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Stellingen behorend bij het proefschrift

INVESTIGATION OF HEAVY-ION INDUCED REACTIONS WITH A

COMPTON-SUPPRESSION Y-RAY SPECTROMETER

M.A. van Driel

Uit onderzoek aan de reactie ^̂ Cfi,(T,d)̂ Âr met behulp van
een magnetische spectrograaf blijkt dat de laagste T a 2,
JTT _. 2™ toestand in 38Ar een excitatie-energie heeft van
10626 +_ 10 keV.
M.A. van Driel, ongepubliceerd.

II

Bij de bestudering van de eigenschappen van een goudlaag op
een substraat is het noodzakelijk het afremmend vermogen van
ionen in goud goed te kennen. In het energie-it.terval van
0.06 tot 2.0 MeV zijn nu nauwkeurige experimentele waarden
voor de afremming van alfadeeltjes in goud bekend '»2)#
Hieruit blijkt dat de semi-experimentele waarden gegeven door
Northcliffe en Schilling 3) gemiddeld een factor 1.058 +_ 0.013
te laag zijn over het energie-interval van 0.4 tot 2.0 MeV.
1) R.E. Horstman en M.A. van Driel, intern verslag V3537
2) W.K. Lin eit £l., Phys.Rev. I31£ (1974) 3746
3) L.C. Northcliffe and R.F. Schilling, Nucl. Data Tables A7

(1970) 233.

III

De lange discussie die Nagamiya wijdt aan de geldigheid van
de optelrelatie voor g-factoren in het massagebied rondom Pb
is zinloos.
S. Nagamiya, J. Phys. Soc. Jap. 34, Suppl. (1973) 230.



IV

Uit het onderzoek van de reactie **°Ca(d,a)38K met gepolari-
seerde deuteronen door Petty e£ £^. volgt voor het 38K
niveau met een excitatie-energie van 2.65 MeV een spin en
pariteit van Jïï = 4" of 2~. Het verval van dit niveau naar
de J11 = 3 + grondtoestand verloopt dan via El straling tus-
sen twee T == 0 niveaus. Deze isospin verboden El overgang
met een sterkte van ten hoogste 3.3 x 10""8 W.u. is de
zwakste tot nu toe bekend in kernen met A < 45. Aangezien
de twee niveaus in het schillenmodel beschreven worden
met voornamelijk (Id3/2)~^lf7/2 en (^3/2)""^ configuraties
wordt de zwakte van de overgang niet alleen veroorzaakt
door het verboden zijn van AT = 0, El overgangen in zelf-
geconjugeerde kernen, maar tevens door het nul zijn van
het <ld3/2|El|l£j/2> overgangsmatrixelement.
D.T. Petty et_ al_., te publiceren in Phys. Rev. C.
Hoofdstuk I van dit proefschrift.

V

Op grond van een globale waarde O voor de verhouding van
de energieverliezen van Et moleculen en H + ionen in kool-
stof, wordt een grote afwijking van de equipartitie tussen
één-deeltjesbotsingen en resonante botsingen geconcludeerd 2
Dit is niet in overeenstemming met ongepubliceerde Utrechtse
metingen •*'.
1) J.W. Tape et al., Nucl. Instr. \32_ (1976) 75
2) W. Brandt and R.H. Ritchie, Nucl. Instr. J_32_ (1976) 39
3) R.E. Horstman en M.A. van Driel, intern verslag V3537.

VI

Uit een vergelijking van de resultaten voor de levensduur
van de laagste aangeslagen toestand in 1 8 0 , verkregen uit
co'incidentiemetingen met behulp van de DSA lijnvormmethode,
Coulombexcitatie en de vluchtwegmethode, blijkt dat de af-
remming van 1 80 ionen in Mg, zoals gegeven door Northcliffe
en Schilling, correct is binnen 5%. Uit een DSA meting aan
het laagste niveau van 2 0O met eveneens Mg als afremmateri-
aal volgt dan dat de door Berant en medewerkers met de
vluchtwegmethode gemeten levensduur een factor 1.43 jf 0.13



te groot is.
A.M. Kleinfeld et £l., Phys. Rev. Lett. 35 (1975) 1329
L=C. Northcliffe and R.F. Schilling, Nuci. Data Tables A£
(1970) 233
Z. Berant £t al., Nucl. Phys. A243 (1975) 519.

VII

De veronderstelling van Eberhardt en medewerkers dat de pola-
risatie van het Is electron, nodig voor de verklaring van de
grote precessie van de kernspin bij magnetische hyperfijnwis-
selwerking, ontstaat door sen twee-staps proces, nl. vangst
van een gepolariseerd electron uit Fe in de 2p schil gevolgd
door een 2p •+ Is overgang, is aanvechtbaar.
J.L. Eberhardt je_t al_., te publiceren.

VIII

Het reduceren van kernfysische meetgegevens tot spectra is op
een minicomputer aanzienlijk sneller en goedkoper dan op een
rekengigant.

IX

De hoekverdelingscoëfficiënt voor ongemengde J -»• J gamma-
overgangen wordt voor heeltallige J gegeven door A„(J •+• J) *
£ot2(«J). Hierbij is o^Q) de oriëntatieparameter zoals gedefi-
nieerd in hoofdstuk IV.

Ket door McDiarmid veronderstelde ligand-karakter van de
hoogste gevulde energieniveaus in UFg is niet te verdedigen
op grond van de door haar geciteerde berekeningen van Boring
en Moskowitz.
R. McDiarmid, J. Chem. Phys. 65_ (1976) 168
M. Boring en J.W. Moskowitz, Chem. Phys. Lett. 38 (1976) 185.



XI

In tegenstelling tot de normaal gebruikte drie of vier grof-
heden siliciumcarbide is het eenvoudiger om bij het tromme-
len van stenen slechts een of twee grofheden te gebruiken.
J. Bucklow, Lap. Journ. 29 (1976) 2092.

XII

Ver doorgevoerde participatie van de ouders bij het onderwijs,
zowel op de basisschool als bij het VWO, kan voor de leer-
lingen discriminerend werken.

XIII

Gezien de huidige economische omstandigheden is het moeilijk
voor getrouwde vrouwen om part-time werk te vinden. Hierdoor
wordt de realisering van de emancipatiegedachte belemmerd.

M.A. van Driel
Wiardi Beckmanstraat 108
Soest.
Tel. 02155-10392
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INTRODUCTION AND SUMMARY

During the last few years, the interest for the use of

4 beams of heavy ions (defined as particles with larger-than-

four mass number) is rapidly grox̂ ing, not only in nuclear

and atomic physics, but also in astrophysics, solid-state

physics and chemistry . Large accelerators under con-

struction in Berkeley, Dubna, Darmstadt, Caen and Oak Ridge

will be able to produce beams of elements up to Z = 100 with

energies up to about 10 MeV per nucleon in the near future.

At present, diverse and exciting research is conducted

at energies of about 3 to 4 MeV per nucleon at several
2)

places . In the Netherlands the nuclear physics group at

Utrecht conducts experiments with heavy-ion beams of 1 2C,
14N, 1 6 0 , 1 80, 19F, 27A£, 28Si, 3 2S, 35C£ and 37C£. The

baams are accelerated to a maximum energy of about 50 MeV

by a Van de Graaff tandemgenerator of type EN which is de-

signed for a maximum terminal voltage of 6 MV.

The large mass and charge of the heavy ions makes them

especially suitable for the investigation of nuclides far

off the stability line, multi-nucleon transfer, Coulomb

excitation, high-spin states, lifetime measurements, hyper-
3)

fine interactions,, etc. .

The present thesis gives results from y~ray experiments

in reactions induced by the bombardment of 2i+Mg with 12C

and 160 beams. The y~rays are observed with Ge(Li) crystals

which are used as a single detector or combined with other

Ge(Li) or Nal crystals to form a more powerful detection



apparatus. Examples of the latter arc the three-Ge(Li) Compton

polarimeter and the Compton-suppression spectrometer.

At the beam energies used of about 40 MeV, the reaction

cross section stems mainly from the fusion-evaporation process.

In the first step of this process the incident particle and

target nucleus are fused together in a highly excited compound

nucleus. Bombar \ient of 2kllg with e.g. 38 MeV 160 leads to the

formation of i+0Ca at an excitation energy of 39 MeV with an

angular momentum of about 20 "n

In the second step of the process, the decay of the compound

nucleus, moving with high velocity along the beam axis, takes

place by emission of a few light particles (neutrons, pvotons

or a~particles) followed by Y"~rays. Statistical model ca?cula-
45)

tions * , supported by a growing amount of experimental evi-

dence, show that the light particles boil off with little ki-

netic energy and little angular momentum.

The y-rays emitted by the final system are therefore emitted

by a nucleus (i) with a high velocity component along the beam

axis, (ii) in a highly excited state of high spin and (iii) with

the spin oriented almost perpendicular to the beam axis.

The Y~raY experiments described in this thesis fully exploit

the above sketched features of the fusion-evaporation reaction.

It should, however, be stressed that the results reported are

obtained in a model-independent analysis of the data provided

by the experiments.

Chapter I describes the investigation of a 38K isomer with

the 2LfMg(15O,pny)38K reaction. In view of its excitation energy

of 3.46 MeV, the level has an unusual long half-life of T./0 =

22 ys. It is suggested that a low-lying J = 7 state in the

midst of states of low spin, in combination with selection



rules for ydecay in a self-conjugate nucleus, is responsible

for the isomerism.

The lifetimes of the levels involved in the decay of the
3)

isomer are measured with the well-known recoil distance

method. The advantage of heavy-ion induced reactions in recoil-

distance measurements is that, due to the larger recoil velo-

city, for a given accuracy of the recoil-distance apparatus,

shorter lifetimes can be measured, and that for a given reso-

lution of the detector y~rays of lower energy can be studied.

The highly excited compound nucleus has several decay modes

so that a large number of levels in several nuclei are popu-

lated. A typical yray spectrum is therefore rather complex

(see e.g. fig. 7 in chapter IV) and asks for a high-resolution

spectrometer with low background.

Chapter II describes the design and construction of a

Compton-suppression spectrometer, consisting of a Ge(Li) de-

tector surrounded by a NaI(T£) shield. Only those pulses from

the Ge(Li) detector which occur without simultaneous detecti-

on of quanta in the shield are accepted. In this way the back-

ground in the Ge(Li) spectrum is considerably reduced since

it is mainly due to Compton-scattered y~rays. The NaI(T£)

shield itself is surrounded by lead to avoid direct irradiati-

on. The inherent lower absolute efficiency of this spectrometer

is largely offset by the yield of heavy-ion induced reactions.

Chapter III describes the use of this sensitive spectrome-

ter in a study of the 3 decay of CZ.

Chapter IV reports on high-spin states in 38Ar and 35C£

and deals especially with the problem of assigning spins and

parities in a model-independent way. A new method is given to

obtain model-independent restrictions for the statistical ten-



sors, describing the alignment of a level. Its use in the

analysis of angular distribution and polarization measure-

ments appears to be quite successful.

Table 5 of this chapter is a typical example of the pre-

sent limited experimental knowledge of low-lying high-spin

states in this mass region.

Chapters I and III have been published ' and chapter IV
8")

has been accepted for publication
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CHAPTER I

INVESTIGATION OF THE 3.46 MeV ISOMERIC LEVEL OF 38K
WITH THE 24Mg( i6O, pny)38K REACTION

M. A. VAN DRIEL, H. H. EGGENHUISEN, J. A. J. HERMANS, D. BUCURESCU
H. A. VAN RINSVELT" and G. A. P. ENGELBERTINK

Abstract: Their^ = 22f/s isomeric level of 33K at an excitation energy of 3458.0±0.2 keV is strongly
populated in the 24Mg(16O, pny)38K reaction. Delayed y-rays are studied with Ge(Li), Si(Li),
and Nal detectors. Accurate excitation energies, branching ratios and lifetimes of levels involved
in the decay of the isomeric state are determined. The isomeric level predominantly decays by
a dipole transition of 38.03±0.03 keV with a total conversion coefficient of <xT = 0.42±0.15.
Mean lives of 38K levels are measured with the recoil-distance method. The results are
rm — 10.1 ±0.9 ps, 1.41 ±0.14 ns and 101 ±15 ps for the levels at excitation energies of 0.46,
2.65 and 3.42 MeV, respectively. It is suggested that the (lf^.)2 structure of a low-lying J7' = 7 +

state in combination with the selection rules for y-decay in a self-conjugate nucleus is responsible
for the isomerism.

1. Introduction

Positive parity states in nuclei at the end of the sd shell are expected to have admix-
tures of configurations consisting of excitation of an even number of particles to the
fp shell. A clear example is e.g. the second excited state of 38Ar at 3.38 MeV with
JK = 0+ , of which the configuration is predominantly 1) (sd)~4(fp)2.

Recent shell-model calculations 2) describe positive parity states in A = 34-38
nuclei with a complete set of (2s, Id) basis states outside a closed 16O core and
account in this way for a large number of experimental observables. Excitation of an
even number of particles from the sd to the fp shell is ignored in the calculations and
the inherent limitations are discussed in terms of the existence of intruder states. The
frequency of occurrence of low-lying intruder states would be an indication of the
inadequacy of the model space used and from this point of view it is of interest to
localize such states experimentally and to investigate their interplay with the sd shell
states.

t Permanent address: Institute of Atomic Physics, P.O. Box 35, Bucharest, Rumania.
ft Permanent address: University of Florida, Gainesville, Florida, USA.



The existence of a 1\ ta 23 /is isomeric state excited in 24 MeV a-particle bombard-
ment of C'l has first been reported by Ivanov et al. 3). Delayed y-rays of 0.042, 0.78,
2.73 and 3.54 MeV were observed with a 4 cm x 2.5 cm Nal crystal. The assignment
to a particular nucleus, however, was not clear.

In a study of the reaction 40Ca(d, ay)38K, Hasper et al. 4) noted that a weak peak
in the 2-particle singles spectrum corresponding to an excitation energy of about
3460 ke\' showed no coincidence with y-rays. A level with a lifetime appreciably longer
than 50 ns would be consistent with the data.

Recently, Fordachescu et al. 5) assigned the isomeric state with a half-life of
T,. ^ 22.1 ±0.7 //s to 38K and measured the ^-factor with the time-differential spin
precession method. The result of g — 0.548 + 0.002 is consistent with a pure f|,
JK = 7~ configuration.

Measurements with the 36Ar(a, d)38K reaction 6) at Ea = 35 MeV show a spec-
trum dominated by a state at 3445 + 20keV. Its deuteron angular distribution is
similar to that of the 40K(2.54 MeV) state populated strongly in the 38Ar(a, d) reac-
tion 6) and to have known 7) Jn = 5 or 7+ .

The present work with the 24Mg(16O, pny)38K reaction gives excitation energies,
branching ratios and lifetimes for the isomeric state and the levels involved in its decay.
Preliminary results presented earlier 8) are superseded by the present work.

2. Decay properties of the isomeric state
2.1. EXPERIMENTAL PROCEDURE

Self-supporting natural Mg targets with a thickness of about 1 mg/cirr are bom-
barded with a 38 MeV 1 6 o 6 + beam of about 100 nA (electrical) intensity.

Ta COLLI MATOR-

1 cm

Fig. 1. Experimental set-up used to observe delayed y-rays. The nuclei produced recoil from the
target to a Ta or Cu catcher at a distance of 12 cm (« 15 ns flight path).



The nuclei produced are allowed to recoil from the target to a Ta or Cu catcher at
12 cm distance (% 15 ns flight path) and delayed y-rays are studied with a 0.1 cm1

Si(Li), 36 and 125 cm3 Ge(Li) detectors and a 12.7 cm x 12.7 cm Nal crystal. The
detectors are shielded from the direct radiation produced in the target by at least
10 cm Pb, which attenuates the intensity of 1 and 3 MeV y-rays by factors of 2700 and
115, respectively. The experimental set-up is shown in fig. 1.

For y-y coincidence measurements, event-mode recording techniques were employed
using a CDC 1700 computer and standard electronics.

2.2. RESULTS

2.2.1. Energies and intensities. A y-ray singles spectrum recorded with the 36 cm3

Ge(Li) detector in the set-up of fig. 1 is shown in fig. 2. A tantalum catcher was used.
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Fig. 2. A '/-ray singles speclrum laken with a 36 cm3 Ge(Li) detector in the sci-up otiig. I. A self-
supporting natural Mg target with a thickness of 900/^g/cm2 is bombarded with a 38 MeV 1 6 O 6 +

beam of 80 nA (electrical). The peaks are labeled with the corresponding y-ray energies in keV;
primes and double primes indicate single-escape and double-escape peaks, respectively. A Ta

catcher was used.



1

The y-rays observed originate from (i) levels with a mean life longer than a few ns,
e.g. isomers of/i-decaying states; (ii) reactions of the 16O beam with the material of
tbc catcher (mainly the Coulomb excitation lines of 181Ta are seen with energies of
136, 165 and 301 keV); (iii) (n, n'y) reactions induced in the surrounding material,
e.g. 692 and 835 keV from 72Ge, 803 keV from 206Pb, 847 keV from 56Fe (goniom-
eter table), 1014 keV from 27A1 (Ge(Li) hood) and 2614 keV from 208Pb (lead
shielding); (iv) room-background lines as 583 keV from 2O8T1 and 1461 keV from
40K. The strong peak at 2168 keV is the 38Ar(l -> 0) transition following the 0 +

decay of 38K. The peaks labeled 34C1 and 34S are due to the reaction 24Mg(16O, pna)
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Fig. 3. A y-ray singles spectrum taken with a 0.1 cm3 Si(Li) detector in the set-up of fig. 1. A self-
supporting natural Mg foil with a thickness of 1.5 mg/cm2 is bombarded with a 38 MeV 1 6O6 +

beam of about 80 nA (electrical). The peaks are labeled with the corresponding y-ray energies in
keV. A Cu catcher was used.

A low-energy y-ray singles spectrum recorded with the 0.1 cm3 Si(Li) detector
in the set-up of fig. 1 is shown in fig. 3. A Cu catcher was used instead of Ta to reduce
the number of low-energy y-rays due to reactions of the 16O beam with the catcher
material. The Ta and Cu Kai X-rays have energies of 57.5 and 8.05 keV, respectively.
The spectrum is dominated by a 38.0 keV y-ray and weak peaks are observed at 24.1
and 29.8 kcV. A direct spectrum taken in another set-up with the Si(Li) detector at
1.5 cm from the target and at 90°, shows the peaks of fig. 3 with better statistics and
subsequent energy measurements with sources of 182Ta and 241Am yield energies of
29.83 + 0.03 keV and 24.14+0.03 keV. The 29.8 keV line observed in fig. 3 should be
the 40K(l -> 0) transition formed via the 26Mg(16O, pny)40K rerction. Its observa-
tion in the delayed spectrum would be consistent with the known energy (29.6+0.1
keV) and mean life (TM = 6.12±0.12ns) [ref. 7)]. The 24.1 keV peak in fig. 3 is



TABLE 1

Delayed /-ray transitions in 38K observed from the bombardment of Mg with 16O

Energy3) Assignment in 38K Relative
(keV) (Ei -> Ef in MeV) intensity

38.03 ±0.03
328.3 ±0.3
773.? ±0.2
811.9 ±0.2

2187.4 ±0.5
2646.1 ±C2
3420.0 ±0.3
3458

3.46
0.46
3.42
3.46
2.65
2.65
3.42
3.46

->3.42
—> 0.13
-> 2.65
-> 2.65
->0.46
->0
-> 0
->0

121 ±
2.6±

100
39.5 ±

1.7±
140 ±
72 --

<

13
0.4

0.6
: 0.2
5

; 3
0.2

a) Recoil energy included.

interpreted as the intensity weighted sum of the Kai and Ka2 X-rays of In, a material
used in the construction of the Si(Li) detector. In the above mentioned direct spectrum
the weaker K^, X-ray of In is also observed. The 24.1 and 29.8 keV peaks arc not in
coincidence with 38K y-rays (see subsect. 2.2.2).

The spectra of figs. 2 and 3 and similar ones taken under slightly different conditions
result in the energies and intensities given in table 1. The energy of the 38.03 + 0.03 keV
y-ray is measured relative to the 31.735 + 0.001 [ref. 9)] y-ray of 182Ta with the mixed-
source technique applied to a delayed Si(Li) spectrum. The energies of the other
y-rays in column 1 of table 1 are obtained from delayed spectra mixed with y-rays
from sources of 54Mn, 56Co, U 7Cs and 228Th. The data arc analysed with techniques
similar to those described in ref. 1 0) .

