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INTRODUCTION
and

SUMMARY

When heavy-ion beams, generated by tandem accelerators or cyclotrons, be-

came available it was soon recognized that heavy-ion induced fusion-evaporati-

on reactions (HIFE) are very suitable for the investigation of the properties

of nuclei in states of high angular momentum. Since then, interest in this

field has been rapidly growing , For the lighter nuclei, the experimental

and theoretical work has been of a rather "local" character, i.e. only very

specific cases or very limited mass regions have been studied. In this thesis,

a more systematic picture of the structure of high-spin states in the mass

range A = 29 - 41 is developed on the basis of experimental results for the

nuclei 34C1, 38K and 39K.

In a HIFE reaction, the projectile and target nuclei fuse and form a high-

ly excited compound nucleus, which exists long enough to allow equilibration

of the incoming energy over the constituent nucleons. Subsequently, a few

light particles (i.e. protons, neutrons and/or alpha-particles) evaporate and

take away only a small amount of the kinetic energy and angular momentum from

the compound system. Thus, a highly excited final nucleus in a state of high

angular momentum is formed. The angular momentum of the final state will pre-

ferentially be oriented perpendicular to the beam direction. For light nuclei,

the investigation of the gamma-decay from such oriented states has proven to

be a fruitful method to identify states of high spin in a number of nuclei

around A = 40. However, an extension of the experimental knowledge on high-

spin states in lighter nuclei is difficult by the absence of reactions with

large enough cross sections. For the nuclei studied in this thesis, we there-

fore have to deal with relatively low cross sections for the formation of the

high-spin states Since there are many ways in which the evaporation proces-

ses can take place, many final nuclei in a range of spin values are generated

with quite different intensities by a HIFE reaction. From this "mer a boire"

we have to select the cases of experimental interest.

As an example, the HIFE reaction Mg + 0 (used in Chapter III) at a

beam energy of E( 0) = 38 MeV produces an excited state at an excitation

energy of 39 MeV in the Ca compound nucleus with an angular momentum of

about 20 ft. About ten exit channels are available for the decay of this state.
38 2}

The strongest produced nucleus, Ar, has been extensively studied . The
38

nucleus studied in Chapter III of this thesis, K, is produced rather weakly

, 1



and its decay gamma-rays therefore almost disappear in the sea of transitions

from other nuclei. By lack of other means of production it is therefore neces-

sary to develop highly efficient and highly selective experimental methods in

order to gain knowledge on high-spin states in sd-shell nuclei. In this rss-
3)

pect the application of a recently constructed Compton-suppression spec-

trometer with a large solid angle and excellent suppression (LACSS) plays an

important role in the experimental work of this thesis.
34

In Chapter I it is shown that for Cl the difficulties induced by the re-

latively low cross section can indeed be overcome. Combination of the data ob-
24 ] 2

tainec" from a y-y coincidence experiment with the Mg + C reaction, using
31

the LACSS, and from threshold measurements in the P + a reaction, establishes

an unambiguous level scheme. By means of accurate angular-distribution measure-

ments unambiguous spin and parity assignments are made to the high-spin levels.

From the results in this chapter a rather simple shell-model picture for the

structure of the high-spin states evolves. This idea is subsequently explored

in the following chapters.
39

Several authors have published experimental work on high-spin states in "K,

with seriously conflicting conclusions, however, for the spin-parity assign-

ments. As shown in Chapter II, the powerful coincidence set-up with the LACSS

enables a discrimination between the conflicting results from the previous

studies. In this way, unambiguous, model-independent, spin-parity assignments

to the high-spin levels are established. It appears that the differences between

the previous publications are partly due to incorrect data and partly to too

restrictive (and model-dependent) assumptions about the degree of alignment in

one of the previous studies.

Highly selective experimental methods are used to identify the high-spin
38

states of K. In Chapter III it is shown that with a pulsed beam in the reacti-

on Mg + O advantage can be taken of the presence of a long-lived high-spin

isonieric level in this nucleus. The gamma-decay of the isomer is extensively

studied. With the pulsed beam, also some states above the isomer could be loca-

ted. The subsequent use of two Compton-suppression spectrometers in a y-y coinci-

dence experiment reveals a number of high-spin levels at higher excitation ener-

gies.

Theoretical calculations for nuclei in the region A = 28 - 40 are either

lacking or can only be applied to a very limited set of nuclei or spin values.

As a first step towards a more general approach, a shell-model calculation for
34

Cl is given in Chapter I of this thesis. Encouraged by the success of this

"local" calculation, the model is extended in the following chapter to cover

in a consistent way the mass region A = 29 - 41. The above mentioned experimen-



tal results on high-spin states offer a useful test of the validity of this

approach. There is reasonable agreement between shell-model theory and ex-

periment with respect to excitation energies and electromagnetic decay pro-

perties for both low- and high-spin states. Thus, there is no need to intro-

duce collective excitations to understand the high-spin states in this mass

region. The high-spin states can be accounted for in a few-particle, few-hole

shell-model picture. The results of the calculation encourage a systematical

extension of the experimental data on high-spin states, especially around

A = 34. Such an experimental search could further test to what extent the

simple picture given in this thesis appears valid.

Chapter I of this thesis has been published in Nuclear Physics ,

Chapters II and III have been submitted for publication in the same journal.
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CHAPTER I

HIGH-SPIN STATES IN 14CI

C. J. VAN DER POEL. G. A. P. ENGELBERTINK. H. J. M. AARTS'. D F C SCHERPENZEEL.
H. F. R. ARCISZEWSKI and B. C. METSCH

Fysisch Laboratorium. Rijksuniversiteit l'tra hl. PO Bo\ HO.OOI), l'trecht. The Selherlamh

Abstrac): High-spin yrasl slates in UCI have been studied with the reactions " P ( Ï . ny)'4CI at
E, = 11.7 16.3 MeV and " M g ( l ; C . pny)'4CI at E('2C) = 32 35 MeV. Ambiguities in the '4CI
level scheme for levels at £\ = 4.82 and 5.32 MeV have been resolved through combination of
threshold measurements with the " P + Ï reaction and gamma-gamma coincidence and E -
measurements with the 2 4Mg+ ' ' C reaction. Gamma-gamma coincidence and in-beam y-y angular
correlation experiments have been performed employing a Compton-supprcssion spectrometer
with a solid angle of 120 msr.

Unambiguous spin-parity assignments of J" = 6 . 5 * and 7* to the UC"I levels at A\ - 4.74.
4.82 and 5.32 MeV, respectively, arc obtained.

Previously unreported levels of high spin are found at Ex = 7.25 and 7.80 MeV with J' = | 9 ' )
and (8 + ): Tm = 200 + 70 fs and 100±70 fs. respectively. Excitation energies, mean lives, branching
ratios and multipolc mixing ratios are reported. The experimental results are compared with large-
scale shell-model calculations. The high-spin yrast levels can be characterized b\ a rather simple
shell-model structure.

NUCLEAR REACTIONS "P(x. ny). F = 11.7. 16.3 MeV; measured a{E . E). Doppler
pattern. T, 2.

 24Mg(12C. pny). E = 32 35 MeV; measured n(E . E). rr(E .0). yy-coin. E .
',",'((>)• UC1 deduced levels. Tx : , /-branching, E . J. n. A. Enriched target. HPGe with large-

angle Compton suppression spectrometer.

1. Introduction

In recent years, a considerable amount of spectroscopie information has been
obtained on states of high spin of nuclei around A = 40. Especially, the combina-
tion of heavy-ion fusion-evaporation reactions with sensitive y-ray techniques has
proven to be fruitful ' ~ 4 ) . For lighter sd shell nuclei, however, the experimental
information on states of high spin is very sparse, as e.g. a recent compilation 5) •
shows. The absence of reactions which strongly populate high-spin states in this j
mass region may be part of the reason. The present work focusses on 34CI. .;

Levels of high spin in 34C1 have been studied by Nanne/fl/. 6) with the -12S(a. dy^CI •

' Present address: Department of Physics. Florida State University. Tallahassee. Florida 32306. USA. j



reaction at £, = 40 MeV with a resolution of about 50 keV. They assigned L = 5
to E% = 3.63 and 4.08 MeV, L = 4 to L , = 4.79 MeV and L = 6 to £, = 5.28
MeV states. The excitation energies are considered 5) accurate to ± 10 keV.

Baumannm// . 7 8 ) investigated high-spin statesof34Cl with the 27A1(12C, any)34Cl
and 31P(a, ny)34CI reactions. They assigned J" = (6"), (5 + ) and (7 + ) to levels at
Ex = 4743.1 ±1.1 keV, 4824.2 ±1.1 keV and 5315.0+1.2 keV, respectively. Since
in this region of excitation no other levels of high sp n are observed, they suggest
that the 4.79 and 5.28 MeV excitation energies from the (a, d) work of Nann et al. 6)
are too low by 30 keV, in spite of the quoted 10 keV error.

The present work is undertaken to resolve the above confusion, to obtain un-
ambiguous J" assignments and to search for more states of high spin.

The 34C1 levels are populated with the 2 4Mg( l 2C. pny)34CI reaction at E('2C) =
32-35 MeV and with the 3 iP(a, ny)34CI reaction at Ex = 11.7-16.3 MeV. The excita-
tion function of the 491 keV y-ray from the decay of the proposed J" = 7+ level at
Ex = 5.32 MeV shows that the 27A1 + 12C and 2 4Mg+ 12C reactions have about
the same yield for this y-ray but the latter reaction has a factor of two better peak-to-
background ratio. The 2 4 Mg+ 1 2 C reaction is used to measure singles spectra,
excitation functions, y-ray energies, angular distributions, y-y coincidences and y-y
angular correlations. The 31P+ot reaction, with negative £-value, served to obtain
the position of the levels from threshold measurements and to obtain mean lives
without the complication of delayed feeding.

The experimental results are compared with a shell-model calculation performed
in a configuration space with a 28Si core and six active particles in the (2sj, Idj,

If, shells.

2. The level scheme

The in-beam y-ray spectrum from the 2 4Mg+ 12C reaction at £(12C) = 32 MeV
as recorded with a Compton-suppression spectrometer (CSS) 9) is shown in fig. I.
The peak-to-background ratio for the 491 keV transition in this spectrum is 15 : 2,
to be compared with the ratio 1 : 2 in the spectrum of Baumann et al. 7). The peaks
labeled with a black triangle are y-ray transitions between levels of 34C1 as deduced
from y-y coincide»... measurements (see subsect. 2.1).

2.1. GAMMA-GAMMA COINCIDENCE MEASUREMENTS

A y-y coincidence experiment ii performed at E(' 2C5 +) = 35 MeV with a beam
current of 80 nA (electrical) and a target of 380 ^g/cm2 24Mg (99.92 % enriched)
on a 25 fim Au backing. The set-up consisted of a Compton-suppression spectrom-
eter with a solid angle of 120 msr (LACSS) l 0) and a 90 cm3 HPGe central detector
with 215 /an thin outer contacts " ) in combination with four gating Ge(Li) detec-
tors with volumes of 104, 115, 125 and 126 cm3.
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Fig. I. The y-ray spectrum recorded with the CSS at 0 = 90° at a bombarding energy of £(' 2C) = 32
MeV. The black triangles indicate the "Cl transitions of interest.

