7) and the additional information
that the partially open fission channel with J = 4~ (8) is responsible for
the intermediate structure, a value of 3.26 + 0.14 MeV was calculated for
E__ where the quoted uncertainty reflects the uncertainty in the average

II
level spacing only.

This value is significantly different from earlier analyses of neutron
fission cross—-sections which suggested values around 2.3 MeV (6,9). Besides
the fact that our value is determined from a more reliable data basis there
is another argument which is in favor of our result. From theoretical cal-

culations of potential energy surfaces, Nilsson et al (10) determined

EII = 2.4 MeV for the compound nucleus 236U. Following the concept of
transition states for the fission of even nuclei from Lynn (11) one finds
235

that fission of U with s-wave neutrons cannot proceed through the first
three transition states because of spin and parity reasons., The first transi-
tion state with I' = 4 1is available in the K' = 1~ band which lies n0.9 to

1 MeV higher than the lowest 0" state. This leads to a value of EII 43.3 to

3.4 MeV for the 4 channel in fair agreement with our result.
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1.1.7 (E v)-Measurements on Correlated Fragments in the

235U and 237Np at Neutron Energies of

kin’
Fission of

550, 800 and 5500 keV

R. Mﬁller+, A.A. Naqvi, and F, Kédppeler

The 4 parameter spectrometer for the measurement of kinetic energies
and velocities of correlated fragments from neutron induced fission events
has been described earlier (1). In the meantime important improvements in the

235

experimental set-up were achieved and the final measurements on U and

237Np at 550, 800 and 5500 keV neutron energy have been completed.

One of the major improvements in the experimental set—up was the use of
a vacuum tight feed-through for the mounting support of the solid state detec-
tors which allowed for quick flight path changes between 70 and 450 mm. Frequent
flight path changes during the experimental runs were important to correct
for electronic drifts. The new mounting supports were water cooled which con-
siderably improved the detector stability and the timing properties, and pro-
longed the detector life time by a factor of 4. In addition, one of the
fragment flight tubes could be tilted sideways to account for noncollineari-
ties in the fragment direction due to momentum transfer by the high energy

neutrons.

Another improvement concerned the neutron target construction. Previously,
these targets were cooled by a | mm thick water layer circulating on the
back of the neutron producing surface. Neutrons scattered by this water layer
caused slight tails in the time-of-flight spectra of the fission fragments.
This effect was minimized by new low mass targets which were cooled only

at their outer boundaries.
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The final measurements were carried out with fission targets of
100 Ug/cm? thickness enriched to more than 99 % 235U and 237Np, respectively.
235U was investigated at 550 and 5500 keV neutron energy whereas in case
237
f

o} Np neutron energies of 800 and 5500 keV were chosen because of the

high fission threshold of this latter isotope. For each energy an overall
of more than 15000 coincident fission events were observed, using 4 diffe-
rent but well defined flight paths. The overall time resolution achieved
in the velocity determination of the fragments was 600 psec. Daily energy
calibration of the solid state detectors was performed by thin 252Cf

sources.

At present data analysis is under way.In a first step prompt fragment
mass yields have been determined from the kinetic energies of correlated
fragments. A preliminary distribution for the fission of 237Np at 5.5 MeV

is given in Fig. 1, showing a peak/valley ratio of "30.

University of Tiibingen, Germany




1.2 FUNDAMENTAL RESEARCH: ASTROPHYSICS

1.2,1 A Capture Cross—Section Measurement on 58Fe and

its Implication for the s-Process Near the Iron Seed

L.D. Hong, H. Beer, and F. Kidppeler

The present neutron capture cross—section measurement covered the
energy range from 7 to 200 keV. In spite of experimental difficulties with
the small amount of sample material 24 resonances were determined and
analyzed. The Maxwellian averaged cross—section of 24 + 6 mb turned out to
be significantly higher than previous theoretical estimates.

As 58Fe is not produced in fusion reactions with charged particles this
nucleus could be used as a normalization point in s-process calculations. With
a simple single flux assumption it was not possible to reproduce the empirical
abundances 'for 56 < A < 70 whereas a good fit was obtained by an exponential
flux distribution with two components. The calculated abundance distribution
was found to be very sensitive to the set of capture cross—sections used in

these calculations.

The seed abundance and the neutron flux parameters determined for the
s-process above A = 56 were checked with the abundances of rare isotopes in
the mass range below A = 56 which possibly are produced by neutron capture
from neighbouring nuclei with high abundance. Contrary to previous solutions,

in none of the investigated examples an overproduction was obtained.

The sum of abundances calculated for explosive nuclear burning and
for the s-process exhibit a remarkably good agreement with empirical solar

abundances for 56 < A < 63 (see Fig. 1).

All these observations suggest that with the experimental capture
cross-section of 58Fe an improved description of the s-process near the

iron seed could be achieved.
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1.2.2 The Neutron Capture Cross—Section of Natural

Krypton between 10 and 200 keV

F. Hensley and F. Kidppeler

The neutron capture cross—section of natural krypton was measured bet-
ween 10 and 200 keV at the Karlsruhe pulsed Van de Graaff accelerator. The

measurements were performed on liquid samples containing at the average 4 g

of krypton (vi.1 % NTP),mmiaredescribedijlapreviousreport(]). Cross—sections

. . 19
were determined relative to 7Au as a standard.

The 7Li(p,n)7Be reaction was used as a neutron source. Neutron energies
were determined by time—of-flight at a distance of 70 cm from the 7Li target
with a time resolution of 1.5 ns/m. Two CoDg liquid scintillators using the
Maier-Leibnitz pulse height weighting technique (2) served for the detection
of prompt gamma-rays from capture events. The resulting cross-section 1is
shown in Fig. 1. The error bars include the statistical uncertainty of
6.6 7 only. The triangles represent Hauser—Feshbach statistical model calcula-

tions by Holmes, Woosley, Fowler, and Zimmerman (3).
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Fig. 1. Preliminary results of the capture cross-section of natural krypton.
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1.2.3 Improvements in the Determination of Capture Cross-

Sections for Neutron Energies from 5 to 200 keV

B. Leugers

The measurement of neutron capture cross-sections by C6D6 scintillation
detectors using the pulse height weighting technique was recently established
at the Karlsruhe Van de Graaff accelerator (l). In the meantime the first
arrangement was improved with the aim to reduce the background, to optimize

the counting rate and to improve the energy resolution.



The main problem for this kind of measurements is the background of gamma-
rays generated by neutron capture in the surrounding material. For this reason
a compact lead shielding was constructed containing the two C6 6—detectors and
the sample changer. The thickness of the lead shielding is about 20 cm in all
directions. The schematic construction is given in Fig. 1. Gamma-ray production
near the collimated neutron beam is avoided by using a conical guide tube of
6L1 CO3 which was pressed to 85 7 of crystal density. 6Li was chosen because of
its reasonable capture cross-section (without gamma-ray emission) and its rather
low scattering cross—-section. Scattered neutrons in the beam would disturb the
energy resolution as the time-of-flight method is used. Outside the L12C03 tube
neutrons are moderated and absorbed in boron loaded resin and paraffin. For
400 keV neutrons sufficient collimation and shielding requires a minimum flight
path of v60 cm. Fig. 2 shows the time-of-flight spectrum of one detector measured
in a two-hours-run with a 11.6 g 197Au—sample. The signal-to-background ratio
is better than 5:1 at 200 keV neutron energy. The C6D6—detector has a volume of
one liter and a diameter of 11.5 cm. The time resolution of this detector is
550 ps measured with a 60Co source (threshold 100 keV). The total time resolu-
tion including the pulse width of the Van de Graaff accelerator is better than
800 ps. As the pulse height weighting technique is used the data of each detec-
tor were stored in a two—dimensional field of 1024 time-of-flight channels and
16 analog channels. Coincidences of the two C6D6 detectors were measured in an

additional time-of-flight spectrum (1024 channels) to get some information about
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Fig. 1. Schematic design of the capture cross-section experiment.
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Fig. 2. Time-of-flight spectrum of capture events from a 11.6 g 97Au—sample

measured in a two-hours-run (0.67 ns/channel).

the average multiplicity m of the capture events. In the same experiment a
transmission measurement is made by a small 6Li—g1ass detector at 1 m flight
path (time resolution 1.1 ns). This time-of-flight spectrum (1024 channels)

is also stored in the computer simultaneously. The total cross—section will be
used to correct for the effect of scattered neutrons, although the sen-
sitivity for scattered neutrons is pretty low (about 1| ©/oo). The sample changer
has eight different positions so that different samples and background measure-
ments can be made at the same run. The normalization to the same neutron flux

is provided by an additional Li-glass detector mounted close to the target

(see Fig. 1).

Measurements on samples of natural xenon and of some krypton isotopes
will be carried out this year. For these measurements low mass high pressure

gas targets were designed.
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1.2.4 The Application of the Neutron Activation Method
to Measure keV Neutron Capture Cross—-Sections for

Astrophysics

H. Beer

The neutron activation technique is a relatively simple method to
measure neutron capture cross—sections. The measurement is carried out in
two steps, the neutron irradiation of the sample and the detection of thé
induced activity with a B~ or gamma—counter. Using a Van de Graaff type
accelerator for the irradiations and a high resolution Ge(Li)-detector
for the measurement of the activity the method turns out to be a useful
tool to determine capture cross-sections important for problems of
stellar nucleosynthesis. The advantages of the activation methed can be
summarized as follows:

- Normally no enriched samples are necessary which are sometimes expensive
and difficult to get for measurements via detection of the prompt
capture gamma-rays.

— The activation sample can be placed very close to the neutron target
in a high flux so that only small sample amounts are needed resulting in
small corrections for multiple scattering and self-shielding. For
applications where no good energy resolution is necessary the method
provides very accurate results,

- Partial capture cross—-sections to isomeric states can be measured.

These cross—sections are sometimes an indispensable means for the
analysis of s—process branching points if the branching ratio is sen-—

sitively dependent on isomeric state population via neutron capture.

In the light of these arguments an experimental arrangement for the
application of the neutron activation method at the Karlsruhe 3 MV pulsed
Van de Graaff was set up which takes into account the special conditions
of the accelerator and the aim of the measurements. A proton beam of 1 ns pulse
width and 5 MHz repetition rate is used for neutron production via the
7Li(p,n) reaction. If a proton energy 10 keV above the reaction thresh-

old is chosen, one obtains a kinematically collimated neutron beam
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Fig. 1. The neutron flux distribution (histogram) compared

to the Maxwellian distribution function.

with an energy distribution very similar to a Maxwellian distribution for
kT = 30 keV. The difference in the distributions of Fig. 1 does not affect
the resulting average cross-sections in a significant way. Assuming a
1/v-dependence of the differential cross-section, the resulting average

cross-sections differ by only 57, for example.

For the neutron irradiation the activation foil is placed back to back
with a gold foil immediately at the neutron target. The target is cooled by
heat convection to an area far outside the kinematically collimated neutron
beam to avoid scattering effects. The beam spot corresponds to the dimensions
of the activation foils (6 mm diameter). The time-of-flight technique is used
to measure the neutron flux as a function of neutron energy during the irradia-
tion of the samples. For this purpose a Li-glass detector is installed at a
distance of 0.23 m. By means of the Fortran program FASS (1) the count rate
of the Li-glass detector is periodically accumulated in a NOVA computer to
obtain the fluctuations of the neutron flux as a function of time. FASS also
controls the registration of the induced activitv measured with a Ge(Li)-
detector. Fig. 1 shows the measured neutron energy distribution from a first

preliminary run together with a Maxwell distribution for kT = 30 keV.
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1.3 NUCLEAR DATA FOR REACTORS

1.3.1 Resonance Analysis of the OB Total Cross—Section in the

Energy Range from 90 to 420 keV.

H. Beer

The ]OB neutron absorption cross—section is one of the important
standard cross-sections for neutron flux determinations. Much of the present
information about this cross—section has been obtained vid measurements
of the ]OB total cross—-section (1,2). The broad 7/2+ s-wave resonance at
370 keV is primarily.responsible for the well-known E_]/2 energy depen-
dence ot the total and (n,a) cross—sections from thermal energies up to 100 keV
(3). This resonance has been analyzed from polarization and differential scatte-

ring measurements (3), but it had not been observed in the total and (n,a) cross-

sections itself.

In the present investigation the total cross-section measured at the
Karlsruhe pulsed 3 MV Van de Graaff accelerator (4) between 90 and 420 keV
has been analyzed. Special emphasis has been placed upon a broad structure

with a maximum at about 230 keV.

According to the work of Lane et al. (3) only one broad resonance is close

. . . + .
to our investigated energy region, the 7/2 s-wave resonance at 370 keV with

—
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Fig. 1. The neutron total cross-section data of B and an R-matrix

shape fit represented by the full black curve. The uncertainty
indicated at each 10th data point is only the statistical

uncertainty.




a neutron width of 770 keV and a total alpha-width of 114 keV.