The intensities of the peaks in the delayed spectra are obtained from measurements
with both Ge(Li) detectors. Their efficiency calibration was determined with radio-
active sources taped to the catcher in the same set-up as for the experiments. Sources
of 56Co [ref. " ) ] , 88Y [ref. I 2)] , 133Ba [ref. 13)], 182Ta [ref. 9)] and 228Th [ref. 14)]
were used with the y-ray intensities taken from the references indicated. The intensity
ratio 7(38 keV)/7(774 keV) is determined with the 36 cm3 Ge(Li) detector, which has
no n-type layer in front of the active volume of the Ge(Li) crystal (1 mm Ge has a
transmission of only 4.3 % for 38 keV).

2.2.2. Assignment of the delayed y-rays to 3SK. for the 2.65 MeV level the following
results are obtained with the Mg+ 16O reaction: Ex = 2646.1 ±0.2 keV, (98.8 + 0.2)%
ground-state decay and ira = 1.41 +0.14 ns (see sect. 3). Recent a-y coincidence mea-
surements with the 40Ca(d, <xy)38K reaction15) result in Ex = 2646.3 + 0.7 keV,
100 % ground-state decay and xm > 12 ps. The agreement for excitation energy, decay
and lifetime leads to the assumption that the two reactions excite the same level in
38K. The presently observed 2.65 -» 0.46 and 0.46 —» 0.13 MeV transitions, involving
well-known 7) low-lying 38K levels strengthen this assumption.



80

<
540

a.

z
r>°

0

0

1500

511

POSITION
OF

326

1000

50O

774 keV
ENERGY
GATES

_4.7 keV

812 keV

r
COINC.WITH 7 7-; keV

. WiTH 812 keV

2646

DELAYED

Y - RAYS
2646

2646

•wW^w^WlrP^

J30 keV 345a

342CL 25

58

98.8

0 I

I

500 1000 1500 2000
E in keV

2500 3000

lig. H. Results of a Ge(Li)-Ge(Li) coincidence experiment with delayed y-rays. Ge(Li) detectors
of 36 and 125 cm3 were used in the geometry of fig. 1. The two spectra shown are corrected for
background and randoms with gates as indicated in the inserts. The peaks are labeled with the
corresponding y-iay energies in keV; primes and double primes indicate single-escape and double-

escape peak, respectively.

Ex(keV)
3458.0*0.2

JK T x m

(7*) O 31.9H.0

3420.0±0.2
25*2 75*2

(6') 0 101*15 ps

2646.110.2
41.911.0 58.1H.0

(4)" O 1.41*0.14 ns

458.7*0.5

1 30.4 i 0.6

0

98.8 i^0.2

T
100
i

1.210.2

r

0*

3*

0

1

0

10.1± 0.9 Ps

38 K

Fig. 5. Decay scheme of some 38K levels. Detailed information is lound in tables 2. 3 and 5. For
T and J" assignments, see subsects. 4.2 and 4.3, respectively. The /-values given in brackets are

upper limits.

10



TABLE 2

Excitation energies (keV) of some 38K levels

Present work Ref. ' 5 ) Ref. 7)

130.4±0.6
458.7±0.5

2646.1 ±0.2
3420.0±0.2
3458.0±0.2

J3O.8±1.O
458.8±1.0

2646.3 ±0.7
3418.9±2.1

131±2
461 ± 2

2647 ± 2

(3470±20)

TABLE 3

Gamma-ray branching ratios a) of 38K levels (Ex in MeV) from the 24Mg(16O, pny)38K reaction

From 2.65 3.42 3.46
Tob)

0
0.13
0.46
1.70
2.40
2.61
2.65
2.83
2.87
2.99
3.05
3.32
3.34
3.42

98.8±0.2
<0.4

1.2 ±0.2
<0.2
<0.3
<1.3

41.9±1.0
<0.2
<0.3
<0.4
<0.4
<2.3 c)

58.1±1.0
<0.2
<0.3
<0.3
<0.9
<0.2
<0.3

<0.12d)
<0.2
<0.3
<0.4
<0.3
<0.7e)

25 ±2 ')
<0.3
<0.3
<0.3
<0.3
<0.4
<0.3

75±2 f)

a) The upper limits are given at the 95% confidence level.
b) Taken from ref. 1S), except for the 0.13, 0.46, 2.65 and 3.42 MeV levels.
;) From a Si(Li)-Ge(Li) coincidence measurement.

d) Measured at a target-detector distance of 28 cm to reduce summing effects; see fig. 6 and text.
c) From a Nal-Ge(Li) coincidence measurement.
f) With the internal conversion taken into account, the transition branching ratios are

(18.7±0.4)% and (81.3 ±0.4)%.

Results of a y-y coincidence experiment with the delayed y-rays are presented in
fig. 4. Ge(Li) detectors of 36 and 125 cm3 were used in the geometry shown in fig. 1.
The data, corrected for background (gate B) and randoms (gate R) show clearly the
774 and 812 keV y-rays coincident with the 2646 keV y-ray.

Additional evidence for the present assignment to 38K is found from the results for
the 3.42 MeV level. The Mg-f-x 6O reaction yields £x = 3420.0 + 0.2 keV and branches
of (58.1 + 1.0)% to the 2.65 MeV level and (41.9 ±1.0)% to the ground state, while
the results of the 40Ca(d, ay)38K reaction4'15) are 3419±2keV, (55±10)% and
(45 ±10)%, respectively.

11



The recoil-corrected ?-ray energies of table 1 lead to the excitation energies given
in table 2. The branching ratios obtained from the y-ray intensities are given in table 3
and the resulting decay scheme is shown in fig. 5. Since the lifetimes of the 0.46, 2.65
and 3.42 MeV levels (see sect. 3) are short compared to the flightpath used, the y-ray
intensities in table 1 are due to the decay of the isomeric level only. The following
internal checks on energies and intensities are seen to be consistent with zero:

£(812)-£(774)-£(38) = -0.06 + 0.09 keV;

£(3420)-£(2646)-E(774) = 0.0 + 0.3 keV;

/(2646)+/(2188)-/(774)-/(812) = (2 ±5)%;

7(328)-/(2188) = (0.9±0.5)%.

2.2.3. Upper limits on branching ratios. The upper limits on branching ratios in table
3 are given at the 95 % confidence level. They are mainly determined from delayed
•/-ray spectra taken with the 125 cm3 Ge(Li) detector and are equal to 4y/N • FWHM,
where N denotes the spectrum intensity in a particular region and values for FWHM
(full width at half maximum) were estimated from the widths of neighbouring peaks.
This particular limit corresponds to two standard deviations in a result not significantly
different from zero.

fn some cases where a possible transition in the singles spectra was hidden under
a contaminant peak, the upper limit given is obtained from y-y coincidence measure-
ments.

For the 3.46 -> 2.61 MeV transition a Nal-Ge(Li) coincidence measurement was
performed with a gate between 2450 and 2850 K r on the Nal spectrum. In the
resulting Ge(Li) spectrum only the 774 and 812 keV peaks were observed. The
extracted upper limit for the 3.46 -*• 2.61 MeV transition is given in table 3.

For the 3.42 -> 2.61 MeV transition a Si(Li)-Ge(Li) coincidence measurement was
performed. The Ge(Li) spectrum in coincidence with 38 keV shows in the region
750-850 keV only the 774 keV peak. The extracted upper limit for the 3.42 -» 2.61 MeV
transition is given in table 3.

The upper limit for the decay of the isomeric level to the ground state is obtained
from a delayed spectrum measured with the 125 cm3 Ge(Li) detector at 28 cm dis-
tance from the target to reduce the summing effects from the cascades 3.46 -* 3.42 -» 0
and 3.46 -»• 2.65 -• 0 MeV. In addition, the summing due to the 3.46 -• 3.42 -> 0 MeV
cascade was eliminated by shielding the Ge(Li) detector with 4 mm Pb. The result
obtained is shown in fig. 6 and the extracted upper limit is given in table 3. For an
E4 transition (see discussion) the upper limit would correspond to a strength of only
3.2xl0~3 W.u.

2.2.4. Conversion coefficient of the 38 keV y-ray. From the theoretical conversion
coefficients given in table 4, it follows that the low-energy 38 keV y-ray is expected to
be converted appreciably, in spite of the low value of Z = 19. The theoretical con-

12
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Fig. 6. Delayed y-ray spectrum measured with the 125 cm3 Ge(Li) detector at a distance of 28 cm
from the target. The detector was shielded with 4 mm Pb. The resulting upper limit for the ground-

state transition of the isomeric level is given in table 3, see subsect. 2.2.3.

TABLE 4

Conversion coefficient aT for the 38.0 keV ray in 38K

Multipolarity

El
Ml
E2

theoretical

0.39
0.13

10.4

a) experimental

0.42 ±0.15

a) Extrapolated from the tables of Rose 16), see text.

version coefficients are calculated by extrapolation (on a double logarithmic plot) of
the values given by Rose 16) for Z = 25 and higher.

The experimental total conversion coefficient aT is determined from the intensities
of the 38, 774 and 3420 keV y-rays given in table 1, namely ocT+l = [7(774) +
7(3420)]//(38).

The result is aT = 0.42 + 0.15. A comparison with the theoretical conversion coeffi-
cients in table 4 yields the conclusion that the 38 keV transition cannot have pure E2
character. The mean life and branching ratio alone would give for the E2 possibility
a strength of 24 W.u., which is unlikely but not impossible.

3. Recoil-distance lifetime measurements

The 38K states with excitation energies of 0.46, 2.65 and 3.42 MeV are populated
in the 24Mg(16O, pny)38K reaction and the recoil-distance method was used to
measure the lifetimes.

13



Since the bombardment of Mg with ' 6O produces a number of final nuclei simul-
taneously, results are obtained concurrently for the 35C1(3.16 MeV), 38Ar(4.59 MeV)
and 38Ar(6.41 MeV) states.

3.1. EXPERIMENTAL DETAILS

The plunger apparatus used has a range of 10 cm and a better than 4 fim accuracy
for 0-1000 jzm. The zero distance is measured electrically before and after each run.

The 20-40 nA (electrical) 1 6 O 6 + beam with an energy of 36 MeV is focussed
through a collimator to a 2 mm diameter beam spot on the stretched target foil, of
which the position is fixed during the measurement. The recoiling nuclei and the beam
are stopped in a thick circular Au stop of 7.5 cm diameter.

The targets consisted of about 100 and 300 figjem2 Mg on 1 fim thick Ni, with the
target material on the down-stream side. The energy loss of the beam in the Ni foil
is about 3.7 MeV.

The y-rays were detected by means of a 125 cm3 Ge(Li) detector placed at 0° with
respect to the beam and at a distance of 6.8 or 11.8 cm from the target foil.

3.2. ANALYSIS

The analysis closely follows the methods outlined in refs. 1 7 ' 1 8 ) . For an ensemble
of excited nuclei, travelling with a constant velocity v = fie over the recoil distance
D, the mean life x of the state is derived from the exponential decay curve of the
stopped peak

R(D) = Iol(Io + Q = exp (-Dim). (1)

Here, / 0 and /s denote the intensities of the stopped and shifted peaks, respectively.
3.2.1. Determination of R{D). In extracting the ratio R{D) from the experimentally

observed areas Ao and As of the stopped and shifted peaks, the latter area is corrected
for two effects.

(i) The detection efficiency for the shifted (higher energy) peak is smaller than for
the unshifted peak. This correction is taken into account by multiplying As with the
factor (1 + /?), which corresponds to a \jEy dependence for the efficiency.

(ii) Due to the motion of the recoiling nuclei, the solid angle of the Ge(Li) detector
is larger for the shifted peak than for the stopped peak. This correction is accounted
for by multiplying As with the factor (1 — /?)/(l + /?). So the combined effect of the
efficiency and Lorentz correction results in

Reactions like (l 6O, pn) generally yield a large velocity spread for the recoiling nuclei
so that the shifted peaks are considerably Doppler broadened. Especially for the
higher-energy y-rays it is then difficult to determine As with the same precision as AQ.
Therefore some decay curves are normalized by means of the stopped peaks of
y-rays de-exciting long-lived states, which aie populated simultaneously with the



levels under investigation. Examples are the transitions 3SK(3.46 -> 2.65 MeV) with
tm = 31.9+1.0/« [ref. 5)] and 37Ar(1.61 -> 0) MeV with rm = 6.3 + 0.2 ns [ref. ''}}
The latter is used only for short distances, where the effect of its finite lifetime is still
small and calculable with sufficient precision. The analysis with R'(D) = AOl'An is also
advantageous if the plunger distances are not negligibly small compared with the
target-detector distance, such that solid-angle corrections depending on the origin
of the radiation have to be considered. It should be noted, however, that for peaks
Ao and An, very different in energy, soiid-angle effects due to the point of detection
in the Ge(Li) detector have also to be taken into account.

3.2.2. Effect of the recoil-velocity distribution. The energy straggling of the oxygen
beam in the Ni backing, the kinematics of the compound-nucleus reaction with two
outgoing secondary particles and the straggling of the recoils in the target produce
a recoil-velocity distribution of considerable width.

For the 24Mg(16O, pn)38K(0.46 MeV) reaction at 31 MeV bombarding energy, the
kinematical extreme situations of emission of a deuteron at 0°, 180° and 90° cm.,
result e.g. in a minimum recoil velocity of /?min = 1.92 %, a maximum recoil velocity
°f Pmax — 3.24 % and a maximum recoil half-angle of 14.3°, respectively.

The effect of the recoil-velocity distribution ƒ on R{D) has been considered by
Jones et al. l7). Its influence is expressed by writing

R(D) = e"D /"^(/). (2)

The function i}/(f) is expanded in terms of the moments of the velocity distribution

around the mean velocity v and has the form

Here Mn(f) is the «th moment of the velocity distribution ƒ and the an are expansion
coefficients. These expansion coefficients have the form of polynomials of degree n
in DJvx given by

" &o\m/ <n-k)<tn-k-l)w' (4)

In fig. 7 a numerical evaluation of <A(/) is presented as a function ofD/vx. The velocity
distribution is taken to be a parabola, characterized by the parameter W, defined as
W = FWHM/Ey(v/c) cos 9 with FWHM the full width at half maximum of the
velocity distribution. Fig. 7 shows that *J/(f) deviates considerably from unity for
broad velocity distributions and large values of Djvx. However, for distances up to
Djv-z = 2 and W < 1.0 the deviation of \jt{f) from unity is less than 5 %. In a mea-
surement of the lifetime of the 35C1(3.16 MeV) state with the 24Mg(16O, pa)3SCl
reaction e.g. a value of W — 1.1 is encountered.

In the analysis of the data the actual velocity distribution is extracted from the
shifted peak in spectra taken at large distances {Djnx > 3), because at small distances

15
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Fig. 7. The velocity-distribution correction function y(f) as a function of Dfvr. The velocity
distribution / i s taken to be a parabola, characterized by the parameter W as shown in the insert,

see subsect. 3.2.2.

the observed distribution is deformed by the presence of the stop. After applying
efficiency, Lorentz and detector-smearing corrections to the observed shifted peak,
the particular velocity distribution ƒ is parametrized in a simple way and ij/(f) is
calculated from eq. (3). The quantity R(D)/ij/ (ƒ) is finally fitted with an exponential
to obtain Dm = vx.

3.2.3. Determination of v. The energy difference AE between the centioids of
stopped and shifted peak of the y-ray with energy E is determined from the spectra
taken at larger separation distances and v = fie is calculated from the second order
Doppler shift equation

AE _

E ~ '
(5)

The terms cos 0 and cos2 0 have to be evaluated over the solid angle of the Ge(Li)
detector, taking its directional efficiency and the y-ray angular distribution into
account. For the present geometry (Qy = 0° and L cm distance between target and
detector) cos 0 varies between 1.000 and 0.974 for L — 11.8 cm and between 1.000
and 0.928 for L = 6.8 cm. Neglect of angular distribution effects (a 7 % variation in
the argument of P2(cos 9) induces a 6 % variation in the angular distribution
W{B) =•- l+A2P2(cos 0) for Az = 0.3) reduces eq. (5) to

AF

The quantity <5 amounts to 0.009 and 0.024 for L — 11.8 cm and 6.8 cm, respectively.
The results for /? = vfc given in table 5 are calculated from eq. (6).
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TABLE 5

Survey of recoil distance lifetime results

Nucleus

3 8 K

35C1

3 8 A r

State
(MeV)

0.46

2.65

3.42

3.16

4.59

6.41

Transition E, -> Ef

(MeV)

0.46-^

2 . 6 5 ^

3.42-+

3.16->

4.48->

6.41 ~>

0.13

0

0

0

3.81

4.59

v/c
(%)

2.29±0.10

2.30±0.04
1.90 ±0.04

2.30±0.04
1.90±0.04

2.22±0.04
1.90 ±0.04

2.15±0.10

2.15±0.10

10

1430
1360

97
115

43
41

196

(ps)

.1± 0.9

±170
±230

± 17
± 30

± 2
4- 2

± 10

< 3

Adopted rm

(PS)

10.1- 0.9

] 1410 ±140

} 101 :- 15

] « , 2
196 - 10

< 3 a )

a) The result of a DSA experiment is Tm = 1.5 ±0.4 ps (see text).

3.3. RESULTS

3.3.1. 38K(0.46 MeV). The 0.46 MeV level only decays to the 0.13 MeV level and
the upper limit for the ground-state decay is 1 % [ref. 1 9)] . The shifted peak of the
328 keV y-ray is close to the Compton edge of the 511 keV annihilation peak, which
mainly stems from the p+ decay of 38K(0) and 38K(1).

To facilitate the analysis, the annihilation peak and its Compton structure is
removed from the spectra by subtracting a fraction of a spectrum obtained with a
22Na source in the same plunger geometry. The fraction subtracted was about 5 %
of the intensity of the 2 /Na spectrum, so that statistical errors introduced by the
subtraction are negligible. The data (after subtraction) are shown in fig. 8. The
target was about lOO/^g/cm2 thick and the Ge(Li) detector was at 6.8 cm distance
from the target.

The ratios ft(D) = 70/(/0 + /s) are shown in fig. 9. The alphabetical order indicates
the time ordening of the data points. Because we have W = 0.25 and Djvx < 3, the
deviation ofij/(f) from unity, less than 0.8 %, can be neglected. The constant back-
ground in fig, 9 is due to feeding from the long-lived levels at 2.65 and 3.46 MeV (see
fig. 5) and does not originate from target material on the stopper surface as is shown
e.g. by data taken in the same run pertaining to the 3.16 -» 0 MeV transition in 35C1.

A fit of exp(- D[vx) + constant to the data points yields Dm = 69+4 /xm, with the
pre-alignment zero found to be at Do = 3 + 2 ptm. A fit to R'{D) = Ao/A„ with Ao

equal to the area of the stopped peak of the 328 keV y-ray and An the area of the
stopped peak of the 1.61 -> 0 MeV transition in 37Ar gives Dm = 72 + 6 fxm. The
adopted value of Dn; = 70 + 4 fim leads, in combination with v/c = (2.29 + 0.10)%,
to the mean life of rm = 10.1+0.9 ps given in table 5.
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Fig. 8. The recoil-distance data for the 0.46-> 0.13 MeV transition in 38K for target-stopper
distances of 15, 28, 94 and 169/«n. See subsect. 3.3.1.

3.3.2. 38K(3.42 MeV). The data in fig. 10 show that at E(16O) = 36 MeV the fast
feeding (direct via particles or indirect via short-lived levels) of 38K(3.42 MeV) is
about one-third of the total feeding. The strong excitation via the isomeric level is
responsible for the constant background and limits the accuracy in the lifetime result
because R'{D) changes by less than a factor of two. The ratio R'{D) represents
A0JAnij/(f) where An is the area of the stopped peak of the 1.61 -> 0 MeV transition
in 37Ar, corrected for its own decay (see subsect. 3.2.1). The results of two runs with
the Ge(Li) detector at 11.8 cm distance from the target arc given in table 5.
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Fig. 9. The experimental ratios IoIUo+h) plotted as a function of target-stopper distance D for
the 0.46 ->0.13 MeV transition in 38K. The alphabetical order indicates the time ordening of the
data points. The solid line is a fit of exp(-X>/vr)+constant to the data points and yields

2>m = 69±4,um.
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Fig. 10. The experimental ratios R'(D) given as a function of the target-stopper distance D for the
3.42 -> 0 MeV transition in 38K. The ratio R'(D) represents A0/Anip(f) where A„ is the area of the
stopped peak of the 1.61 -*• 0 MeV transition in 37Ar, corrected for its own decay. The solid line is

a fit of exp(—£>/ïïr)+constant to the data points and yields Dm = 0.67±0.12 mm.