For 60Co, LACSS has a Compton suppression of 11.8 for the region 100-1100
keV with a photo-peak loss of 6 %. This detector was placed at 0., = +90°. Three
of the four Ge(Li) detectors were positioned at 0., = -90°, at 10 cm distance from



Fig. 2. Experimental set-up in the y-y coincidence measurement.

the target and the fourth Ge(Li) was at 0y = -10° at a distance of 13 cm (see fig. 2).
The singles count rate in each Ge(Li) was about 30 kHz. Pile-up rejection was
applied. The coincidence rate was 1.6 kHz. About 20 million coincidences of the
type LACSS x Ge(Li) were recorded on magnetic tape. In the off-line analysis the
spectra have been corrected for background and random coincidences.

Fig. 3 shows LACSS spectra in coincidence with the 34C1 transitions Ey = 879
keV [£x = 3.60 -» 2.72 MeV; 4~ -> 2~], Ey = 4677 keV [£, = 4.82 -» 0.15 MeV;
(5+) -y 3 + ] , Ey = 572 keV [£x = 5.32 -» 4.74 MeV; (7 + ) -» (6~)] and £.. = 491
keV[£x = 5.32 -> 4.82MeV;(7+) -> (5+ )]. The coincidence results are summarized
in table 1.

In addition to the coincident y-rays reported in ref. 7) four new y-rays are found
with energies of 1192.6 ±0.5 keV, 1935.1 ±0.5 keV, 2487.4+1.0 keVand 2643.5 + 0.5

JO
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Fig. 3. Gamma-ray spectra from ihc LACSS laken in coincidence with the 3*CI(3.60 -» 2.72 MeV;
4" - 2"), 34CI(4.82 - 0.15; 5* -» 3 + ). 34CI(5.32 -» 4.74: 7* -» 6 ) and "CK5.32 - 4.82: 7* - . 5')
transitions. Peaks are labeled with their y-ray energy. In the spectra gated with the 879 and 4677 keV

transitions, the height of the 491 keV peak is given by the number above the arrow.

keV. The 1193 and 2643 keV y-rays are new branches in the decay of the Ex = 4.82
MeV level. The 1935 and 2487 keV lines clearly show up in coincidence with the
491 keV [£x = 5.32-4.82 MeV; ( 7 + ) - ( 5 + ) ] transition and exhibit a con-
siderable Doppler broadening. Since the gating 491 keV y-ray stems from a long-
lived level [iJEx = 5.32 MeV) = 94± 12 ps] [ref. 7)] the 1935 and 2487 keV transi-
tions must originate from short-lived levels with excitation energies higher than
£„ = 5.32 MeV.

IJ



TABI.1- I

Partial •/-•/ coincidence matrix for UCI for the 2iMp( i ; ;C. pn;)l4CI reaction at £<I2C) = 35 MeV

Gale

(keVJ

49 i
572
879

1224
1935
4677

491

X
X
S
S

s
s

572

X
X
s

s
X

879

S

s
X
s
w
X

1112

X
S
X

(W)

Coincident

1143 1193

X W

s
s

J) -/-rays

1224

S

w
s
w

(W)

(keV)

1935

St/5

w
A
X
A

2487

A
A

W

2643

A

4597

Xt/5

X

w

4677

Sb)
X")
X

A

J) The intensities of the coincident -/-ray pairs are indicated as strong (S). average (A) or weak (W).
Uncertain cases are enclosed in parentheses; X indicates that the transitions are not in direct cascade,
taking into account their intensity in singles. A blank entry means thut no statement can be made because
of insufficient statitics.

h) Also observed 2841 and 3381 keV. both Dopplcr broadened.

400 _

200 -

0 L

24Mg • (35MeV)1?C

GATE ON
- 33S(2.93 —1.97MeV)

1932

1966

11\
_
—

I
1928

1900 1950 ?000
Ev(keV)

Fig. 4. Gamma-ray spectra from the LACSS taken in coincidence with transitions in J 4CI,J ' P and "S.
The complexity of the Doppler-broariened £,, = 1935 keV transition is clearly shown.
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broad shape at £. = 1935 keV in the singles and in the total coincidence
spectrum is quite complicated. From the data in fig. 4 it follows that this bump is
at least a doublet. Fig. 4 displays the total coincidence spectrum, the part coincident
with £ . = 491 keV [34C1(5.32 - 4.82 MeV)] i.e. the 1935 keV, the contribution
coincident with £.. = 1266 keV [ 3 1 P ( l . 2 7 - 0 MeV)] i.e. the 1928 keV from
31P(5.34-> 3.42 MeV) and the contribution coincident with £ = 967 keV
[33S(2.93 -» 1.97 MeV)] i.e. the 1932 keV from "S(4.87 - 2.93 MeV). which may
also be present weakly. As these contaminating y-rays all originate from short-
lived (rm < 0.5 ps) levels, it is clear from these data that properties of the 1935
keV transition in 34C1 only can be obtained from coincidence experiments.

Furthermore, a weak and Doppler broadened transition with E. = 3381 +2 keV
appears to be coincident with the 491 keV and, possibly, with the 1935 keV transition.
Due to its low intensity the properties of this transition are not further studied.

2.2. THRESHOLD MEASUREMENTS

The negative 0-value (Q = -5647.7 + 0.9 keV) [ref. 5)] of the 31P(a, ny)34CI
reaction makes it possible to obtain approximate excitation energies and the place-
ment of the y-rays in the level scheme of 34CI from the measurement of /-ray
thresholds.

The thick target yield for a certain y-ray Y(EX) for bombarding energies E2 near the
threshold energy E?" will, in the absence of resonances, behave as Y(EX)( :)(£,-E^')^
The excitation energy £X(34CI) follows from:

, + MT)/Mr,

with MT the mass of the 3 1P target nucleus.
The measurement of Y(EJ of a y-transition deexciting the level under study

determines a threshold and results thus in the excitation energies £x and £x —£...
2.2.1. The levels at Ex = 4.74, 4.82 and 5.32 MeV. The thick-target y-ray yield

for beam energies between E, = 11.7 and 12.7 MeV has been measured with a
target of 330 jug/cm2 P on a thick Au backing. The target thickness corresponds to
150 keV at these beam energies. With the CSS the yield of the 491, 1112 and 4677
y-ray transitions has been measured. Fig. 5 shows the result for the 491 keV y-ray.
The accuracy of this threshold energy (and thus £x) is 25 keV. The excitation energies
obtained in this way are summarized in table 2.

2.2.2. The levels at Ex = 7.25 and 7.80 MeV. The yield of the 1935 and 2487 keV
y-rays in the (a, ny) reaction is measured in coincidence with the 491 keV y-ray
[34C1(5.32 -» 4.82 MeV)] to avoid contamination with y-rays not originating from
34CI levels. With two Ge(Li) detectors of 20 and 25 % efficiency, placed at 0.. = + 90°
and -90° , coincidence data are taken at Ex = 14.90, 15.70 and 16.33 MeV. Atarget
of 360 fig/cm2 P on thick Au is used. In the off-line analysis a gate is set on the 491

13
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Fig. 5. Result of the threshold measurement for the £ ; = 49I keV transition.

keV p;ak and correcüons for background and random coincidences are applied.
The results are given in fig. 6 and in table 2.

Observation of the 1935 keV line at £, = 14.90 MeV implies an excitation energy
below 7.55 MeV, while y-y coincidence measurements lead to an excitation energy
of at least 7.25 MeV. Observation of the 2487 keV line at f, = 15.70 MeV implies
an excitation energy below 8.26 MeV, while y-y coincidence measurements imply an
excitation energy of at least 7.80 MeV.

The absence of coincident y-rays of sufficient intensity below 460 keV and the
y-ray energies of 1935.0±0.5 keV and 2487.4± 1.0 keV measured in the y-y coinci-
dence experiment establish the existence of levels at Ex = 7250.1 ±0.6 and Ex =
7802.4+1.0 keV, which both decay to the (7 + ) level at Ex = 5.32 MeV.

TABLE 2

Excitation energies from MP(ot, n-/)34CI threshold measurements

£„ (keV)

491
1112
1935
2487
4677

•) Also observed £, = 4852+45 keV.
b) £x > 7250 keV from y-y coincidences.
c) Ex > 7802 keV from y-y coincidences.
") Also observed E, = 5349 ±35 keV.

£, (keV)

5327 ±25
4747 ±35 ')
< 7547 ")
< 8256 c)

4831 ±35")

i
14



31P(a.rvy)34Cl
THICK TARGET

®
7.B0

7.25 — -©
2487

I T
5.32

4677

491

730 760 380 400 490 510

CHANNEL NUMBER

920 940

Fig. 6. Gamma-ray spectra (aken at beam energies of £, = 14.90. 15.70 and 16.33 MeV in coincidence
with the 3*C1(5.32 -• 4.82 MeV), £.. = 491 keV transition. The left part of the figure shows the gating

y-ray with its background.

2.3. EXCITATION ENERGIES

With the approximate position of the levels established, the '/-ray energies are
used to obtain accurate excitation energies. The recoil-corrected energies given in
column 4 of table 3 have been determined from singles y-ray spectra except for the
1193, 1935, 2487 and 2643 keV results, which stem from coincidence spectra.

The singles spectra are taken with the CSS which registered y-rays from the
24Mg(12C, pny)34CI reaction and calibration y-rays from radioactive sources
simultaneously and from the same direction. Calibration sources of 56Co, 60Co,
66Ga and 226Ra are used. The 66Ga source (ti = 9.5 h) was produced separately
with the 63Cu(a, n)66Ga reaction at Ex = 18 MeV. Fig. 7 gives an example of the
data.

Peak positions are determined from a fit with a tailed gaussian as detector response
function. The energy calibration is obtained from a fit of a third-order polynomial
to the positions of the calibration peaks. The calibration energies are taken from
refs. 1 2 1 3 ) . From this fit the overall accuracy of the energy calibration is found.
The errors in the y-ray energies follow from the error in the calibration and in the
peak position. The ensuing excitation energies are listed in column I of table 3.

15



TABU

Results from "/-ray energy and angular distribution

E, (kcV)

461.00 + 0.04»)
665.55 + 0.05")

3600.0 ±0.3

3631.3 ±0.2

4743.2 ±0.2

4824.2 ±0.3

5315.0 ±0.3

7250.1 +0.6
7802.4 +1.0

J:

T ")
r ')
4 " J)

5" ')

(,-

5*

7*

<9 + )
(8*)

*m <PS>

7.5 ± 0.5")
13.2 + 0.8")
23 ± 5 " )

280 ±60b)

7 ± 3 " )

0.45 ± 0.20

94 ±12")

0.20 ± 0.07
0.10+ 0.07

E (keV)

46l.00±0.04')
665.55 ±0.05')
879.1 ±0.2

3453.3 ±0.2
1255.7 ±0.10
3484.7 ±0.2
Mil.77 + 0.10
1143.0 ±0.2
4596.5 ±0.3
1192.6 ±0.5
1224.1 ±0.2
2643.5 ±0.5
4677.4 ±0.2
490.8 ±0.2
571.8 ±0.2

1935.0 ±0.5
2487.4 +1.0

J,"

0 '
0 '
2
3"
4 '
3*
5
4
3'
5
4
3'
3*
5*
6
7*
7*

') Ref. '). b) Ref. 7).
c) Corrected for solid angle.
d) An entry zero means that inclusion of a P4 term in the Lcgendre polynomial expansion gives an /i4

A t set to zero.
') Deduced from a doublet, see text.
') In addition a (7 + 2)% branch of 1224 keV is present (3.60 - 2.38 MeV).
«) An M4 RUL of 100 W.u. would imply \d\ < 0.002.