In order to check whether the broad structure in the total cross—section
«corresponds to this s-wave resonance an R-matrix analysis was performed
using the resonance parameters of Ref. 3 . Besides neutron scattering

only alpha-decay has to be considered as the contributions of other decay

processes, i.e. (n,p), (n,t) and (n,y) which are also energetically pos-—

sible are negligibly small (1). Following Lane et al. (3) the variation

in the alpha-penetrability was neglected and the alpha-widths were assumed
to be constant . In this approximation an R-matrix multilevel analysis
with the Fortran IV code FANAL (5) could be carried out treating the total
alpha-decay width formally like the total radiation width. The result

of our calculation shown in Fig. 1 together with the experimental data
indicates that the observed structure can easily be explained with the

+
7/2 s—wave resonance at 370 keV.
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1.3.2 Precision Measurements of Neutron Resonance Energies

of Carbon and Oxygen between 3 and 15 MeV

S. Cierjacks, D, Erbe, G. Schmalz, and B, Leugers

In recent years neutron energy standards have been requested to re-
move existing discrepancies in neutron cross—sections which obviously ori-
ginated from discrepancies in energy for different spectrometers. In order
to provide a set of carefully selected standard resonance energies, the
INDC in 1975 set up a Standard Subcommittee, which presently has almost
finalized its task (2). Some representative standard resonances and their

present accuracies selected by the INDC-Subcommittee are listed in Table 1.
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Table 1. Resonances suggested as energy standards for the MeV-range

Isotope Nominal Energy AE/E
(MeV)

recommended by 0-16 1.651 + 0.002 1,2 x 107

INDC subcommit-— Mg-24 1.709 + 0,002 1.2 x 10_3

tee Cc-12 2.818 + 0.004 1.4 x 1070
0-16 3.211 + 0.003 1.0 x 1072
c-12 6.293 + 0.008 1.3 x 102
c-12 12.1  + 0.1 8.2 x 10
0-16 3.2117+ 0.0002 6.2 x 10°
c-12 6.295 + 0.003 4.8 x 107
c-12 12,090 + 0.010 8.2 x 10

this work 5
0-16 4.5944+ 0.0004 8.7 x 10
c-12 4.9368+ 0.0004 8.1 x 107
0-16 5.3695+ 0.0005 9.3 x 10°°

Between 1 MeV and 10 MeV' a total of 43 standard resonance energies were pro-

posed having typically an accuracy of AE/E, 10_4. However, in the MeV re-

R
gion accuracies of only AE/ER n 103 were obtained which decrease to almost
]O_2 at 10 MeV. In the present work new precision measurements of carbon

and oxygen resonances were made, which represent an improvement of previous

resonance energy determinations by more than one order of magnitude.

Transmission measurements for both elements were carried out at the
190 m flight path of the Karlsruhe fast neutron spectrometer, using a 250 ps
channel width for data accumulation. A largely decreased neutron pulse width
of 0.7 ns was employed throughout the experimental runs. The relative
uncertainties AE/E are dependent on At/t and AL/%, where t is the total
flight-time of the neutrons to traverse the flight path of the length Q.
The length of the 190 m flight path was measured by an electro-optical
method with an accuracy of + 1,2 mm, giving a value AR/% = 6 x 10F6. Thus
the major contribution to the energy uncertainty comes from the total
time uncertainty which is 4 x 10_5 < At/t < 10'-4 for neutron energies bet-

ween 3 and 15 MeV.
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The upper part of Table | gives the resonance energies recommended by
the INDC subcommittee for the MeV range. In the mid part the present results
are listed which show considerably better accuracy and in the lower part some
more resonances are quoted which might also be suited as energy standards,
as they are sharp, well isolated and exhibit an excursion of at least 30 %

over the flat part of the cross-—section.

Finally, it should be noted that we found a small resonance nearby the
6.295 MeV resonance in carbon which might cause a slight shift in energy if it
cannot be resolved experimentally. Fig. 1| gives an impression of this possi-

bility.
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1.3.3 Investigation of s—Wave Resonances and a Possible

E
Doorway State in Fe below 850 ke¥V

S. Cierjacks and I. Schouky

High resolution total and differential elastic neutron scattering cross-

sections for Fe were determined with the Karlsruhe fast neutron time-of-flight



facility. Thick sample transmission measurements were carried out with an
improved spectrometer resolution of 0.015 ns/m in the range from 0.4-30 MeV,
From the highly resolved transmission data s-wave resonance parameters were
determined by applying single channel, multilevel R-matrix theory. The assign-
ments of spins and parities were verified by a study of the resonance shapes
and the symmetry properties of resonances obtained in the scattering cross-
sections for ten scattering angles between 20° < Oc.m < 150° from 0.4 to

1 MeV. As a first step in our work assigning resonance parameters for all ob-
served resonances in this range, the shapes of the candidates for s-wave
resonances were compared with the shapes of precalculated s-wave standard reso-
nances.The s—wave resonance data in the range from 500-850 keV indicate strong
evidence for the existence of a second fragmented s-wave doorway resonance near

770 keV.

* . . .
Proc. of a NEANDC/NEACRP Specialists Meeting on Neutron Data of Structural Materials
for Fast Reactors, CBNM Geel, Belgium, Dec. 5-8 (1977), to bé published.

1.3.4 A Possibility to Investigate the 27.7 keV Capture Resonance

. 5 g e e
1n 6Fe Avoiding Effects of Detector Neutron Sensitivity

F. Kippeler

Very recent capture cross-section measurements on structural materials (1)
came up with resonance parameters which showed severe discrepancies of up to
100 7 as compared to earlier measurements. Therefore, it was one of the recommen-
dations of the NEANDC/NEACRP Specialists Meeting on Structural Materials at Geel
(2) to investigate carefully, whether these discrepancies were caused by unex-—
pected high neutron sensitivities of the gamma-ray detectors used in the various
measurements. Even small neutron sensitivities could cause large effects as
the ratio of scattering and capture widths is up to 103 for resonances in
structural materials. Such an effect is particularly crucial in measurements
where the flight path between neutron source and capture sample is much longer
than the distance between capture sample and gamma detector, In this case
the interval in the time-of-flight spectrum corresponding to a resonance

is much larger than the time which those neutrons scattered by the same
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resonance need to be captured in the detector or its environment. Thus, there
is no possibility to distinguish between gamma rays from neutron capture

in the sample and from scattered neutrons which are captured in the detec-
tor or nearby. By an experimental technique used previously for the mea-
surement of capture cross-sections on various actinide isotopes (3), dis-
turbing effects of neutron sensitivity can be avoided. Fig. 1 gives a

schematic sketch of the experimental set-up.

NEUTRON [
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BEAM FROM ==—p»-

VAN DE GRAAFF Fig. 1. Experimental set-up for
LEAD gﬁi&g@? the accurate determina-
SHIELDING

tion of keV capture re-
sonances avoiding the
effect of detector

neutron sensitivity.

CAPTURE
GAMMA DETECTOR

The main point is the fact that neutron production in direct reactions
such as 7Li(p,n) or T(p,n) yields kinematically collimated neutrons in a
certain energy range just above the reaction threshold. Therefore no addi-
tional collimator is to be used and the flight path between neutron target
and capture sample can be reduced to a few cm. Fast pulsing of the proton
beam still provides sufficient energy resolution in time-of-flight measure-
ments to resolve particular resonances. The effect of scattered neutrons can
clearly be discriminated by time-of-flight as now the distance between sample

and detector is equal to or larger than the flight path between neutron source

and sample,

Actual measurements are planned on an enriched 56Fe sample with special
emphasis on the large resonance at 27,7 keV. All the relevant parameters

for this experiment are summarized in Table 1.



- 26 -

Table ].. Summary of the relevyant experimental parameters which are charac-
.o . . . 56
teristic for an investigation of the ~ Fe resonances between 20

and 40 keV,

Experimental parameters

Proton energy Ep = 1885 keV
Resulting neutron spectrum 20 < En < 39 keV
Opening angle of neutron cone Omax = 38 deg
Overall time resolution At < I nsec
Distance neutron target-sample £ =10 cm
Energy resolution at 30 keV AE/E = 1.2 keV
Neutron time-of-flight between 38 < t < 50 nsec

target and sample

Earliest arrival of scattered

neutrons at the detector:

for A = 10 cm t = 76 nsec
for A = 20 cm t = 114 nsec
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1.3.5 A Measurement of the Total Neutron Cross—Section of

Iron-58 in the Energy Range from 7 to 325 kev®

H. Beer, L.D. Hong, and F. Kippeler

The total neutron cross—section of 58Fe has been determined in the
energy range from 7 to 325 keV by a transmission measurement using samples
enriched by the 58Fe isotope. The data have been shape-fitted by means of
an R matrix multilevel formalism to extract resonance parameters for s and
£ > 0 wave resonances. The s-wave strength function was determined to

5. = (4.3 £ 1.9) x 1074,

*Nucl. Sci. Eng. 67 (1978) 184.
1.3.6 Neutron Total Cross-Sections for 240Pu and 242Pu in

‘the Energy Range from 10 to 375 keV

F. Kdppeler, L.D. Hong, and H. Beer

The isotopes 24OPu and 242Pu are inevitable constituents in the fuel
cycle of the fast breeder reactor. Fast neutron cross—-sections of these
isotopes deserve, therefore, special attention in the design of these systems.
As, in the fast energy range above 10 keV, experimental data of their total
cross—sections are only available for 24OPu from 116 keV up to 1.5 MeV in
increments of 25 keV (1), transmission measurements on 240Pu and 242Pu were
carried out at the Karlsruhe pulsed 3 MV Van de Graaff accelerator. The
present measurements covered the energy range from 10 to 375 keV. Using the
time-of-flight technique an improved energy resolution of 0.8 ns/m was
achieved compared to the measurement reported in Ref. 1. The neutron time-
of-flight spectra with and without sample were recorded with a 6Li—glass
detector at a flight path of about 5 m. Details of the experimental arrange-

ment can be found elsewhere (2). The Pu samples consisted of plutonium oxide

) which was pressed into thin walled Al-cannings. The samples were
240 242
Pu and

powder (PuO2

enriched in Pu to 98.3 and 77.16%, respectively. Therefore,
besides the oxygen content impurities of other Pu isotopes had to be taken
into account in the analysis. In addition the data had to be corrected for
small impurities of Al from the cannings. The corrections were calculated
using cross—-sections from KEDAK and ENDF/B-1V data files. 1In Figures 1 and 2

the results of the measurements in the original energy resolution are displayed.
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For comparison the KEDAK and ENDF/B-IV evaluation and the experimental values
of Smith et al (1) have been included. Above 140 keV deviations between the
evaluated data and the present results lie within our quoted uncertainties.
Below 140 keV the evaluated data are lower than our values. The 240Pu total

cross-section of Smith et al (1) is in good agreement with our results.

260py, ®  AB.Smith et.al(1972)
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Fig. 1. The total neutron cross-section of 240Pu in the energy range

from 14 to 375 keV.
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Fig. 2. The total neutron cross—section of 242Pu in the energy range

from 14 to 375 keV.
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1.3.7 Recent Capture Cross-Section Measurements at Karlsruhe

H. Beer, F. Hensley, L.D. Hong, F. Kidppeler, B. Leugers, and K. Wisshak

A short description of the techniques and detectors used recently at
Karlsruhe for neutron capture cross—section measurements between 5 and 300 keV
is given. Special emphasis is laid on the possibilities provided by the fast
time resolution of Moxon-Rae and total energy detectors in connection with the
subnanosecond pulsing system of the Karlsruhe Van de Graaff accelerator. The
main subjects of the present work — actinide build-up and nuclear astrophysics -
are illustrated by the examples of capture cross—section measurements on

plutonium isotopes and on krypton.

Xproc. of a Topical Conference on '"Techniques of Capture Cross-Section Measure-

ments", Oak Ridge, 5 April 1978, to be published.

1.3.8 Neutron Capture Cross—Section Ratios of 240Pu and 242Pu

versus 197Au in the Energy Range from 50 to 250 kev™

K. Wisshak and F. Kippeler

The neutron capture cross—sections of 240Pu'and 242Pu were measured
in the energy range from 50 to 250 keV, using ]97Au as a standard. Neutromns
were produced via the T(p,n) reaction with the Karlsruhe 3 MV pulsed Van de
Graaff accelerator. Capture events were detected by a Moxon-Rae detector.
A flight path as short as 66 mm was used in the meaéurements in ordef to

obtain a sufficient signal-to-background ratio. An overall uncertainty

242P

of 7 to 11 7 was obtained for 240Pu and of 10 to 15 % for u. In the re-

gion of overlap between 50 and 90 keV the presented data agree with our pre-

vious results. They confirm the existing data for 240P

2
24oPu and 42Pu were found to the evaluated file ENDF/B-IV

u. Discrepancies
up to 30 7 for
while KEDAK 3 fits the experimental data reasonably well.

®Accepted for publication in Nucl. Sci. Eng.
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1.3.9 Neutron Capture Cross-Section Measurement of 24]Am in
the Ene%gy Range from 10 to 250 keV
K. Wisshak and F. Kippeler
For the capture cross-section measurement of 241Am the same experimen-
tal method was applied as used recently for the plutonium isotopes 240 and
. .. 2
242 (1). The high activity of 41Am, however, called for a more careful sample

preparation. A sintered pellet of 3.6 g Am02, 17.7 mm in diameter and 2.2 mm

thick was prepared, which was welded in a 0.15 mm thick stainless steel canning.

In the low energy range from 10 to 90 keV several runs have been per-

formed using flight paths between 50.0 and 66.4 mm. In the high energy range

) — WESTON and TODD (Ref 2)
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Fig. 1. Preliminary data for the capture cross-section of Am.
The absorption cross—section of References 2 and 3 are plotted

for comparison.
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from 50 to 250 keV data were taken at a flight path of 64.2 mm. The effect

to background ratio achieved was nearly the same as in the previous measurements
on plutonium samples. The data evaluation is facilitated by the fact that the
correction for fission events is Qery small and that no isotopic impurities had
to be taken into account. Therefore, the systematic uncertainties are smaller

than in the previous experiments.

In Fig. 1 preliminary values for the capture cross-section of 241Am are
given. The values are obtained by multiplying the experimental ratios of one
run at low energies and the run at high energies with the evaluated cross—-section
of gold taken from ENDF/B-IV. The error bars indicate the uncertainty of the
measured ratio only. The total uncertainty is 4-67% for the data points between

20 and 160 keV and increases to V107 at lower and higher energies.

. . . 24] . .
Since the fission cross—section of Am is several orders of magnitude
smaller than the capture cross-section, a comparison is made in Fig. 1 to the
measurements of the absorption cross-section from Weston and Todd (2) and

Gayther and Thomas (3). Our data seem to confirm the latter measurements.