3.3.3. 38K{2.65 MeV). The data in fig. 11 show that the fast feeding of the
38K(2.65 MeV) state is about one-half of the total feeding. The ratio R'(D) represents
the quantity A0/Anij/(f) with Ao the area of the stopped peak of the 2646 keV y-ray
and An the area of the stopped peak of the 3420 keV y-ray. In fig. 10 is shown that for
the data points with D > 2.0 mm the stopped peak of the 3420 keV y-ray is only due
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Hg. 11. The experimental ratios R'(D) plotted as a function of the target-stopper distance D for the
2.65 -> 0 MeV transition in 38K. The ratio R'(D) represents the quantity Ao/A„ yi(f) with Ao the
area of the stopped peak of the 2646 keV y-r&y and An the area of the stopped peak of the 3420 keV
7-ray. The solid line is a fit ofexp(—D/i/T)+constant to the data points and yields Dm — 9.8±l.lmm.

to the isomeric feeding and therefore suitable for normalization. Also the difference
in energy with the 2646 keV y-ray is small which is important in view of the large
variation in D compared to the 11.8 cm distance between target and Ge(Li) detector.

For separation distances with D < 3.0 mm the stopped peak of the 2646 keV y-ray
is distorted by the single-escape peak of the strong 3163 keV y-ray. The correct
2646 keV area is obtained by determining the total area (3163 keV single-escape peak
included) and subtracting a fraction of the 3163 keV full-energy peak. The ratio of
the single-escape to full-energy peak for this detector at Ey = 3163 keV is determined
as 0.303 ±0.014 from a 56Co spectrum taken in the same geometry. The results of
two runs are given in table 5.

3.3.4. *5Cl(3.16 MeV). The level is populated strongly in the 24Mg(16O, pccy)35Cl
reaction and the decay of the stopped peak can be followed over a factor of about 60.
The velocity distribution is quite broad (W = 1.1) and \f/(f) deviates considerably
from unity for the large distances {DjDm « 8) involved. Neglect of the velocity
distribution (ijt(f) = 1 for all D) would result in an increase of 7 % for the mean life
obtained presently. Also the / 2 of the fit would deteriorate from 1.3 to 2.3.

Since the statistical error in this measurement is quite small (about 3 % for Tm)
the influence of possible de-orientation effects should be considered before an overall
error is assigned. To check for these effects different y-rays are used for the normalizing
area A„, namely the stopped peak of the 37Ar (1.61 -> 0 MeV) transition and the
sum of the stopped and shifted peak of the 35C1(3.16 -» 0 MeV) transition. Results
obtained in this way differ by about 3 % and an overall error of 5 % is adopted to
encompass these effects. Results of two runs with different velocities are given in
table 5.
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TABLE 6

Comparison of measured lifetimes with previous results

Nucleus Ex rm (ps) Ref.

( M e V ) present previous

38K 0.46 10.1 ± 0.9 \ ^ A is

2.65 1410 ±140 > 12 1 S)
3.42 101 + 15

35C1 3.16 42 ± 2 42 ± 3 20^
39.4± 4.5

22)
23)

24)

8Ar 4.59 196 ± 10 181 ± 13 2S)
26)

27)

\ 740

1

42
39.̂
53
37
60

181
172
226
196
189
194

±
, *

J4-

±
4-

±

±
±
±
-L.

4.

160
4

3
4.5
6
4
7

13
8
21
10
36
11

. 9 ,

)

2 1 )

6.41 1.5± 0.4

3.3.5.38Ar(4.59 MeV). This level is populated in the 24Mg(16O, 2py)38Ar reaction
and the decay of the stopped peak of the 4.48 -> 3.81 MeV transition results in the
lifetime given in table 5.

3.3.6. 38Ar(6.41 MeV). The excitation energy of this level was found to be
6408.2 + 0.3 keV. It exclusively decays with a 1822.4 + 0.2 keV y-ray to the 4.59 MeV,
J" = 5~ level. The recoil-distance measurement yields an upper limit of 3 ps.

Line-shape measurements with the DSA method with the 24Mg(16O, 2py)38Ar and
27Al(loO,pa}>)38Ar reactions and Au as slowing-down material result in t m = 1.5 + 0.4
ps. The targets consisted of about 100 ̂ g/cm2 Mg or Al on a 30 pm thick Au backing
and the spectra were taken at 0y = 70°.

A comparison between present and previous results is given in table 6.

4. Discussion

4.1. ANALOGOUS 0- AND y-TRANSITIONS

The relation between the AT = 1, Ml transition probability and the ft value of the
corresponding Gamow-Teller 0-decay for 38Ca(711 = 0+ , T =
T = 0) is given by [see e.g. ref. 31)]

(/£)GT(in sec)|M(Ml)|u
2
p(in W.u.) = 5850 fl +0.2125 ^ J f ' ^ j . (7)
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TABLE 7

Analogous /?- and y-transitions

3 B K ( £ j J j E., rm log//d) {1 +0.2125 A}2 Ac)
(MeV) (keV) 38Ca((ff+)38K(£'x)

0.46 328 10.1 ~_ 0.9 psb) > 4.77 > 0.29 > -2 .2 or < -7 .2

1.70 1568 60 i-15 fsc) 3.3O±O.O8 0.015±0.004 -4 .1+0.1 or -5 .3±O. l

3.34 3212 <55fsa) 3.90±0.I2 > 0.0077 > -4.3 or < — 5.1

a)
b) Present work.
c> Refs. 1 5 - 1 9 ) .
d) Rcf. 3 0) .
e) A n <f'/T"i>/<f||OT|:i>, see text.

Here i and f refer to initial and final state populated in the j8+ decay. The J* — 0+ and
] + states in 38K are connected by a AT = 1, pure Ml transition with |M(M1)|„P =
^|M(Ml)|d

2
0Wn = 10.4/Tm£3 with rm the mean life of the J* = 1+ state in fs and E7

the y-ray energy in MeV. The reduced matrix elements are reduced both with respect
to angular momentum and to isospin.

The strengths of such analogous transitions give in combination with eq. (7) infor-
mation about the amplitude and phase of the ratio A — <f||/T||i>/<f||öT||i>.

In the jS+ decay of 38Ca(0) three 38K levels with Jn = l + , T = 0 and excitation
energies of 0.46, 1.70 and 3.34 MeV are populated. Their y-decay 4> 7) proceeds 100 %
to the J' - 0+ , T = 1 level at 0.13 MeV. Results for A given in table 7 show that for
the 1.70 MeV level the ratio A is about —5. The importance of the orbital part is
shown by the near cancellation of the quantity between brackets. For the other two
levels only limits foi A are obtained, due to the missing experimental information on
the /?+ decay or on the lifetime.

4.2. 1SOBARIC-SPIN ASSIGNMENTS

The 38K analogues of the 38Ar(0 MeV, Jn = 0+, T= 1) and 38Ar(2.17 MeV,
JK _ 2+? j _ i) levels are well established 7) and have excitation energies of 0.13
and 2.40 MeV in 38K, respectively. In a recent high-resolution study 32) of the
40Ca(d, a)38K reaction with a spectrograph at Ed = 10-16 MeV these two levels are
not or weakly populated, in agreement with the isospins involved.

The 38K analogue of the second excited 38Ar state, 38Ar(3.38 MeV, ƒ" = 0+ ,
T = 1), is then expected at about Ex = 3.6 MeV in 38K. In principle, both the 3.42
and the 3.46 MeV level could qualify.

However, the restriction for the 3.42 -• 0 MeV transition given in table 8 excludes
j n = o+ for the 3.42 MeV level. In the above mentioned high-resolution study of the
40Ca(d, a)38K reaction the 3.42 and 3.46 MeV levels are quite well populated so that
a T = 1 assignment is excluded. The resulting T = 0 assignments to the 2.65, 3.42
and 3.46 MeV levels are given in fig. 5.
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TABLE 8

Radiative widths and electromagnetic transition strengths in 38K

(MeVj

0A6->
2.65 ->
2.65-*
3.42 ->
3 . 4 2 ^
3.46 ->
3.46-*

0.13

o
0.46
0
2.65
2.65
3.42

Partial R b)

(eV)

6.5xlO-5

4.6X10-7

5.6xlO~9

2.7xlO-6

3.8xlO-6

3.9xlO-1 2 c)
1 .2xl0- ' l c )

El

3.3 x lO- 8

7.0x10-'°
8.8X10"8

l . l x l O - 5

9.4xlO~12

2.8 xlO~7

Transition strength

Ml

0.089
1.2X10-6

2.5x10-8
3.2 XlO-6

4.0X10-4

3.5 XlO-10

1.0 xlO~5

F.2

5.9X10-4

1.8xlO-5

9.3 xlO~4

2.2
1.8xlO~6

24

(W.u.

2.
6.
3.

6.

.)

M2

2X10-2

7x lO- 4

4 xlO- 2

83
5x lO- s

880

E3

16
0.73

15

0.50

M3

590
27

560

18

Restrictions

on

AJ 2
AJ 5
AJ <
AJt

j ana n

i 3, no M3
: 3, no M3
: 3, no M3
: 2, no M2

AJ S 3, no M3
AJi S l d )

a) All transitions have AT = 0, with exception of the 0.46 -> 0.13 MeV transition (see subsect. 3.4.2).
b) Computed from the branching ratios of table 3 and the mean lives in table 5.
c) Total conversion coefficient aT = 0.42 ±0.15 taken into account.
d) The observed total conversion coefficient limits the 38 keV transition to dipole radiation (see subsect. 2.2.4).
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4.3. SPIN-PARITY RESTRICTIONS

The branching ratios and mean lives summarized in tables 3 and 5, respectively,
lead to the radiative widths and electromagnetic transition strengths given in table 8.
The transitions take place between levels of a self-conjugate nucleus and they have
all AT = 0, except the 0.46 —> 0.13 MeV transition. The strengths yield, in combina-
tion wiih very conservative upper limits for M2, E3 and M3 radiation (see table 8),
the restrictions on J and % as given in the last column of table 8.

Since the 0.46 MeV level has J* = 1+ , the 2.65 -> 0.46 MeV transition limits the
J* value for the 2.65 MeV level to a maximum of 3* or 4". The ground-state transition
of the 3.42 MeV level limits the J* value of this level to a maximum of 5± or 6~ and
the restrictions on the 3.46 -> 3.42 and 3.46 -> 2.65 MeV transitions limit the Jn

value of the 3.46 MeV level to a maximum of 6* or 7+ .
These maximum Jn values are given between brackets in fig. 5. The parity of the

2.65 MeV level is taken as negative on the basis of the observation of odd /„ values
in the neutron pick-up reactions 39K(d, T ) 3 8 K [ref. 33)] and 3 9 K ( T , a)38K [ref. 3 4 ) ] .

Jt should be noted that a spin assignment of J — 7 to the 3.46 MeV level, in combi-
nation with the results presented in table 8, leads unambiguously to the results of
TT(3.46 MeV) = +, J"(2.65 MeV) = 4" and J*(3A2 MeV) = 6~.

4.4. ISOMERISM

We suggest that the occurrence of the isomeric state is due to its shell-model
configuration [(ld .̂)oO(lfj)7o]j™=7 + ,T=o- This configuration comes at a rather low
excitation energy, such that the underlying high-spin levels have mainly the configura-
tion [(ld.,)5(lfj)]^ TC== _. The y-decay of the isomeric level then thas to take place via
parity-changing transitions of which, in the self-conjugate 38K nucleus El is forbidden
and M2 inhibited by a factor of about 100.

The particle break-up channels 3 7Ar+p, 3 7K+n, 3 6Ar+d, 3 5Ar+t, 3 5 C 1 + T and
34Cl + a are all closed by at least 1.6 MeV. Also the jB~ decay channel to 38Ca is
closed by 3.3 MeV. The energetically possible /J+ decay to 38Ar would be unobservably
weak due to the relatively short lifetime.

Supporting (but not unambiguous) evidence that the isomeric state has mainly
the configuration [(ldi)oO(lfj)7oL^ = 7 + ,r=o is obtained from the following data:

(i) The result of #(3.46 MeV) = + 0.548±0.002 obtained by Iordachescu et al. 5)
is consistent with a pure (lfj)2 configuration with Ja = 7+ .

(ii) A deuteron spectrum of the 36Ar(a, d)38K reaction 6), taken at Ea = 35 MeV
and with a resolution of about 50 keV, is dominated by a state at 3445 + 20 keV. A
spin assignment of 7+ is made 6) on the basis of the intensity and angular distribution
of the deuteron group. However, it should be remarked that presently three 38K levels
are known in this excitation range namely at 3420.0+0.2, 3432+2 [ref. 35)] and
3458.0 ± 0.2 keV.

(iii) The fact that the 3.46 MeV level is strongly populated in a heavy-ion reaction
is consistent with a high spin.



(iv) A large shell-model calculation 36) gives a preliminary result of about 3.5 MeV
for the excitation energy of a pure (Ifj)2 state with J" = 7 + , T = 0.

The assistance of R. L. W. van de Weg and J. Konieczek in taking and analysing
data is gratefully acknowledged. This work was performed as part of the research
program of the "Stichting voor Fundamenteel Onderzoek der Materie" (FOM) with
financial support from the "Nederlandse Organisatie voor Zuiver Wetenschappelijk
Onderzoek" (ZWO).
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CHAPTER II

A Ge(Li) - NaI(T£) COMPTON-SUPPRESSION SPECTROMETER

FOR IN-BEAM y~RAY SPECTROSCOPY

M.A. van Driel and A.M. Hoogenboom

Abstract: A Compton-suppression spectrometer has been constructed for in-beam y—ray

work. It consists of a closed-end Ge(Li) detector with an efficiency of 21 Z and

a resolution of 2.0 keV for 1.33 MeV y-rays surrounded by a Nal(Tfc) shield (0 230

mm, length 280 mm). The overall Compton-suppression factor for a 60Co spectrum is

10. Details of the construction are discussed and experimental properties are com-

pared with design calculations.

1. Introduction

During the last few years there is an increasing interest

for the possibilities of y~ray spectroscopy with heavy-ion in-

duced fusion-evaporation reactions. The complexity of the Y~

ray spectra from these reactions, however, demands high-reso-

lution spectrometers with low background.

For this reason a Compton-suppression spectrometer was de-

signed and constructed. Its properties are presented in this

chapter. The inherent lower absolute efficiency of this type

of spectrometers, due to the larger minimum distance between
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target and detector required, would generally be a serious

disadvantage for in-beam yray spectroscopy. However, heavy-

ion induced reactions show a reasonably large yield and a

large solid angle is generally not desirable due to the lar-

ger recoil velocity which may cause considerable Doppler

broadening of the peaks.

The background, which normally almost completely origina-

tes from Compton-scattered Y~raYs» is f°r this type of spec-

trometers reduced by surrounding the primary detector with a

scintillator, like NaI(T£) or a plastic. Unly events in the

central detector which occur without simultaneous observati-

on of scattered quanta in the surrounding shield are accept-

ed. Almost all the systems described in the literature are

used for nuclear spectroscopy with sources or for environ-
2 3) 3)

mental ' or biological research

The present system makes use of a large volume, high-

resolution Ge(Li) detector in order to have a reasonable full-

energy peak efficiency for the higher y""ray energies and to

resolve the large number of y~rays produced in the reactions

under study.

The kind of material and the geometry of the surrounding

scintillator and shielding are optimized for the following

requirements: (i) high suppression factor for Compton scat-

tering to forward angles for y-ray energies up to 3 MeV;

(ii) good suppression of Compton edges; (iii) small minimum

distance between target and central Ge(Li) detector; (iv)

good detection efficiency of low-energy Y~rays (E =15 keV)

over the whole volume of the surrounding shield; (v) as little

ft as possible non-detecting material around the central detector;

(vi) minimum irradiation of non-active parts of the Ge(Li) de-

tector.
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The requirement of minimum distance between target and

central Ge(Li) detector excludes the use of a plastic scin-

tillator.

The requirement of detection of low-energy y-rays is only

fulfilled by Nal(Tfc) or CsI(T£). Other scintillators have too

low light output or can not be manufactured in large enough

volumes. Although CsI(T£) would have been preferable because
3 3

of its higher density (4.51 g/cm against 3.67 g/cm for Nal),

NaI(T£) was chosen for the present system. The price of a

CsI(T£) shield of the same weight would have been almost a

factor of 3 higher.

2. Construction

2.1. THE Ge(Li) DETECTOR

As mentioned above the system consists of a large volume

Ge(Li) detector * surrounded by NaI(T£). To reduce the amount

of inactive material irradiated by the incoming y-rays a

closed-end 21 % Ge(Li) detector, with an active volume of
3

100 cm is used. The detector is irradiated from the side

over a part of the front-end defined by a collimator, The

size of this collimator limits the irradiated part of the

crystal to the intrinsic region between the end of the dead

core and the front-layer (see fig. 1).

To reduce the influence of unnecessary absorption, the

construction of the vacuum housing and detector mounting was

* Manufactured by N.V. Philips, Eindhoven, The Netherlands.
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Nal(TI)
= 280 mm

0 74 —• 0 = 2 30 mm

Fig. 1. Schematic drawing of thn Compton-suppression spectrometer. The y-rays enter

the system through a collimator at the left hand side. At the right hand

side two of the six multipliers are indicated. All dimensions are in mm.
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decided upon in discussion with the manufacturer. The detec-

tor is mounted in the A& cap of the vacuum cryostat, with an

outer diameter of 65 mm and a length of 170 mm. The thickness

of the A£ wall, over the last 70 mm of the cap, is reduced to

0.5 mm to minimize the absorption and scattering of y-rays.

The crystal is connected to an A£ cooling-rod with a i mm thic

Al clamp construction which extends only over the last 10 mm

of the open end of the crystal.

The detector is equipped with a liquid-nitrogen cooled FET

preamplifier, has a resolution of 2.0 keV FWfiM and a peak-to-

Compton ratio of 47:1 for the 1.33 MeV 60Co line.

2.2. THE NalCn.) SHIELD *

The optimum geometry and dimensions for the shield are de-

termined by means of the calculation given below. In the cal-

culation it is assumed that all non-photopeak events in the

Ge(Li) detector are single Compton collisions and that

the scattered quanta in the Ge(Li) detector are not further

absorbed.

The continuum is given by

da/dE = (da/d6)(de/dE) (1)

with a the cross section for Compton scattering, E the kinetic

energy of the recoil electron and 9 the angle between the in-

cident and scattered y-ray.
4)

The quantity dE/d6 is obtained from

* Manufactured by harshaw BV, de Meern, the Netherlands
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E = E [1 - {1 + a(l - cose)}"1] (2)
o

with E the incident y-ray energy and a = E (keV)/511. The
o o

quantity da/dE can be calculated from the Klein-Nishina for-

mula , which results in

da/dE = {Trr2 / E a}{[l + a(l - cos9)] + [1 + a(l - cosS)]"1

- sin26} (3)

with r the classical electron radius (2.82 fm).
o

In the calculation, performed for E =1.17 MeV and E =
o o

1.33 MeV, the Ge(Li) detector was divided in layers and the

angular variable Q into intervals to determine the effect of

the surrounding crystal in suppressing the continuum. For

each 6-inuerval, the fractional transmission for yrays

through the NaI(T£) is calculated by summing the average con-

tribution from each layer. The percentage non-suppressed back-

ground is given by this fractional transmission if the. NaI(T£)

is the only material in which the scattered y~rays can inter-

act. In a more realistic calculation this number should be

corrected for the 6-dependent fraction of scattered y-rays,

which do not reach the NaI(T&). The following quantities and

effects have been taken into account in the calculation:

(i) the about 1 mm thick dead layer of the Ge(Li) detector;

(ii) the absorption of scattered yrays in the active part

of the Ge(Li) detector; (iii) the 0.5 mm thick A£ wall of

the cap around the Ge(Li) detector; (iv) the dead core of

the closed-end Ge(Li) detector with a diameter of 10.5 mm and

starting 22 mm from the front end; (v) the escape of scattered
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backscattering. The error in the experimental curve is less than 1/20 of the

value.



y-rays through the 74 mm diameter well where the Ge(Li) detec-

tor is placed in the NaI(T£) (see fig. 1); (vi) the escape

of y-rays through the 19 mm diameter entrance hole; (vii) the

wall (0.5 mm A£) and reflecting material (MgO) of the NaI(T£)

around the well with a total thickness equivalent to 0.6 mm

A£; (viii) the pulse-height bias of 15 keV of the NaI(T£);

(ix) the build-up factor for the walls and the dead layer.