The decay scheme is given in fig. 8. All y-ray energies are consistent with this decay
scheme within 0.3 keV.

3. Mean lives

The mean lives of the 4.82, 7.25 and 7.80 MeV levels are obtained with the
31P(a, ny)34Cl reaction. Unwanted y-ray feeding from higher-lying levels is
eliminated by choosing the beam energy just above the threshold of the level
studied. Due to the kinematics near threshold, the recoiling nuclei are confined to
small recoil angles and have a well-defined initial velocity. A thin target of 100
jug/cm2 P on thick Au was chosen to minimize the number of nuclei decaying in
the target.

3.1. THE E, = 4.82 MeV LEVEL

For this measurement a beam energy of £„ = 12.08 MeV is chosen, 320 keV
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measurements obtained in the 2 4 Mg( u C. pny)J4CI i .action

1000/4,*)
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- I 7 S + 28
-500± 50
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298± 38
475 ±117
644± 58
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- 3 I O ± 7
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+ 0.23 ±0.10
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-0 .02 ±0.07

")
-0.3 ±0.6

+ 0.03 ±0.06
0.00 ±0.05

-0 .02 + 0.02
+ O.O5 + O.O2

»:

0.23 ±0.01
0.13 ±0.03
0.60 ±0.05

0.72 ±0.10

0.78 + 0.08

0.68 ±0.02

0.74 ±0.02

0.35 ±0.06

0.17 + 0.16

0.62 + 0.10

0.58 + 0.02

0.65 ±0.02

f *

coefficient with an absolute value smaller than its error. In such a case the .-I; coefficient is calculated with
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Fig. 7. High-energy part of the y-ray spectrum taken with the CSS which simultaneously registered
y-rays from the 24Mg(12C, pn})34CI reaction at £(12C) = 32 MeV and calibration y-rays from a 66Ga

source.
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below the threshold of the long-lived 5.32 MeV level, which decays predominantly
to the 4.82 MeV level. The Doppler pattern of the 4677 ke V (£, = 4.82 -* 0. i 5 MeV)
transition is recorded in singles with the CSS at angles of 0y = 70°, 80°, 90° and
100°. Fig. 9 shows the data. The initial velocity 0(0) = 0.86 % and recoil angles
of less than 2° for the excited 34C1 nuclei follow from reaction kinematics. The data
are analysed with electronic stopping powers of Forster et al. ' s) , which are extra-
polated linearly to the value zero at v/v0 = 0. The nuclear stopping power is taken
as 1.26 K^'KV/VQ) with KU°hr the Bohr estimate of the nuclear stopping power at
v = v0. The measurement is interpreted in terms of the ratio (area of stopped peak)/
(total area). The observed ratio of 0.36+0.12 analyzed with techniques described in
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Fig. 9. Dopplcr patterns of the 4677 keV y-ray observed with the CSS in singles. Interpretation of the
pattern leads to a mean life of zm (4.82 McV) = 450 + 200 fs.

detail in ref. 14) results in a mean life of rm(4.82 MeV) = 450±200 fs. The error is
largely statistical. About 20 "/„ of the excited 34C1 nuclei decay in the target.

It should be noted that the 2 4Mg('2C, pny)34Cl reaction is not suitable to obtain
lifetime information for the 4.82 MeV level since in this reaction the level is only
populated via the long-lived 5.32 MeV level, such that the 4677 keV transition
consists of a stopped peak only (see e.g. fig. 7).

3.2. THE £x = 7.25 AND 7.80 MeV LEVELS

The measurement is performed at a beam energy of £„ = 15.70 MeV, which
corresponds to an excitation energy of 8.25 MeV in 34C1. To avoid contamination
of the 1935 and 2487 keV y-rays under study the spectra are in addition taken in
coincidence with the 491 keV, [34CI(5.32 -• 4.82 MeV); (7 + ) -+ (5 + )] transition.

The Doppler patterns are recorded with a 20 % efficient Ge(Li) at 0.. = 0° at a
distance of 13 cm from the target in coincidence with three 22 % efficient Ge(Li)
detectors positioned at 0y = 135°, -135° and -60° . The latter three detectors
provided the gating 491 keV y-ray. The resulting summed coincidence spectrum at
zero degrees is shown in fig. 10. Interpretation of the data as outlined in ref. 14)
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Fig. 10. Doppler patterns of the 1935 and 2487 keV -/-rays laken in coincidence with the 491 keV
transition. The beam energy of E1 = 15.70 MeV corresponds to an excitation energy of 8.25 McV
in "Cl. Interpretation of the data results in TJ7.25 MeV) = 2OO±7Ofsand T„,(7.8O MeV) = 100±70fs.

with stopping powers as mentioned above results in rm(1.2S MeV) = 200 + 70 f.s
and Tm(7.80 MeV) = 100+70 fs. The errors stem mainly from the uncertainty in
the thickness of the target, whose stopping properties differ appreciably from those
of the backing.

4. Spin-parity assignments

The present mean lives in combination with the RUL's lfe) limit the possible J"
combinations and mixing ratios which have to be investigated in the analysis. A
comparison of the 34C1 level scheme with that of 34S shows that the 34CI levels at
Ex = 4.74, 4.82 and 5.32 MeV have T = 0. Their y-decay mainly proceeds to lower-
lying T = 0 levels. The knowledge that AT = 0 ML transitions in self-conjugate
nuclei are appreciably weaker than AT = 1 ML transitions 17), as reflected in the
RUL's of 0.03 and 0.1 W.u. for isoscalar Ml and M2 radiation, is particularly
useful here. Spin-parity assignments in this case can be based on angular distri-
bution measurements only, which is fortunate as here a y-ray linear polarization
experiment is prohibited due to the low reaction cross section and the relatively
high y-ray energies involved. An accurate angular distribution measurement for the
levels at £„ = 4.74, 4.82 and 5.32 MeV appears already sufficient to obtain un-
ambiguous 7" values, as reported below.
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New (high-spin) levels are established at £"„ = 7.25 and 7.80 MeV. Both decay
to the (7+) level at 5.32 MeV by y-rays of 1935 and 2487 keV, respectively. As con-
tamination of the y-rays in singles precludes the measurement of their angular distri-
butions, a y-y angular correlation experiment is performed.

4.1. ANGULAR DISTRIBUTION MEASUREMENTS

The 24Mg(12C, pn)')34CI reaction at £(12C) = 35 MeV is used to measure the
y-ray angular distributions at six angles between 0° and 90°, evenly spaced in cos2fl...
The target consisted of 380 ftg/cm2 24Mg, enriched to 99.94 %, on a 25 ftm thick Au
backing. Two set-ups hav° been used.

In the first set-up, the moving detector was the CSS and a 115 cm3 Ge(Li) placed
at 0.. = 110° acted as a monitor. The relative dead-time losses in the two detection
systems were measured with the reaction-rate-dependent pulser technique. A
pulser signal, triggered by a single-channel analyzer with a gate on part of the energy
spectrum of an additional Nal crystal, is fed into the preamplifiers of both detectors.
The corrections, obtained from the comparison of the pulser peak areas in the
spectra from the moving and monitor detector, amount to about 6 ",„ measured
with an accuracy of 0.4 %. The eccentricity of the set-up, measured with a 1 mm
diameter 226Ra source mounted at the position of the beam spot, leads to correc-
tions of less than 3 % with an accuracy of 0.5 %. The angle-dependent /-ray absorp-
tion in the 25 fim Au backing is less than 0.4 % for £., > 400 keV. The relative ef-
ficiency of the CSS for £.. = 0.2-5.0 MeV has been measured with 56Co, 66Ga
and 226Ra sources mounted at the position of th° beam spot.

The second set-up involves only bare germanium detectors, mainly to avoid the
contamination of the 572 keV y-ray [34CI(5.32 -> 4.74 MeV)] with a 570 keV line
due to the l27I(n, n'y) reaction in the surrounding Nal shield of the CSS. A 90 cm3

HPGe and a 125 cm3 Ge(Li) acted both as moving detectors. The monitor detector,
a 115 cm3 Ge(Li) was now placed at 0;, = - 130°. The counting rate of the detectors
was about 15 kHz. Pile-up rejection was applied and resulted in a 30 % improvement
in resolution and background.

The solid-angle attenuation coefficients are calculated following ref. '"). The
angular distribution for the 491 keV y-ray [34C1(5.32 -* 4.82 MeV)] obtained in
the different set-ups mutually agree within 2 %.

4.2. ANALYSIS AND RESULTS OF THE ANGULAR DISTRIBUTION MEASUREMENTS

The angular distribution data are analyzed without assumptions about the
magnetic substate populations, apart from the empirical rule that the spin align-
ment factor a2 is positive in heavy-ion induced fusion evaporation reactions '9 ' 20).
No restrictions are imposed on a4. In the analysis the restrictions on a2 and the
transition strengths (RUL's) are taken as rigorous.
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Spin-parity hypotheses are investigated in a y2 analysis by means of a grid search
in a,, a4 and «5, on the basis of a 99.9 "„ confidence limit.

For the multipole mixing ratio «5 the sign convention of Rose and Brink 2 I) is
used; the errors are assigned according to ref. " ) .

The results from the energy and angular distribution measurements are collected
in table 3. The J" assignments are discussed below. Most of the deduced spin align-
ment attenuation factors a2 and a4 reflect magnetic substatc populations of non-
gaussian character (for example, for £, = 4.82 McV, a4/a2 = 0.85+0.03 whereas
for a gaussion distribution a4/a, = 0.34). Figs. 11 and 12 show some angular distribu-
tion data for transitions from the J* = 7 + , 6" and 5+ levels at 5 32, 4.74 and 4.82
MeV, respectively.

4.2.1. The Ex = 3.60 ami 3.63 MeV levels. With ./"(3.60 MeV) = 4 and «5(3453
keV) = —0.06 + 0.02 established in rcf. 5), a combined fit to the angular distri-
butions of the 879 and 3453 kcV transitions results in «5(879 keV) = +0.05 ±0.06.

0.0 0.2 0.4 0.6
cos2 ev

0.8

Fig. II. Angular distributions for Ihc 49! and 4677 kcV transitions.
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Fig. 12. Angular distribmions for the 572. 1112 and 4597 keV transitions.

Similarly with J"(3.63 MeV) = 5" and <5(1256 keV) = 0.00 + 0.02 from ref. 5) a
combined fit to the angular distributions of the 1256 and 3485 transitions yields
5(3485 keV) = +0.23 ±0.10.