From the fission neutron spectra determined in this measurement the fis-
. . 241 . . R
sion cross—section of Am can be determined only roughly since it is known

. 239
from gamma-ray measurements that the sample contains about 17 3 Pu.
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1.3.10 A Measurement of the Subthreshold Neutron Fission

, 2 ,
Cross—-Section of 40Pu in the Energy Range from

10 to 250 keV™

K. Wisshak and F. Kippeler

The subthreshold fission cross-section of 240Pu was measured in the
energy range from 10 to 250 keV, using 235U as a standard. Neutrons were
produced via the 7Li(p,n) and T(p,n) reactions with the Karlsruhe 3 MV pulsed
Van de Graaff accelerator. Fission events were registered by detecting
fission neutrons with a NE 213 liquid scintillator with pulse-shape discri-
minator equipment. The high neutron flux available at flight paths of
V67 and 135 mm allowed for a statistical accuracy of 1-3 J together with
a moderate energy resolution of V10 to 20 ns/m. The overall accuracy achieved
is between 7 and 9 7. The data show a distinct structure in the cross—section

as indicated with poor statistics in previous measurements.

* . . , .
Accepted for publication in Nucl. Sci. Eng.

1.3.11 Measurement of the239Pu and 240Pu Fission Cross-Sections

Relative to the235U Fission Cross—-Section and the Scat-
tering Cross-Section H(n,p) in the Neutron Energy Range

from 0.5 to 20 Mer

K. Kari

The fission cross—section ratios Of(239Pu)/of(235U) and Of(zaoPu)/Of(235U)
were measured in the energy range from 0.5-20 MeV by the neutron time-of-flight
spectrometer installed at the Karlsruhe isochronous cyclotron. The simultaneous
measurement of the neutron flux by a new telescopic proton recoil counter allow-

239

ed to determine also the absolute fission cross-section of Pu as well as the
"relative shape of the 24oPu fission cross—section. An improved gas scintilla-

tion counter assembly was used to record the fission events; it allowed to de-

tect fission events in the presence of a very high alpha background of about

6
10" events/s.
The excitation functions of the fission cross—sections between 1 and

20 MeV are interpreted on the basis of the direct (n,f) fission process and

the competing fission channels of the (n,n'f) and(n,2nf) types.

XReport KEK 2673 (1978).



1.3.12 The Fission Cross—Section of 241

Range from 10 to 1200 keV

Am in the Energy

W. Hage+, H. Hettingér+, S. Kumpf+, F. Kippeler, and K. Wisshak
The measurements of the 24lAm fission cross—section via fission neutron
and fission fragment detection which were described in the preceding progress
report (1) are now completed. The data analysis is also almost finished
but we still have some problems with the determination of the sample
masses. Therefore no final results can be communicated at present but

we hope that they will soon be available.

+JRC Euratom, Ispra, Italy
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2. CHARGED-PARTICLE REACTIONS
2.1 POLARIZED AND UNPOLARIZED DEUTERONS
2.1.1 Spins of Proton Hole States from Analyzing Powers of

\ %
(d,T) Reactions at 52 MeV

. . + . +
V.Bechtold, L. Friedrich, P. Doll+, K.T. Kndpfle +, G. Mairle +,

+
and G.J. Wagner *

° 3 . e ©
Large and characteristlc vector—analyzing powers of the (d,T) reactions

28 . .o
on 160, 881 and 4OCa at 52 MeV have been observed and utilized to deter-

mine the spins of Ip hole states in 15N and 27Al and of 1d hole states in

39

K. The results are pertinent to the empirical determination of the Ip

and 1d spin~orbit splittings.

* Physics Letters 72B (1977) 169

+
Present address: Lawrence Berkeley Laboratory

++ . . .
Max Planck-Institut filir Kernphysik, Heidelberg, Germany

2.1.2 Fission Fragment Energy-Velocity Correlation Measure-

ments for the 233U(d,pf)—Reactionx

R +
Y. Patin+, S. Cierjacks, J. Lachkar+, J. Sigaud , G. Haout+,

and F. Cocu+

A new experimental method is proposed to determine, as a function of
excitation energy of the fissioning nucleus, the mass and energy distribu-
tions of the fragments for both pre~ and post-neutron emission. From these
distributions also the average number of neutrons emitted by the fission
fragments as a function of initial fragment masses can be derived. The
method is based on the measurement of both fragment kinetic energies and
velocities in charged-particle induced fission through reactions such as
(d,pf) where the emitted charged particle is used as starting time for the
fragment velocity determination. The major interest lies in the precision
of about 0.5 amu in the pre-neutron mass determination. Details of the

experimental arrangement and the method of data analysis are given.
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. . . 2 .
Typical experimental results obtained from the 33U(d,pf) reaction are

shown and compared with previous results from thermal neutron fission.

submitted to Nucl. Instr. Meth.

+ N - .
Centre d'Etudes de Bruyéres-le-Chatel, Service de

Physique Nucléaire
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2.2 ALPHA-PARTICLE REACTIONS
48 40 . . . .
2.2.1 Ca- "Ca Radius Difference from Elastic Scattering

of 104 MeV Alpha-Particles

. . +
H.J. Gils, E. Friedman , H. Rebel, J. Buschmann,

. + .+
H. Klewe-Nebenius' , Z. Majka , and B. Neumann

In contrast to our knowledge about charge or proton distributions,
respectively, the information about the radial distributions of the
neutrons or of the total nucleon density is rather scarce and less
certain. This is due to the lack of knowledge about the strong interaction in-
volved in the experimental processes providing such information and because
of a considerable model dependence of the analyses. Nevertheless, there are
great efforts to determine the radial shape of the neutron distributions
preferentially in neutron rich nuclei such as 48Ca and 208Pb. There, a remark-
able difference between proton and neutron densities may be expected. The
results of the different methods, however, are contradictory in some cases,

and it seems worthwhile to continue these efforts by improving the experi-

mental information and the methods of the analyses.

Among the various experimental methods medium energy alpha-particle
scattering is a promising tool because the reaction mechanism has been de-
monstrated to be sufficiently well understood in terms of refined microscopic
calculations (1). The analyses have been shown to provide reliable informa-
tion about the radial shape of nuclei if the experimental data satisfy
some necessary conditions such as high angular accuracy and a wide range of
scattering angles from very small values up to the region far beyond the

nuclear rainbow.

In order to determine the radius difference of the total nucleon den-

sities of 48Ca—40Ca and to extract the radius difference of the neutrons

and protons of 48Ca the elastic scattering of 104 MeV alpha-particles was
measured at the Karlsruhe Isochronous Cyclotron. The experimental cross
sections range from @Lab =2.5° to 110° in steps of 0.5° {(up to 600) and of
1.5° (larger angles), respectively. The total uncertainty of the absslute

angular scale was estimated to be smaller than 0.1°.
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‘The differential cross sections normalized to the Rutherford
scattering cross sections are displayed in Fig. 1. The data were

analyzed by several procedures:

i) optical potential analyses with conventional Saxon-Woods form,
Saxon-Woods squared potential, and Fourier-Bessel-series (FB)
potential (2);

ii) folding model analyses with a density dependent effective interaction,

Fermi-shaped and Fourier-Bessel-series densities.

The solid curves in Fig. 1 are the results of the FB-potential analyses
whereas the dashed curves are the theoretical cross sections using the
density dependent folding model with three parameter Fermi distributioms.

All analyses consistently yield the difference
Arm (48-40) = 0.17 *+ 0.07 fm

between the rms radii of the total nucleon densities. The error given is

that one of the FB potential analyses (c.f. contrib.2.2.2).

In Fig. 2 we compare the folding model calculation for 48Ca assuming

N
pn =7 pp
varying the parameters of L. The experimental cross sections clearly favour

(dashed curve) with the best fit result for pn + g-pp (solid curve)

a larger radius for the neutrons. The corresponding neutron and proton

. . . . 2 .. .
densities and the radially weighted difference 4Tr (pn—pp) - indicating a
"neutron halo" - are displayed in the inset. The analyses result in the

difference
Ar (48) = 0.25 + 0.12 fm
n-p z

between the rms -radii - of neutrons and protons. The radii differences

obtained are - within the error bars - in agreement with previous investi-
gations (3). However, one should notice that previous analyses appreciably
underestimate the uncertainties of the results due to the use of a specific

simple functional form for the density distributions (c.f. contrib.2.2.2).
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2.2.2 TFourier-Bessel Series Description of a-Particle-

Nucleus Optical Potentials and Nuclear Matter Densities

. . [
E. Friedman' , H.J. Gils, H. Rebel, and Z. Majka

In optical model descriptions of elastic scattering usually thére
is some residual dependence of the results on the particular choice of the
parametrized form for the potential. The Saxon-Woods (SW) form has been
widely and very successfully used to describe optical potentials for
nucleons as well as for composite projectiles. However, this form gives
an implicit coupling between the surface region and the interior of the
potential and this could introduce undesirable constraints in the analysis.
Some attempts have been made to improve the SW form e.g. by using the
square of the SW form factor (1) or by adding an additional term to the SW
potential which is centered at the nuclear surface. Both procedures yield
a distinctly better representation of elastic scattering cross sections
(e.g. for 104 MeV alpha particles) , in particular when large scattering

angles beyond the nuclear rainbow are included in the data.

A special case of the latter method is presented in this contribution
the main aim of which is to remove the coupling between the surface and
interior part of the pbtential and to provide realistic estimates of the
errors of the potentials at each radial point., Following desc;iptions of
nuclear charge distributions (2) we choose a Fourier-Bessel (FB) expansion

of the real potential (3), namely
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N
V(r) = -V [Q+e) - RANE PR

where x=(r—ro-Al/3

)/a and Vo, r_and a are the parameters of the best-fit
SW potential. jo(an) are spherical Bessel functions and qn=nﬂ/R, where
R is a suitable chosen cut—off radius beyond which the extra term of

the potential vanishes.,

The refined parametrization described was applied to the analysis

40’48Ca measured at

of elastic scattering of 104 MeV alpha particles from
the Karlsruhe Isochronous Cyclotron (4). The FB potentials obtained are
displayed in Fig. 1. The shaded areas are the error bands determined from
the covariance matrix of the FB coefficients (3). They indicate that the
potential shape is well determined for r > 2 fm. Only the very interior of

the potential (r < 2 fm) is less certain.

When performing folding model analyses of elastic scattering in order
to determine nucleon density distributions a similar coupling between the
surface and interior regions of the dens ity distributions
occur when choosing common parametrizations such as two or three parameter
Fermi distributions (5). 1In order to remove this we introduce the FB expan-

sion also to nucleon density distributions in folding model analyses (4).

T
V, 1l | (
{MeV) Fig. 1. Real best-fit optical
—40Cq (a,a) “Ca . 40.48
200 -~~~ #8Ca (aa) 4Ca — potentials ’ Ca(o,a). The
Fourier-Bessel-Potentials shaded areas indicate the error

150 — bands obtained by the FB analysis.

The rms radii of the potentials
are <r?>1/2(40) = 4.38 + 0.04 fm
and <r?>'/2(48) = 4.59 + 0.04 fm,

100

respectively.

50
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Results for folding model analyses are presented in Fig. 2. The total
nucleon density of 48Ca has a remarkably larger radial extension than that
of 40Ca. The bump of pm(48) at r v 3 fm possibly indicates the location of
the f 7/2 neutrons. The remarkably larger error band in the interior region
of 48Ca is due to the poorer quality of the data in the scattering region

beyond 40°. This is a clear indication that for a reliable determination

0.
| Fig. 2. Nuclear matter density dis-
E. tributions from a combined folding
z model and Fourier-Bessel analysis.
The rms radii of the presented
0. distributions are
<r2>1/2(40) = 4.37 fm and
<r2>1/2(48) = 4.49 fm, respectively.
0.1

of nuclear matter radii by alpha-particle scattering it is necessary to

carefully measure cross sections not only in the diffraction region but

far beyond it.

"Racah Tnstitute of Physics, The Hebrew University of Jerusalem

+4 . . .
Permanent address: Jagellonian University, Cracow, Poland
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2.2.3 A Study of the Giant Resonance Region of 208Pb

by Particle-Gamma Angular Correlations

W. Eyrich+, A. Hofmann+, H. Rost+, U. Scheib+, S. Schneider+,
F. Vogler', and H. Rebel

Giant multipole resonances (GMR) are often studied by inelastic
alpha-particle scattering. More detailed information about GMRs can be
obtained from angular correlation experiments, in which the scattered par-
ticles and particles from the decay of the GMR are measured in coincidence.
By this method which leads to a drastic reduction of the background it should

be easier to identify new GMRs, to assign multipolarities and strengths.

Moreover it should be possible to extract additional information on

the structure of the GMRs from the angular correlation function.

In heavy nuclei the GMRs cannot decay by charged particle emission
because of the mostly negative Q-values and the high Coulomb barriers. They
decay mainly by emission of neutrons and gamma-quanta. Here o'~y angular
correlation experiments seem to be a powerful tool for the investigation
of the GMRs. 1In order to show this we have started an (0,a'y) angular

. . 208
correlation experiment on

Pb at the Karlsruhe cyclotron. The experiment
is performed with a multidetector arrangement consisting of four Si(Li)

alpha-particle detectors and two Ge(Li) gamma-detectors.

In 208Pb two isoscalar GMRs around 10.9 MeV and 13.7 MeV excitation

energy are known from alpha-particle scattering experiments. From the anal-
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yses of these experiments there is strong evidence of E2 for the lower reson-
ance and some indication of a "breathing mode" for the resonance at 13.7 MeV.

It is one aim of our correlation experiment to decide this unambiguously.

250 ! T ! T 7 T T I T ! T ! T ' L T
] 107Pb(1—>0) 208ph (q.q'y)

570
- Kev Eq = 104 MeV

] excitation energy 9.0-130MeV

15N KeV
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897 KeV

261 MeV
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Fig. 1. Gamma-spectrum coincident to alpha-particles scattered

2 . . .
from 08Pb at excltation energies between 9 and 13 MeV.