We have neglected: (i) the build-up factor for the active

part of the Ge(Li) crystal; (ii) the range and radiation-

energy loss of the recoil electrons; (iii) imperfections in

the electronics; (iv) scattering from inactive material into

the Ge(Li) crystal.

The necessary differential cross-sections and absorption-
4)

coefficients are taken from ref.

The calculation is performed for different geometries of

the NaI(T£) crystal with the same total volume, and the best

set-up for our purpose is shown in fig. 1.

From eq.(2) follows that the energy of forward scattered

y-rays is higher than for backscattered y-rays. For that

reason the well for the Ge(Li) detector is situated closer to

the front of the NaI(T&) shield. The 68 mm inner diameter of

the hi wall of the well is such that the Ge(Li) detector with

a 65 mm outer diameter easily fits. The diameter (19 mm) of

the cylindrical entrance hole is a compromise between the re-

duction for the back-scattered y-rays (i.e. reduction of

Compton-edge) and the solid angle determined by the thickness

of the intrinsic layer between the front-end and the dead

core of the Ge(Li) detector.

The light from the NaI(T£) is detected on the rear side by

means of six 7,5 cm 0 photomultipliers (RCA 9758). Five of

them are placed in a circle around the middle one.
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3. Shielding and collimation

To shield the NaI(T£) for radiation, originating directly

from the beam tube and the target, the system is surrounded

by lead. Around the cylindrical surface of the crystal the

Pb thickness is 50 mm, while the frontplate is 55 mm thick.

The latter has a cylindrical hole in the center with a dia-

meter of 48 mm in which collimators of different shapes can

be placed. Normally a collimator of a tungsten-iron alloy *
3

(densimet, 1.2% Fe), with a density of 18.0 g/cm , is used

with a cylindrical hole of 7 mm diameter. In addition to the

lead shielding a part of the M frontplate, on which the

NaI(T£) crystal is mounted, is replaced by a ring (60 mm outer

diam., 23 mm inner diam., 6 mm thick) of the above mentioned

tungsten-iron alloy. The thickness of the Pb front plate is

chosen such that the number of y-rays leaking through the

shielding material is small (about 1 % for 60Co y-rays) com-

pared with the number of y-rays detected by the Ge(Li) detec-

tor. A good shielding on this side of the NaI(T£) shield is

especially important in the study of decay-schemes x?ith mul-

tiple cascades since the attenuation of peaks from a cascade

due to the anti-coincidence condition is proportional to the

multiplicity of the cascade.

4. Electronics

The anodes of the six photomultipliers are coupled together

* Manufactured by Metallwerk Plansee, Reutte, Austria.



to simplify the electronics (see fig. 3). For a voltage of

2.2 kV on the tubes, the rise time of the sum pulse is less

than 50 ns. With conventional timing circuitry it contributes

less than 5 ns to the overall timing resolution. The voltage

over each tube can be adjusted separately to equalize their

gain. The pulse-height resolution of the Nal(TJl) is 12 % for

662 keV. The lowest detectable energy above the noise is 15

keV.

To generate the NaI(T&) veto pulse, the sumpulse from the

six tubes is fed via an Ortec timing fitter amplifier (TFA),

model 454, into a Canberra constant fraction discriminator

(CFD), model 1326D. The latter is adjusted to produce a logic

veto pulse of +5 V height and 400 ns width. The output of the

Ge(Li) preamplifier is also fed via an Ortec TFA into a Can-

berra CFD. The latter is modified (see fig. 4) such that the

"fast-out" can be gated.

To this purpose the following modifications are incorpo-

rated: (i) installation of an extra BNC connector which is

terminated with 51 il; (ii) connection of this "gate-input"

via 680 £2 serial to a free input of the already present four

input nandgate MC 10109; (iii) connection of this input of

the MC 10109 via 1000 fi to ground.

The 680 and 1000 ft resistors are necessary to change vol-

tage levels from TTL logic to the MECL logic used in the con-

stant fraction discriminator. The veto pulse of the NaI(T&)

is fed into the "gate-input". The "fast-out" signal only

appears if a Ge-pulse appears in anticoincidence with the

Nal(TJi) and can be used to enable the electronic logic, e.g.

the ADC.

The width of 400 ns for the veto pulse is based on the ob-
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Fig. 3. Schematic block diagram of the electronics.
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Fig. 4. Detail of the Canberra constant fraction discriminator (model 454) with inside

the dotted line the modification to obtain a gate input.
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served time jitter and is chosen to guarantee a good overlap

between the veto pulse and the "fast-out" of the Ge-signal.

This width therefore depends strongly on the timing quality

of the Ge(Li) detector.

For in-beam heavy-ion experiments the count rate of the

NaI(T£) crystal is, depending on the reaction, a factor of

about 5 to 10 higher than the count rate of the Ge(Li) detec-

tor, due to (amongst other factors) the neutron flux through

the lead shielding. This considerably increases the dead

time of the electronics. Due to the anti-coincidence require-

ment dead time may cause unwanted Compton-background in the

spectrum. With the present circuitry this dead time is re-

duced by converting a veto pulse, with a small timewidth, in-

to an enable pulse at an early stage in the electronics. The

effect of the dead time in angular distribution experiments

is discussed in chapter IV.

5. Test results

5.1. COMPTON-SUPPRESSION FOR 60Co

With the above electronics a ^Co spectrum has been re-

corded with a PDP 11-45 computer. The coincidence pulse is

used as a label bit, such that two spectra, one coincident

and one anti-coincident with the NaI(T&) pulse, are recorded

simultaneously.

The results are shown in fig. 5. The upper spectrum is the

sum of the two recorded spectra and represents the result

without Compton-suppression. The lower spectrum is with Comp-

ton-suppression. The insert shows the ratio between the in-
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tensities in the upper and lower spectrum. The loss of pulses

in the photopeak due to the veto of the NaI(T£) is less than

2 %. The mean Compton-suppression between 100 keV and 960 keV

(first Compton-edge) is a factor 10. The highest suppression

factor is 18.5 and is obtained for the low-energy part of the

spectrum. The bump around 250 keV can be explained quantita-

tively by backscattering at the part of the n-layer of the

Ge(Li) detector opposite from the target with respect to the

center of the Ge(Li) detector. The Compton edges are seen to

be reduced considerably due to the small diameter of the en-

trance hole in the NaI(T&) shield. Also their shape is quite

different. The single-escape peak of the 1332 keV transition

is suppressed with the same factor as the background while

the double-escape peak almost disappears due to the absence

of collinear holes in the Nal(TJl) shield.

The percentage non-suppressed background is determined

from the measured Compton-suppression factor and the result

is given in fig. 2 by the line labeled experiment. The bump

around 250 keV is due to backscattering which was not inclu-

ded, in the calculated curve. The differences between experi-

ment and calculation may be due to: (i) negligence of the

build-up factor in the Ge(Li); (ii) negligence of the range
8)

of the electrons ; (iii) negligence of the influence of the

collimator ; (iv) the fact that in the calculation the

Ge(Li) detector is treated as being ideal.

An experiment with rise-time analysis applied to the sig-

nal of the Ge(Li) detector shows the presence of pulses with

a long charge collection time. The latter experiment showed

that the Compton suppression factor would increase by a factor

1.05 to 1.10 for the whole energy range, if rise-time rejec-
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tion would be applied. This result means that the experimental

curve in fig. 3 would decrease by a factor 0.95 to 0.90.

To investigate this aspect in more detail we replaced the
3 3

100 cm Ce(Li) detector by a 80 cm Ge(Li) detector with a

good energy resolution of 1.8 keV for 1.33 MeV y-rays but with

a long charge collection time (up to 900 ns) for a large frac-

tion of the pulses (50 % ) . With this detector the best result

obtained is only a mean Compton-suppression factor of 7, com—
3

pared to 10 for the original 100 cm Ge(Li) detector. With the

above mentioned correction of 0.95 to 0.90 taken into account

and with the back-scatter contribution subtracted, the agree-

ment between experiment and calculation is rather good.

5.2. EFFICIENCY AND FIGURE OF MERIT

The relative full-energy peak efficiency for the system has

been measured with 182Ta and 66Ga sources at a distance of

1.5 cm from the collimator. The relative intensities are taken

from ref. and ref. , respectively. For 66Ga the correction

for the intensities from ref. is applied. The results are

shown in fig. 6. The slope of the efficiency curve for higher

energies is, compared with the uncollimated Ge(Li) detector,

le&s steep. This reflects the effectiveness with which the non-

irradiated part of the detector suppresses the escape of scat-

tered y-rays through the well in the Nal(TJl) . The absolute full-

energy peak efficiency of the system is determined by using a

calibrated 8°Y source which yields the values of 1.3 x 10 and
-k

1.0 x 10 for 898 and 1836 keV, respectively.

From the absolute efficiency of the system one can calculate

a figure of merit which measures the detectors ability to detect

a y-ray of energy E in the presence of a y-ray with a higher
. 12)

energy E . The figure of merit is given by
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F (E.) = e (E )/[R(E ).£ (E )]~2
Z 1 p i l \J IJ l

with e (E.) the absolute full-energy peak efficiency at
P '

energy E ̂ ,

R(E ) the FWHM at energy E , and

e (E ) the absolute efficiency at energy E per desin-

tegration and per keV for detecting the Compton-

background due to yrays with energy E_.

The figure of merit for 60Co as a function of E is given

in table 1 in column A. In column B results are shown for the
3

100 cm Ge(Li) detector alone when irradiated from the front

at a source-Ge(Li) distance of 15 cm. The latter distance is

chosen on the basis that, in the case of heavy-ion reactions,

a large solid angle is generally not desirable due to the

large recoil velocity which may cause considerable Doppler

broadening of the peaks if the apparent lifetime of a state

is less than a few picoseconds. An additional advantage of

the use of a Compton-suppression spectrometer is the reducti-

on of the amount of raw data which is reflected e.g. in a

lower dead time of the ADC and less magnetic tapes in coinci-

dence experiments. This advantage is not taken into account

in the discussed figure of merit.

For angular distribution and correlation work the center

of gravity of the detection angle of the incoming y-rays is

of importance. To determine the detection efficiency over

the small solid angle of the spectrometer, the Ge(Li) detec-

tor was scanned from the side with a collimated 60Co source,
. ., f 13)

in a similar way as in ref.

The result in fig. 7 shows tha. the center of gravity of

the detection efficiency is somewhat closer to the core of



Table 1

Figure of merit for 60Co as a function of the energy E (see

text) for the Compton-suppression spectrometer (A) and the
3

100 cm Ge(Li) detector alone (B)

Figure of merit

E,(keV) ~
1 A B

100

200

500

800

900

1.99

1.46

0.61

0.33

0.28

1.04

0.77

0.40

0.22

0.18
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the Ge(Li) crystal than the geometrical center of the solid

angle. The difference between the two centers slightly de-

pends on the y~ray energy and amounts to 0.5 for E = 1.2

MeV.

6. Conclusions

The apparatus described in this chapter is now in operation

in this laboratory for one year. Some results are shown in

chapters III and IV. In chapter III the use of the spectro-

7)
meter is described for the study of the decay of C£; in

this decay two new electron-capture branches were observed

In chapter IV a singles y~ray spectrum of the heavy-ion

reaction 24Mg + 160 is shown in fig. 7. The Compton background

appears to be rather flat compared with the almost exponen-

tionally decreasing background in a non Compton-suppressed

spectrum. It is further shown that with the spectrometer also

for weak peaks accurate angular distributions can be obtained.

As shown in section 4.2, the calculated and measured amount

of non-suppressed background agrees rather well, so that the

performance of the system is reasonably understood. The ac-

tual performance shows that a further increase in the size of

the shield will not substantially improve the properties of

the system due to imperfections of the Ge(Li) detector itself

and losses in the material surrounding this detector.
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C H A P T E R I I I

ALLOWED ELECTRON-CAPTURE BRANCHES

IN THE DECAY OF 34mCl

M. A. VAN DRIEL, H. KLIJNMAN, G. A. P. ENGELBERTINK, H. H. EGGENHUISEN
and J. A. J. HERMANS

Abstract: The decay of 34mCl has been studied with 36 and 100 cm3 Ge(Li) detectors and with a
high-resolution large volume Ge(Li)-NaI(Tl) Compton-suppression spectrometer. The 3*mCl
activity was produced with the reaction 24Mg(12C, pn)34Cl at E(l2C) = 35 MeV by bom-
barding thick natural Mg targets. The half-life was measured to be T^ = 32.06±0.08 min. Nine
y-ray transitions were observed including four y-rays not seen previously. The measured y-ray
intensities determine new electron-capture branches of (O.O30±O.0O6) % and (0.032±0.003) %
to 34S levels at 4.69 and 4.88 MeV with log ft values of 5.48 ±0.08 and 5.26±0.04, respectively.
These log ft values imply allowed transitions and are consistent with the known Jn values of
JT = 4+ and 3 + of the 4.69 and 4.88 MeV levels, respectively. A lower limit of log// > 6.9
is obtained for the allowed electron-capture branch to the Jn — 2*, 4.89 MeV level. Other
previously observed decay branches have been confirmed. Since the decay of 34mCl proceeds
(46.9 ±1.0) % to the 34C1 ground state, the latter decay was studied concurrently; 34Cl(0) with
Jn = 0+ , T = 1 decays exclusively to its analog 34S(0) and the sum of the intensities of four
other allowed branches is less than 1.2 x 10~ * of the intensity of the ground-state branch. The
experimental results are compared with recent shell-model calculations performed in a large
configuration space.

1. Introduction

Beta-decay studies in which reactions with a large cross section are combined with
sensitive detection techniques can reveal weak jff-ray branches not observed previously.
These experimentally weak branches may well be of allowed character and thus
correspond to large matrix elements, the determination of which offers useful con-
straints for the description of the low-lying states involved in /?-decay.

The present study of the 24Mg(12C, pn)34mCI(£ + )34S reaction with a large volume
Ge(Li)-NaI(Tl) Compton-suppression spectrometer reports on two new allowed
electron-capture branches, gives improved values for y- and ^-branching ratios and
discriminates between two reported accurate half-life determinations, which differ
from each other by more than six standard deviations.

Previous studies of the 34mCl decay are reported in refs. i ~4).



2. Experimental methods and results

The 34mCI activity with a half-Hfe of about 32 min and a Ö-value of 5637.2 + 2.2 keV
[ref. 5)] was produced by bombarding 0.2 mm thick natural Mg targets with 35 MeV,
0.9 fiA (electrical) I 2 C 5 + ions from the Utrecht EN tandem accelerator. After bom-
bardments of about 1 h, the targets were carried to a large volume Ge(Li)-NaI(Tl)
Compton-suppression spectrometer in a low-background room.

The spectrometer consists of a 100 cm3 Ge(Li) detector combined with a 23 cm x 28
cm Naf(Tl) crystal as shown in fig. 1. The source, at 9.5 cm distance from the Ge(Li)
crystal, irradiates a volume of 18 cm3. Pulses from the spectrometer were analyzed
with an 8192 channel ADC coupled to a CDC 1700 computer.

The measurement of an activated target consisted of a run with the following
cycle: wait 15 min, count 20 min, wait 2 min, count 20 min, wait 2 min, count 20 min.
The three 8k spectra, generated in this way, made it possible to follow the time
dependence of the intensity of the observed y-rays. The count rate of the Ge(Li)
detector of about 5 kHz at the beginning of thé counting period was reduced to a rate
of about 0.7 kHz at the computer by the vetos from the Nal crystal. The vetos were
generated for pulses above a threshold of about 20 keV. A total of 18 runs was
accumulated and for each run a fresh target was used to avoid the build-up of long-
lived contaminants (e.g. 24Na).

The grand sum of all spectra is shown in fig. 2. In addition to the y-rays connected
with the 34mCl decay, only four contaminant y-rays are visible. The 59 and 68 keV
lines are the Ka and Kp X-rays of W and originate from the tungsten collimator (see
fig. 1), while the 1461 and 2615 keV y-rays are background radiations of 40K and
2 08Tl, respectively.

SOURCE

3cm»

5 cm

Fig. 1. Schematic cross-sectional view of the large-volume Ge(Li)-NaI(Tl) Compton-suppression
spectrometer. The well in the Nal(Tl) crystal houses a 100 cm3 Ge(Li) detector. The source is at a

distance of 9.5 cm from the Ge(Li) crystal and irradiates a volume of 18 cm3.
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In the following, some of the features of this spectrum are discussed. The 2127 keV
peak has an area of 2.66 x 106 counts. The number of counts in the 146, 511, 1176,
2127 and 3304 keV peaks amounts to 52 % of all counts in the 8k spectrum. Due to
the relatively high count rate and the enhanced detection sensitivity a number of sum
peaks are visible of which the 2127+146, 3304+146 and 4115+146 keV peaks are
random sum peaks, since the y-rays involved belong to different nuclei. Their widths
are relatively large as can be seen clearly from the 2127+146 sum peak.

The structures labeled with a C at 511/(2 + 51 \[Ey) keV below the corresponding
full-energy peak of Ey keV are the Compton edges which correspond to y-rays
scattered over 180° by the Ge(Li) crystal escaping through the 19 mm diameter
entrance hole of the Nal crystal. The width and shape of the Compton peaks is
determined by the dimensions of this hole (see fig. 1).

The peak labeled 511+5118 is the sum of 511 keV and backscattered 511 keV
radiation. The large number of positrons irradiating the W-collimator transform the
latter into a strong source of 511 and 511BkeV y-quanta. The difference in energy
of the 51 l c and 511 +511B peaks with the annihilation peak is the same.

The wide bell-shaped structures visible, e.g., just below the 2127 and 3304 keV
full-energy peaks are partly due to Compton-scattering from the W-collimator.

The full-energy, single-escape and double-escape peaks of the 2127 keV y-ray have
in this set-up relative areas of 100 : 0.79 : 0.05 compared to 100 : 7 : 6 for the 100 cm3

Ge(Li) detector alone. The strong suppression of the double-escape peak is due to the
absence of collinear holes in the Nal crystal.

Apart from the well-known 5) y-rays from the 34mC! decay with energies of 146,
1176,2127, 3304 ano 4115 keV, four new y-rays are observed at 1573, 1987,2560
and 2749 keV. Their recoil corrected energies are listed in table 1.

Since the data pertaining to fig. 2 are also available as three 8k spectra, the relative
time dependence of the peaks could be investigated. The results are shown in fig. 3
where areas of peaks relative to the area of the 2127 keV peak are plotted as a function
of time. The constancy of the measured ratios strongly supports the conclusion that
all nine y-rays arise from the 34mCl decay as was known previously for the five
strongest y-rays.

2.1. HALF-LIFE MEASUREMENT

In order to measure the half-life of 34mCl, thirteen consecutive y-ray spectra were
taken for recording times between 7 and 60 min over a 7.7 h period after the end
of the bombardment. The source was placed at a distance of 7 cm from the 100 cm3

Ge(Li) detector, shielded with 1.5 cm Pb. To minimize the necessary ADC dead-time
corrections, a biased amplifier was used with the bias set to exclude pulses corre-
sponding to energies < 1100 keV. The actual correction was^determined by recording
a pulser peak simultaneously with the y-ray spectra of interest. The pulser count rate
was scaled separately.