4.2.2. The Ex = 4M2 MeV level. The y-ray decay of this level in combination with
the mean life of Tm(4.82 MeV) = 0.45 + 0.20 ps (see subsect. 3.1) limits the spin-
parity values to /*(4.82 MeV) = 3" ,4* or 5 + . The angular distributions of the 4677
keV (4.82 -> 0.15 MeV) and 1224 keV (2.82 -> 3.60 MeV) transitions are both needed
to obtain a definite assignment.

The latter angular distribution is complicated because the transition wanted is
(the stronger) part of an unresolved doublet containing the 1224 keV y-rays of the
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J4C1(4.82 -• 3.60 MeV) and 34Cl(3.60 - 2.38 MeV) transitions. However, it is
possible to measure the angular distribution ofthe doublet and treat the contribution
of the 3.60 -• 2.38 MeV transition as a (partly calculated) correction. Firstly, the
angular distribution of the 879 kcV, 3.60 -• 2.79 MeV branch serves to establish
the alignment parameters of the 3.60 MeV level as a2 = 0.65 ±0.05 and a4 =
0.31+0.06. Secondly, the branching ratio of (7+1)°,, for the 3.60 -• 2.38 MeV
transition [as obtained from (p, 7) work 2i) in which the 4.82 MeV level is not
excited] in combination with tm(3.60 MeV) = 23 + 5 ps and the M2 RUL limit
the mixing ratio to |<5(3.6O -> 2.38 MeV)| g 0.15. This is sufficient to calculate the
angular distribution for the 3.60 -> 2.38 MeV transition with an uncertainty of
about 10 "„. Finally, its absolute yield is obtained via the 3.60 -• 2.79 MeV transi-
tion by taking branching ratios and efficiencies into account.

As a result, the angular distribution for the 4.82 -> 3.60 MeV transition is found
by correcting the measured angular distribution ofthe doublet for the contaminating
3.60 -• 2.38 MeV transition. The latter correction ranges from 14 "-„ at ().. = 90°
to 33 °o at 0.. = 0°.

In the / 2 analysis, the angulardistributions ofthe 4.82-» 3.60MeVand4.82 -> 0.15
MeV branches are investigated in a combined fit. Fig. 13 gives the result. For the
y(4.82 MeV) = 3" and 4" hypotheses, the M2 RUL limit the mixing ratio for
the 4.82 -• 0.15 MeV transition to |<54.68| < 0.19. For the 7rr(4.82 MeV) = 4+

hypothesis the M2 RUL limits the mixing ratio for the 4.82 -> 3.60 MeV transition
t o 1̂ 1.22! < °-02- The d a t a r e s u l t i n a n unique assignment of /"(4.82 MeV) = 5 + .

4.2.3. The Ex = 5.32 MeV level. The 491 keV decay branch of 74 % in combina-
tion with the mean life 7) of tm(5.32 MeV) = 94+ 12 ps limits the spin-parity values
to /*(5.32 MeV) = 3 + , 4*, 5*, 6* or 7+ . The comparison ofthe summed intensities
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Fig. 13. Results ofthe least-squares analysis ofthe combined angular distribution data for the 1224 and
4677 keV transitions.

24



IJ

x
it-.

of the J193. 1224,2643 and 4677 keV decay branches from the 4.82 McV level with
the intensity of the populating 491 keV y-ray shows that the 4.82 MeV level is fed
exclusively via the 5.32 MeV level. Fora total feeding of the 5.32 MeV level with an
intensity of 100 units, the side feeding of the 4.82 MeV level amounts to 0 + 7 units.
The error in the latter intensity is due to uncertainties in the efficiency calibration
of the spectrometer, especially at £.. = 4.7 MeV.

For vanishing side-feeding the alignment parameters xk for the 4.82 McV level
are linked to those of the 5.32 MeV level by the relation

9, L\ 2)

given in eq. (18) of ref.24). The function Sk is defined in eq. (17) of the same reference.
The experimental uncertainty in the side-feeding intensity makes the coupling be-
tween the alignment parameters of the two levels less strict. This is taken into ac-
count in the analysis. A very accurate angular distribution measurement is needed
to discriminate between the J" = 5+ and 7" = 7+ hypotheses, as their difference
is mainly reflected in different Ax angular distribution coefficients. The result of
the combined analysis of the angular distributions of the 5.32 -» 4.82 MeV and
4.82 -» 0.15 MeV transitions with a grid search in the alignment parameters of the
5.32 MeV level is shown in fig. 14. We conclude an unambiguous J"(5.32 MeV) =
7+ assignment.

4.2.4. The Ex = 4.74 MeV level. The mean life of rm(4.74 MeV) = 7 ± 3 ps from
ref. 8) , in combination with the decay, restricts J"(4J4 MeV) to 3" , 4*, 5* and 6".
The feeding from the 7+ level at 5.32 MeV further limits the possibilities to ^"(4.74
MeV) = 5 + or 6".

1000 F

100

10

1 -
7*

ANGULAR
DISTRIBUTIONS

-90° -45° 0° -45° «90°

ARCTAN

Fig. 14. Results of the least-squares analysis of the combined angular distribution data for the 491 and
4677 keV transitions. In the partial level scheme, the side-feeding intensities are indicated.
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The J*(4.74 MeV) = 5+ hypothesis implies identical angular distributions Tor
the EY = 491 and 572 keV transitions, since M3 contributions for both transitions
arc negligible. As shown in fig. 12, this is clearly not the case, and thus the angular
distribution of the 5.32 -> 4.74 MeV transition results unambiguously in y*(4.74
MeV) = 6". The same result is obtained from a (more complicated) combined
analysis of the angular distributions of the decay branches with E =1143 and
4597 keV from the £, = 4.74 MeV level.

4.3. ANGULAR CORRELATIONS

To obtain information about the spin-parity assignments for the new states at
£, = 7.25 and 7.80 MeV, angular correlation measurements are performed in
two geometries. A beam energy of £( I 2C) = 35 MeV and a target of 450 /ig/cm2

2*Mg on a 25 jum thick Au backing are used. Gamma-gamma coincidences are
measured between a Ge(Li) detector at a fixed angle i// and the large-solid-angle
CSS as a moving detector at five angles 0.., evenly spaced in cos2 0y. The use of
LACSS at angles between 0y = 0° and 0y = 90° restricts the placement of the gating
Ge(Li) to the remaining fourth quadrant.

In the Ge(Li) detector, gates are set on the 491 keV (7+ -> 5 + ) and 572 keV
(7+ - »6" ) transitions deexciting the Ex = 5.32 MeV level. Under the assumption
that the 7.25 MeV level has J" = 9\wehavecalculated thecorrelation9+ -* 7+ -> 5 +

(7.25 -> 5.32 -» 4.82 MeV) for different angles \j/. In the calculation the solid-angle
attenuation coefficients Qk are assumed to be unity and the alignment of the initial
level is taken as complete (ot2 = <x4 = 1). The dependence of the correlation on the
position of the gating Ge(Li) detector is shown in the upper half of fig. 15. The lower
half of fig. 15 gives the result of a similar calculation for the correlation 9 + -> 7+ -+ 6"
(7.25 -» 5.32 -> 4.74 MeV). The ^-dependence in this case is opposite to the one in
the upper half of fig. 15.

In view of the above theoretical expectations, the correlation experiment is per-
formed with the LACSS in coincidence with two gating detectors, a 104 cm3 Ge(Li)
placed at ^ = 90° [N2 geometry 25)] and a 115 cm3 Ge(Li) placed at \j/ = 144° at
an as far as possible backward angle [unrestricted plane geometry 25) UP2]. To
reduce the amount of data accumulated, a broad hardware gate covering E. = 300-
800 keV was set in the timing circuit of the gating Ge(Li) detectors, thus encompassing
the 491 keV (5.32 -• 4.82 MeV, 7+ -> 5 + ) and the 572 keV (5.32 - 4.82 MeV,
7+ -» 6") transitions. The gating Ge(Li)'s were at a distance of 10 cm from the
target, which leads to an attenuation of the correlation of Ö2[Ge(Li)]*g2 [LACSS] =
0.94 and ö4[Ge(Li)>ö4[LACSS] = o.82. The Compton scattering from one
gating detector to the other was reduced by a 1.0 cm thick Pb plate placed between
them. The singles spectrum of the 104 cm3 gating Ge(Li) was used as a monitor
spectrum and dead-time corrections were measured with the reaction-rate-depen-
dent pulser technique.
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Fig. 15. Predicted angular correlations in the UP2 geometry for a 9 ' - » 7 ' stretched E2 transition
(labeled •/,) detected at an angle (I, gated with the subsequent transition 7, at an angle ii with respect
to the beam axis. In the calculation, both the alignment parameters of the initial level and the solid-angle

attenuation factors for the y-ray detectors are taken as unity.

The angular correlation data from the y-y correlation between the 491, 572 keV
gates and the transitions of 1112, 1143, 1224, 4597 and 4677 keV are in agreement
with the J" values, mixing ratios and alignment deduced from the angular distribu-
tions (section 4.2).

4.3.1. The Ex = 7.25 MeV level. The mean life Tm = 200 + 70 fs and the 100 %
decay to the Ex = 5.32 MeV, J' = 7+ level restrict the spin possibilities to J" =
5 + , 6±, 7*, 8* and 9 + . In figs. 16 and 17 the measured angular correlations are
compared with the theory for J" = 5 + , 6", 7", 8~ and 9 + , since these J" values
all imply <5(1935) = 0. The theoretical curves are calculated with the alignment
parameters a2 = 0.74 and <x4 = 0.65, i.e. equal to the observed alignment of the
Ex = 5.32 MeV level. The J" = 6 ' , 8" possibilities are excluded at the 0.1 %
limit. A J" = 9+ assignment would be in perfect agreement with the angular corre-
lation data.
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Fig. 16. Measured )•-•/ angular correlation data for (he 1935 kcV transition in coincidence with (he
491 keV, 7* -* 5* transition. The drawn curves are the best fit to the data under the hypotheses

7"(7.25 MeV) = 5*. 6 ' . 7". 8" and 9*. These spin-parity hypotheses all lead to <i(l9.V> keV) = 0.

4.3.2. The Ex = 7.80 MeV level. The mean life xm = 100 + 70 fs and the 100?,,
decay to the £, = 5.32 MeV (Jn = 7 + ) level limit the spin possibilities to J" = 5 + ,
6*, 7±, 8* and 9 + . The statistics in the E., = 2487 keV transition is a factor of 5 less
than in the E,, = 1935 keV transition. Only the 491-2487 correlation in the UP2
geometry could be measured. No definite assignment can be made. The data suggest
J" = 8 + with a large negative mixing ratio ö, namely arctg <5(2487 keV) = -80°+10°.