Figure 1 shows a gamma-spectrum coincident to the scattered alpha-particles
in an excitation range 9-13 MeV. The spectrum is dominated by two peaks at

570 keV and 897 keV belonging to the lowest gamma-transitions in 207Pb. At the

transition energies of 208Pb (especially from the first excited state to the
groundstate) there is practically no enhancement. That means that the resonance
at 10.9 MeV decays nearly to 1007 by emission of neutrons. In the alpha-particle
spectrum coincident to the gamma-peaks at 570 keV and 897 keV, respectively, the
background in the region of the giant resonances is suppressed by a factor of
5-7. This facilitates the analyses of the spectra very much. The in-plane

208, % 1 207Pbx(Y1_>0)207Pb oF the

alpha-gamma angular correlation 208Pb(a,gf)
resonance at 10.9 MeV shows an anisotropic pattern compatible with the assumption
of E2. It can be suspected from preliminary calculations that the pattern of the
correlation function is extremely sensitive to the microscopic structure of the
GMR. The corresponding correlation function of the resonmance at 13.7 MeV seems

to be isotropic., The statistical errors, however, are still too large for a

definite statement on this resonance.

+ . . . . .
Physikalisches Institut der Universitdt Erlangen-Niirnberg, Germany




2.2.4 The Deformation of 26Mg and 288i from Particle-Gamma Angular

Correlations

. + ot L+
W. Eyrich , A. Hofmann , U. Scheib , S. Schneider , F. Vogler+, and H. Rebel

Particle-gamma angular correlations provide more detailed information about
reaction mechanisms and nuclear structure than differential cross sections. In
the special case of (a,aly) angular correlations on even—even nuclei it is possible
to determine the individual reaction amplitudes, which describe the transitions to
the various magnetic substates of the excited residual state. Therefore (a,alY)
angular correlation measurements are especially suitable for the study of reaction

and structure models and their parameters.

The "in-plane' angular correlation function for alpha-particle scattering
and the spin sequence 0+ - 2+ - 0+ is given by
w@=ﬂ¢.@=ﬂ¢)=A@)+C®)-smzb@-¢®)%
o 2°7a’ Ty 277y o o Y 270

The quantities A, C and which depend on the alpha-particle scattering angle
2 g g

¢a are simply related to reaction amplitudes (1).

We continued the (0,0'Y) angular correlation measurements of s-d-shell nuclei
(2) and measured the in-plane correlation on 26Mg and 288i (4). The experiments
were performed with a multidetector arrangement consisting of four Si(Li) alpha-
particle detectors and two Ge(Li) gamma-detectors. The data were analyzed in
terms of coupled channels on the basis of the symmetric rotator model in the frame
of the extended optical model. The correlation data, especially the amplitude C
of the angular correlation function, were found to be very sensitive to the sign
of the intrinsic quadrupole deformation (2) The characteristic prolate-oblate

effects turned out to be independent of the potential parameters used.

In Figure 1 the correlation amplitudes C are shown for 24Mg, 288i and 26Mg.
The curves represent CC calculations with the parameters resulting from the best
fits to the respective differential cross sections for prolate and oblate deforma-
tion. For 24Mg and 2851 prolate and oblate deformation, respectively, is favored
already in the best fits to the elastic and inelastic cross sections (3). The

drastic prolate-oblate effects in the correlation amplitude C allow an unambiguous

decision on the deformation sign (2).
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Fig. 1. Experimental correlation amplitudes C of the reactions =~ Mg, S1,
26 '

Mg(a,alY) and coupled channels predictions for prolate and oblate

deformation.

In contrast to 24Mg and 288i the sign of the quadrupoleée deformation of

Mg was not definitely assigned. From the cross sections, which again are de-
scribed very well by CC calculations (3), no indication about the deformation
sign can be obtained. Obviously the correlation data (Fig. 1) clearly favor

prolate deformation for 26Mg.

+ . . . . .
Physikalisches Institut der Universitdt Erlangen-Niirnberg, Germany
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2.3 6Li—PARTICLE REACTIONS

2.3.1 Search for Different Components in the Giant Resonance

Bumps Excited by 156 MeV 6Li—Partic1e Scattering on 902r

H.J. Gils, J. Buschmann, H. Rebel, S. Zagromski, G. Bechtold,

.+ +
H. Klewe-Nebenius , B. Neumann, and H. Faust *

The isoscalar quadrupole giant resonance (GR) has been studied exten-—
sively by p—, d-, T—- and o-particle scattering in recent years (1).
However, in order to interprete the measured spectra quantitatively serious
difficulties arise from the considerable continuum background on which
the GR bumps are superimposed. Recently, it has been shown that this back-
ground is drastically reduced when exciting the GR by scattering of high
energy (>100 MeV) 6Li—projectiles (2). This is mainly due to the low lying
0~d break-up threshold of the 6Li—particle preventing two effects which are
disadvantageous for GR observation: preequilibrium emission of the probing
particle from compound nucleus formation and projectile excitation. Thus
6Li—scattering appears to be an excellent tool for more detailed studies of

shape, components and multipolarities of giant resonances.

The most interesting questions in this field currently discussed
(1,3,4,5) are the evidence of the monopole giant resonance (''breathing mode')
and of the location and strength of giant resonances of higher multipolari-
ties (octupole, hexadecapole) which are predicted by microscopic theories

(4,5).

Concerning L=4 transitions 90Zr is of particular interest because of
its strongly reduced collectivity of the low-lying hexadecapole strength.
From the simple sum rule point of view the missing L=4 transition strength
thus should be located in the GR region. In fact, in an attempt of a con-
sistent déscription of low-lying states and giant resonances in 90Zr (5) a
considerable amount of E4 strength is predicted to be located at the low

energy tail of the E2 giant resonance at about 11 MeV.

We started to search this giant resonance component (and perhaps other

. . . 6_. . .
multipolarities) by scattering of 156 MeV Li-particles from 90Zr. The main
experimental difficulties arose from the fact.that — due to a coupled channel

prediction - the angular distribution of an E4 component should remarkably
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deviate from that of an E2 GR only at very forward scattering angles (élOo)
where elastic scattering is strongly dominating and the hydrogen contamination
peak is disturbing the spectra. In addition, one has to determine and to
control very carefully the energy calibration in order to assure that possible
changes in the shape of the GR bumps are not due to electronic instabilities.
We performed this by repeated measurements of elastic scattering from 12C
positioning the elastic scattering peak into the GR region of 90Zr by choosing

a suitable scattering angle (6).

As an example of the experimental results, Fig. 1 displays spectra of scattered
6Li between OLab = 10° and 12° clearly showing the well-known isoscalar quadrupole
giant resonance at Ex " 15 MeV and additionally a bump at EX v 7.5 MeV split into

different components. This is assumed to be the L = 3 GR (4).

The shape of the GR bump at 15 MeV varies signigicantly with increasing
scattering angle indicating that the different contributions at the centre, the
low energy tail and the high energy slope may have different multipolarities.

Similar features are observed for the excitation peak around EX = 7.5 MeV.

The quantitative analysis of the spectra confirms the location and strength
of the predicted E4 GR at about 12 MeV. However, before convincing results can

be presented, more data have to be included to improve the statistical accuracy.

+ N .
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2.3.2 Giant Resonance Excitation by 156 MeV 6L1 Scattering

H.J. Gils, H. Rebel, J. Buschmann, and H. Klewe-Nebenius '

208

The excitation of the giant quadrupole resonance in Pb has been ob-

served by inelastic scattering of 156 MeV 6Li ions. The continuum background
6

in the giant resonance region of the measured “Li spectra proves to be strongly
reduced as compared to the spectra obtained by inelastic scattering of

. . . . 6. . . .
lighter projectiles, which makes Li scattering a promising tool for more

detailed studies.

* Phys. Lett. 68B (1977) 427.

Institut flir Radiochemie

2.3.3 Experimental Studies of the Reaction Mechanisms

of 208Pb + 6Li-+ 211m,212mPO

.+
B. Neumann, J. Buschmann, H. Klewe-Nebenius , and H. Rebel

. . . . 6_. . .
During the investigations of Li induced reactions at the Karlsruhe
Isochronous Cyclotron we have encountered the problem to discriminate

between different reaction paths leading to the same final nucleus.

208

This problem arises when e.g. Pb is bombarded by 6Li—ions and the
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production cross—sections of 211m’ZIZmPo are determined by observing

the alpha-decay of these nuclides. A competition of following processes

is expected:

- (6Li;xn+yp) compound or precompound processes

- direct particle transfer (e.g. alpha-transfer)

- break-up of the 6Li projectile (6Li > o + d) with capture of a
fragment into highly excited levels of the target nucleus and subsequent
deexcitation via compound and precompound processes (we call this

particular reaction type "internal break-up" (1)).

An experimental discrimination between these processes is possible due
to different recoil energies of the product nuclei. While for E ., = 156 MeV
the fusion nucleus recoils with ER = 4.5 MeV, the recoil energy of (o + 208Pb)
compound nucleus formed via "internal break-up" is below 1.8 MeV. Assuming a
forward peaked angular distribution for the direct (6Li,d)-reaction, the recoil

for the alpha-particle transfer is below 0.7 MeV.

In our measurements the produced 211m,212mP0 nuclei have been detected
by their long-lived alpha-activity, Using a target thin enough for all reaction
products to escape, we have varied the thickness of a 12C—catcher foil behind
the target and measured the range of the recoils in the carbon foils. The
catcher foils were mounted on a slider movable pneumatically between the
irradiation position just behind the (fixed) target and the measuring position
in front of a thin surface barrier detector appropriate for the alpha-spectro-
scopy. Irradiation period and recording of the alpha-particle spectra during

four time intervals have been controlled electronically.

Fig. 1 shows the measured 211mPo alpha-activity as a function of the
thickness of the 12C catcher foils. Most of the 211mPo recoil nuclei (V90%)
have a range of about 90 ug/cm2 in 12C corresponding to a recoil energy of
1.8 MeV, The same result is obtained from an analysis of the energy shifts of
the alpha-peak due to the different thickness of the catcher foils in which the
recoils are stopped before emitting the decay alpha-particle. Only less than
10%Z of the observed 211mPo recoils have energies of about 4.5 MeV. These

results confirm the conclusions of Kropp et al (1).



- 52 -

mean range
of the ?"'Po-recails | ‘L
3. 4 I l ) ! ; i
% /’I_ . $ ﬁ; _$_ 7 *;
=~ I
C Bt
Y 7
%ﬁ _ S } i ) ] 1L
/
< [
E ;o
: f
t ,,,,,,,,, [ — / - - . S S -
g 1.1 ;! :
S /
8
[
o + +

100 200
Thickness of the '2C-Catcher {pg/cm?)

Fig. 1. Absorption curve for 2”mPo recoil nuclei. The dotted
line is the expected curve for 2”m]?o nuclei, produced

by the internal break-up process.

who suggested that the "internal break-up" process is the dominating reaction

channel when bombarding heavy nuclei by high energy 6Li—projectiles.

The total cross—section for 2”m]?o production amounts to 200 ub.
Looking for the much weaker 212mPo production a constant 21]m]?o/mszo ratio
for all catcher foils is observed. From this it might be concluded that for
both reactions the contributions of the different reaction channels are at
least similar. The total cross-section for the 2lszo production is found to

be 8 ub. An upper limit of 0.7 yb is estimated for the direct transfer branch.
+ 3 3 .
Institut filir Radiochemie
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2.3.4. 104 MeV Alpha-Particle and 156 MeV 6Li—Ion Scattering and
the Validity of the Refined Folding Model Description

Z. Majka', H.J. Gils, and H. Rebel

The experimental basis of our investigation is provided by recent ex-—

periments of elastic scattering of 104 MeV alpha-particles from 40,48

Ca (1)
and 156 MeV 6Li —ions from 4OCa (2) where the differential cross—sections have
been carefully measured with high angular accuracy up to the angular region

where the diffraction pattern is strongly damped and in the case of 40,48

Ca (0,0)
into the region of the exponential fall-off. Precise and accurate determinations
of the angular distributions are a quite necessary prerequisite of any refine-

ments of the current reaction models.

First, the experimental data have been described in terms of a modified
phenomnenological optical model (real and imaginary potentials in Woods—Saxon
squared form) and excellent fits have been obtained. Subsequently we tested

the following versions of the folding model for complex projectile scattering:

i. Simple double folding

> >

5 2 > NN
U =
PT (r) ff d ZPd ZT pP(ZP) pT(ZT) t

—>
(1)
(ryy)
ii. Projectile-nucleon (target folding) and nucleon-target (projectile
folding) approaches
X -> > >
= 2
Uprp (1) [z py(Z) Uy (R (2)

where

> - NN ne MIX > > NN >
- 3)
Uy (R = [ dZypy (Zy) ty (gyePy) * [ dzy oy Eg Rt (gpPp) ¢

X =P(T); Y = T(P)
iii. Double folding with sudden and intermediate density dependence

N ~  TOTAL
4
(2P ) (4)

[« 9

USD/IM(r) _ II

7 dz. p.(Z 7y )
PT p 42 Pp(Zp) pp(Zy) t)

TOTAL
where p

TOTAL
P

]

Pp * Pqp (sudden approximation)

mp, * P (intermediate approximation)

0 <m¢«< 1]
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- MIX . . . . .
The quantities p and p are nucleon point density distribution and
. . . NN . . .
mixed density, respectively, and t is an effective nucleon—-nucleon inter-

action.

The one-nucleon exchange effects are included in the procedure (ii) only,
and procedures (ii) and (i1i) include density dependence of the effective

nucleon-nucleon interaction using different approaches.

Applying the microscopic potentials for the description of the measured
differential cross sections one has to add an imaginary part in phenomenological
way, and a normalization factor AR for the depth of the real potential has been

introduced.
The results of the studies may be summarized by the following statements:

1. The procedures (ii) provide considerably better fits to the experimental
data compared to the simple double folding model (i). However, a renormaliza-
tion of the real part of the potential by a factor AR < 1 proved to be necessary.
Moreover, the effects of the density dependence of the nucleon-nucleon inter-
action and one-nucleon-exchange are stronger for the projectile folding procedure.

2. One-nucleon-exchange effects are of minor importance as compared to
the density dependence of nucleon-nucleon-interactions.