The analysis proceeded in the following way. The area At of the 2127 keV peak
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TABLE 1

Delayed y-rays from the decay of 34mCI

Energy a

(keV)
Assignment in 34S •)

(Ei -> Et in keV)

4115-M072
34C1(1 -> 0)

4115-* 3914
3914-> 3304
4072 -> 3304
4115 -> 3304
5227 -*• 4072
3304 -> 2127
4622 -> 3304
4875 -»• 3304
4891 -> 3304
3914-^2127
4072 -^2127
4115-^2127
2127->0
4622-> 2127
4688 -* 2127
4875 -> 2127
5318-^2127
5383 -> 2127
3304 -*• 0
4072 -* 0
4115 ^ 0
4875 -* 0
4891 -> 0
5383 -> 0

Relative y-ray
intensity c)

<0.6
1010±40a)

<0.10
< 0.09
<0.10
< 0.11
<0.08

322 ±10
< 0.15

0.26 ±0.05
< 0.15
<0.13
<0.14

4.09±0.11
1000

<0.07
0.72 ±0.14
0.49 ±0.05

<0.09
<0.09

254 ±8
<0.02

5.2±0.3
< 0.008
< 0.008
< 0.008
< 0.008

42
146
201
610
769
811

1155
1176
1319
1572.5±O.7b-e)
1588
1787
1945
1987.2±0.5b)
2127
2495
2560.3±0.6 b)
2748.8±0.7 b-e)
3J91
3256
3304
4072
4115
4875
4891
5383
5400 < £•„ < 5700

a) Energies taken from ref. s ) unless indicated otherwise.
b) Energy (including recoil) determined in the present work.
c) The upper limits are given at the 95 % confidence level.
d) IY+Te = / y ( l + a T ) = 7y(1.100±0.009) = 1111 ±45.

The total conversion coefficient aT is taken from ref. 5).
c) These energies lead to an excitation energy of Ex = 4876.1 ±0.5 keV.

in spectrum / taken between tu and t2i can be written as

1
{1 -D{t)} - e~'/rA, = (1)

where T is the mean life wanted, N a constant related to the intensity at the end
of bombardment and D{t) the dead-time function. The average count rate in the
2127 keV peak in the first spectrum of 7 min duration was about 5200 counts/min.
The error AAt in At increased monotonically with / from about 0.5 % for the first
few spectra to 5 % for the last but one, and 34 % for the last spectrum. From the
results obtained with the puiser followed that in very good approximation D{t)
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Fig. 3. Relative time dependence of the intensity of the nine j'-rays observed in the reaction
24Mg(12C, pn)'4mC!O?+)34S.

could be written as

D{t) = (2)

with Do = 0.080, Dx = 0.0038 and rD = 49 ±4 min. The latter value corresponds to
a half-life of 34 + 3 min. Minimizing the nonlinear least-squares expression

13

4 = 1
(3)

[where A)h denotes the right-hand side of eq. (1)J, gives the best values for r and N.
For each trial value of 1 the calculation of the corresponding value for N is straight-
forward since the expression for At [eq. (1)] is linear in the parameter N.

The result obtained from the 2127 keV peak is T̂ . = 32.06 + 0.08 min with a chi-
squared value of y2 = 0.65. The influence of the uncertainty in TD [see eq. (2)] is
found to be negligiole. The initial amplitude of D(t) can be reduced by deleting the
first few spectra, albeit at the cost of an increased error in the final result. Omission
of the first five values of Ah e.g., yields Do = 0.026 and T^ = 32.12 + 0.13 min, in
good agreement with the value above. A systematic deletion of A{ values from the
beginning or from the end did not show any systematic change of T^. SO the value
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ri = 32.06±0.08 min is adopted for the half-life of 34mCI. This result agrees with
the value of 31.99 + 0.05 min given in ref. 6) but is in outspoken disagreement with
the older result of 32.40±0.04 min in ref. 7).

2.2. RELATIVE INTENSITIES

The relative intensities for the observed y-rays are obtained in two steps. In the
first step the intensities of the strong 146. 1176, 2127, 3304 and 4115 keV y-rays are
determined with 36 and 100 cnr1 Ge(Li) detectors. For that purpose a weaker source
was produced and counted with the 100 cm3 Ge(Li) detector at a distance of 8.3 cm.
Efficiency calibration spectra were recorded in the same geometry and the relative
full-energy peak efficiency curve was determined by means of y-rays of known
intensities from radioactive sources of 133Ba [ref. 8)], 182Ta[ref. 9)], 56Co[ref. 10)]
and 208TJ[ref. n ) ] . The self-absorption was negligible for the thin sources used. For
this detector the efficiency curve bends over at about Ey = 125 keV, due primarily to
absorption in the 1.0 mm dead layer in front of the single open-ended Ge(Li) crystal.

The intensity ratio /i46//?i27 for the 146 and 2127 keV y-rays was also determined
with a 36 cm3 true-coaxial Ge(Li) detector for which the bsnd in the efficiency
curve occurs at about Ey = 85 keV. The efficiency ratio e146le2i27 was written as
£i46/£2i27 = (£i46/£i22i)(£i22i/£2i27)> of which the first factor followed from the cali-
bration measurement with the 182Ta source, while the second factor is given by the
measurement with the 56Co source. Although the ratios of the areas of the 146 and
2127 keV peaks for the 36 and 100 cm3 detectors differed by a factor of 2.2, the in-
tensity ratios agreed within 3% and lead to the adopted value of I^^IMI =
1.01 ±0.04. The relative y-ray intensities of the 146, 1176, 2127, 3304 and 4115 keV
transitions, determined in this way, are given in table 1.

In the second step the intensities of these y-rays are used to construct an internal
efficiency curve for the spectrum accumulated with the Compton-suppression spec-
trometer (see fig. 2). The resulting relative intensities for the weaker y-rays are also
listed in table 1. The upper limits given for unobserved peaks were taken as 4(Nx
FWHM)*, where N denotes the spectrum intensity in a particular region and values
for the FWHM (full-width at half-maximum) were estimated from neighbouring
peak widths. This particular limit corresponds to two standard deviations in a result
not significantly different from zero.

It should be remarked that, due to the collimated irradiation from the side, the
efficiency curve of the Compton-suppression spectrometer for the higher y-ray energies
is lifted with respect to the efficiency curve of the 100 cm3 Ge(Li) detector alone, in
which case the front is irradiated. For the 146, 1176 and 4115 keV peaks the area
ratios A146 : All76 : ̂ 4 i 1 5 amount to 100 : 13.8 :0.11 for collimated irradiation
from the side and to 100 : 6.1 : 0.04 for irradiation from the front.

A comparison of the present intensities with the results obtained in four previous
studies is given in table 2. The present intensity of the 146 keV y-ray agrees with the
(less accurate) result of Konijn 2) but differs by five standard deviations from the
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result of Ward and Kuroda 4). For the 1176, 2127, 3304 and 4115 keV y-rays the
agreement with ref. 3) is excellent.

TABLE 2

comparison of relative intensities of y-rays in the decay of 34mCl

Ey

(keV)

146
640
770

1176
1573
1987
2127
2560
2749
3304
4115

')

101-4
< 0.012
< 0.010 "

32.2±1.0
0.026+0.005^
0.409 dbO.Oll

100
0.072±0.014~
0.049 ±0.005

25.4±0.8
0.52 ±0.03

b)

74 + 4
< 0.3
< 0.3

29 + 2

100

24±3
0.4±0.2

'r
c)

32±2

100

26±2
0.54+0.10

104+15
<0.3
<0.3
30±2

100

36.5 + 3.0
1.1+0.5

c)

<0.5
<0.5

47+8

100

34 + 5
1.2±0.5

a) Present work. b) Ref. 4) . c) Ref. 3). d) Ref. 2). *) Ref. ' ) .

2.3. ASSIGNMENTS OF THE NEW -/-RAYS

The assignments of the new y-rays are, apart from the time behaviour of the
intensities, shown in fig. 3, based on the arguments given beiow.

2.3.1. The 1573 and2749 keV y-rays. The energy (including recoil) of the 1573 keV
y-ray leads in combination with the excitation energy of the 3303.5 + 0.4 keV level 5)
to Ex = 4876.0±0.8 keV, while the 2749 keV y-ray in combination with the 2127.4±
0.2 keV level s) yields Ex = 4876.2 + 0.7 keV. The two values agree and combine to
Ex = 4876.1 ±0.5 keV, to be compared with 4875.1 ±0.6 keV given in ref. 5). The
intensities from table 1 lead to branching ratios of (65 + 7)% and (35 + 7)% also in
agreement with the known 5) ratios of (64 + 3)% and (36±3)%, respectively.

2.3.2. The 1987 keV y-ray. The y-ray energy leads, together with the excitation
energy of the 2127.4 + 0.2 keV level 5) to £x = 4114.6 + 0.5 keV in good agreement
with E% = 4114.6 + 0.7 keV listed in ref. 5). The intensities from table 1 yield the
branching ratios given in table 3. They agree with results listed in ref. 5) but are
more accurate. It should be noted that the existence of the 1987 keV transition is
already implied by the spectroscopie information available in ref. 5).

2.3.3. The 2560 keV y-ray. The y-ray energy combines with the excitation energy
of the first excited state to Ex = 4687.7 + 0.6 keV in agreement with 4687.5+0.6 keV
given in ref. 5). The absence of other decay y-rays is consistent with the 100 % decay
of this level to the 2.13 MeV level given in ref. 5).

2.4. BETA-DECAY BRANCHES

The assignments and intensities of the y-rays from table 1 lead to the /?-decay
branches given in table 4.



TABLE 3

Gamma-ray branching ratios a) of the 3.30 and 4.11 MeV 34S levels (£, in MeV)

^ \ From
^ . 3.30 4.11

To \ ^

0 44.1±1.1 56±2
2.13 55.9 + 1.1 44±2
3.30 < 2

A 3.91 < 2 b )
4.07 < 7 c)

a) The upper limits are given at the 95 % confidence level.
b) An upper limit of 100 W.u. for this E2 transition s) would correspond to a branching ratio of

0.003 %.
c) An upper limit of 10 W.u. for this Ml transition 5) would correspond to a branching ratio of

0.002 %.

The Ö-value for the decay of 34mCl with Jn = 3 + ,T= 0 is 5637.2 + 2.2 keV
[ref. 5)] and the values for log/and for the ratio of electron capture to (3+ decay are
taken from the tables of Gove and Martin 12).

With the internal conversion process included, the partial decay of 34C1(1) to
J4Cl(0) amounts to (46.9±1.0)% corresponding to a width of r y + e = 0.111 ±0.002
aeV.

The newly observed y-rays determine electron-capture branches of (0.030 + 0.006)%
and (0.032 ±0.003)% to 34S levels at 4.69 and 4.88 MeV with log ft values of 5.48 +
0.08 and 5.26 ±0.04, respectively. These log ft values imply allowed transitions and
are consistent with the known spins of /" = 4+ and 3 + of the 4.69 and 4.88 MeV

TABLE 4
34mCl(0+ +EC)34S: allowed and first-forbidden transitions

E ( 3 4 S ) a )
(keV)

2127
3304
4115
4622
4688
4875
4891
5318

J* a)

2 +

2 +

2 +

3 "
4 +

3 +

2 +

2~

/(EC) b)

J(0+)

0.0045
0.032
0.74

oo
00

co
00

00

log/")

2.16
0.96

-0.54
-1.27
-1.33
-1.52
-1.53
-2.28

Branch c)

(%)

28.4 ±0.7
24.3 ±0.7

0.392 ±0.015
< 0.008

O.O3O±O.OO6
0.032 ±0.003

< 0.0007
< 0.004

log ft d)

5.99 ±0.02
4.86 ±0.02
5.15 ±0.02

> 6.1
5.48 ±0.08
5.26 ±0.04

>6.9
>5.4')

3) The excitation energies, J" assignments and g-value (5637.2±2.2 keV) are taken from ref. 5 ) .
b) Ref. " ) .
M / y (146)+/ e (146) - (46.9±1.0) %.
d) The half-life is taken as x^ = 32.06±0.08 min, see text.
e) A first-forbidden /S-transition in a nucleus with Z < 80 should have a log ft value larger than

5.9, see ref. 1 3 ) .
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2 \levels, respectively. The only other possible allowed branch, viz. to the Jn —
4.89 MeV level, is not observed but a (rather high) lower limit of log ft > 6.9 >s
obtained.

The experimental results are summarized in fig. 4.

Q=5637, 146 —

P

4891
4875
4688

4115 .
5

3304r _

4

2127

0 .

r T
4 56

r
6 4

r
4

2*

64 36 4*

2+

2*

2*

0*

32 min

O O'

EC ^

°/o log f t

<0.0007>6.9
0.032 5.26
0.030 5.48

0.392 5.15

24.3

284

4.86

5.99

34,.

Fig. 4. Summary of the experimental resu!ts. Detailed information is found in tables 3 and 4.

Since the decay of 34mCI populates the 34C1 ground state appreciably, its decay
is studied concurrently. The J* = 0+ , T = 1 34C1 ground state decays 100 % to the
analog 34S ground state and possible allowed branches to the 3.91,4.07, 5.23 and
5.38 MeV levels with spins of 0 \ l + , 0 + and 1+ are less than 0.006 %, 0.002 %
0.00"* % and 0.0009 %, respectively. The sum of the intensities of these four branches
is thus less than 1.2 x 10~4 of the intensity of the 34S ground-state branch.

The experimentally low upper limit of 0.006 % for the branch to the lowest excited
JK = 0+ state corresponds only to log ft > 4.0, due to the relatively low fi+ endpoint
energy of 555 keV. The expected intensity of a branch due to charge dependent
effects would be a factor of about 100 lower than the present limit.

3. Comparison with shell-model calculations

Since the /?-decay operators connect low-lying states in neighbouring isobaric
nuclei, their matrix elements tend to be sensitive to aspects of the wave functions
not tested in nucleon transfer or y-decay data.

A comparison between present experimental results and theoretical calculations
by Lanford and Wildenthal 14) is given in table 5. The wave functions used were
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TABLE 5

Comparison of experimental and calculated values for allowed branches in the /?-decay
of 3 4 Cl

Initial
state

3 * » c ,

34C1(O)

£",(34S)
(keV)

2127
3304
4115
4688
4875
4891
0
4072

J"

2 +

2 +

2 +

4 +

3 +

2 +
0+

1 +

log//
expt. a)

5.99 ±0.02
4.86 ±0.02
5.15 ±0.02
5.48±0.08
5.26±0.04

> 6.9
3.48 ±0.02

> 4.1

calc. b)

5.88
4.26
8.14
6.48
4.93

3.48
4.46

a) Present work.
b) Ref. I 4 ) .

generated in the large ld .̂, 2s^ and Idi shell-model base with the configurations
restricted to (ld^)"1 (2s})"

2 (ld^)"1 with nt ^ 10. A mixture of free and modified
surface ^-interaction matrix elements was employed.

As shown in table 5, the two worst discrepancies occur for the branches to the
third Ja = 2+ and the lowest J n = 4+ level, which intensities are calculated too
low by factors of 1000 and 10, respectively.

The discrepancy for the third Jn = 2+ level may reflect the general inadequacy
of these calculations in providing a description for more than the lowest eigenvectors
of an energy matrix only. The prediction of log// = 4.93 for the electron-capture
branch iO the 487.5 keV level is borne out quite well by the present experiment.

We would like to thank Prof. Hoogenboom for his contribution to the design of the
Comptcn-suppression spectrometer and Prof. Endt for his active interest.
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CHAPTER IV

MODEL INDEPENDENT J11 ASSIGNMENTS IN Ar FROM Y~RAY EXPERIMENTS

IN HEAVY-ION INDUCED REACTIONS

M.A. van Driel, H.H. Eggenhuisen, G.A.P, Engelbertink,

L.P. Ekström and J.A.J. Hermans

Abstract: High-spin states uf 3 Ar and 35C1 have been investigated with the

?LiKg(16O,2p-y)38Ar and 2kMg(] 6O,pay) 35C1 reactions at bnam energies of 38 and

45 MeV. The experiment.-; consisted of v-y coincidences angular distribution

ar.d linear polarization measurements. A high-resolution large volume Ge(Li)-

Na"(Tl) Compton-suppression spectrometer and a three-Ge(Li) Compton polari-

meter were used. The analysis of the data, without assumptions about the re-

action mechanism for the formation of the levels under study, is discussed.

Unambiguous spin-parity assignments of J = 6 , 8 , and limitations of (5,6,7)

and (7,8+,9) for the 38Ar levels at E = 6408.3 +_ 0.2, 7609.3 +_ 0.3,

8012.9 +_ 0.3 and £0173-8 _+ 0.4 keV, respectively, are obtained. They are com-

pared with results of shell-model calculations. Mixing ratios and spin-align-

ment attenuation factors for several transitions and levels in 3^Ar and 3^C1

are reported.

1 . Introduction

Heavy-ion induced fusion-evaporation reactions have a great

potential for the spectroscopy of high-spin states in light

nuclei as shown recently by the exploratory work done at Brook-
1) 2) 3)

haven , Heidelberg and Oak Ridge- .
The Y~raY work with this type of reactions on sd- and fp-



shell-nuclei has sofar been concentrated mainly on the lo-

calization of new states, with probably high spin, their de-

cay and mean lives. Especially the inherent large recoil

velocities are very suitable for lifetime measurements with
4-7)

the recoil-distance method

In some particular cases these reactions have also been

* used to obtain definite spin and parity information. Highly-

excited 2I+Mg states, unbound to a-decay, have e.g. been as-

' signed spins and parities in the 12C(16O,a )24Mg*(a )20Ne
2

reaction on the basis of the observed P (cos6) angular dis-
8)

tribution of a„ leading to the 20Ne ground state . Simi-

lar studies of high-spin states of 2£+Mg with the
16O(12C,a )21+Mg*(a )20Ne(l) reaction 9 > I 0 ) and of 20Ne sta-

i l — i ^ ^

tes populated in the 12C(12C,a )20Ne(a )160 reaction ;

have been reported. The above methods are, obviously, res-

tricted to particle-emitting states.

In addition, the well-known method II of Litherland and
14)Ferguson has been used e.g. by the McMaster group in

y-ray angular correlation studies of 2;:Na states populated

with the 12C(12C,py)23Na reaction. Resonance structures in

the excitation function may be used advantageously ' in

this type of experiments.

Generally, however, it has appeared difficult to harness

the promising fusion-evaporation reaction for the assignment

of spins and parities, which satisfy the criteria of

model-independence and 99.9 % statistical confidence. One

reason may be that the y~ray spectra, due to simultaneous

excitation of several final nuclei, are rather complex. The

emission of two or more light particles by the compound nu-

** cleus makes particle-gamma coincidence measurements diffi-

cult 7).
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The present work makes use of the possibilities offered

by high-resolution, low-background Y~ray spectrometers in

the study of heavy-ion induced fusion-evaporation reactions.

The low efficiency of the spectrometers is offset by the

large reaction cross sections.

Gamma-rays from the 24Mg(160,2py)38Ar and 2I+Mg(16O,pav)35cl

' reactions are studied with a large Compton-suppression spec-

trometer and a three-crystal Ge(Li) polarimeter. Angular

distribution-, DCO ratio- and linear polarization measurements

are performed and results for spins, mixing ratios and align-

ment parameters are reported.

ref.

The present x̂ ork extends and supersedes the results of
18)

2. Experimental methods

Targets of about 300 ug/cm 24Mg, enriched to 99.94 %, on

30 urn Au backings are bombarded with 38 and 45 MeV 160 beams

of 40-200 nA intensity (electrical).

The experiments, consisting of angular-distribution-, DCO-

and polarization measurements, are discussed below.

2.1. ANGULAR DISTRIBUTIONS

The y-ray angular distributions are measured between 0 and

90 at six angles 8, evenly spaced in cos 6, with a high-reso-

lution large volume Ge(Li)-NaI(Tl) Compton-suppression spec—
19)

trometer , shown in the experimental set-up of fig. 1.

The position of the beam spot on the target is defined by

a 2.0 mm diameter Ta collimator, 25 mm in front of the target.

The distance between target and front face of the Ge(Li) crystal
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r—i
i

Ge(LO

MONITOR

L.
10cm

TARGET 1.0 mm Al

Ta COLLIMATOR
0 2 m m \

BEAM-

Ta LINING

Fig. 1. Experimental set-up for the y~ray angular distribution measurements. The

Compton-suppression spectrometer can be positioned between 0 and +̂  90 •

The well in the. Nal(Tl) crystal houses a 100 cm Ge(Li) detector and the

Pb shielding in front of the Nal(Tl) crystal is 5.5 cm thick.
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is 135 mm and the diameter of the cylindrical W collimator

is 7.0 mm. The subtended solid angle amounts to 7.4 msr. The

angular distribution attenuation coefficients Q, are calcu-
2Q\2Q\

lated as Q2 = 0.999 and Q, = 0.995 for y-rays with ener-

gies above 200 keV.