5. A shell-model calculation for 34CI

Recently, Hasper27-28) has presented a shell-model calculation for nuclei in
the mass region A = 36-39. For A < 36, however, only a calculation for low-spin
states is available 2 6) . We have performed a calculation for positive-parity states
in the model space (2s4, ld^ '^lf , , 2pj)"2 with n, = 6 - n 2 for 34C1 and n2 = 0
or 2. The SDI has been used as residual interaction. The strength parameters of this
interaction and the single-particle energies have been obtained from a least-squares
fit to the excitation energies of 37 well-established 5) levels in the nuclei 33S, 33P,
3 4S, 34C1 and 35C1. The strength parameters found are AQ = 0.33 and Ax = 0.62
MeV for the T - 0 and T == 1 channel, respectively. The resultant single-particle
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energy splittings are r(ldJ)-f:(2s i) = 1.88 MeV, <;(lf,)-c(2sj) = 4.42 MeV and
c(2pj)-£(2sj)= 5.18 MeV. In this space the largest matrix with a dimension of
732 occurs for J" = l + , T = J \n A = 35. These calculations give a fairly good
description of states in the mass region A = 32-36. In this paper only the results
for 34C1 will be reported. In this model, the maximum spin for 34C1 is J = 11.

In fig. 18 the experimental level scheme for positive-parity states with T = 0 is
compared with two different theoretical predictions. The result TH2 is obtained
from the model outlined above. The level scheme THI is taken from ref.2b): we
have repeated the calculation for the higher spins not given there. Thus, THI is
obtained with the Chung-Wildenthal interaction in a full 2s-ld configuration space,
i.e. in the present case a 40Ca core with six holes distributed over the Id5, 2s4 and
ldj shells. In the experimental and theoretical level schemes all levels below E, = 3
MeV are given. Between 3 and 14 MeV at least the lowest two levels for each J are
displayed. Fig. 18 shows that the excitation energies of the low-lying states with low
spin are described rather well by both calculations. The excitation energies of states
with higher spins (J £ 5), however, can only be explained in the TH2 calculation.
The inclusion of ds^, ldj)4(lf9, 2pj)2 and (2s1( l d ^ l f j ) 2 configurations thus
appears to be essential for a description of these high-spin states.

The two lowest 5+ states at % 5 MeV in the TH2 model are of quite different
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character. The yrast 5+ state has a complicated wave function dominated by (2sj,
ld^Alfj, 2pj)2 and (2st, ldj)4(lfj)2 components and thus terminates the strong
decay of the high-spin states. In contrast, the second 5 + is almost purely the state
[(2s1)2

0(ld j)4<0] s>0 with an amplitude of 0.90: it is the highest spin in a (2s j . Id;)6

configuration space. The experimental counterpart of this state is not yet identified.
The structure of the high-spin yrast states appears to be rather simple in this model

space. Inspection of the wave functions reveals that these states can be described
by the coupling of a (lfj)^-0 pair to (2s4, ld})? 0 states withy = 0, 1, 2, 3,4 for the
yrast levels with J" - 7+, 8+ , 9+ , 10+ and 11+, respectively. More specifically, the
It level is characterized by 32S(0,+)x(lfj)?,o, the 9,+ level by 3 2S(2r)x(lfj)?,o

and the 11^ level by "S(4+)x(lfj)?>0-
Close to the theoretical 8+ and 9 yrast levels, the calculation TH2 predicts
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Experimental and theoretical 1:2 transition strengths in >4C"I

I 23

I.S9
2.18

238
2.61
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5.32
7.25
7.80

10.63

., !MeV>

- 0 . 1 5
- 0.46
- .0 .67
- 0 . 4 6
- 0 . 4 6
- 0 . 6 7
- O . I S
- 0 . 6 7
- 0 . 1 5
- 2 . 1 8
- 4 . 8 2
- 5.32
- 5.32
- 7 . 2 5

J:

2'

2'
y

4'
3'
5'

1'
(9* )
(8* )

( I D

—
—*
—
_
— i

_ |

r
•
•

•

•
- 3*

1 *

- 5 '
- 7 '
- 7 '
- ( 9 ' |

•*..., <W.u.»

0.8 ±0.3
5.2 ±1.5
5.3 +1.7
5 ±2
6.6 ±1.3
3.8 ±0.8

10 ±2
1.0 +0.4
0.08 ±0.03
0.21 ±0.10

30 ±4
22 ±8
13 +9
> 1.4

.S<h'MW.u.)

1.3
2.7
2.0
6.8
3.9
4.2
9.0
0.7
0.0023
0.065

28
23

10
15

*) Calculated with effective churges 6cp = <Vn = 0.8: see text.

between £, = 7 and 8 MeV also the 5^, 6,+ and 7£ states. These latter states are
calculated to have only weak decay branches to the 1\ level in contrast to the 8,+

and 9,* levels, which arc calculated to decay almost exclusively to the 1\ state. The
calculation TH2 thus lends some support to the experimental J" assignments of
(9+) and (8 +) to the 7.25 and 7.80 MeV levels, respectively, which also experimentally
exclusively decay to the 1* level at 5.32 MeV. The £. = 3381 keV transition found
in the y-y coincidence experiment (see subsect. 2.1) suggests the existence of a level
at £, = 10.63 MeV. Its excitation energy and decay are consistent with the predicted
J" = 11+ level at £, = 10.53 MeV.

In table 4 calculated E2 transition strengths arc compared with experiment. An
additional effective charge of Se„ = Sep = O.Se has been adopted. The agreement
with experiment is good.

The transition strength for the 34C1(9,+ —• 7^) E2 transition is strongly enhanced
in comparison to the corresponding 32S(2+ -* 0 + ) transition. The total strength of
22 ±8 W.u. for the transition 34C1(9,+ -* 7^) can be explained from the constructive
interference of contributions of the "fp-type", i.e. [(2sj, I d ^ o d f j ) 2 „]<,,<> -* C(2si-
ldj)4

 0( 1 f j , 2pj)5 0 ] 7 0, which separately can account for only 1-2 W.u. of the
strength, with contributions of the "sd type" corresponding in this case to the
2f -* Of E2 transition in 32S, which experimentally has a strength of IO± 1 W.u.
Similar considerations apply for the predicted enhancement of the 34C1(11,+ -» 9,+ )
transition, with a calculated strength of 15 W.u., over the corresponding 4,+ -• 2,+

transition in 32S of which the strength is calculated to be 9 W.u., in accordance with
the experimental value I2±2 W.u. Also the strength of the 34C1(7,+ -> 5,+ ) transi-
tion can be understood in this way. However, in this case the contributions of both
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types of transitions described above are equally important, resulting in an relatively
large E2 strength of 30±4 W.u. For the (8*) -• 1* transition the experimental
result for the mixing ratio of arctg<5 = -80°+10° agrees with the theoretical
prediction of arctg<> = -74°.

The description of the negative-parity states of high spin is still to be settled. In a
pilot study with a (2sj, ldj)"(lf-, 2pj)' configuration space only the low-lying levels
oflow spin in the nuclei A = 33-35(withw = 4-6)arc reproduced well. In particular,
the yrast J" = 5~ and 6" levels in 34CI cannot be described correctly in this model
space. It is not yet clear whether the model space should be enlarged by inclusion
of excitations from the "8Si core or by the incorporation of (If-, 2p{)

3 configurations
or even by both possibilities. These calculations become prohibitive due to the large
matrices involved.

In summary, the present calculation TH2 for the positive-parity states is in good
agreement with experiment and indicates that for the high-spin yrast levels a rather
simple shell-model structure accounts very well for the observed properties.

6. Summary

Excitation energies in 34C1 from the present work are compared with those of
refs. 5- 7) in table 5. The present firmly established level scheme shows that the levels
listed in ref. 5) at Ex = 4790+10 keV and £, = 4823.4± 1.0 keV are identical. After
acquaintance with our results, ref.29) communicates that the errors in the excita-
tion energies from the 32S(a, d)34Cl reaction 6) are at least 40 keV.

TABLE 5

Excitation energies (keV) in J4CI

1

y
r

\

Present work

2181.4+0.2
2375.7 + 0.2
2721.2 + 0.2
3600.0 + 0.3
3631.3+0.2

4743.2 + 0.2

4824.2 ±0.3

5315.0±0.3
7250.1+0.6
7802.4 ±1.0

Ref.7)

3600.5+0.6
3631.6+0.6

4743.1 + 1.1

4824.2 + 1.1

5315.0+ 1.2

Ref. 5)

2181.0+ 0.4
2376.1 ± 0.4
2721.7+ 0.3
3600.6 ± 0.4
3631.4 ± 0.7
4680 ±10 1 •)
4717.5+ 1.0 ƒ

4790 ±10 \')
4823.4 ± 1.0 J
5280 +10 •)

•) See sect. 6.
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Furthermore the levels listed s) at 4680+10 keV and 47) 7.5 ± 1.0 keV arc identical
and also those at 528O± 10 keV [ref. 5)] and 5315.0± 1.2 keV [ref. ' ) ] .

Unambiguous assignments of J* = 6". 5+ and 7* are obtained for the levels at
Ex = 4.74, 4.82 and 5.32 MeV, respectively.

In addition two new branches deexciting the £, = 4.P2 MeV level and two new
levclsatf, = 7.25 and 7.80 MeV with J' = (9+) and (8 *), respectively, are reported.
Highly sensitive detection techniques arc necessary to obtain information on these
new high-spin levels.

Both low-spin and high-spin levels in J4CI arc successfully described in a shell-
model calculation. The yrast high-spin states appear to have a simple 3 2 Sx( l f . ) 2

structure. At present the model is extended to include both positive- and negative-
parity stales in the mass region A = 32-42 to overlap with calculations performed
by Hasper 27-28) and to locate high-spin states in this mass region.

This work was performed as part of the research programme of the "Stichting voor
Fundamenteel Onderzoek der Materie" (FOM) with financial support from the
"Nederlandse Organisatie voor Zuivcr-Wctenschappelijk Onderzoek" (ZWO).
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CHAPTER II

INVESTIGATION OF DISCREPANCIES REPORTED FOR
HIGH-SPIN STATES OF &K

C.J. van der Poel, G.A.P. Engelbertink, H.F.R. Arciszewski,

P.J.M. van der Burgt, P.C.N. Crouzen and E.J. Evers

Abstract: High-spin states of 39K, for which conflicting results are reported

in the literature, are investigated with the 2bMg(16O,pny)39K and
28Si(16O,apY)39K reactions. Extensive y-y coincidence measurements are per-

formed with a recently developed Compton-suppression spectrometer with

large solid angle and excellent suppression. Unambiguous spin-parity

assignments are deduced of j" = 13/2", 15/2*, 17/2+ and !9/2~ to 39K

levels at E = 5.72. 6.48, 7.78 and 8.03 MeV, respectively. Too restric-
X

tive alignment limitations in the analysis of one of the previous studies

are most likely the reason for the deviant results reported in that work.

The present coincidence data yield no evidence for a high-spin doublet at

Ex = 7776 keV as proposed in previous work with the 36Ar(a,py)3yK reaction.

A new level with Jïï = (21/2+) and T < 2ps is found at E = 9909.6 ± 0.9 keV.
m x

A large-scale shell-model calculation for A = 29-41 nuclei is presented. The

states of high spin appear to have rather simple shell-model structures.
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I. Introduction

*

The alignment of a nuclear level (.i.e. the distribution over the magnetic

substates) plays a crucial role in the extraction of spin-parities and multi-

pole mixing ratios from >~ray angular distribution and polarization measure-

cents. If only dipole and quadrupole radiation is considered then the magnetic

substate distribution is characterized by the two spin-alignment attenuation

factors a2 and a^. The parameter a2 i
s related linearly to the second moment

of the magnetic substate distribution and a^ is a linear combination of the

second and fourth moment . For heavy-ion induced fusion-evaporation reactions
1-4)

the phenomeno1ogica1 restrictions 0 ̂  a, < an 4 I seem to be well established :

un to now no violation of these restrictions is reported in the literature.