3. Satisfactory fits to.the experimental data of alpha—particle scattering
can be obtained with a normalization factor AR= ] if the nucleon-nucleon inter-
action depends on the density resulting from both colliding nuclei pTOTAL =

0.5 Py * P (intermediate compression, see contrib. 2.3.5). 1In contrast, for

i ¥ Pp)

a normalization factor of the real potential smaller than 1 is required by the

Li scattering in spite of the assumption of the total compression (p = p
best fit.
. . . . . . 48
4. When introducing a neutron density distribution pn # N/Z » pp for Ca
significantly better fits to the experimental cross section have been obtained.

+ 3 - . . .
Permanent address: Institute of Physics, Jagellonian University, Cracow, Poland
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2.3.5 Importance of the Density Dependence of the Nucleon-
Nucleon Interaction for Elastic Scattering of Light

Complex Projectiles

Z. Majka+, H. Rebel, and H.J. Gils

Although double folding procedures predict almost correctly the shapes
of the complex projectile-target nucleus potentials they are less success-
ful in predicting the strength of the potentials. Recently, Satchler et al.(l)
found that folded potentials on the basis of a new '"realistic" effective
nucleon-nucleon interaction (2) reproduce the ion-ion potentials (within 10 %)
such as required for a reasonable description of the scattering 12C and
16O. However, such a potential fails for 6Li scattering (3) and the authors

6. , . , .
conclude that "Li scattering has a behvaiour quite different from the scat-

tering of other complex nuclear particles.

In this contribution we consider the application of the "realistic"
nucleon-nucleon interaction (2) for the 104 MeV alpha-particle and 156 MeV
6Li scattering. We compare with predictions of a refined folding model approach
(4) and with recently measured differential cross sections covering a wide

angular range (5).

The real part of the projectile-target potential is calculated using a
double-folding model procedure

N

o @ = [ [ dky a0y oy P @) m

-
where pP(EP) and pT(Z ) are the densities of the projectile and target nu-

@)

. > . . .
:cleus, respectively, and t (s) is an effective nucleon-nucleon interaction.

Indices "i" refer to various procedures in calculating the potentials:
Bertsch et al. (B) "realistic" effective N-N interaction (2).
Density independent Kallio-Koltveit (KK) effective N-N interaction (6)
c. Density dependent Green (G) effective N-N interaction (7). For this
particular interaction we assume that the value of the density in the

overlap region of the colliding nuclei is given by
> >
p=m > pp (Z5) + pn(Z) (2)

where the coefficient m (0 < m < 1), allows to change the value of the
compression of the nuclear matter.
Applying the microscopic potentials for the description of the measured

. . , . . 6_. .
differential cross sections of elastic alpha-particle and Li scattering one
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has to add an imaginary part iW (surface and volume part with Woods-Saxon

squared form) in a phenomenological way. Moreover, a normalization factor

AR for the depth of the real folded potential has to be introduced.

Results of our calculations can be summarized by the following state-

ments (4):

i. In the case of 104 MeV alpha-particle scattering satisfactory de-

scription, especially of large angle scattering, can be obtained only by use

of the density dependent effective N-N interaction. For 156 MeV 6Li scatter-

ing agreement is considerably better for the density dependent effective N-N

interaction, as well.

ii. For alpha-particle scattering the best fit to the measured differen-—

tial cross sections has been obtained with a normalization factor AR = 1 and

. . . . 6. .
with compression coefficient m = 0.5. 1In contrast, for Li scattering, even

with the maximum value of the compression of the nuclear matter in the

overlap region (sudden approximation) the calculated potential has to be

renormalized by a factor AR < 1.

+
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6. . . .
2.3.6 N-o and N- Li Microscopic Potentials

.+
Z. Majka

The nucleon—-alpha and nucleon-lithium potentials are generated from
Green density dependent effective nucleon-nucleon interaction using micros-
copic model with antisymmetrization effects included. A phenomenological

parametrization and the energy dependence of the potentials are

derived.

*phys. Lett. 76B (1978) 161

TPermanent address: Institute of Physics, Jagellonian University,

Cracow, Poland
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3. NUCLEAR SPECTROSCOPY
3.1 Experimental Studies of Hexadecapole Motion in Spherical
, *
Nucle1

+ ‘ e
H. Faust , A, Hanser, H, Klewe-Nebenius , H. Rebel,

J. Buschmann, and H.J. Gils

The 0~ 47 hexadecapole transitions in 60Ni and 140Ce have experimen-
tally been investigated by means of alpha-particle scattering as well as by
spectroscopy of the electromagnetic decay of the 4T states. In the case of
6oNi an upper limit of 1 x 1077 was found for the branching of the E4 and E2
cascade decays of the 4T state by conversion electron spectroscopy.

It corresponds to an enhancement factor G4 < 9.0 s.p.u., while the alpha-
particle scattering measurements result in G4 = (5.5 + 0.8)s.p.u.. In 140Ce
the 4T - 0+ cross—over gamma—decay has been observed with an enhancement of
G4 = (11.8 + 0.7) s.p.u. in very good agreement with the value G4 = (13 + 2)
s.p.u. from the alpha-particle scattering experiments. The evaluation of

the alpha-particle scattering cross sections is based on a specific reaction
model (folding model). The experimental results from the direct (4T - 0+)
decay are considered to be an empirical test of model dependence of the pro-
cedures extracting L = 4 transition rates from alpha-particle scattering.

Compiling several similar results the consistency of the methods applied as

well as the evidence and some implications of hexadecapole motion in spherical

nuclei are discussed briefly.

* J. Phys. G.: Nucl. Phys. 4 (1978) 247; Report KK 2470
* Physikalisches Institut der Universitdt Heidelberg, Germany

++ . v . .
Institut fiir Radiochemie
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3.2 Spectroscopic Studies of 137Nd and 189Ir by Means of

Conversion Electron Angular Distribution-Measurements.
Evidence for Hexadecapole-Deformation of Nuclei in the

Transitional Regions of the Rare Earths

+ ; +
H. Faust , J. Rieder , J. Buschmann, H. Klewe—Nebenius++, H. Rebel,
and K. Wisshak

We investigated the 11/2 high-spin bands of the transitional nuclei

37 189 .
Nd (N=77) and Ir (Z=77) populated via compound-nuclear reactions

I
(0, 7n+p) and (d, 5n), respectively at the beam of the Karlsruhe Isochronous
Cyclotron. For the determination of the multipolarities of the prompt
transitions in the high-spin bands considered a new experimental method
has been applied. This method is based on the combined information extracted
from the gamma— and conversion electron-angular distributions (1). The
quantities measured are the coefficients Az(y) and Az(e_) of the angular
distribution function W(OY’e) =1 + A2P2 (cosO) + A4P4(cos@) .o

It can be seen that the measurements of both angular distributions
provide strong arguments for particular multipolarities of pure and mixed

dipole and quadrupole transitions.

The measurements result in level schemes of the 11/2  bands in ]851r
and 137Nd shown in Figure 1. The striking similarity of the level structure
of both nuclei is obvious.
E 212 B2
lkev]] —
2000}
19/2°
1 19127 19127
' sm( 172 1712
1512 15/2" Fig. 1. Level values for the 11/2°
1000} bands in 137Nd and 1891r.
1512~ _ 817 189
i vl The energy scale of Ir
5001 has been stretched by a fac-
tor of 1.5.
100 72 112

Nd 137 Ir 189
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It is found that observed level schemes cannot be satisfactorily described
by the Coriolis-Coupling model involving quadrupole deformation only, even when
admitting triaxial deformation as suggested by Meyer ter-Vehn (3). Alternatively
to the triaxial deformation we considered hexadecapole deformations of the core
and looked for possible effects to the level structure within the framework of
the Coriolis-Coupling model. First calculations with the deformation parameters
82 and 34 adequately adjusted result in very good agreement between theoretical
predictions and experimental observation (1). An example is presented in Fig. 2

189

which compares for Ir the prediction on the basis of the triaxial rotator

model with that of an axial-symmetric model but including 8, deformation.

4

o
4
=
[5}
c L
= O E
5 5 g , . .
£ §.§ = Fig. 2. Fits to the experi-
[7] — @ x .
I3 %5 é mental levels in
n < > = _
the 11/2 band in
189
r. In the cal-
BR—— I
22— - culations with B, -
19— — 1712 4
1%%___2:::——— deformation the Fermi
15—
w2—_ level has been de-
132 —
T 2 — duced from the mea-
B,=-01 B=021 surements of Price
B.=-0004 y=24° et al. (4).

A =-60MeV 3=+07MeV
189y,

Physikalisches Institut der Universitdt Heidelberg
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3.3 Study of the Level Structure of 239U Using the Thermal

. *
Neutron Capture Reaction

+ + + .
H.G. Borner , H.R. Koch , H. Seyfarth , T. von Egldy++, W. Mampe++,
+
J.A. Pinston +, K. Schreckenbach++, and D. Heck

For the investigation of vibrational states in odd A nuclei we have

239 238 .
U by the U (nthermal’Y) reaction.

studied the level structure of
Various complementary measurement techniques as curved-crystal, anti-
Compton, y-y coincidence and conversion electron spectroscopy have been

applied.

The resulting data have been used to establish the deexcitation scheme
of 239U up to V1.3 MeV and to make spin assignments. Most of the levels are
interpreted in terms of the Nilsson model. The data also indicate the
presence of the Nilsson states |501¢| and |750[. Three members of the B-
vibrational band built on the |631¥| state and one member of the R-vibra-
tion built on the |6224| ground state have been identified through transitions
with strong EO admixtures. The octupole vibrational state built on the [631¥|

band is proposed at 815 keV,

* .
Z. Physik A 286, (1978) 31
¥ Institut fiir Kernphysik, Kernforschungsanlage Jiilich, Germany

++ . . '
Institut Laue-Langevin, Grenoble, France
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4. THEORY

4.1 Induced Collective Motion: Limit of Two Fission

Fragments

F. Dickmann

The relative momentum and kinetic energy of two fission fragments or two
heavy ions as functions of their relative velocity are determined by the
reduced mass. This quantity is known for a given mass division and therefore
serves to test theoretical procedures aiming at a description of the

collective motion of nucleons in the fission process or heavy ion reactions.

We employ a static Two-Center-Oscillator Hamiltonian ﬁ(xi,pi,aj),
which depends on the nucleon coordinates X, momenta p, and up to five
parameters o determining the shape of the single particle potential. The
Hamiltonian also contains a residual nucleon-nucleon interaction of the
simplest pairing force type. For an even-even nucleus the BCS-groundstate
¢(a) of the static Hamiltonian is even under time reversal. Thus, the expec-
tation values of time odd operators, for instance the center of mass momentum
ﬁx and the angular momentum f, vanish. In order to introduce dynamic
features into the model the time odd momentum operator §a=-iﬁ3/8u
which generates a change of the parameter o is coupled with a Lagrange
parameter & to the Hamiltonian. We determine the normalized state vector
p(at, &) which minimizes the expectation value <¢(a, d)lﬁ— dPa|¢(a,d)> of the
constrained Hamiltonian. The increase of the energy and the momentum

associated with the collective velocity & are
AE = <¢(0,0) |H|¢(a,a)> ~ <p(a)|H|(a)> (la)
and P _ = <9 (a,a)|P |d(a,a)> (1b)
In the case of a translation the parameter o, is the position of the
center of the single particle potential. The static single particle wave
functions vz depend on o in the form

P, (00 = Py (x-a) 2)

~

We now use the center of mass position operator X to induce a center
of mass motion (1) and investigate whether the state vector

6 (o, k) = et KXW gy

yields a stationary value of the constrained Hamiltonian. The expectation
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A
value of any operator O referring to a system of A nucleons is

<9 (@,10[0(x;,p,,0) [6(a,10> = <4(0)]0(x,,p;+ 2 a)|¢(a)>

Thus the expectation value of the center of mass momentum P is ¥k and due
X

~

to eq. (2) the expectation value of the operator Pa is -hk. For the constrained

Hamiltonian we obtain

c((0}) = <40, 1) [H(x;,p;,0) = & P_lo(a,k)>
- <h (o) |H(x b, + 2K a) - &P ~fik) |0 (a)>

If we assume for a moment that the Hamiltonian dependngn the single
A A
particle momenta only via the kinetic energy operator T =iZl[)./2m, we obtain
=151

2 . ~ A A
G({¢}) = %1—3— + ofik + <¢(a)|H(x,p,a) + Z‘—i P_- aP ¢ (a)>

Since ¢(0) is the BCS groundstate of the Hamiltonian H, the expectation values
G({¢}) are stationary with respect to first order variations of ¢(a) if the

A

‘hk o7 . . . .
operators Am PX and aPa have the same two quasiparticle matrix elements. This

is the case if & = -hk/Am because of eq. (2).

Thus we have shown that the driving potential ﬁk/Am_ﬁa induces a
collective motion for which the expectation value of the momentum is
<P > = hk and that the energy increases relative to the static case by the
amount AE = (hk) /2mA The procedure therefore yields the correct inertial
parameter, the total mass M = Am. The above consideration can be applied
as well to the relative motion of two nuclei showing that the inertial

parameter is the reduced mass.

By assuming that the only momentum dependence of the Hamiltonian
is in the single particle kinetic energy operator we have so far disregarded
the spin-orbit coupling. This term does not commute with the center of
mass position operator, it violates Galilei's principle. Though the expecta-
tion value of the spin-orbit term is independent of the momentum k, the
two quasiparticle matrix elements of this term are nonzero and therefore
give rise to a first order perturbation whose magnitude has been studied

numerically.

For post scission shapes the Two Center Shell Model reduces to two separated
Nilsson Hamiltonians. The contributions of neutrons and protons to the

momentum and kinetic energy are additive. We have performed a calculation
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for the asymmetric system of 40 protons in the light and 52 protons in

the heavy fission fragment of 236U. For the velocity q = v_-v. chosen for

H L
the relative motion the kinetic energy and momentum were expected to be

Z. 2
T =8B =4 m 2B 6% - 6.04957 Mev.
Z_+Z
L H
Z 7
P=m- - §=2.56912 h/fm.
Z +Z
L H

With the values k¢ = p = O for the Nilsson parameters (no spin orbit- and
2 .