Small corrections and uncertainties concerning the spec-

trometer angle used in the Legendre-polynomial expansion of

the angular distribution are discussed in section 3.3.

The Al target chamber has a thickness of 1.00 +_ 0.10 mm

for angles between -125 and +125 . The only other absorbing

material between target and Ge(Li) detector is the 30 vim thick

Au target backing at 45 to the beam. This backing gives rise

to a (calculable) angle-dependent absorption which mainly af-

fects the low-energy yrays. For E > 400 keV the difference

in absorption between 9 = 0 and 45 is less than 0.5 %.

The eccentricity of the set-up is measured with a 1 mm 0,

30 yCi, 182Ta source mounted at the position of the beam spot.

The corrections for the six angles, measured with an accuracy

of 0.3 %, are less than 1.0 %. The requirement of high mecha-

nical precision is somewhat relaxed by the relatively large

distance between target and Ge(Li) detector.

The electronics used for the Compton-suppression spectro-

meter is shown in fig. 2. The timing signal of the Ge(Li) de-

tector generates by means of a timing filter amplifier (TFA)

and a constant fraction timer (CFT) a block pulse of 50 ns

width which is fed into a linear gate stretcher (LGS). The

sum signal of the anodes of the six photomultipliers yields

in a similar way a (veto-) pulse of 400 ns width, which is

also fed into the linear gate stretcher. The width of the

veto-pulse is chosen on the basis of the observed time jitter
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Fig. 2. The electronics used with the Compton-suppression spectrometer

(see section 2.1).
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of the timing signal of the Ge(Li) detector. The output of

the linear gate stretcher served as a coincident gate pulse

for the ADC.

The pulses from the spectrometer were analyzed with an

8192 channel ADC coupled to a PDP 11/40 computer. The 8k

spectra were recorded with a dispersion of 0.4 keV/ch. A se-

parate 36 cm Ge(Li) detector at 8 = -100 is used as a mo-

nitor and its pulses are, via a second ADC, accumulated in a

2k part of the PDP memory with a dispersion of 1.1 keV/ch.

The two ADC's are coupled electronically in such a way that

the signals from the monitor crystal and the Compton-suppres-

sion spectrometer experience the same dead time. The angular

distributions are therefore not affected by dead time correc-

tions related to the two Ge(Li) detectors.

The dead time connected with the veto-function of the Nal

shield is angle dependent as e.g. the neutron flux seen by

the Nal shield increases by about a factor of two between 90

and 0 . By reducing the beam current gradually from about

70 nA at 9 = 90° to about 40 nA at 6 = 0° a rather constant
Y Y

Nal count rate between 40 and 45 kHz was maintained. The

400 ns pulse width of the veto pulse (see fig. 2) then leads

to an angle-dependent dead time between 1.6 % and 1.8 %, which

difference of 0.2 % is small in comparison with the statisti-

cal errors obtained.
2.2. DCO MEASUREMENTS

3
From Y~Y coincidence measurements between 100 and 125 cm

Ge(Li) detectors placed at 0 and 90 at a distance of 8.5 cm
21)

from the target a few DCO ratios were determined. The DCO

ratio R is defined as the intensity ratio of two angular cor-



relation points, namely R = W(6 = 90°, 6 = O°)/W(0 = 90°,

9 = 0°) with U(6 variable, 8 = 0°) the angular correla-
Yl Yi Y2
tion between yj and Y2 in geometry P2 and U(8 variable,
8 = 0 ) the angular correlation in geometry PI [see ref. ].
Yl

To avoid problems related to absorption, efficiency and
3

timing the measurements were performed in situation a (100 cm

at 90°, 125 cm at 0°) and situation b (100 cm at 0 , 125 cm

at -90 ). The situations a and b were interchanged regularly

and the ratio's R and R, were determined. The DCO ratio R is
a b 24)

then given by R = vRR~. The sign convention of ref. is used.
a o

The coincidence events (E , E , At) are stored on magne-

tic tape and a label bit is used to distinguish between the si-

tuations a and b. The FWKM of the time peaks was 10 ns. Con-

tributions from Compton background and randoms were taken into

account in the analysis.
2.3. POLARIZATION MEASUREMENTS

Linear polarizations of y-rays were measured at 8 = 9 0
Y 3

with a three-Ge(Li) Compton polarimeter consisting of a 36 cm
3

scatterer and absorbers of 100 and 125 cm . The absorbers are

shielded from direct radiation by 10 cm Pb.

The relative efficiency of the two scatterer-absorber sys-

tems as a function of energy has been determined accurately

with unpolarized y-rays from radioactive sources and by the

observation of y-rays from nuclear reactions at 8 = 0 .

The polarization sensitivity of the apparatus was measured

with an error of 5-10 % by means of y-rays of known linear

polarization from several (p,ny), (p,p'y) and (a,ny) reacti-

ons .

The use of event-mode recording techniques facilitated the
22)selection of single-Compton scattering events in the off-
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line analysis. Details of the set-up, calibration of the po-
23)

larimeter and analysis of the data will be given elsewhere

3. Analysis

3.1. GENERAL FORMALISM

The angular distribution of Y~radiati°n emitted by an ex-

cited nuclear state can be expressed in terms of a Legendre

polynomial series in cos6 with 6 the angle between the emit-
Y T

ted radiation and the beam direction

U(6) = N[l +
kJ 2,Wk

{ c O 8 9Y ) 3' 0 )

For the decay of an aligned nuclear state with spin b to a

state with spin c, in which decay the electromagnetic multi-

poles L and L! with mixing ratio 5 contribute (see fig. 3),
o / \

the coefficient A, can be expressed in the form

= pk(b){Rk(b,L1,L1,c)

* Rlc(b,L|,L1
l,c)}/(l+öj). (2)

The coefficients R, are geometric factors which are com-

pletely determined by the spins and muitipolarities involved

in the decay. The parameter k is even- and restricted to

0 < k < min (2b,2Lf).

The physics of the formation of the state b is contained

in the statistical tensors p (b). The latter can be expres-
24) .

sed in the population parameters p(m) of the state by
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Fig. 3. The symbols used in the formula's for the restrictions on the spin-alignment

attenuation factor.

67



p, (b) = (2b+l)* Z , (-l)b"m<bmb-mlk0>p(m). (3)
ie m=-b

The quantities in eq.(3) are subject to the restrictions

-b < m < b, (4a)

b

0 < p(m) < 1 and f p(m) = 1 (4b)

and since we are dealing with aligned states

p(m) = p(-m). (4c)

Equations (3) and (4b) imply that p (b) = 1.

With the use of the polynomial expression (see appendix)

(2b+l)5 (-l)b m <bmb-m|kO> =

cjj(b) + chb)m2 + Ck(b)m4 + +c£(b)mk, (5)

and by defining the i-th moment of the distribution of popu-

lation parameters, M., as

b

i m=-bMi "

we can express the statistical tensor p (b) as a function

of these moments

Pk(b) = C^(b) + c!j(b)M2 + ....+ C^Cb)!^. (7)

So p^(b) involves only M_ and P,(b) requires the knowledge
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of the moments M_ and M,.
2 4 V k k

For k = 2 and 4, the coefficients Cj(b), C2(b) and C4

are given in the appendix as a function of the spin b.

From eq.(7) follows that, for given p_(b), P,(b) can be

written as

1
P4(b) = p (bX^OO/C^b) + C

(8)

which shows the correlation between p~(b) and p.(b).
2. 4

In heavy-ion induced reactions, where a large amount of

angular momentum perpendicular to the beam axis is brought

into the system, it is fruitful to use the concepts "complete

alignment" and "spin-alignment attenuation factors".

A state is defined to be completely aligned if only the

substate with the smallest spin projection is populated;

p(m) = 6 for integral spins and p(m) = 1(6 , + 6 ,) for
m,o m,| m,-|

half-integral spins. From equation (3) then follows for the

statistical tensors for complete alignment

I b-q
p (b,compl.align.) = (2b+l)2 (-1) < bq b-q|kO >

with q = 0 for integral values of spin b

and q = \ for half-integral values of spin b. (91

Numerical values of p (b,compl.align.\ for k = 2, 4 and

spin values b up to 20 are given in table 1. Formula's for

special cases are given in the appendix.
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TABLE I

Alignment parameters for k~2 and 4

Spin
b

1
2
3
A
5
6
7
8
9
10
! 1
12
13
14
15
16
17
18
19
20

3/2
5/2
7/2
9/2
11/2
13/2
15/2
17/2
19/2
21/2
23/2
25/2
27/2
29/2
31/2
33/2
35/2
37/2
39/2

min,, .t
a 2 (b)

-0.5000
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

_

-1
-!
-
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-I
-1

1.0000
i.2500
1.4000
1.5000
1.5714
1.6250
1.6667
1.7000
1.7273
1.7500
1.7692
1.7857
1.8000
.8125
.8235
.8333
.842!
.8500
.8571

.0000

.2500

.4000

.5000

.5714

.6250

.6667

.7000

.7273

.7500

.7692 "

.7857

.8000

.8125

.8235

.8333

.8421

.8500

.8571

p(b,cnmpl.alifin.)

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

11

-1
-1
-1
-J
-1
-1
-1

-1
-1
-1
-1
-1
-1
-1.
-1.
-1.
-1.
-1.
-1 .
-1.
-1.
-1.
-1.
-I.
-1.
-1.

.4142

. 1952

.1547

.1396

.1323

.1282

.1256

. 1239

.1227

. 1219

.1212

. 1207

. 1203

.1200

.1 198

.1196

.1194

.1193

.1191

.1190

0000
0690
0911
1010
1062
1094
1114
1128
1138
1146
1151
1155
1159
1162
1164
1166
1167
1169
1170

afn(b)

_
-0.6667
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-1
-1
-1
-1
— 1

-
„ ]

-1
-1
-1
-1
-I
-1
— |

1.1667
1.1667
1.0000
1.1429
1.1495
1.0833
1.1439
1.1448
1.1131
1.1445
1.1429
1.1264
1.1446
1.1419
1.1332
.1445
.1413
.1371

_
.5000
.4444
".22
.1786
.2222
.1693
.1591
.1801
.1539
.1539
.1645
.1474
.1513
.1569
.1443
.1498
.1525
. 1425

max,. .
aA (b)

+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+2
+2
+2

+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 1
+ 2
+ 2
+ 2

.0000

.0000

.0000

.0000

. 1786

.3241

.4444

.5455

.6313

.7051

.7692

.8254

.8750

.9191

.9586

.9942

.0263

.0556

.0823

_
.0000
.0000
.0000
.1786
.3241
.4444
.5455
.6313
.7051
.7692
.8254
.8750
.9191
.9586
.9942
.0263
.0556
.0823

p,(b.corapl.align.)

+ 1.
+ 1 .
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1 .
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.

+0.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.
+ 1.

0
6036
2792
2069
1767
1609
1514
1453
1411
1381
1359
1342
1329
1318
1309
1302
1296
1292
1287
1284

0
9258
0257
0644
0839
0952
1024
1073
1107
1132
1151
1166
1178
1187
1195
1201
1206
1211
1215

max., N , , ,_ ,
a_ (b) = +1, independent of b.
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The spin-alignment attenuation factors au(b) are defined

[ref.25)] as

a (b) = p (b)/p (bjcompl.align.). (10)

From eqs.(3), (4b) and (4c) follows

b-m
<bm b-m k0> Vb)

Max{(-1)b~m bm b-m|kO>}, (ID

so that the values for a, (b) are between the mathematical

limits
k

min max,(b) < ok(b) < a^ (b). (12)

Numerical values of a (b) and a (b) for k = 2, 4 and spin
K. K.

values b up to 20 are given in table 1. Formula's for some

special cases are given in the appendix.

In summary, the statistical tensors p. (b) E a (b)p (b,compl
K K. k

align.), describing the alignment of a level with spin b, are

given by the parameters a (b). Results for a, (b), a *(n)

and p (b,compl.align.) are found in eqs. 5-8 and (for k = 2
K.

and 4) listed in table 1.

3.2. MODEL-INDEPENDENT RESTRICTIONS FOR THE SPIN-ALIGNMENT

ATTENUATION FACTORS

Restrictions for the alignment parameters of a primary le-

vel can be deduced from the angular distribution of a seconda-

ry y~^ay with known multipolarity between levels of known spin.In fig. 3 we assume that f /f, , c, L„, 6„, L' and d are
e b I I I
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known and b, L , 6 and L! unknown. The total feed of level b

(by particles and y-rays) is denoted by f while the total

feed of level c is given by f plus the intensity of the tran-

sition b -> c. So the y~ray flux from level b to level c has

an intensity f. and the flux from level c to level d has an
b

intensity f +1, = f + f, .
c bc c t>

The statistical tensor p (c) for level c can then be writ-
k

ten as

Pk(c) = <fbp£<c)
 + fcP°(c)}/(fb + fc). (13)

Here p (c), the part jf the orientation due to the ydecay of
K.

level b to level c, Is given by

pk<c) = Pk(b){uk(b,Lj,c) + &- uk(b,Lj,c)}/(l + op (14)

where the u coefficients are determined by the spins and

multipolarities indicated. They are found e.g. in table 2b of
f 25)

ref.
For the part of the orientation p (c), due to feeding of

k

level c otherwise than via b (i.e. feeding of c directly or

via other levels) , no specific information, is available; it

is written as

p (c) = a (c)p (c,compl.align.) 05)
K K R

. . B, . . . , . .' . min, N , max, N

v:iH) a (c) within the mathematical limits a (c) and a (c)

of eq.(12).

Substitution of eqs.(15) and (14) in eq.(!3) then yields

ft r the spin-alignment attenuation factor of the primary level



fc fc B
afc(b) = {(1 + j^)ak(c) - -^ ak(c)}Sk(b,L],51,L|,c) (16)

b b

with

p (CjCompl.align.) 2

S,(bsL.,öiSL' c) = {(1 + ó )/[u (b,L ,c) +
po(b,compi.align.)

* u2(b,L|,c)]>. (17)

The function S is an even function of the mixing ratio 6 .
K. I

The intensity ratio f /f, follows from the observed y~ray

intensities and a (c) follows from the measured A coefficient

of the angular distribution of the transition c -* d since c,

6 and d are known. The second term between the braces in

eq.(16) is not known but restricted to have a value between
f . f
c m m , x , c max, xj- ak (c) a.nd--ak (c).
o b
In a least-squaref analysis of the angular distribution of

2
the primary y-ray one usually calculates x > f°r a given value

of b, as a function of 6 while minimizing with respect to the

alignment parameters a (b). So for given S (b,L ,<5 ,L',c),
rC IS. 1 1 I

eq.(16) restricts the range of these parameters a (b).
K.

For the limiting case of no sidefeeding of level c, i.e.
f = 0 , eq.(16) reduces to
c

ak(b) = ak(c) Sk(b,L])6],L],c). (18)

For L! = L + 1, S is given in fig. 4 as a function of 6

t l i Z. I

for the spin combinations b ->• c = 4 •>- 3, 6 - > 5 , 8 - > 6 and

9 ^ 8 . For the higher spins the function 3„ depends only v/eak-

ly on the mixing ratio 6 .
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Fig. 4. The quantity S (b,L,<5 ,L' ,c) as a function of the mixing ratio 6 for a few

spin combinations b •* c. For the higher spins the dependence on 6 is weak.
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Fig. 5. Upper and lower limit of the function S9(b,L,6,L+l,c) for dipole/quadrupole

or quadrupole/octupole transitions wich -«$6<+<» and c = b-L, b-L+1,

b+L-1, b+L. Both limits approach unity for very large values of b.



More general information about S is given in fig. 5. The

function S (b,L ,6 ,L +l,c) is here calculated for dipole/

quadrupole and quadrupole/octupole transitions, i.e. for

L = 1 or 2, - oo < 6 < + oo and c = b-L, , b-L +1,
1 — 1 — 1 1

b+L -1, b+L . The minimum and maximum of these calculated va-

lues are plotted as a function of b.

For (L + 1) < 3 and b > 4, the function S„(b,L ,6 ,L +1,c)

is always larger than +1. Since we have a (c) < amax(c) = +1,

the following model-independent lower limit for a (b) then

follows from eq.16.

a2(b) > MS2(b,L],61,L1+l,c) (19)

with M = 1 - [(fb + fc)/fb][l ~ a2(c)].

The quantity M is calculated from the observed y-ray intensi-

ties and the angular distribution of the secondary yray; its

error is determined by Af, , Af , A 6 (transition c -> d) and
b c

AA (transition c •*• d) .
As an example, fig. 6 illustrates the alignment restricti-

Q ft

on obtained for the JÖAr level at 10.17 MeV, which has been

studied in the present work.
The lower limit of eq.19 is especially useful if a (c) is2

large and f /f small, as is often the case in heavy-ion in-

duced fusion-evaporation reactions.

3.3. UNCERTAINTIES IN THE ANGLE

Small corrections and uncertainties in the angle 8 , used

in the Legendre-polyiiomial expansion of the angular distri-

butions, are discussed below.

(i) The beam direction is defined to an accuracy of about
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ALLOWED
REGION

to

-1.4

-1.6

-1.8-

t. Njo.17 g 2
( J )

amin(7)

amm (8) a mm (9)

j i L_x J I I 1 I L

A7.61 a2=+0.80±0.05,

-^=1.07*0,05
6.41 TJ

6
8+

6+

J L

•90° -60°
J L

-30° 0° +30° +60° .90°
arctg 5

Fig. 6. The model-independent alignment restriction a„(J) for the ̂ ^Ar, 10.17 MeV

level with J = 7, 8 or 9 as a function of the mixing ratio 6 of the

10.17 ->• 7.61 MeV transition. The curves labeled with J = 7, 8 and 9 repre-

sent eq. 19 with c = 8, L. = I and M replaced by the value M-3(AM).

The 8 -> 6 transition has 6 = (0 _+ l)xlO , see section 4.2.
~,, , • • • • . • • min , max r , _ , . . .
The mathematical limits a? and a of eq. 12 are also indicated.
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0.2° by slits, 2.4 m up-stream, in combination with the 2 mm

diameter Ta collimator at 25 mm in front of the target. The

position of the Compton-suppression spectrometer on the turn-

table is accurate to about 0.2 , such that the angle between

the spectrometer and the beam is known to about 0.3 .

This accuracy is sufficient for the present purpose as it

corresponds to an intensity variation of at most 0.5 %, which

is small compared to the statistical error in the area of a

sr.rong, isolated peak in the measured spectra.

fii) A small correction is necessitated by the asymmetry

of the detection efficiency over the small solid angle of the

spectrometer. This detection asymmetry is due to the asymme-

tric position of the Ge(Li) detector with respect to the di-

rection of the incoming radiation (see fig. 1). A scan with a

collimated 50Co source showed that the center of detection is

somewhat closer to the core of the Ge(Li) crystal than the

geometrical center of the solid angle. The difference between

the two centers depends slightly on the -y-ray energy and

amounts in the present set-up to 0.5 for E =1.2 MeV. It is

taken into account in the analysis.

(iii) More difficult to estimate is the influence of the

transformation between the laboratory system and the rest
26}

system of the nucleus which has an initial velocity of

about 3(0) = v(0)/c = 0.023. To first .order in 3 the transfor-

mation between the laboratory angle 8 , the solid-angle ele-

ment dü and 9', dfi' in the rest system of the nucleus is si-

ven by

cose' = cosG - B(t)sin6 sin(G - 6_) (20)
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and

/ = i + 23(t)cos(6 - 6T) (21)
Y Y Y L

with 0 the (generally small) angle of the excited recoil in

the laboratory system and t the time of the y-xa.y emission.