A description of the magnetic substate distribution by means of a single

parameter (e.g. a gaussian distribution with the width as variable parameter)

appears to be too global and not sufficiently accurate, as pointed out in

refs. 1-5)

In some studies it is proposed to replace the parameters a~ and a. by two
3)

other phenomenological parameters; examples are eq. (5) of ref. with para-

meters 8 and X, eq. (25) of ref. with parameters Mg and c^ and eq. (26) of

ref. with parameters a, and x. Actually, nothing is gained by such a mathe-

matical procedure.

An attractive and essentially different approach is to calculate the re-

quired spin-alignment attenuation factors a, and a, on the basis of a compound-

nucleus reaction model. Especially the Liverpool group has devoted much effort

in the further development of the program MANDY which calculates the popula-

tion of magnetic substates by means of the Hauser-Feshbach statistical model.

In such a procedure it is of course of importance how large a model error is

assigned to the theoretical results as a too small error may lead to the de-

duction of incorrect multipole mixing ratios or spin-parity assignments. This

aspect, investigated in ref. , has led to an error prescription which is larger

than that used by previous workers.

The existing discrepancy in J assignments for high-spin states in 39K

between ref. and ref. , which is investigated in the present work, is thought

to arise from the above considerations.

In the work of Eggenhuisen et al. , high-spin states of 39K have been in-

vestigated with the 28Si(16O,ctpY)39K reaction at E(160) = 45 MeV. Gamma-ray

angular distribution and linear polarization measurements led to several un-

ambiguous J assignments as shown at the righthand side of fig. I. Phenomeno-

logical restrictions for c«2 and a, were used in the analysis of the data.
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Later studies by Boyd et al. with the 3yK(a,a')39K reaction and by

Sugarbaker et al. with the '''CaCd.n) 39K reaction strongly support the

findings of Eggenhuisen et al. .

However, recently Nolan et al. have carried out extensive work on the

level scheme of 3yK by means of the 36Ar(a,py) 3>JK reaction. In the analysis

of the data a statistical model is used to calculate the alignment of the

levels studied. Their results for 39K states of high spin are shown at the

lefthand side of fig. I. As seen from this figure discrepancies exist for

the decay of the 7.775 MeV level, the presence of the 7.14 -» 5.72 MeV

transition and the spin assignments to the 5.72, 6.47 and 7.775 MeV levels.

The present experiments especially aim at investigating these discrepancies.

Two reactions, 25Mg(">O,pnY) 3<3K at E(I60) = 40 MeV and ï8Si(lbO,apY) 39K

at E('^O) = 45 MeV are used and y~Y coincidence measurements are performed with

a new Compton-suppression spectrometer with a solid angle of 120 msr

and equipped with a 20% efficient GAMMA-X detector.

The experimental results are further elucidated by a large shell-model

calculation performed for nuclei in the upper half of the sd-shell.

2. Decay scheme and J assignments

In this section we focus on the spin and parity assignment to the EK =

5718 keV level. This J value is crucial since assignments to higher-lying

states made by Nolan et al. are based on it. From the angular distribution

and linear polarization for the Ey = 1774 keV [Ex = 5718 •+ 3944 keV] transi-

tion Nolan et al. conclude to ̂ (5718 keV) = 9/2" in disagreement with the

JT'(57I8 keV) * 13/2 assignment previously obtained by Eggenhuisen et al. .

It appears possible to investigate the J^^IS keV) discrepancy in two

independent ways by use of the J assignment to the 7142 keV level as a

starting point. The two studies ' mentioned above both agree on J (7142 keV)

* 15/2".

The first and most direct way is to investigate the decay of the E =7142

keV level. For Jw(5718 keV) = 9/2~, the 7142 •* 5718 keV branching should be

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

1.5 x 106 W.u.. By Eggenhuisen et al. the branching ratio for this transition

£> was determined as (5±l)%, while Nolan et al. claim an upper limit of It. Thus,

X' the existence of the E = 1423 keV, 7142 •* 5718 keV transition is a stringent

î, test for the spin assignments. The result of the present measurements is given

in section 2.1.
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•June second and core indirect way is to investigate the consistency of the

J assignments for the E„ •» 7142 keV and E =5718 keV levels via the
S X

E = 252-1301-757 keV cascade deexciting the Ex » 8028 keV level. The existence
TT —

of ttiio cascade in combination with J (8028 keV) = 19/2 is sufficient to

conclude to j"(5716 keV) >, 11/2, thus excluding the j"(57l8 keV) = 9/2

assi

2.2.

8)
assign=cnt by Nolan et al. . A raore detailed discussion is given in section

2.1. EXISTENCE OF THE 1423 keV TRANSITION

In the present work y-y coincidences are measured with the ZtfSi(I6O,apy)39K

reaction at E(160) = 45 MeV and with the z5Mg(I60,pnY) 39K reaction at E(16O)<=

40 MeV . The beam energies are chosen according to the maxiiuint in the yield

of the 887 keV, 8028 •+ 7142 keV transition. These two heavy-ion fusion eva-

poration reactions strongly populate the 19/2 state at 8028 keV in contrast

to the 36Ar(a,py)3yK reaction, which predominantly populates medium-spin states.

A Ccnpton suppression spectrometer with a solid angle of 120 msr, equipped

with a 90 cm3 GAMMA-X detector [LACSS J and Compton suppression of 11.8 for
60Co is placed at 6 • +90 with respect to the bean. Two Ge(Li) detectors

of about 110 cm3 are positioned at a distance of 10 cm from the target at

0 = -90° and -10°. Targets of 275 ug/cm2 28Si (enriched to 99.91%) and 300

pg/cm2 25Mg (enriched to 97.87%), both on a 25 urn Au backing, are bombarded

with a 1 6 0 6 + beam of about 100 nA (electrical). The count rate of the Ge(Li)

detectors was about 2 x I01* s"1. Pile-up rejection was applied. The coincidence

events of the type LACSS x Ge(Li) were stored on magnetic tape. In the off-

line analysis corrections for background and random coincidences were taken

into account.

Fig. 2 displays LACSS spectra from the 25Mg • 160 reaction in coincidence

with the 887 keV, 8028 -* 7142 keV and 347 keV, 3944 •* 3598 keV transitions,

summed over both gating Ge(Li) detectors. Especially the spectrum with the gate

on the (directly feeding) 887 keV -y-ray clearly shows the decay of the 7142

keV level. In this coincidence spectrum the 3197, 1788 and 1423 keV peaks

have areas of 361 + 33, 300 + 30 and 100 + 30 counts, respectively. Fig. 3

displays the 1250-1450 keV energy region in more detail. In addition to the

spectra mentioned above, the total coincident spectrum and the spectrum in

coincidence with the 1774 gate are also shown. As the 887 keV transition

deexcites the long-lived ' (x - 20.0+1.5 ps) E = 8028 keV level, all

subsequent coincident y-rays are emitted by nuclei at rest. The Doppler-

broadened shape of e.g. the 1410 keV peak in the spectrum coincident with

the 347 keV gate will thus appear as a sharp peak in the spectrum coincident
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«ith the 887 feeV t-tay. Ibe 1423 keV peak is clearly visible in all spectra

of fig. 3, and is also observed for the 2614 and 1130 keV gates.

Ike 20Si • 1 60 reaction has sioilar statistics and yields the same results.

Compared to the work of Eggenhuisen et al. , the use of the IACSS has

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

Free; these coincidence data a branching ratio of (6.0*1.5)2 is derived

for the 1423 keV [Ex « 7142 -» 5718 keV] transition. Angular correlation

effects are taken into account. The Y-ray energy of Ev * 1423.4 ±0.3 keV
12)obtained froo the coincidence spectra is in good agreement with the expected

energy of 1423.3 t 0.2 keV. The present result agrees with the earlier finding

of a (5tl)Z branch by Eggenhuisen et al. , as obtained from a measurement in

singles. Its presence excludes the J (5718 keV) » 9/2 assignment by Nolan

et al. , as it would imply an M3 strength of 9 x 106 W.u..

In addition to the y-decay of the already known high-spin states of 39K,

two new transitions with E = 1881.6 i 0.7 and 2131.6 ± 1.4 keV are found in
1 the present work. The Doppler-broadened Y~rays suggest a new level with high

spin and lifetime T < 2 ps at E x = 9909.6 + 0.9 keV (see fig. 6). From the

observed intensities the decay branches are (60±10)2 for the 1882 keV and

(40110)% for the 2133 keV transition.

In the remainder of this section we show that the 36Ar + a data presented

by Nolan et al. are consistent with the presence of the 1423 keV branch,

contrary to their own conclusion.

The conclusion of Nolan et al. that in their work there is no evidence

for the 1423 keV transition is based on T"Y coincidence spectra taken with

the 36Ar(o,pY)3^K reaction at E = 1 6 MeV. Figs. 4 and 10 in the paper of
8) a

Nolan et al. present these coincidence spectra. The top and bottom part of

their fig. 10 are the enlarged parts of their fig. 4 (f) and fig. 4(a),

respectively. Here it should be remarked that the data shown in fig. 10 are

not sufficient to guarantee that the 7142 keV level under study is populated

, strongly enough. Namely, since the 1774 keV and 347 + 1130 keV gates are set

on lower-lying transitions in the decay scheme it may be that the 7142 keV

: state is only weakly populated, such that a weak decay branch easily escapes

J I detection. The intensity of the 1788 keV transition [Ex - 7142 -» 5354 keV,

] 34% branching ratio] can in this respect be used as a measure for the popula-

'i tion of the 7142 keV level. The sought for 1788 keV peak is shown in fig. 4 (a)

I of Nolan et al. . Its intensity is seen to be small and it is evident that

f\l the spectrum can easily accomodate a 1423 keV peak with an intensity of about

1/3 of the 1788 keV peak. The upper limit for the 1423 keV branch should there-

fore be of the order of 10%, in contrast with the 2% given by the authors.
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2.2. UW. E K = 60128 • 7776 -• 6475 -* 57118 keV CASCADE

ïi'.t? coincidence data reported in the previous section show that tin* 252,

IjOII ctr.A J57 keV >-raya are coincident. Fig. "i displays the spert run frcn

tfce 125 cnJ Ce(Li) detector, placed at 0 =• -90°, in coincidence with the

252 fceV. 6028 -• 7776 keV Y-ray observed with the UACSS atü Y=*90°. The insert

•shews ttto favourable* peak-to-backgrmind ratio for the gating >-ray. The

H O I jrtd 757 keV transitions appear as prominent peaks. Similar data are

obtained fron th.? i'8Si + l bO reaction. This cascade is also reported by

Nol am et al.
121

The cean lifetime of T = 20.0 • 1.5 ps for the K = 8028 keV level

in combination with the branching ratio limits the 252 keV transition to

AJ < 1 character. The mean lifetime of the E = 7776 keV level is measured

in the present work by means of the 1301 keV transition (see section 3.2).