1"-terms) the above theoretical values could be reproduced numerically

from eqs. (1) with the accuracy

AT/T = 6.5 * 107> and AP/P = 1.3 - 10 : (3)

Using the values k=0.03 and u = 0.65 we obtained

2 -2

AT/T = 4.1°10 AP/P = 5.3 * 10 (4)
Eqs. (3) demonstrate the accuracy of the computer calculation. The larger dis-
crepancies exhibited in eqs. (4) reflect the violation of Galilei's principle

by the model Hamiltonian.

In view of the small deviation of all calculated results from the exact
values we conclude that both the simple static model and the method to induce
a collective motion are useful tools for the study nuclear collective degrees
of freedom unless a physical phenomenon is very sensitive to a violation of

general invariance principles.

Reference

(1) D.J. Thouless, Nucl. Phys. 21 (1960), 225-232.
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4.2 Decrease of Pair-Correlations in a Deforming Nucleus

F. Dickmann

The pairing force acts between nucleons in time reversed states.
Pairing correlations are inhibited in excited states with high quantum
numbers of a time—odd operator. The best known example of the phenomenon
is the Cariolis-Antipairing effect (1), observed in states of high angular

momentum.

We investigate theoretically the case of a rapidly deforming nucleus.
A deformed Nilsson and Pairing Model is used to generate the BCS ground-
state $(a ) of the nucleus. The parameter ¢ is ratio of the major to
the minor axes of the equipotential lines which characterize the static
deformation of the nucleus. The groundstate ¢(a,&) of the nucleus defor-
ming with finite velocity & is obtained by minimizing the expectation

value of the constrained Hamiltonian

HNilsson(a) * HPair - %R, ()
. ~ i
The time-odd moméntum operator Pa = 1-§a-generates a change of the

deformation o of the static groundstate ¢(a,8=0). Our ansatz for

the dynamic groundstate ¢(da,8) is a single BCS state such that the occupa-

tion probability of an.eigenstate*%‘a,dj)of the single particle operator
- i i ). The

HNilsson(a) Q gxdepends only on the single particle energy el(u,a)

single particle energies €(a,&4) are pairwise de generate like in the

static case &=o0, however the associated single particle states

0-.\.\ T ™7 T -
.
Fig. 1. s \\540/Mev 4
[ ]
The energy increase T, momentum - . \\\ {
@
<P> and pairing gap A for the 5 \\<r i
236 . /e
protons of U as a function 5t . J
of the velocity & of defor- I /4:;>/* J

mation. ! ///.
/ /
./' TIMeV
1w/ e

B o
0.4 0.3 a-h/MeV
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Pz(u,a) and ?E(a,a) are not time reversed partners. The time reversed

state corresponding to ?Q(a,&) is Pi(a’_&)'

We have performed a numerical calculation for the 92 protons of
2
2"6U. The results are presented in Fig. 1. The pairing gap A is seen to
decrease appreciably as the kinetic energy T of the collective motion

increases.

From this result we infer for the collective deformation of a fission-
ing nucleus: 1if, as expected, the odd-even effects in the fine structure
of the fission fragment mass and charge distributions is due to pairing, the
strong calculated decrease of the pairing correlation sets a lower limit for

the pre-scission kinetic energy of the fragments.

Reference

(1) B.R. Mottelson and J.C. Valatin, Phys. Rev. Lett.'é_(1960) 511.

4.3 A Variational Principle for the Energies and Widths

of Unstable Nuclear States

. ..t .+t
R. Beck, M.V. .Mihailovic and M. Nagarajan

A variational method for the determination of the positions (Eh) and
the widths (Fn) of decaying states of a (A+B) particle system is developed.
We are seeking for the stationary values of the complex eigenvalue W and

the corresponding wave-functions y defined by the equation

(H-WY(x) = 0, (M

where x represents all coordinates of (A+B) particles and H is the

Hamiltonian of the system,

2 A+B A+B
m=- 7 2. Y v,
2m 2p 1 L2 1]
= ij=1
i<j

where v; . is the two-body interaction.
J
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| satisfies the nonlinear boundary condition on a chosen surface of

radius R

3 V(]
_a'lﬁ_. = (J) (}_,Q) (2)
3 Jr.=R
J
V(3) . . .

where (i,q) is related to the trial function Y (see eq. (10)). 1In

eq. (2), rj is the radial coordinate of the jth particle, j =1 ... (A+B).
The quantity q = /2u/%%+W is complex, P is the reduced mass of the systems

A and B. We define the functionals

NG L) = S dxe (x) 9 (x) (3)
N 42 AtB . N
FQU ,¥) = [ dx > N Vj-w -Vj-¢+w W
=1
52 AB Gy ? . N (4)
- 5= d Q. .o +
= L [ax™? [ a0, |(rsmy ><rj% SNCRDTCARS
h dx = d d (j)‘— d d d ‘rj:R
where dx = dx ... dx, ., dx =dx, ... Ej—l §j+1 ce q§A+B

It can be shown that the variational equation

S|FMT ) - W, = 0 (5)

is equivalent to the equations (1) and (2).

The trial functions to be used in the variational principle eq. (5) will
be of two types. One can use a single Slater determinant
where the variation of { can be done by the variation of the single particle
functions ?i. A second choice of the trial function will be a superposition

of two center cluster functions ¢a(5*§)
b=z Jods £,(8) 9,(x,8) (7)

where s denotes the separation of the two potential wells and a characterizes
a given many-particle configuration. In equation (7), the generator weight

function fa(E) is treated as variational parameter.

The boundary condition defined by eq. (2) is different from the boundary
condition conventionally used in terms of channels. For example, in a one-
channel case, it is assumed that the decaying state satisfies a boundary con-

dition of the form
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L (@Y (8)

o=RC

where p is tEe separation of the centers of mass of the two nuclei in the
channel and LL(q) is the logarithmic derivative of an outgoing spherical Coulomb
function of order L. L is the orbital angular momentum of relative motion of
the two nuclei. It is implicitly assumed that the derivatives of Y with respect

to all other coordinates go to zero asymptotically. The corresponding radial

derivatives with respect to the particle coordinates will be

d . _ . d
I P = 0(j) cos Oj o 9)
J
| .
— s =1 ... A
aj) = ?
-5 j = (A+1)...(A+B).

where Oj is the angle between the vectors Ej and p and goes to O or T in the
limit of large separation p. If we replace cos @j by its average value # 1
depending upon whether the jth particle belongs to the nucleus A or B we

get from eqs. (2), (8) and (9)

Lo (@) ¥(x,q) I ... A

v . - for (10)

(A+1)...(A+B)

W= =

L (@) ¥(x,q)

" Institut JoZef Stefan, Ljubljana, Jugoslavia

++ .
Daresbury Laboratory, Warrington, England

4.4 Hill-wWheeler Equation for Three-Cluster Systems

R. Beck

The cluster structure and molecular aspects in light nuclei are studied
on the basis of the Generator Coordinate Method (GCM) (1). For nuclei like
9Be or 11B one might expect three cluster structures to be important, e.g.

9Be =0 + 0 + n and l]]3 =0 + 0 + 3H. This feature may be accounted for in
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the GCM by choosing a trial function which is a superposition of three-center

shell model wave-functions|¢ (E,Q)>corresponding to different configurations k.
K

i - LIag o G0 P | b G

In this equation the Jacobi-coordinates % and p specify the relative distances
"

of the three potential wells and P;E

with angular momentum JM and parity w(2). The weight function fi; Q%,Kp is

is a projection operator onto a state

expanded into bipolar harmonics B

Jm _ z Jm - JalN
LML L

0n A

depending on two directions & and n.

. e s . Jn
Minimization of the energy E of the statelw >w1th respect to the

weight function fig (ilﬁ inn) leads to a Hill-Wheeler integral equation

2 Jm -
0 = 12 de! oant e 1 L LYT,e N '
K'IZUL' y [ &2 dg" n'" an [KK’KK.( L'LyL;Eng'n' )
172
JTI' Jm ' ' Jn =y TSR]
NKK 'K (LILZL i L2 ,ETIE n ):| 'K LL le g n )

which has to be satisfied for all {kK LlLZEn}'
The calculation of the integral Kernels

N Jm -
(@ eg, gt Ty Lok’ Ly ' LsEnE'n ")

= [dE dn dE' an' B @ inn) < (E,u)l( KK'H) E'n")>

* Biﬁ'

@ L, £ nh

where M and i are dummy indices is in progress. If we consider

only clusters consisting of nucleons in relative s—-states the projection of
angular momentum becomes comparatively simple. For brevity we give

only the normalization Kernel N. N turns out to be a determinant

which may be expanded into a sum of terms of the same structure concerning

their dependence on E,n, &' and n':
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J'IT ] .
ek, 'kt (L Lol Lyt s&ngin)
A (A +A) A, A
= (4ﬂ)2 (2J+1) exp {—a[j%—ﬁ§—41— 012+n'2) + Az 3 (52 +£'2{]}
. . 2+A
1 i 3
¥ )i (caEEY) ij (aa,En') i) (@agng') i (aa,mM")
1....1 1 2 3 4
1 4
% (21,+41) @l @LED @) e (L s
(R-y)Y - K
* L 5 J (__)K—K'(ll 1o LI) (11 15 Li] (12 14 Lé)
(K'-y') y' -K' 0 0 O 0O 0 O 0O 0 O0
13 14 Lpy |Lp L L
* > o o) ]
1
1, Ly 1,

In this equation o 1s related to the oscillator parameter of the
single particle orbits. The nucleon numbers of the three clusters are

denoted by A, A, and A, and the parameters ai(i=l...4) are simple functions

1’ 72 3

of these. s is the resultant spin to which j=1 Aj individual particle

spins have been coupled and Y(Y') is its 3-component corresponding to the

configuration k (k'). The functions i, are spherical Bessel functions of

1
imaginary argument i, (z) = i1 i, (iz).

References
(1) H. Horiuchi, Progr. Theoretical Physics 43 (1970) 375.
(2) N. MacDonald, Advances in Physics, 19 (1970) 371.




- 71 -

5. LASER SPECTROSCOPY

5.1 ©Nuclear Charge Radii and Moments of Neutron Deficient

Ba-Isotopes by High Resolution Laser Spectroscopy

K. Bekk, S. Goring, A. Hanser, G. Nowicki, H. Rebel, and G. Schatz

The measurements of isotope shifts (IS) and hyperfine structure (A- and
B-factors) of neutron deficient Ba-isotopes (N < 82) have been continued.
The experiments are based on the observation of the resonance fluorescence
of the Bal 652 ]So - 6s6p ]PI transition when induced in a well-collimated
atomic beam by the light of high resolution tunable CW dye lasers. The mea-
surements aimed at information about nuclear moments and variations of

]38Ba produced

nuclear charge radii of isotopes and isomers lighter than
by charged particle or neutron irradiation of appropriate targets. Up to now
the radioactive nuclides and isomers 133gBa, ‘BBmBa, ]3]gBa and IZBgBa have
been investigated in addition to remeasurements of all stable Ba isotopes
thus providing a coherent set of data. The accuracy of the resulting diffe-
rences of the rms charge radii is affected by the poor accuracy of the pre-
sently available muonic - or electronic X-ray data (1,2) which are needed
for the determination of the specific mass shift. Nevertheless, the results
reveal interesting features of the charge distributions of neutron deficient

nuclei showing increasing deformation with decreasing neutron number and a

prominent odd-even staggering (larger than theoretically predicted (3)).

Table 1. Experimental results of IS relative to 138Ba, charge radii and

deformation differences of neutron deficient Ba nuclides

Atomic IS 5<£§> 2 5<32>

Number - (MHz) (10 fm ) (10—2)
137 215.0(7) -4.9 (2) 0.69 (2)
136 128.9(5) -3.4 (3) 2.09 (4)
135 260.9(7) -6.6 (5) 3.00 (6)
134 143.0(5) 4.4 (7) 4.50 (7)
133g 250.0(9) -7.1 (9) 5.48 (10)
133m 202.0(10) -6.0 (9) 5.59 (10)
132 167.9(5) -5.7 (10) 6.93 (12)
131 249.2(21) -7.7 (12) 8.02 (13)
130 207.3(7) -7.2 (14) 9.40 (16)

128 271.1(8) -9.3 (18) 11.87 (20)
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Table 2. Experimental results of hyperfine constants and nuclear moments

of neutron deficient Ba nuclides.

Atomic A B u/uN Q
Number (MHz) (MHZ) (b)
137 -109.8(4) 49.7(4) 0.93582(2)\ 0.28(3)\
136 Ref (5) Ref (4)
135 - 98.3(4) 32.5(4) 0.82656(2)” 0.18(2)”
134
133g 273.3(8) ~0.775(2)
133m 29.1(9) 195.9(9) -0.907(28) 1.10(3)
132
131 249,2(18) -0.716(5)
130
128

The extraction of the magnetic moments y and the electric quadrupole

135,137

moments Q used the accurate values for Ba given in literature (4,5)

Tabs. 1,2 present the IS shifts Av relative to 138Ba and the. observed A- and
B-factors. The rms deformation differences 6<82> are deduced from 6<r2>

]/3). Compared to measured

by comparing with the uniform charged sphere (R=1.2°+A
+ +

B(E2,0 —2]) values the extracted &%2> values show the well-known IS discrepancy

indicating that the variation of 6<r2> cannot be fully explained by a deforma-

tion effect.

References

(1) K. Heilig and A. Steudel; Atomic Data and Nuclear Data Tables 14,
(1974) 613.