Since on the average one has g(t) = F(x*)g(0), with F(T*)
m m

the attenuation function as used in Doppler-shift measure-

ments and T* the apparent mean life (i.e. T* > x ) , we can
m m - m

write
cos9' = cos9 - F(x*)3(O)sin0 sin(9 - 6_) (22)

Y Y m Y Y L

and

/ = 1 + 2F(x*)B(O)cos(0 - e_). (2.3)
Y Y m Y L

The angle 0' exceeds 0̂  by up to 1.3° at 0 = 90° if F(x*)

is assumed to have its maximum value of 1. The maximum diffe-

rence between dü1 and dü is 4.6 % for F(x*) = i.
Y Y m

The value of F(x*) depends, however, on the level in ques-

tion and is in practice much less than unity for several

reasons: (a) x may be long; (b) in this type of experiments

the level under study may be fed by a number of higher-lying

levels, so that an appreciable feeding time in the order of

picoseconds exists; (c) in the analysis of the spectra accu-

mulated at six angles one generally determines the angular

distribution of the stopped peak only, since the determinati-

on of the area of the total Dopier pattern is very uncertain,

if not impossible. For states with a short x*, this procedure
m
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requires a careful evaluation of the 6 - 90 point and may

sometimes lead to the omission of this angle in the analysis.

In the present work it is assumed that the stopped and shif-

ted parts of the line shape pattern have identical angular

distributions.

The y-rays studied in the present work have F(x ) values

such that the above corrections are negligible and measure-

ments with statistical errors of a few percent are justified.

3.4. EVALUATION OF PEAK AREA'S

A peak analysis program is used for the evaluation of the

area's of the peaks of interest. The detector response func-

tion is described with three components (a Gaussian, an ex-

ponential at the low-energy side and a step function) and its
27)

analytical expression is given in eq.5 of ref. . The smooth

background under a peak is given by a polynomial»

The non-linear least-squares program is capable of hand-

ling up to nine peaks simultaneously and all possible para-

meters like position or difference in peak positions, height,

width, tail and Compton ridge can be varied or kept at pre-
2

set values. For fits with a normalized x larger than unity

the error in the area is multiplied by

4. Results and discussion

Figure 7 gives an example of a Y~ray spectrum observed

with the Compton-suppression spectrometer at 6 =90 in the
2 ^

bombardment of a 280 yg/cm , 99.94 % enriched, 21+Mg target on
thick Au with a 45 MeV, 50 nA, 1 6 0 6 + beam after 6 hours mea-
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Fig. 7. Gamraa-ray spectrum observed with the Compton-suppression spectrometer in the

bombardment of an enriched 24Mg target with a A5 MeV, 50 nA, 1 6 O 6 + beam

after six hours measuring time. The numbered peaks are listed and identified

in table 2 • The strong peaks 1, !A and 33 are due to Coulomb excitation of

the Au backing and are plotted only partially.
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suring time. Gamma-rays in the range 60 - 4030 keV are re-

corded with a dispersion of 0.5 keV/ch and the peaks numbered

in fig. 7 are listed in table 2. Their identification is

based on energy, intensity and (sometimes) y-y coincidence in-

formation (see section 2.2). The energies listed are correct

to about 1 keV. The table has the purpose of an inventory.

The 21+Hs(16O,2pY)38Ar, 2t+Mg(16O,pny) 3 8K and 2t+Mg(160,pay) 35C1

reactions appear to dominate.

The remainder of this section deals with the peaks num-

bered 4, 39, 57, 63, 65, 81, 84, 88, 93, 102, 107, 111 and

117, which correspond to y-ray transitions between high-spin

states in 38Ar and 3 5C1. Detailed information about these

y-rays is given in table 3.

Columns 1-3 of table 3 identify the y-ray and column 4

g:'.ves the mixing ratio <5 as known from previous work

Accurate energies and intensities from the normalization fac-

tor N in eq. 1 are found in columns 5 and 6. The angular dis-

tribution coefficients and the linear polarization observed

at 6 = 9 0 are given in columns 7-9. Figure 8 shows angulir

distribution data for the 1201 and 1822 keV y-rays. The spin

assignments J7I(6.41 MeV) = 6+, JU(7.61 MeV) = 8 +, J1T(8.01 MeV)

= (5,6,7) and J71 (10. 17 MeV) = (7,8+,9) are discussed in sec-

tions 4.1, 4.2 and 4.3,

Column 10 of table 3 gives the present mixing ratios

from the analysis of the combined angular distribution, pola-

rization and (if available) DCO data. The sign convention is
24)

that of Rose and Brink . The standard deviations are de-
28 2°)) 2

termined ' ' by intersecting the x P e r degree of freedom
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TABLE 2

Gamma-rays observed with a Compton-suppression spectrometer

at 6 = 90° in the 160 + 24Mg reaction at E(160) = 45 MeV (figure 7)

No. E Nucleus
Y
(keV)

E.

(keV)

No. E *>
Y
(keV)

Nucleus E. * K £

(keV)

3
4
5
6
7
8
9
10
11

12

13

,67,
68,

,77,xn.
80.
106
110
139
146
161
171
192
197

r2O2
203

269

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35

36

37
38
39

40

41
42

279
296
323
328
375
381
417
440
451
458
461
476
492
503
511
517
522
535
540
548
564

585

f596
598
619
628
670

680

692
709

Au
Au

197Au
Au
Au

38 A r

75Ge
34C1

2 7

1 9 7
A1
Au

19F
197Au

1 9 7 Au

37

38i
Ar

26A1
23Na
2 3,

197
34

Mg
Au
Cl

38Al
197Au

35C1
37
37
Ar
Cl

197Au

197
• 2 5 V

7k
37

Au

Ge
Ar

1 9 7Au

38
37
Ar
Ar

72Ge
30i

77 > 0

b)
b)
c)
b)
b)

4586
110
139
146

3163 -• 3003
1014 •* 844
269 -»• 77

A480
0
0
0

d)

0
77

197

279

f 548 •+ 279

269 -> 0

279 •* 0

6379 -> 6085
6473 -+ 6151
459 -> 130

c)

c)

c)
c)
c)

417 ->
440 -+
451 •*

737 •>

461 -*

0
0
0
279
0

c)

> 6408
503 •* 0

annihilation
3T63 ->• 2646
3707 -> 3185
4547 -» 4011

c)

548 •> 0

583 •* 0

585 -> 0
596 -» 0

7071 -> 6473
889 -• 269

4480 •* 3810
6473 -»- 5793
6085 -> 5407
692 -̂  0
709 •* 0

c)

c)

e)

c)

e)

43
44

45

46

47

{

724
745
774
776
803

812

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

83

84
85
86
87
88

834
844
882
906
937
968
971
1001
1014
1059
1065
1072
1093
1130
1176
1185
1192
1201
1266
1273
1297
1320
1369
1410
1413
1440
1445
1454
1461
1507
1574
1579
1595
1605
1611

1633

1642
1693
1702
1740
1763

37C1
30p

38K

206P5
1 9 7Au

7 2Ge
2 7A1

37

37
Cl
Ar

35C1

2 7A1
35C1

5271 ->
1454 -*
3 4 2 0 •*•

4586 ->
803 •*

889 -*
3458 ->
8 3 4 •*

8 4 4 •*•

2646 •*•

4011 -•
6151 ->

4547
709
2646
3810

77
2646
0
0
1763
3103
5213

f)
c)

e)

6379 -• 5407
5689
1014
5407
5689

-+ 4688
-> 0
-> 4347
-> 4622

zoMg
3I+S
3 5 C 1
37Ar
3 8 A r

31p
29Si

3-S
24Mg
37Ar
38 A r

38 A r

30p
U 0Ar
37Ar
37Ar
35C1
29Si
38 A r

37Ar
20 N e
29Si
38Ar

35C1
35C1
35C1

2938
3304
4347
5213
7609
1266
1273

4622
1369
1410
5350
E.

1454
1461
5213
3185
5927
3624
8013

1611
1633
5255
3810

4347
6085
1763

-> 1809
•* 2127

-»• 3 1 6 3

-v 4021
-> 6408
•* 0

-+ 0

-y 3304
•*• 0

-> 0
-*• 3 9 3 7

> 6408

-> 0
-> 0 l

-*• 3707

•> 1 6 1 1

-* 4347
-> 2028
-> 6403

-> 0
•*• 0

->• 3624

-»• 2168

-> 2646
-> 4347
->• 0
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TABLE 2 (continued)

\

Gamma-rays observed with a Compton-suppression spertroneter

at 0 = 90° in the l c0 + ?t*Mg reaction at i:(16O) = 45 McV (figure 7)

No.

89
90
91
92
93
94
95
96

97

98
99
100
101
102
103
104
105

E a )

Y
(keV)

1778
1795
i804
1809
1822
1946
1973
1982

2028

2088
2096
2127
2143
2161
2168
2180
2217

Nu c 1 e.u s

2 8Si

3 7 A r
2 6M"
38Ar

30p

{
3 7 A r

37Ir3 7 A r
3US

3 8 A r

38 A r

3 5C1
3 7Ar

E. - E,
i f
(keV)

1778 •* 0

402 1 •+ 2217
1809 -> 0
6408 -> 4586

1973 -v 0

5213 ->• 3185
2028 ->- 0
5793 -> 3707
3707 -+ 161 1
2127 •+ (.

10174 -»• 8013
2168 -> 0
3942 -• 1763
2217 -> 0

No.

106

107
108
109
110
111
I 12

113

114
115
116
117
118
119
120
121

r a)

"Y
(keV)

2229

2244
2260
2466
2497
2564
2614

2646

2775
2858
3103
3163
3181
3304
3333
3420

Nucleus

32S

3 5C1

3 5C1
34g
3 8 A r

208 r b

{35C1
32S

3 7C1
3 5C1
3 8 A r
34S

38 K

1 f
(keV)

,4459 -* 2230
2230 -> 0
5407 •* 3163

4622 ->• 2127
10174 -> 7609, .
2614 -> o 'g;

2646 •*• 0
2646 -* 0
5007 -> 2230

3103 -> 0
3163 -> 0
5350 •+ 2168
3304 •* 0

3420 -»• 0

a)

b)

c)

f)

g)

Error: =1 keV; accurate energies for some y-rays are given in table 3.

X-rays.

Coulomb excitation.

7 4Ge(n 3y) in Ge(Li) detector.

(n,n'y) or (n,n'je) in Gc(Li) deLector.

(n,n'y) in Pb shield

Room background.
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TABLE ~j

Gaima-ray angular distribution and polarization data measured in the 2l|Mg(16O,2pY) 38Ar and zl|Mg(16O,paY) 35C1 reactions at E(160) » 38 MeV

00

en

Nucleus

36 Ar

i

6

7

10

"Cl

E.*E £
a )

l I

(y.ev)

3.81*2.17

4.48*3.81

.59b)-4.48

.41b)*4.59

.61b)*6.41

.17b)*7.61

10.17*S.01b)

8.01*6.41

1.76*0

3.16*0

4.35*3.16

5.41*3. 16

5.41*4.35

a)JrJï

3"*2+

4~*3~

5"*4~

6+b>*5"

8+b>*&+

T',8+,9b)*8+

7,3+,9*5,6,7b)

5,6,7+6+

5/2+*3/2+

7/2~*3/2+

9/2~*7/2~

ll/2"*7/2"

ll/2-*9/2'

1000 6 a^

-10+20

-10+20

+20+30

-

-

-

-

-

+2940+160

-160+20
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Y
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2564.2+0.5

2160.8+0.3

1604.68+0.11

1763.3*0.2
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-131+21
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-390+200

-37+34
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-1+6

+4 + 25

-119+22

+49i46

100 P

+39+4

-37+3
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+38+5

+66+9

+48+34

+66+22

+33+12
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+7+7
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Ret. , except where indicated otherwise,
b)

d)

e)

f)
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Present work; accurate excitation energies are given in the text.

1:1 addition 100 a, - >67 • 11.
4 —

Calculated with 6 from column 4.

In addition 100 a, +22 + 3.

In addition 100 a. - +50 + 9,

'7)Conbination of Y-ray energy and E x - 3162.60 +_ 0.10 keV [ref. j yi.ei.an c - ^ f . j z U.J

Combination of y-cay energy and E - 3162.60 + 0.10 keV [ref.l7^l yitlds E - 5407.0 + 0.3

Branching ratio of (17.2 + 0.7) Z.

] yields E - 4347.5 *_ 0.3 keV.

keV.
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Fig. 8. Angular distributions of the 120i and 1822 keV y~rays as measured with the

Compton-suppression spectrometer in the 2itMg(I6O,2py)^^Ar reaction at 38 MeV.

The coefficients of the Legendre polynomial expansion are given in table 3.

The J = 6 and 8 assignments are discussed in section 4.1 and 4.2, respec-

tively.
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2 E
function by a line at (Y . + -) with n the number of

min n
2

degrees of freedom and E = max(x . F „(l,n),l}. The values
min jz/of the statistical F 0_(l,n) distribution, which decrease

from 1.8 to 1.0 for n = 2 to 100, are taken from table Al of

ref.29).

1 The results for the spin-alignment attenuation factors

a„(J.) and a,(J.) given in column 11 are obtained together

with the mixing ratios in a simultaneous fit to the data.

The high, positive values support the fusion-evaporation

picture of the reaction mechanism.

The model-independent alignment attenuation factors a„(J)

and a,(J) from table 3 are interpreted in table 4 in terms
25)

of a Gaussian model for the population of the magnetic

substates. The p(m) distribution is in this model determined

by the parameter a/J, the relative width of the distribution.

Table 4 gives the values of a/J calculated from the observed

alignment attenuation factors. The availability in some cases

of ot_(J) as well as a (J) offers a consistency check on the

description. For the states presently studied, a/J varies

between 0.1 and 0.5.

4.1. THE 6.41 MeV 38Ar LEVEL WITH Jïï = 6+

The excitation energy, decay, mean life and J assignment

of the 6.41 MeV 38Ar level are discussed below.

The energy of the 1822.39 ĵ  0.16 keV -y-ray combined with

E = 4585.87 + 0.13 keV for the lower level leads to an ex-
x —
citation energy of E = 6408.3 +_ 0.2 keV. The above excitati-

on energy of the 4586 keV level is derived from E = 4479.98
30) x

P _+ 0.13 keV [ref. ] in combination with the present result

of 105.894 _+ 0.012 keV for the energy of the 4.59 •* 4.48 MeV

transition. The energy of the 106 keV yray was measured
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TABLE 4

Interpretation of the model-independent alignment attenuation factors vjith a

Gaussian model for the population of the magnetic substates

100 o/J
Nucleus x J* 100 ct^J) 100 ^ ( J )

. . ^^^u, «„ from
(MeV)

38Ar 3.81 3~ +72 +_ 6

+74 +_ 7

+71 jf 12

+97 +_ 8

+80 +_ 5 + 6 7 + 1 1 27 + 4 2 1 + 4

> + 61

3.81

4.48

4.59

6.41

7.61

10.17

1.76

3.16

4.35

5.41

3

l~

5~

6+

8 +

7,8+,9

5/2 +

111'

9/2~

11/2*

35C1 1.76 5/2 +77 +_ 6 +22 +_ 3 37 + 4 46 + 2

+61 +_ 2

+ 71 +_ 4

+64 + 4 +50 + 9 3 9 + 3 2 9 + 4

from

35

33

34

11

27
<

37

44

37

39

+

+

+

+

+

a2

4

5

8

11

4

:40

+

+

+_

+

4

2

3

3
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O 1 \
relatively to the 100.107 +_ 0.002 keV y-ray ; from a 182Ta

3
source by means of an 0.1 cm Si(Li) detector with an in-beam

resolution of 0.62 keV.

The 6408 keV level excited in the 2tfMg(160,2pY)38Ar react-

ion corresponds to the 6420 _+ 20 keV level observed in the
l+1K(p,a)38Ar reaction ; the latter energy corrected for

30 )
systematic errors ' becomes 6411 +_ 5 keV. The 6408 keV level

is also observed in the 36Ar(t,p)38Ar reaction at an ex-

citation energy of 6408 _+ 15 keV.

The Y~ray decay of the 6.41 MeV level proceeds exclusively

to the j' = 5 , 4.59 MeV level. Branches to the 29 lower-lying

levels with excitation energies between 0 and 6.36 MeV, as

listed in table 38.7 of ref. , are less than 3 % at the 95 %

confidence level.

The mean life has been measured previously as

x (6.41 MeV) = 1.5+0.4 ps.
m . . 34)

The combination of mean life and decay excludes pure

octupole character for the 1822 keV transition. The possible

spins for the 6.41 MeV level are therefore J = 3-7. The
34)

R.U..L. of 100 W.u. for E3 radiation restricts an E3 admix-

ture to have an intensity of less than 0.05 % (i.e. arctg |s|

< 1.3°).

Apart from the angular distribution (fig. 8) and polariza-

tion of the. 1822 keV transition given in table 3, two DCO

ratios were determined: R(6.41 •> 4.59, 4.48 + 3.81 MeV) =

0.98 +_ 0.04 and R(6.41 + 4.59, 3.81 •> 2.17 MeV) = 1.03 +_ 0.06.

Application of eq.19 to the data of the 6.41 -> 4.59 and

4.59 -*• 4.48 MeV transitions in table 3, leads to (ft+f )/f, =
b c b

2.23 + 0.15 and to the alignment restrict ion ct_(J . .) >,
— Z D. 4 1

M S O ( J , L , 6 1 Q O O , L + 1 , 5 ) w i t h M = 0 . 1 2 + 0 . 0 7 .
Z. 1 <
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Fig. 9. Results of a least-squares analysis of angular distribution, polarization

and DCO-data for the 6.41 •> 4.59 MeV transition. Spin-parity possibilities
tr + +

of J = 3 - 7" are investigated (see section 4.1).



2
Figs 9 displays x per degree of freedom as a function of

the mixing ratio 6 of the 6.41 + 4.59 MeV transition for a

least-squares fit to (i) the 1822 keV angular distribution

and polarization, (ii) the two DCO ratios and (iii) the align-

ment restriction given above with M = -0.09.
2

The x search, performed by minimizing with respect to

a~(6.4l MeV) and a,(6.41 MeV) for given 6 and J values, yields

only one solution: Jïï(6.41 MeV) = 6+, 6(6.41 + 4.59 MeV) =

-0.007 _+ 0.010 and a (6.41 MeV) = +0.97 +_ 0.08. The error in 5

incorporates the errors in the mixing ratios of the 4.48 + 3.81

MeV and 3.81 + 2.17 MeV transitions (see table 3); the latter

have some influence through the DCO ratios.

The 6.41 + 4.59 MeV transition has an El strength of

9 +_ 3)xl0~ W.u. and an M2 strength of (6 +_ 13)xl0~3 W.u.

The upper limit of 3 % for the 6.41 -> 5.35 MeV, 6 + 4

branch corresponds to an E2 strength of less than 1.6 W.u.,

more than a factor 19 +_ 5 weaker than the 5.35 + 3.94 MeV,

4 + 2 transition with a strength of 30 _+ 8 W.u. This si-

tuation is very similar to that in ^2Ca where the 6 + 4 E2

transition is weaker than the 4 + 2 transition by a factor

of 16 +_ 5.

4,2. THE 7.61 MeV 38Ar LEVEL WITH J77 = 8+

The energy of the 1200.98 +_ 0.18 keV y-ray leads together

with E = 6408.3 +0.2 keV for the lower level (see section
x ~

4.1) to an excitation energy of 7609.3 +0.3 keV (see fig. 11).

The level has not been reported in reactions induced by light

ions.
Of. \

The mean life of T = 9 + 4 ps combined with the decay
34) m

excludes pure octupole character for the 1201 keV trans-

ition to the 6 level, because E3 radiation would have a
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strength of 6 x 10 W.u. The possible spins for the 7.61 MeV

level are therefore restricted to J = 4-8. The recommended

upper limits for E3 and M2 radiation limit an E3 admix-

ture to have an intensity of less than 0.02 % (i.e. arctg |6|

< 0.8°) and an M2 admixture to less than 1.7 % (i.e. arctg | <5 ]

< 7.5°).

Applying eq.19 to the data of the 7.61 •> 6.41 and 6.41 ->

4.59 MeV transitions in table 3, leads to (f, +f )/f, =
b c b

5.6 +0.3 and for the 7.61 MeV level to the alignment restrict-

ion of a (J) > MS (J,L,6 ,L+1,6) with M = +0.44 +_ 0.17.

Fig. 10 gives the x per degree of freedom as a function of

the mixing ratio 6 of the 7.61 ->• 6.41 MeV transition for a

least-squares fit to (i) the 1201 keV angular distribution,

(ii) the polarization of the 1201 keV yray and (iii) the

above alignment restriction with M = -0.07. The recommended

upper limit of 3 W.u. for M2 radiation is indicated in the fi-

gure.