The result t (7776 keV) = 3.3 i 1.7 ps limits the 1301 keV transition to
^ 7) 8)

AJ <- 2 character. By Eggenhuisen et al. as well as by Nolan et al. un-

nixed El character is reported for the 757 keV transition.

In conclusion, the AJ .< I character of the 252 and 757 keV transitions

and the AJ ̂  2 character for the 130) keV transition imply (Jao28~J57l8^ "̂  *"

The spin of the 8028 keV level is discussed in the following.

The angular distribution of the 887 keV, 8028 -» 7142 keV y-ray is measured

by Nolan et al. by means of the 36Ar(a,py)3'K reaction. The strong excita-

tion of the 5009 keV level in this reaction leads to contamination of the 887

keV transition by a 883 keV y-ray trom the decay of the short-lived E = 5009

keV level. The 887 keV angular distribution is therefore disturbed and has to

be corrected for this contamination. Nolan et al. finally conclude to

j"(8028 keV) = 15/2~ or l9/2~, with the latter solution less likely.

The angular distribution as well as the linear polarization of the 887 keV

Y -ray have been measured by Eggenhuisen et al. by means of the
28Si(160,apy)39K reaction. This reaction strongly populates the 8028 keV

level, but does not excite the 5009 keV level. The 887 keV y-ray is therefore

observed as a clean, strong peak (see fig. 2 of ref. ) . The results of the

analysis as shown in fig. 7 of ref. unambiguously yield J (8028 keV) = 19/2

The condition (JgO28"J57l8) <£ 4, obtained above, in combination with

JgO28 = 19/2 thus leads to the conclusion J5718 i '1/2, in contradiction with

the J5718 ' 9/2 assignment by Nolan et al.8).

Finally, it should be remarked that the possible existence of a doublet

at Ex " 7776 keV (see section 3) is irrelevant for the arguments presented in

this section.
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3. The Ex • 7776 keV level: a doublet?

On the basis of their coincidence work and lifetime measurement Nolan et

al. present evidence for a doublet at Ex = 7775 keV.

3.1. COINCIDENCE MEASUREMENTS

The coincidence spectra from the 36Ar(a,py)39K reaction displayed in

figs. 4(c) and 4(d) of ref. 8 show only 252-1300 keV and not 252-1342 keV
8)

coincidences. Nolan et al. therefore suggest that the 1300 keV and 1342

keV transitions do not originate from the same level.

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

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

shown in fig. 4. The spectrum coincident with the 252 keV gate (set in the

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

peaks. The possible contamination of the gating 252 keV 39K[EX = 8028-* 7776 keV]

with the 39Ca[Ex = 389I+3639 keV] transition of the same energy (this

contamination prohibited the further analysis of the 39K transition in the
36Ar + a work of ref. 8) plays in the present work a negligible role as is

shown in fig. 4 by the weakness of the 843 keV line, which is the main decay

branch (75%) of the 39Ca(3639 keV) level. The total area of the 1342 keV

peak in fig. 4 amounts to 180 ± 25 counts, while the possible 843 keV peak

from 39Ca contains less than 20 counts. For the 28Si + 160 reaction similar

data are obtained with a total area of 150 + 15 counts for the 1342 peak,

and an upper limit of 40 counts for the possible 843 keV peak from 39Ca.

The coincidence spectra yield an energy of 1342.2 ± 0.2 keV and the ensuing

excitation energy amounts to Ex = 7776.5 ±0.3 keV. By means of the 1301

keV transition an excitation energy of 7776.4 ± 0.2 keV was found sothat the

energy difference between the partners of the proposed doublet amounts to

0.1 i 0.3 keV.

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

at Ex = 7776 keV.

t'
t

* •

\i"

3.2. LIFETIME MEASUREMENT

8)The second argument of Nolan et al. ' for the doublet character of the

Ex = 7776 keV level is based on the measurement of its lifetime. In their DSA

experiments with the 36Ar(<x,p-y)39K reaction at Ea = 16 MeV, the F(rm) factor

for the 1300 keV transition, measured in coincidence, is given as 0.06 ± 0.03,

while the F-factor for the 1342 keV transition, measured in singles, is re-
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ported as 0.36 ± 0.04 (see table 2 of ref. ) . If correct, these observations

would undoubtedly deny that these two transitions deexcite the same level.

Their results, however, disagree with the present coincidence lifetime

ceasurecents with the 2 8Si + 1 60 reaction at E( 1 60) » 45 MeV. In this

experiment, the LACSS was placed at 8 = 70° to obtain a Doppler pattern at

the high-energy side of the 1301 and 1342 keV transitions. (A more forward

angle would spread out the Doppler pattern too much and would also give

less statistics due to the large negative angular correlation coefficient

A2 for the 347-1301 combination). The gating Ge(Li) detector was placed at

6 = -90 . In the gating detector a broad hardware gate was set at

E = 300-450 keV to reduce the overall data rate. In the off-line analysis,

a proper gate on the E = 347 keV transition was set (see insert of fig. 5)

and corrections for background and random coincidences were made. Experiments

with three different slowing-down materials were performed in this set-up:

(a) with a selfsupporting 200 um thick 2 8Si foil, (b) with a target of

200 (Jg/cm2 2 8Si on a 50 iim Cu backing and (c) with the same target on a 25 pm

Au backing. The resulting line shapes are shown in fig. 5. From the data it

is apparent that the 1301 and 1342 keV peaks have the same shape, as shown

most sensitively for the slowing down in the soft material Si.

The deduced centroids for the 1301 and 1342 keV transitions are mutually

consistent (see table I) and support the conclusion that the two transitions

Si.

TABLE 1

Results of DSAM measurements

k e V ) at E(
16O)=45 MeV

Backing

Si

Cu

Au

1301

17

10

9

<E>-E0

Eo

keV

± 3

± 6

± 4

- x I01*

1342

17

20

6

keV

± 3

± 7

± 4

F(T)

17 ±

15 +

8 +

6

7

5

Adopted T (7776 k e V ) - 3.3 ± 1.7 ps.
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originate from the same level.

The F(T ) factors derived from these centroids are analyzed with electronic,
13)

scaled proton, stopping powers of Andersen and the nuclear stopping power

taken as 1.26 K /(v/vn) with K the Bohr estimate of the nuclear
n n

stopping power at v = VQ. Initial recoil velocities (B(0) «= 3%) follow from

reaction kinematics. Feeding from the Ex = 8028 keV, im = 20.0 ± 1.5 ps, state

via the 252 keV transition is taken into account. In order to allow for un-

certainties in the stopping power theory a 25% error is added in quadrature.

The analysis finally results in Tm<7776 keV) = 3.3 + 1.7 ps. The disagree-

ment with Nolan et al. is not understood.

4. Shell-model calculations

Previous shell-model calculations in the sd-shell either cover a very

limited mass region or only describe the low-spin states ' with

positive parity. To obtain a consistent description of the high-spin states

we have performed a shell-model calculation for both positive and negative

parity states in nuclei in the upper half of the sd-shell.

The A = 29-41 nuclei are described in the model space

(2s|/2»
ld3/2^ '^'f7/2'2p3/2^n2 w^ t h nl + n2 = A"28> n2 = ' ioT negative

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

largest matrix with a dimension of 860 x 860 occurs for J = 3 , T = 1 in

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

is for positive parity J = 12, T = 0 in A = 36 and for negative parity J = 17/2,

T = 1/2 in A = 35.

For simplicity, we have opted for the surface delta interaction (SDI)

as residual two-body interaction. To maintain the delta-character of this inter-

action, the T = 0 and T = 1 channels are each divided into three classes. In

this way the two-body interaction between nucleons in the sd-shell, denoted

by <sd|Vgpi|sd>jx» is treated separately from the interaction <fp|VsDi|fp>JT

between nucleons in the fp-shell and also from the mixed cases

<(sd)(fp)|vSDI|(sd)(fp)>JT and <sd|vgDI|fp>JT.

As a first step, the calculation of ref.'7) for positive parity states in

the model space (2sj/2'd3/2) is repeated. A x2 fit to 45 well-established

low-spin states in A = 29-38 yields a single-particle energy splitting

e(Id3/2) " e(2s!/2)
= 1.62 MeV and SDI strengths of AQ = 0.33 MeV and

A. = 1.12 MeV. The mean deviation for the levels used in the fit was 160 keV.
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logical restrictions for «2
 a n d ^ were used in the analysis of the data.
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Subsequently, these parameters are used as starting values for the 'sd-part'

of the interaction in the extended model. The six strength parameters A_ ,

A? l x e , A„p and the three single-particle energy spacings

e(ld3/2) - e(2s1/2), e O f ^ ) - e(2s1/f2) and e(2p3/2) - e(2s,/2) are obtained

from a least-squares fit to the excitation energies of 94 selected levels

in nuclei in the mass region A = 29-41. The strength parameters found from

the fit in the extended space are Agd = 0.41,
Amixed _ Q ]5 Afp = Q 36 an(J Afp = 0 6 4 M e V

= 0.90, A
m l x e d

o.56,

si n g l e_ p a r ti c l e energies

with respect to the **°Ca core are obtained as e(ld-,2> - e(2S j ,^) 1-75 MeV,

e(lf7/2) - e(2s)/2) = 3.97 MeV and e(2p3/2) - e(2s)/2> = 5.62 MeV. A mean

energy deviation of 260 keV was achieved for the fitted levels.

From inspection of the obtained level schemes follows that the calculation

gives a reasonable description of positive and negative parity states of both

low and high spin in the whole mass range A = 29-41. In particular, the theory

gives a simple explanation for the structure of the high-spin states in this

region in terms of few-particle, few-hole excitations.

In the following, only the results for 39K are given. Previously published

calculations for 3MC1 19), va'id in a more restricted mass range, are reproduced

in this model. A description of the high-spin states in 33K is given elsewhere

Several authors have used the shell-model to calculate the properties of

states in 39K. By Erné 2l\ Maripuu and Hokken and Hshieh et al. cal-

culations have been performed on negative parity states, which in general

predict reasonably well the energies of the lower-lying levels. The model

given by Chung and Wildenthal can in this nucleus only construct the

j" = 1/2*, 3/2+, and 5/2* states. A more recent calculation by Hasper '

describes both negative and positive parity states in a ridel somewhat

comparable with ours, but valid exclusively in a small mass region around

A = 38. Furthermore, the negative and positive parity states are treated on

unequal footing, as reflected in different SDI strength parameters and single-

particle energy spacings. For ii= -, he concludes to e(lf_ ,„)-e(ld_ ,„) = 2.41

MeV, whereas f or IT =+ a rather unrealistic e(If7 ,2)-e( ld3 ,2) = 0.75 MeV is needed.

Especially the positive states of high spin are described poorly by his

calculation.

The level scheme of 39K given by the present model is displayed in fig. 7.

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

experimental available information. Both the positive and negative parity

states are reasonably well reproduced. The experimental counterparts of the

Jïï = l/2~, 7/2+, 9/2* and ll/2+ yrast levels have not yet been identified. The

experimentally known J = 15/2 and 19/2 states are not generated in the
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Table 2

Coaparison between experimental and calculated transition strengths in 39K

E .+E ,
XI XI
(HeV)

Transition

type

S a )

exp
(W.u.)

b)

S b )
Sth
(W.u.)