(2) 0.I. Sumbaev et al.; Sov. Journ. of Nucl. Phys. 9, (1969) 529.
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5.2 Production of Instable Barium Samples for Laser Spectrosco-
pic Experiments by Alpha-Particle Irradiation of Enriched

Xenon and Mass Separation

B. Feurer and A. Hanser

Isotopically pure samples in the order of magnitude of one nanogram

are required for the laser spectroscopic studies on neutron deficient barium
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. . . . 135mB
isotopes in progress at our institute. For production of samples of a,

129mBa, and 126Ba enriched xenon is irradiated with the alpha-particle

beam of our cyclotron. Because of the gaseous target substance, the high
cost of enriched xenon, and with regard to a succeeding electromagnetic

mass separation a special experimental arrangement has been developed.

tube filled with xenon. Barium atoms produced by (a,xn) reactions diffuse

to the wall and are adsorbed there. After the irradiation the xenon is con-
densed in a small lockable appendix vessel by liquid nitrogen cooling. Then
the tantalum tube loaded with barium is closed with two matching caps, thus

forming the oven ampoule of the mass separator ion source (see Fig. 1).

target tantalum tube
ion extraction orifice

guide rod

caps

Fig. 1. Exploded view of the mass separator oven ampoule.

The xenon_target: The tantalum tube enclosing the target xenon and collecting
the produced barium atoms has a length of 30 mm and an inner diameter of 5.5 mm.
A xenon pressure of 4 bars results in a target thickness of 70 mg/cm?. The
beam enters and leaves the xenon-filled volume through windows of 5 | thick
Havar foils. Between the two foils air is blown for cooling. The tantalum
tube is embedded in a water—-cooled two-piece copper bloc. Thin indium foils
between the target tube and the copper provide good heat transfer. A thick
collimating diaphragm (4 mm @) in front of the tube is shielding the wall of
the tube from direct irradiation by the alpha-particle beam. The target
arrangement was tested by alpha-particle irradiations up to 8 YA (measured in

a Faraday cup behind the target) at Ea = 104 MeV. TFrom the barium activity
collected in the tantalum tube and estimated cross sections for the (o,xn)

reactions we can deduce that the collection efficiency is higher than 507,

possibly near 100Z.
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The mass separation: The electromagnetic mass separation was performed using

an ion source with "surface-volume ionization" (1). TFor the operation of this

type of ion source the oven ampoule which has a small ion extraction orifice
(and the central part of which being the target tantalum tube; see Fig. 1)
only has to be heated up to about 3000°K. For monitoring the mass separation

0.3 ug stable barium had been distributed over the inner surface of the tantalum

tube before irradiation (in the case of preparing l35mBa samples enriched 138Ba

with < 0.027% ]35Ba is used). The mass separation procedure takes 5-10 minutes,

the efficiency is 30-35%.

The sample quantities: In runs irradiating 136Xe (enriched to 927) for 16

hours with a 4 YA alpha-particle beam at Ea = 56 MeV mass separated samples

of 3-4 ng 135mBa ("3 mCi) have been obtained for the spectroscopic experiments.

I . . .
29mBa and 126Ba we expect sample quantities of about 0.2-0.3 ng ("4 mCi)

129Xe.

For

if we use xenon with V607

Reference

(1) A. Latuszynski and V.I. Raiko, Nucl. Instr. Meth. 125 (1975) 61.
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6. NUCLEAR FUEL AND ELEMENTAL ANALYSIS

. *
6.1 Manganese Nodule Analysis System - 'MANKA'

.+ . ++ +++

K. Borcherding , R. D&bele , H. Eberle, I. Erbacher .
U ++ ++ ) +4+
J. Hauschild , J. Hiibener , J. Lange , G. Miller ,

+ .+t + ott ++
W. Rapp , E. Rathjen , K.-D. Rusch , A, Schidf , and U. Tamm

This paper is the final report on the development of the manganese
nodule analysis system 'MANKA', The work was performed at the Nuclear Re-
search Center Karlsruhe from 1972 to 1976 to enable the in-situ—determina-

tion of the metal contents of manganese nodules.

A detailed description is given of the neutron capture gamma-spectros-

252 . . ,
Cf-source, the sledlike instrument carrier for the system

copy with a
component, which had to be designed for a water depth of 6500 m, and these

components themselves.

On the electronic side these components include modules for data
acquisition and conditioning and the transmission of data and control signals
by the coaxial towing cable between sled and ship. Along with the hardware,
the computer programmes are described which control the instrumentation on
the sled and, immediately after gathering the spectroscopic data, compute

the metal contents of the nodules.

The sled is an intermediate step on the way to a comprehensive manganese
nodule exploration system. The tests on land and sea, as well as the deep
sea test with the German research vessel "Valdivia" southeast of the Hawaiian
Islands and their results are discussed. Finally an outlook is given on

possibilities for further development.

¥ Report KFK 2537 (1977).

¥ Abteilung Datenverarbeitung und Instrumentierung
++ Abteilung Reaktorbetrieb und Technik

+++

Laboratorium fiir Isotopentechnik
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6.2 Elemental and Isotopic Concentration Analyses on Nuclear

Fuels Using Nondestructive Assay Techniques

. . +
H. Eberle, P. Matussek, I. Michel-Piper, H. Ottmar, and H. Allex

Nondestructive assay (NDA) techniques based on the detection of X-rays
and isotopic gamma rays have been investigated and applied both to elemental
and isotopic concentration measurements on uranium and plutonium materials.
In particular, the spectrometry of gamma rays from the natural radioactivity
has been employed for fissile isotope concentration measurements in uranium
and plutonium fuels, whereas both the analysis of induced X rays and the K-edge
gamma densitometry technique have been used for elemental concentration mea-
surements. Examples for the practical application of the analysis techniques

are given,

Proc. of the Discussion Meeting on Characterization and Quality Control
of Nuclear Fuels, Kernforschungszentrum Karlsruhe, Germany, June 1978,

to be published in Journal of Nuclear Materials.

+ .
Reaktorbrennelement Union GmbH, Hanau, Germany

6.3 Experiences with the Plutonium Waste Monitor

+ } .+ +
M.R. Iyer , S.J. Choithramani , P.P. Chakraborty , P. Matussek,
and H. Ottmar

The Plutonium Waste Monitor installed at the Bhabha Atomic Research
Centre (BARC), Bombay, India,under the Indo-German Collaboration Program
was field tested for performance and improvements. The monitor as reported
earlier (1) employs passive gamma spectroscopy with a 5" dia. x 2" thick
Nal detector. Two peak windows around 208 keV and 382 keV along with suitable

241Pu and 239Pu con-

Compton windows are used to give direct display of the
tents in waste containers (15 em x 2! cm ). A set of six standards contai-
ning plutonium in the range of 0.05 to 2 g were used for calibration and
the multipliers for the four windows thus obtained were set on the up/down
scalers in the system. 239Pu content down to about 10-20 milligrams could be

assayed.
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239Pu determination uses a range of 375-470 keV,

The normal window for
i.e. the upper half of the 400 keV complex in the plutonium gamma spectrum. Tt
was seen from a computer program (2) that samples having more than 90 7%
239Pu content will have only 10 % or less contribution to the counts in the
full 400 keV complex from other isotopes. Based on this a procedure to
check the interference of other gamma emitters in the samples was evolved.
A window at 290 - 470 keV was set in the MCA in addition to the normal 4 win-
dows and the 239Pu contents were obtained using both the full 400 keV com—
plex and the upper half of the complex. The calibration constants for the two
cases were derived separately using the standards. The 239Pu content estima-
ted by using these two windows served as an effective method to check for
ensuring that there is no contamination from other radiocactivities. In the
case of interference the ratio of these two measured quantities would be
different from unity.

2 . . . .
39Pu ratio served as an index of attenuation 1in

241
The measured Pu/
the samples since the approximate ratio for the type of material measured
was known. A more realistic procedure to correct for self and matrix atte-

nuation using 100 keV, 208 keV and 400 keV peaks is in progress.

The measurements also showed that few tens of microcuries of inter-
fering activities could be handled in the system. This involves the identi-
fication of the interfering activity using the MCA and setting up suitable
additional windows for subtracting the effect of these interferences. The
corrected plutonium content and the amount of interfering activity could then

be arrived at.

* Bhabha Atomic Research Centre, Bombay, India
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6.4 Pu/U Ratio Determination from Uranium and Plutonium

Isotopic Gamma Rays

H. Eberle and H. Ottmar

Previously we reported on Pu/U ratio measurements using the X-ray
fluorescence analysis technique (1). There is an alternative method to deter-
mine the Pu/U ratio nondestructively in U~Pu fuel mixtures which employs
the analysis of isotopic gamma rays from uranium and plutonium. We tested

this technique for Pu/U ratio measurements on mixed-oxide fuel pins.

Mixed U-Pu fuel materials commonly occur as mixtures of plutonium and
either highly enriched uranium or low enriched, natural and depleted uranium.
Both material categories require the analysis of different gamma fays for
Pu/U ratio measurements. In the former case where plutonium is mixed with
highly enriched uranium, the abundant gamma rays from 235U and 239’ZMP
in the low energy region (129-208 keV) are preferably employed for the ana-
lysis. Fig. 1 shows the gamma spectrum in the energy region of interest

for this material category.

107 —— ] T ] | T | E
r gy #hy ]
F PuliU+Pu)=0.264 | | 1
i Pt %y =093 f 1
- i Hpy(Py =091 ﬁ 1
6 ip, J |
107 135U \ i E
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§ F 7“Am uspu ¥py l w5, p,y A ]
3 L Z”Am ZLuzuPu “‘Am' mPu Z]SU mru uslf} usy | J
5 A /W/
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[ 1
10% | 1 L 1 | | | | {
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ENERGY (keV)
Fig. 1. Low-energy gamma spectrum from a mixture of plutonium and highly

enriched uranium.

I1f, however, plutonium is mixed with low enriched, natural or

even depleted uranium, this energy region can no longer be used for the

analysis, because the plutonium activity then overrides the 235U gamma

signature. In this case the less abundant 238U and 239Pu gamma rays in the
higher energy region (600-800 keV) must be employed for the Pu/U ratio

analysis. Fig. 2 shows the gamma spectrum in this energy region taken

from a fuel pin having 7 7 plutonium mixed to natural uranium. The 238U
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Fig. 2. High-energy gamma spectrum from a mixture of plutonium and natu-

ral uranium.

gamma rays at 743, 766 and 786 keV arise from the decay of the daughter pro-

duct 234Pa to 234U. Unfortunately, the same gamma rays are also emitted by

238Pu which decays directly to 234U. For an atom ratio 238U/238Pu = 104,

- 238Pu
Pu contributes approximately 30 % to the

observed peak intensity of the 238U gamma rays.

which is a typical value for recycled LWR fuel (3 % Pu in U

isotopic abundance 0.3 %), 238

Similar conditions were present with the mixed-oxide fuel pins
which we have analyzed for Pu/U ratios. The pins contained natural uranium
enriched with a few percent of plutonium. For the evaluation of the Pu/U
ratio we have selected the 239Pu and 238U gamma rays at 646 keV and 743 keV,
respectively, because these gamma rays show the least interferences
from other gamma rays. The relative detection probability for both gamma
energies was established using the known photon yields for the 24]Am gamma

rays observed in this energy region. Table | summarizes the results obtained

from 3 fuel pins,

239

Table 1. Pu/U ratio analysis from isotopic gamma rays 646 keV (7~ “Pu)
and 743 keV (238U).
Pu/U Gamma-Book
Sample Book Gamma Book
Value Measurem. (%)
Pin 0.0239 0.0219 - 8.4
Pin 0.0448 0.0420 - 6.3

Pin 0.0777 0.0717 - 7.7
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The evaluation of the Pu/U ratio from the observed peak intensity

239Pu and 38U gamma rays requires, of course, a detailed

ratio of the
knowledge of the uranium and plutonium isotopic composition (in particular
a very accurate knowledge of the 238Pu isotopic abundance), and of the
absolute branching intensities of the gamma rays involved in the analysis,
The observed bias between the measured values and the reported book values
probably results from uncertainties in the necessary apriori information,
In general, we found that the Pu/U ratio analysis from high-energy isotopic
gamma rays is much more time—consuming than the previously reported X-ray

fluorescence analysis technique.

References

(1) H. Eberle and H. Ottmar, Report KFK 2504 (1977) p. 81.

6.5 Evaluation of Plutonium Isotopic Ratios Using High

Resolution Gamma Spectrometry

H. Eberle, M.R. Iyer+, and H. Ottmar

High-resolution gamma spectrometry is becoming an alternative or
complementary tool to mass spectrometry for the isotopic analysis of
plutonium. With the exception of 242Pu, all plutonium isotopes of interest
emit useful gamma rays which can be used for isotopic ratio measurements.
In addition, gamma spectrometry can also account accurately for 24]Am,

if present.

Work is in progress for the study and evaluation of this analysis
technique., We started with the analysis of plutonium samples of widely
different isotopic compositions, ranging from low-burnup to high-burnup
plutonium. Among these samples the NBS 946, 947 and 948 have been measured
Two different detector system have been employed for the measurements:

a small planar diode (1.3 cm3, FWHM 550 eV at 122 keV) and a coaxial
diode of medium size ( 18 cm>, FWHM 720 eV at 122 keV). Fig. |

displays, as an example, gamma spectra taken with the planar detector from

low-burnup and high-burnup plutonium samples. The selected energy region
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Fig. 1: High-resolution gamma spectra from low-burnup and high-burnup

plutonium

(120 keV - 210 keV) provides information on all isotopes of interest.
Both material types show relatively strong gamma lines from 239Pu and

24]Pu, while the 24OPu gamma line (160.3 keV) is less pronounced and
interferes with gamma lines from 239Pu and 241Pu. 238Pu provides a clean

peak (152.8 keV) in gamma spectra from higher burnup plutonium.

In the present isotopic analysis work the peak areas of single gamma
peaks or groupings of unresolved leaks have been determined by the channel
summation method. For the subtraction of background counts underneath the
peaks, a smooth, step—like background line was calculated from the measured
spectrum. The net peak area ratios, corrected for efficiency, were then

converted into isotopic ratios using published absolute gamma-branching

intensities and half-lives (1,2).
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Table | summarizes the results from isotopic ratio measurements on
5 different plutonium samples as obtained from the spectrum analysis using
the channel summation method, Since in the plutonium gamma spectrum gamma
rays from 241Pu happen to be energetically close to gamma rays from the
other plutonium isotopes, it appears advantageous to determine primarily
the isotopic ratios 238/241, 239/241 and 240/241, The following gamma rays
have been used for the evaluation of these ratios,

238 241

"Pu/” ""Pu ratio, This ratio was evaluated using gamma rays at 148 (241Pu)

and 152 keV (238Pu). With one exception (NBS 948), the gamma values are
systematically lower than the values from the destructive analysis. This devi-
ation is most probably due to a bias in the absolute gamma-branching intensity
values of the two gamma rays. In order to better define this bias, more
accurate isotopic standards are required, because for the presenf isotopic
standards the stated uncertainties of the 238Pu abundances range between

2 7 (NBS 946, 947) and 10 7 (NBS 948).