The x search yields only one solution: J = 8 , a9 =

+0.80 +_ 0.05 and a = +0.67 _+ 0.11. The recommended upper li-

mit of 10 W.u. for M3 radiation results in 6(7.61 -»• 6.41 MeV)

= (0 _+ 1) x 10~3.

The 100 %, 8 > 6 decay corresponds to an E2 strength of

5 +_ 2 W.u. It should be noted that in fig. 10 the eliminated

J = 7 solution would imply an M2 strength of at least 45 W.u.
2

From the yray spectrum at cos 0 = 0.4 an upper limit of
+ —

3.4 % is obtained for the 8 -»• 5.(4.59 MeV) transition implying
an E3 strength of less than 34 W.u. Possible branches from 8

- - + 37}
to 59, 6 and (69) at E = 5.66, -6.5 [ref. y] and 7.29 MeV

35) X

[ref. ], respectively, are calculated from the R.U.L.'s
34)

[ref. ] to be weaker than 3 %.
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Fig, 10. Results of ? lf\-ist-squares analysis of the angular distribution and pola-

rization data for the 7.61 -> 6.41 MeV transition. Spin-parity possibilities

of J = 4~ - 8~ are investigated (see section 4.2).
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4.3. THE 38Ar LEVELS AT 8.01 AND 10.17 MeV EXCITATION ENERGY

The 10.17 MeV level decays by y~rays of 2160.8 +_ 0.3 and

2564.2 _+ 0.5 keV with branching ratios of (43 +_ 2) % and

(57 +^ 2) %, respectively.

The excitation energy of 10173.9 + 0.4 keV, obtained via

the 1605 and 2161 keV yrays (see fig. II) , agrees well with

the value of 10173.5 _+ 0.6 keV obtained via the 1201 and 2564

keV y-rays, so that the average E = 10173.8 ̂  0.4 keV is

adopted.

Table 3 shows that the intensities of the 2161 and 1605

keV y-rays are not very different (Ilfi__/I , = 1.4 +_ 0.2),

so that there is some difficulty with respect to the time

order of these two transitions (see e.g. ref. , where the

opposite order is given). The 1605 keV transition is, however,

definitively shown to be the lower one, not only from inten-

sity considerations but mainly on the basis of the observed

apparent mean lives, discussed below.

The Dopplej. patterns, observed in singles and y~Y coinci-

dence measurements in heavy-ion induced reactions with nu-

clei recoiling at initial velocities of about 3(0) = 2.5 %,

are characteristic for the apparent mean life x* of a level.
m

The latter is the resultant of several feedings with diffe-

rent mean lives. The lifetime information of the pattern is,
27)

for known dE/dx, e.g. given by the centroid or by the

ratio r(r*) = area of the stopped peak/area of the total pat-

tern.

An analysis of the angular distribution and y-y coinciden-

ce data yields for the stopped fractions of the 1201, 1605,

2161 and 2564 keV y-rays r(x*) = 0.98 + 0.04, 0.90 + 0.04,
m — — '

0.53 +_ 0.04 and 0.52 +_ 0.03, respectively. The large diffe-



rence between r..., and rOT,,, together with the nearly equal
1 oU J A ! D I

intensities, unambiguously establishes the 1605 keV transition

as the lower and thus leads to a level at E = 8 0 1 2 . 9 + 0 . 3 keV,
36)

in contradiction to che result of ref. . From analogous rea-

soning one can show that the 1201 keV transition is below the

A 2564 keV transition. The equality of ro ,, and roc,, offers, in
I A 1D1 ZjDHaddition, a good consistency check, since transitions from the.

same level must exhibit the same T*.
m

Interpretation of roi,, and r__,. with the techniques of
„-, s Z 1 O I Z3u4

ref. leads to an upper limit of x < 2 ps for the mean life
m

of the 10.17 MeV level.
The value of r,,nc(T*) = 0.90 + 0.04, combined with the -70 %1605 m —

rather fast feeding from the 10.17 MeV level (see above) then

leads to the conclusion that the 8.01 MeV level itself has a

rather long mean life, in agreement with the value from the re-

coil-distance experiment, x = 6 +_ 2 ps, obtained in ref. for

the 1605 keV y-ray transition. The latter mean life would for

the present experimental conditions correspond to a stopped

fraction of r
1 6 0 5(

T
m)

 = 0.80 +_ 0.04

The 8.01 and 10.17 MeV levels have not been reported in re-

actions induced by light ion3,

The upper limit of x (10.17 MeV) < 2 ps excludes octupole

character for the 2564 keV transition to the 8 level, so that

J(10.17 MeV) = 6-10. The R.U.L of 3 W.u. for M2 restricts for

the 2564 keV transition the intensity of an M2 admixture to

less than 42 % (i.e. arctg|ö| < 33°).

Applying eq. 19 to the data for the 10.17 ->• 7.61 and

7.61 ^ 6.41 MeV transitions in table 3 , leads to (f,+f )/f,
b c b

= 1.07 +_ 0.05 and to the alignment restriction for the 10.17

MeV level a£(J) >. M S2(J,L,62564>L+1,8) with M = 0.79 +_ 0.06,

as illustrated in fig. 6.
ïï ± —

The spin-parity possibilities J (10.17 MeV) = 6 s 8 and
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10 are rejected in a least-squares fit [with parameters

6_c,., ao(10.17 MeV) and a.(10.17 MeV)] to (i) the 2564 keV

y-ray angular distribution and polarization and (ii) the

above alignment restriction with M = +0.61. Therefore one

finds (i) J7T(10.17 MeV) = 7*. 8+ or 9*, (ii) the 10.17 •> 7.61

MeV transition has dipole/quadrupole character.

For the 10.17 -* 8.01 MeV transition, it follows from the

mean life, branching ratio and R.U.L.'s that the multipolari-

ty of the 2161 keV y-ray is pure E2 with AJ = 2, M1/E2 or

E1/M2 with óol,J < 0.45, so that J(8.01 MeV) >> 5.
i. 1 o J

The mean life of the 8.01 MeV level, in combination with

the branching and R.U.L.'s, restricts the multipolarity of

the 1605 keV y-ray to pure E2 with AJ = 2, M1/E2 or E1/M2

with lö
]6nsl < 0.21, so that J(8.01 MeV) ̂  8, with 8~ exclu-

ded.

As a next step, a simultaneous least-squares fit with

fioc,,, a_(10.17 MeV), a. (10. 17 MeV) and 6_1/:i as parameters
ZDUU Z q 2. I D 1

was made to (i) the 2564 keV y-ray angular distribution and

Ï larization,(ii) the 2161 keV y-ray angular distribution

and polarization and (iii) the alignment restriction lor the
TT ± + ±

10.17 MeV level. Possible spins J n 7 = 7 , 8 or 9 and

J = 5, 6, 7 or 8 were investigated. The results are:
Ö' U 1 TT + TT +

i f J = 9 t h e n J o n i = 7 o r 8 , i f J i n n = 8 t h e n
1 U« 1 / o . U l 1 (J. 1 /

J8.01 = 6+' 7" ° r 8 + a n d if Jl0.17 = 7 t h e n J8.0i = 5' 6' 7

or 8+. The other combinations are excluded at the 0.1 % limit.

As a last step, a simultaneous least-squares fit with

a2(10.17 MeV), a4(10.17 MeV), <$216], ^(8.01 MeV), 0^(8.01

MeV) and 6 ,ni. as parameters was made to (i) the 2161 keV
y-ray angular distribution and polarization (ii) the 1605 keV

y-ray angular distribution and polarization and (iii) the
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alignment restriction for the 10.17 MeV level. This elimina-

tes ^(8.01) = 8 and shows that the 8.01 •> 6.41 MeV trans-

ition has dipole/quadrupole character.

The final result is therefore: if J,~ _ = 9 then Jo _ = 7,
J U . 1 / o.Ul

if J,' ,_ = 8 then Jo n, = 6 or 7 and if J = 7 then
lU.l/ o.Ul lU.l/

J8.0l = 5' 6 ° r 7-

The fact that no definitive assignments for these levels

could be obtained is not surprising in view of the rather

poor angular distribution and polarization data in table 3

for the y-rays involved.

It should be remarked that at the 95 % confidence level

(instead of the usual 99.9 %) only the solutions [J,n 17»
J 8 . 0 1 ] = f9"»7"]» [9 +> 7 +l. t7'7] and t7»5] are left'

The level scheme in fig. 11 summarizes the results. The

left hand side of the figure gives the thresholds for the

particle break-up channels 34S + a, 37C1 + p and 37Ar + n.

The proton and neutron channels are still closed while the

energetically open a-channel for the high-spin states present-

ly investigated in practice is closed due to the orbital mo-

mentum barrier.

The right hand side of the figure gives some results of a

shell-model calculation quoted in the next section.

4.4. COMPARISON WITH SHELL-MODEL CALCULATIONS

Table 5 gives results of a shell-model calculation of ex-

citation energies in 38Ar for the two lowest eigenfunctions
TT ± ± ± ± ±

with J - = 5 , 6 , 7 , 8 and 9 . The calculation has been
37)

performed by Hasper with the MSDI + TENSOR interaction in

a (2s. ,„> '^o/o) (^7/o» ^p3/2^ shell-model configurati-

on space (n = 0 or 2) for positive parity states. The nega-

tive parity states were calculated with the MSDI interaction
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10.17
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Fig. II. Comparison of the experimental data with results of the shell-model calcu-

lation described in section 4.A.



TABLE 5

37)
Calculated excitation energies of high-spin stater in 38Ar

5Ï
52

5;

52

\

62

Q

72

A
_+

82

9;

9;

9;

92

Shell model

4.85

5.73

7.39

7.51

6.54

7.30

6.55

7.28

7.66

7.86

7.85

8.11

7.81

8.90

7.71

8.32

8.24

9.99

8.18

9.87

E (MeV)

Experiment

4.59 a )

5.66 a )

6.41 b )

7.29 c )

7.61 b )

a ) Ref.17). b ) Present work. c ) Jff = 6+(4+), see ref.35).
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in a (2Sj,2, 1d^.2,
 lf7/2' 2p3/2^ configuration space with

the restrictions: n(2s. ,~) > 2, n(lf7,„) £ 3 and n(2p~,2) ̂  1.

The parameters of the interactions and the single-particle

energies are obtained in a least-squares fit to experimentally

well-established low-spin states in the A = 35-40 mass region.

The order of the matrices decreases from 140 for J = 5 o

11 for J^ = 9+.

Table 5 phows that the experimentally known J = 5., 5„,

6., (6„) and 8 states are predicted very well, with deviati-

ons of only -100 keV.

The J = 7 suggested in section 4.3 for the 8.01 MeV level

could be the first 7 level, predicted at 7.66 MeV. In this
if

+ + +

respect we suggest that the J' = 8 (6 ,4 ) assignment to

E =9.34 MeV of ref. possibly relates to the third 8 level,

predicted at 9-04 MeV.

The J = 9 suggested in section 4.3 for the 10.17 MeV level

would, according to the calculation, be the second 9 level
7T —

so that the J = 9 yrast state has to be sought at a lower

excitation energy.

The (not yet calculated) y~ray decay properties of these pre-

dicted high-spin states would clearly illuminate some of these

specu]ations.

5. Summary

In the present work, yrays from the fusion-evaporation

reactions 2f+Mg(16O,2py)38Ar and 2kMg(160,paY)35Cl are studied

with a Compton-suppression spectrometer and a three-crystal

Ge(Li) polarimeter. Angular distribution-, y~Y coincidence-
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and linear polarization measurements are performed.

The data are analysed in a model-independent way, in which

limits for the spin-alignment attenuation factors of a prima-

ry level are deduced from the angular distribution of a se-

condary y~ray of known mulLipolarity between levels of known

spin. Due to the observed high degree of alignment of the se-
1

condary level in these reactions, useful limits for the pri-

mary level are obtained even in the case of considerable side-

feeding of the secondary level.

Section 4 shows that a combined analysis of accurate angu-

lar distribution and polarization data together with the align-

ment restrictions is capable of yielding unambiguous J assign-

ments.

Selectivity * with respect to reaction and beam energy

for population of the states under study is important, since

the y~ray spectra are relatively complicated (see fig. 7).

The observed spin-al5gnment attenuation factors a are po-

sitive and large (see table 3 ), as expected from the fusion-

evaporation mechanism. Interpreted in terms of a Gaussian mo-

del for the population of the magnetic substates, they result

in values between 0.1 and 0.5 for the parameter a/J (see

table 4).

Appendix

39) k k
Algebraic expressions for the coefficients C (b), C_(b)

and C,(b) used in eqs. 5, 7 and 8 are given below for k = 2

and 4.

= -{5(b+l)b/(2b+3)(2b-l)}*, (Al)
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C2(b) -> -J/5 for b -> °°.

C2(b) = 6{5/(2b+3)(2b+2)2b(2b-l)}^. (A2)

C*(b) = 18(b+2)(b+l)b(b-l){(2b-4)!(2b+l)/(2b+5)!}^ (A3)

= (-180b2 - 180b + 150){(2b-4)!(2b+l)/(2b+5)!}*. (A4)

f(b) = 210{(2b-4)!(2b+l)/(2b+5)!}'. (A5)
4

Eqs. 9 and 12 simplify for k = 2 and 4 as follows

P2(b,compl.align.) = {3q
2-b(b+l)}/5/{(2b+3)(b+l)b(2b-l)}5

with q = 0 for integral values of spin b

and q = \ for half-integral values of spin b. (A6)

a™in(b) = -(2b-l)/(b+l) for integral values of b. (A7)

a™in(b) = -4b/(2b+3) for half-integral values of b. (A8)

a, (b) = 1 for integral and half-integral values of

, (A10)

a"aX(b) = 8(2b-l)(2b-3)/3(2b+2)(2b+4) for integral b>5, (All)

a™ax(b) = 16b(2b-2)/3(2b+3)(2b+5) for half-integral b>5.(A12)
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SAMENVATTING

De Utrechtse werkgroep kernfysica heeft voor haar experi-

menten met bundels zware ionen de beschikking over C, 14N,
1 5 0 , 1 8 0 , 1 9F, 27A£, 28Si, 3 2S, 35C£ en 37C£. De ionen worden

versneld tot een maximum energie van ongeveer 50 MeV door

een tandem Van de Graaff generator van het type EN, welke

ontworpen is voor een maximum versnelspanning van 6 MV.

De grote massa en lading van zware ionen maakt deze bij

uitstek geschikt voor het onderzoek van isotopen ver van de

stabiliteitslijn, meer-deeltjes overdracht, Coulomb excitatie,

toestanden met hoge spin, levensduurmetingen en hyperfijn

wisselwerkingen.

Dit proefschrift geeft resultaten van onderzoek aan de

y-straling welke vrijkomt bij het bombarderen van 2t+Mg met
12C en 1 60. De straling is waargenomen met een Ge(Li) kristal

welka gebruikt is als enkelvoudige detector of in combinatie

met andere Ge(Li) of NaI(T£) kristallen om een verfijnder en

krachtiger meetinstrument te verkrijgen, zoals bijvoorbeeld

de Compton polarimeter, bestaande uit drie Ge(Li) detectoren,

of de Compton-ondérdrukkings-spectrometer.

Bij de gebruikte bundelenergieën van ongeveer 40 MeV ver-

loopt de reactie vrijwel geheel via het fusie-verdampingspro-

ces. Hierbij fuseren, als eerste stap, het versnelde ion en

de trefplaatkern tot een hoog geëxciteerde tussenkern. Beschie-

ting van 2LfMg met 38 MeV 160 kernen bijvoorbeeld, vormt 40Ca

met een excitatie-energie van 39 MeV en een totaal impulsmo-

ment van ongeveer 20 h. Als tweede stap in het proces vervalt

de tussenkern, welke met hoge snelheid langs de bundels be-
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weegt, onder uitzending van enkele lichte deeltjes (neutronen,

protonen of a-deeltjes) gevolgd door y~straling. Statistische

modelberekeningen, ondersteund door een groeiend aantal expe-

rimentele gegevens, tonen aan dat de lichte deeltjes de tus-

senkern verlaten met weinig kinetische energie en een gering

baanimpu1smoment.

De y~straling afkomstig van de eindkern wordt daarom uit-

gezonden door een kern welke (i) een grote snelheidscomponent

langs de bundelas heeft, (ii) in een hoog aangeslagen toestand

verkeert en (iii) een spin heeft die zowel hoog als vrijwel

loodrecht op de bundelas georiënteerd is.

De experimenten aan deze y~straling, zoals beschreven in

dit proefschrift, maken een optimaal gebruik van bovengenoemde

eigenschappen van de fusie-verdampingsreacties. Met nadruk

zij echter vermeld dat de resultaten verkregen zijn door een

model-onafhankelijke analyse van de experimentele gegevens.

Hoofdstuk I beschrijft het onderzoek aan het y-verval van

een isomeer niveau in ^°K met de 2lfMg(^0,pny) ̂^K reactie.

Het niveau heeft, gezien de geringe excitatie-energie van

3,46 MeV, een ongewoon lange levensduur van T . = 22 ys. Ket

wordt aannemelijk gemaakt dat dit niveau, gelegen temidden

van lage spin toestanden, een hoge spin (J = 7 ) heeft. Dit

gegeven, gecombineerd met selectieregels voor yverval in een

zelf-geconjugeerde kern, maakt dan het isomere karakter be-

grijpelijk.

De levensduren van de niveaus betrokken bij het verval van

de isomere toestand zijn gemeten met de vluchtwegmethode. Het

voordeel van zware-ionen reacties is gelegen in de hoge snel-

heid waarmee zich de eindkern langs de bundelas beweegt. Dit

betekent dat voor gegeven nauwkeurigheid van de vluchtweg-
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opstelling, kortere levensduren gemeten kunnen worden en dat

bij gegeven scheidend vermogen van de detector, ystraling

van lagere energie bestudeerd kan worden.

Zoals genoemd, kan de hoogaangeslagen tussenkern op ver-

schillende manieren vervallen, zodat een groot aantal niveaus

in verschillende eindkernen bevolkt wordt. Een waargenomen

y-spectrum is hierdoor tamelijk gecompliceerd (zie bijvoor-

beeld figuur 7 in hoofdstuk IV) en vereist een detectiesys-

teem met goed scheidend vermogen en lage achtergrond.

Hoofdstuk II beschrijft het ontwerp en de constructie van

een Compton-onderdrukkings-spectrometer, welke bestaat uit

een Ge(Li) detector omgeven door een NaI(T&) kristal. De y~

straling, afkomstig van Compton-verstrooiing in het Ge(Li)

kristal, heeft op deze wijze een grote kans om door het NaI(T£)

gedetecteerd te worden. Slechts die pulsen van de Ge(Li) de-

tector welke voorkomen zonder dat gelijktijdig een puls van

het Nal(TJi) kristal aanwezig is, worden geaccepteerd. Op

deze manier wordt de achtergrond In het Ge(Li) spectrum, wel-

ke onder normale omstandigheden (namelijk geen Nal(TJl) schild)

voornamelijk te wijten is aan Compton-verstrooide ystraling,

aanzienlijk gereduceerd (zie figuur 5 van hoofdstuk II). De

loodafscherming rondom het NaI(T£) kristal, welke dient om

directe bestraling tegen te gaan, is essentieel. Het lagere

absolute rendement voor deze spectrometer, tengevolge van de.

onvermijdelijk grotere afstand tussen bron en Ge(Li) detector,

wordt gecompenseerd door de grote opbrengst van de fusie-

verdanmingsreacties.

In hoofdstuk III is het gebruik van deze gevoelige spectro-

meter beschreven voor het onderzoek aan het verval van ^^CZ.

In hoofdstuk IV worden metingen beschreven aan niveaus met
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hoge spin in 35C£ en 3^Ar en wordt een nieuwe methode be-

handeld om de stati&che tensoren, welke de ori'êntatie van de

spin ten opzichte van de bur.delas beschrijven, te begrenzen.

Hierdoor is het mogelijk om op grond van hoekverdelings- en

polarisatiemetingen, spins en pariteiten op model-onafhanke-

lijke wijze toe te kennen.

Tabel 5 van dit hoofdstuk geeft een typisch voorbeeld van

de huidige beperkte experimentele kennis over laaggelegen ni-

veaus met hoge spin in dit massagebied.
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