239Pu/241Pu ratio. Gamma rays in the energy region from 332 to 422 keV

have been used for the evaluation. This is a fruitful energy region for
239Pu/ZMPu ratio measurements on plutonium samples with 241Pu abundances

from approximately 1 7 upwards. For those samples the gamma values turn out

to be approximately 3 7 lower than the actual values, possibly again indi-

cating a small bias in the branching intensities of the gamma rays involved.

Table 1. Comparison of plutonium isotopic ratios from gamma analysis and de-
structive analysis (DA). The values in parantheses are percentage

deviations between both data sets.

238Pu/241Pu 239Pu/241Pu 240Pu/24lpu

Sample DA Gamma DA Gamma DA Gamma

NBS 948  0.0295 0.0321(+8.7) 255.3  260.7 (+2.1) 22.14 20.60 (-7.0)
NBS 946 0.0786 0.0760(-3.3) 27.90  27.10(~2.9) 4,068 3.682(-9.5)
NBS 947 0.0827 0.0805(-2,7) 22,33 21.72(-2.7) 5,418 4.953(-8.6)
Medium 5 0431 0,0403(-6.5)  18.16  17.60(-3.1) 6.440 6.084(-5.5)
Burnup

High 0.1188 0.114 (~4.0) 6.86  6.67(~2.8) 2.557 2.433(-4.9)
Burnup

240Pu/241Pu ratio. The gamma rays at 160 keV (240Pu) and 164 keV (241Pu) were

. . . . . 2
employed for the evaluation of this isotopic ratio. Since the 40Pu gamma-

ray signature at 160 keV has to be extracted from a complex peak structure,
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part of the obseryed bias between gamma values and actual isotopic ratios
as determined by mass spectrometry may be due to the present analysis proce-

dure.

More refined spectrum analysis methods using peak fitting with different
computer codes are now being undertaken to investigate the origin of the

observed biases, and to further evaluate the analysis technique.

+ . \ .
On deputation from Bhabha Atomic Research Centre, Bombay, India.
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6.6 Branching Intensities of 239Pu Gamma Rays

+
H. Eberle, M.R. Iyer , and H. Ottmar

The accuracy of plutonium isotopic analysis using gamma spectrometry
relies on an accurate knowledge of gamma branching intensities, if the ana-
lyses are to be performed without recourse to comparison with isotopic
standards. Accurate absolutebranching intensities, or at least accurate
branching intensity ratios, are necessary to convert the measured peak area
ratios of isotopic gamma rays into atom ratios. In addition, accurate relative
branching intensities of gamma rays from one particular isotope are required
for the construction of the relative gamma detection efficiency curve for
a given sample-detector combination. Gamma rays from 239Pu are usually

employed for this purpose.

A comprehensive compilation of absolute branching intensities for gamma
rays from plutonium and americium isotopes has recently been published by
Gunnink et al. (1).Other authors (2,3,4) also reported absolute branching
intensities, mainly for 239Pu gamma rays, which for some gamma rays deviate
up to 15 7 from the values reported by Gunnink. In order to examine the ob-
served discrepancies, we made a consistency check on Gunnink's branching
intensity values for 239Pu gamma rays. For this purpose high - resolution

gamma spectra have been accumulated from the plutonium reference materials
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Table 1: Comparison of Reported Branching Intensities of
Gamma Rays from 239%pu

‘Energy Present Ref. /1/ Ref. /2/ Ref. /3/ Ref. /4/

(keV) Analysis

129.3 6.22 E-5 6.26 E-5 6.2 E-5 6.20 E-5  6.23 E-5

144 .2 2.83 E-6 2.83 E-6 3.25 E-6 2.96 E-6  2.65 E-6

161.5 1.20 E-6 1.20 E-6 1.25 E-6 1 .24 E-6  1.22 E-6

171.3 1.10 E-6 1.11 E-6 1.13 E-6 1.11 E=6  1.00 E-6

179.2 6.41 E-7 6.58 E-7 6.28 E~7 6.54 F-7

189.3 7.77 E-7 8.30 E-7 8.72 E-7 8.26 E-7

195.7 1.07 E-6 1.06 E-6 1.07 E-6 1.09 E-6

203.5 5.61 E-6 5.60 E-6 5.6 E-6 5.70 E=6  5.58 E-6

255.4 8.04 E-7 8.05 E-7 8.03 E-7 8.07 E-7

297.5 5.02 E-7 5.02 E-7 5.0 E-7 5.02 E-7

345.0 5.60 L~6 5.59 E-6 5.61 E-6 5.96 E-6  4.97 E-6

375.0 1.57 E-5 1.57 E=5 1.58 E-5 1.64 E-5  1.52 E-5

413.7 1.48 E-5 1.49 E-5 1.5 E-5 1.5T E=5  1.48 E-5
Table 2: Branching Intensity Ratios for Some Plutonium Isotope

Gamma Rays Determined from Measurements of NBS—SRM 948
Ratio 1 em3 1 em3 18 cm3 Mean Gunnink et al.
Gsfit Sampo Gsfit Value /t/

241 0 (148) 123%pu (144) 0.655 0.667 0.654 0.659 0.660
2815 164)/%3%pu161) 0.380 0.377 0.380 0.379 0.378
2415, (208)723%u (203) 0.947 0.946 0.955 0.949 0.950
24150(267) /23%u (255) 0.229 0.220 0.227 0.225 0.226
241 5.4(332)7%3%u (345) 0.0517 0.0493  0.0524 0.0511 0.0532
2815.,(335) /23%u (345) 0.00426 0.00437  0.00433  0.00432 0.00428

NBS—SRM 948 and 949d. Each of the two samples has been measured with two
"different detector systems - a small planar diode (1 cm3) with an energy
resolution of 550 eV at 122 keV and a coaxial diode (18 cm3) with a reso-
lution of 720 eV at the same energy. The peak area analyses have been performed
by the peak fitting method, using the computer codes Gsfit (5) and Sampo (6).

In this way a total of six different data sets have been generated.

When plotted as a function of energy, the efficiency values € =P/B, i.e.
the ratio of the measured peak areas P divided by the branching intensities B,
should all fall on a smooth curve, provided the reported branching intensities
are internally consistent. With two exceptions (179 and 189 keV gamma rays)

239

this was indeed observed for the major Pu gamma rays between 123 and 451 keV.
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Higher order polynomials on a linear and log/log scale and functions of the
form ¢(E) = aEb exp (cE) were tried for fitting the efficiencies in the various
cases. We found that none of the above functions gave a satisfactory fit to

the data points in the entire energy region. We therefore decided to split

the fitting intervals into two regions: cubic functions were used to fit

the data in the energy range from 123 to 203 or 255 keV, and in the higher
energy region the data were fitted to either cubic or power functions. Table I
compares the branching intensities for 13 of the major 239py gamma rays in

the energy range between 129 and 414 keV from the present analyses with pre~
viously reported data. The present analyses suggest that Gunning's data (1) re-
present a consistent set of branching intensities, with the exception of the
intensities of the gamma rays at 179 and 189 keV. A more careful evaluation of

the branching intensities for these 2 gamma lines is necessary.

The validity of the data in terms of absolute branching intensity ratios
is best checked by evaluating isotopic ratios from gamma spectra measured
on samples with accurately known isotopic composition, and comparing them
with the known values. Alternative, branching intensity ratios of gamma
rays important for the isotopic analysis can be determined from spectra taken
from those samples. Table 2 summarizes branching intensity ratios for some

239Pu and 241

important Pu gamma rays as obtained from the evaluation of the
gamma spectra taken from the NBS 948 isotopic standard. The intensity ratios
are based on the isotopic composition quoted for this standard (corrected
for decay), and on the plutonium isotope half-lives quoted in (7). Again

the results are in close agreement with Gumnink's data.

7l
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6.7 Determination of Heavy Element Concentrations in Solutions

by K-Edge Gamma Absorptiometry

P. Matussek, I. Michel-Piper, and H. Ottmar

Work continued on the evaluation of the K-edge gamma absorptiometry tech-
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nique for special nuclear material concentration measurements in solutions.
The continuous photon energy distribution obtained from an X-ray generator
is used for energy—dispersive gamma transmission measurements at the K-

absorption edges of special nuclear materials like uranium and plutonium.

10}~ Fig. 1.
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Fig. 1 shows the tailored X-ray beam before and after the transmission through
a uranium containing solution. The spectra are measured with a high-resolu-

tion planar Ge detector (FWHM = 550 eV at 122 keV) at a slope of approximately
70 eV/channel. The 88 keV 109Cd gamma line served as reference line for digi-

tally stabilizing the gain of the electronic chain.

The accurate concentration analysis requires an accurate determination
of the ratio of the transmissions, R, below and above the absorption edge
energy. The heavy element concentration, Py is determined from this ratio by

the relation

_ InR
pH_Au'D’

where Ay and D denote the change of the total photon cross—section at the
K-absorption edge and the sample thickness, respectively. We tested several
analysis procedures for determining the ratio of the transmissions at the
absorption edge energy. An advantageous analysis approach which effectively
utilizes most of the information provided by the continuous transmitted

gamma beam has been worked out and implemented into a minicomputer—based ana-

lysis system (see also contribution 7.4.7). This approach consists of fitting,




_87_

0.4 B Fig. 2:
i by = 29g/1 ! ] Energy dependence of the
0.2 D =15cm - B function 1n 1In(1/T(E)).
Ei i : b T(E) is the transmission
Eé 0.0 - * through the heavy element
£ I : } bearing solution, measured
= 021 ; B with respect to the trans-
I H | mission spectrum through a
-04f ’ - blank nitric acid solution.

t—— Fitting Interval ——{AE ~—— Fitting Interval

| | | 1 ! !
100 110 120 130

ENERGY (keV)

on both sides of the absorption edge,the experimentally determined transmis-

sion values, T(E), to the function

In 1n (1/T(E)) = 1In (U(E) - p - D.

This function shows a nearly linear dependence upon the gamma energy E, as
shown in Fig. 2. The transmission values, T(E), are measured with respect to

a reference spectrum which is once taken with good counting statistics through
a blank nitric acid solution. This reference spectrum is permanently kept in
the computer memory. The values 1n 1ln (1/T(E)) are fitted by the least-
squares méthod either to a linear or parabolic function on both sides of

the absorption edge, using the fitting intervals as shown in Fig. 2. The
transmission jump at the absorption edge energy is then calculated by extra-

polating the fitted functions to the K-edge energy.

This analysis procedure has experimentally proven to be highly insensi-
tive to matrix properties. The precision and accuracy of the special nuclear
material concentration analysis attainable in a given analysis time is then
largely limited by the count rate that can be tolerated in the electronics of
the gamma detecting system without detoriating appreciably the energy reso-
lution. Fig. 3 shows the -precisions attainable in different analysis times,

plotted versus the product of heavy element concentration (in units of g/1)
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times the sample thickness in cm. The precision values are calculated
assuming that the X-ray intensity from the X-ray generator is adjusted to give
always a fixed count rate of 10 kHz, and that 50 % of this count rate is

in the fitting intervals. The curves illustrate that under optimum conditions,
i.e., choosing the optimum sample thickness for a given heavy element
concentration, precisions of less than 0.2 %Z can be achieved in an assay

time of 15 min. The K-absorption edge densitometry preferably applies to

solutions with heavy element concentrations ranging from approximately 50 g/1

upwards.
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7. TECHNICAL DEVELOPMENT
7.1 CYCLOTRON
7.1.1 Operation Summary of the Karlsruhe Isochronous Cyclotron

F. Schulz and H. Schweickert

During the period of report the machine was in full operation (see Table 1).
The total of available beam time of 7568 h is practically the same number compa-
red to the last year (1), though we had a short shut-down period of 10 days.
This period was used to replace several components which have proved unsatis-—
factory and for building in of new equipﬁents (replacement of one of the two
10 000 1/s diffusion pumps, installation of two new cooling circuits for the
internal beam isotope production, installation of new proton resonance measuring
systems into the beam switching magnet and the cyclotron, installation of a
cryogenic absorber system (LN) which can be plugged in automatically in the main
vacuum chamber to trap especially the water from small leaks etc.). The main
reason however was to prepare the main vacuum chamber of the cyclotron for the

installation of the new correction coils in 1979 (see Fig. 1).

CYCLOTRON OPERATIONAL WITH INTERNAL WITH EXTERNAL TOTAL

ION SOURCES 10N SOURCES
FOR EXPERIMENTS Seulw 77.9% 950 W* /4.4 7 6581 v 77.4 7
FOR BEAM DEVELOPMENT AND
TESTING NEW COMPONENTS 955w 13.2 7% 22 H 1.7 % 977 v 115 7
TOTAL TIME OF OPERATION 6596 H 1.1 % 972 0 76,1 % 7568 u 88.9 4%

WITH THE BEAM ON TARGETS

SCHEDULED SHUT-DOWN FOR
MAINTENANCE, REPAIR AND 226 H 3,17 2l w 1.6 % 247 w 2.9 7%
INSTALLATION

UNSCHEDULED SHUT-DOWN 415w 587% 2851 223 7% 700 w 8.2 %

TOTAL SHIFT TIME 7238 H 100 7 1278 v 100 % 8516 w** 100 %

*

POLARIZED DEUTERONS 237 H
BL13*-1ons (156 MeV) 718

THE REAL TIME oF 8760 H IS ACHIEVED BY ADDING A |{) DAYS SHUT DOWN PERIOD FROM
22,12.77 - 5.1.78

#*it

Table 1: Statistics of cyclotron fro