2.

2,

3.

3 .

3 .

3 .

4 .

4 .

5.

5.

7.

7.

9 .

.52+0

,81+0

.60+0

60+2.

94+2.

94+3.

52+3.

52+3.

35+3.

72+3.

78+6.

78+6.

91+7.

81

81

60

60

94

94

94

43

48

78

7'

9'

9"

ï r
ir
9"

9 '

II"

13<

.7*

(21

+• +

-+3+

- +

'+7~

"+7~

'+9~

'+9~

+ n~

+i r

+ 1 3 +

+ , 5 +

+ ) + l 7 +

{

{

{

{

Ml

E2

M2

E3

E3

Ml

E2

E2

Ml

Ml

Ml

Ml

Ml

E2

Ml

E2

E2

( 1 . 8 + 0 . 5 ) 1 0 - 2

4 . 3 ± 1 . 6

0.31

5.5

23

±0.01

+ 1 . 3

t l

(0.42+0.02)10"3

0.75 ±0.06

2.8 ±0.3

0.021+0.002

0.18

0.20

±0.05

+0.07

0.065±0.020

(2.1+0.

4.7

(8±4)

1.3

>

,4)10-2 c)

±2.4 c )

1 0 - c )

±0.8 c )

0.4 c )

0.029x10-2

5.6

1.3

1.5

1.5

6.9x|0"3

2. 1

2.2

0.10

0.075

0.10

0.42

O.65xlO"2

1.5

41X10"1*

4.0

4 . 3

Ref. , unless indicated otherwise.

With bare-nucleon g-factors and additional effective charges

6e
O P Se 0.5 e.

Prosent work.
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the 347 fceV gate -Hl tl», appear as a sharp peak i. the spectru*

nodel, as these states demand the presence of at least (f . ) 3 excitations.

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

states appear to have very much the character of the coupling of a

(fy-2^j=7+ fcn pair to the
 37Ar, J = 3/2 ground state, whereas for the

21/2 yrast level the (f7/2^,7+ x=0 p a* r *s C 0 UP l e d to c n e thi.rd excited

state (Ex = 2.22 MeV, j" » 7/2+)'of
 37Ar.

In table 2 calculated y-ray transition strengths are compared with ex-

periment. For magnetic transitions bare-nucleon g-factors are used; for

electric transitions additional effective charges of 6e = 6en = 0.5 e are

employed. The E2 and E3 strengths are reasonably well reproduced, apart from

the E3 strength for the Ex - 3.60 • 0 MeV, j" = 9/2" -» 3/2
+ transition, which

is underestimated by a factor of 15. Inspection of the wave function of the

9/2 state shows that it has the character of a d"l„ hole coupled to the

.) level. Apparently, the collective vibrational aspects of the

"•"CaO.) state are not accounted for by the present simple model for the

negative parity states. The calculation produces in general weak Ml transitions,

as also observed experimentally, but a detailed agreement is lacking. It is

expected that extension of the model space to complete main shells will have

a large influence on the calculated Ml strengths.

The present assignment of J = 13/2 to the 5.72 MeV level is supported

by the calculation which places the 13/2~ yrast level at Ex = 5.50 MeV. Also

the Ml decay of this level is reasonably well reproduced (see table 2). If

the 5.72 MeV level would have J = 9/2 it would exceed the calculated energy

of the third 9/2~ state by about 400 keV.

The calculation places the 17/2 yrast level at E = 7.54 MeV, in agreement

with the experimental energy of Ex = 7.78 MeV. Fair agreement between experi-

ment and calculation exists also for the E2 decay of this level. If the 7.78

MeV level would have J = 13/2 it would exceed the calculated energy of the

third 13/2+ level by about 750 keV.

In summary, this model gives in a consistent way a satisfactory description

of both positive and negative parity states in 39K. The simple structure

predicted by this calculation for the high-spin states of nuclei in the

upper half of the sd-shell encourages a systematic experimental effort, es-

pecially in the A = 29-37 region, where little is known about these states.
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5. Summary

Conflicting results for high-spin states of 39K reported in ref. and

ref.S) have been investigated with the 2bMg(16O,pnf)39K and *8Si(lbO,apY)39K

reactions. Extensive Y~Y coincidence measurements are carried out with a

recently developed Conspton-suppression spectrometer with large solid angle

and excellent suppression • Unambiguous spin-parity assignments of

JTr(5.72 MoV) - 13/2", Jïï(6.48 MeV) = 15/2*. j"(7.78 MeV) = 17/2* and

J'(8.03 MeV) = 19/2 are deduced, in agreement with the previous findings

of Eggenhuisen et al. . Too severe a priori alignment restrictions used by

Nolan et al. in their analysis of angular distribution and linear polari-

zation data from the 36Ar(a,pY)39K reaction is most likely the reason for

their deviant results. See e.g. the discussion in ref. .

The present coincidence data yield no evidence for a high-spin doublet
8)

at E = 7776 keV. The suggestion in ref. appears to be based on incorrect

measurements.

A new short-lived level with j" = (21/2 ) is found at Ex = 9909.6 t 0.9

keV. It has decay branches to the l9/2~, 8.03 MeV and l7/2+, 7.78 MeV levels.

The energy spectrum of 39K and the y~decay properties of low- and high-

spin states are well described by a large shell-model calculation carried

out for nuclei in the upper half of the sd-shell. Rather simple shell-model

structures are found for the states of high spin.

The assistance of B.C. Metsch and A.G.M. van Hees in the shell-model

calculations is much appreciated.

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 III

HIGH-SPIN STATES IN K

C.J. van der Poel, G.A.P. Engelbertink, H.F.R. Arciszewski,

P.C.N. Crouzen, J.W. de Vries, E.A.J.H. Offerman and E.J. Evers

Abstract: High-spin states in K are investigated with the Mg( O.pny) K

reaction at E( 0) • 36 - 44 MeV. A recently developed Compton-suppres-

sion spectrometer with large solid angle and a pulsed beam are employed

to study their y-decay. For the E4 transition from the isomeric level

at E = 3458 keV to the ground state a branching ratio of (0.15 ± 0.02) Z

is found. On the basis of angular distribution and polarization measure-

ments, in which the delayed feeding component is eliminated, spin-parity

assignments are obtained of j"(2646 keV) - (2,4)", J*(342O keV) = (2,4,6)"

and J (3458 keV) • (5,7) . Prompt-delayed and prompt y-y coincidence ex-

periments are performed to locate high-spin levels above the isomer.

Hitherto unobserved levels of high spin are found at E = 5254, 7397,

8693, 8747 and 10980 keV and assignments of / - (9+), (I0~), (12~), (11~)

and (13 ) respectively, are suggested by weak-coupling considerations.

The experimental results are compared with a large-scale shell-model cal-
28

culation performed in a configuration space with a Si core and ten

active particles distributed over the (2s. .^, idj/2'
 lf7/2' 2p3/2^ snells-

The high-spin states appear to have a rather simple shell-model structure.

1. Introduction

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

related to the excitation of a If,,- nucleon pair coupled to j" » 7 , T » 0.
' I)

This aspect is emphasized by the (ct,d) work on sd-shell nuclei and a study

of high-spin states in Cl [ref. ]. Other previous observations in

nuclei around A - 40 also point in this direction.
38

The present work deals with high-spin states in K. A weak-coupling calcu-

lation places the J • 7 , (lf_,2) state at rather low excitation energy
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in tlfce oidst of states of low spin. Its decay will therefore be severely hin-

dered. Indeed, tl»«? presence of a long-lived level at about E <= 3.5 MeV has

been observed by Ivanov et al. and liasper et al. . Subsequently, the mean

life of T = 31.9 ± 1.0 us and the nagnctic moment of u = 3.836 ± 0.014 n.m.

has been ceasured by Iordachescu et al. , and the v-decay has been studied
9)

by Van Oriel et al. '.

flue present study of the Mg( O.pny) K reaction with a pulsed 0 beam

and a large-solid-angle Compton-suppression spectrometer equipped with a

20 Z efficient GAMMA-X detector (LACSS) is undertaken (i) to search for weak

branches in the decay of the isomer such as the E4 transition between the
38

isc=cr and the K ground state, (ii) to obtain the spins and parities of the

levels involved in the decay of the isomer and (iii) to search for states of

high spin located above and decaying to the isomer.

2. The level scheme

2.1. THE PULSING OF THE BEAM.

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

the low-energy side of the Utrecht EN tandem.

At this location of the chopper a relatively low switching voltage of about

300 V on the plates is sufficient. The rise and fall times of the beam burst

amount to 160 and 210 ns, respectively. For timing purposes a reference signal

coincident with the beginning of the burst (t ,) is generated.

Pulsed oxygen beams with burst widths between 0.4 and 6 ps, duty cycles

between 0.5 and 12 Z and in-burst intensities of up to 1.5 uA 0 (electri-
38

cal) are used in the present study of the K isomer.

2.2. DELAYED SINGLES SPECTRA.

The use of a pulsed beam offers a sensitive method for the study of the
38

y-decay of the 32 us K isomer at E - 3458 keV. The isomer is populated in

the 24Mg(l6O,pnY)38K reaction. Enriched (99.92 2) 24Mg targets are bombarded

with a 42 MeV pulsed 0 + beam with a burst width of 6 vs and a duty cycle

of 1/16. By means of conventional fast-timing techniques the data

(E , t - t „) are recorded on-line in event mode.

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

energy E or Y~ray spectra E (t. - t^) corresponding to a given time window

t. - t, are generated. For the decay of the isomer only those events in the
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oïf-ber.s period which occur later than at least 1 us after the end of the

boei burst arc accepted. Furthermore, contributions from long-lived states

with T >> 32 us are subtracted by ir.eans of the events collected at the end

of the off-be.-n period of 90 vis.

Belayed >-ray spectra are recorded in three energy regions by different
3

spectrcr-eters: (a) E = 4 - 5 0 keV with a 0.03 cm Si (Li) detector;
1 3

(b) E = 20 - 350 keV with a 5 cm nllPCe detector (denoted as LEPS, with

the abbreviation nllPGe standing for n-type hyperpure germanium);

(c) E = 200 - 3500 keV with the LACSS equipped with a 90 cm3 nHPCe central

detector (denoted as CAMMA-X).

V.S.I. Kean life of the iccmerio state at h' - S4SH1 keV. The decay-curve

t(38 keV) of the 3458 -» 3420 keV transition is measured by means of the LEPS.

Corrections for the Compton background under the 3P keV peak, for the non-

linearity of the TAC-ADC system and for dead time were taken into account in

the analysis. A least-squares fit of an exponential + constant to the data

results in a ir.ean life for the isomer of T = 32.2 t 0.6 us, in agreement
m 11) l?1

with previous results of 32.6 i 0.6 ps [ref. 'J and 31.7 i 0.2 ps [ref. ].

2.2.2. The ground-state decay of the isomer. The 3458 •+ 0 keV transition

is of particular interest as it takes place between the isomeric state with
2

predominantly (lf,,„) character and the ground state with predominantly
-2 ' 7+.0

(Id-.,) character. The strength of the E4 transition, which is forbid-

den between the two above configurations, thus sensitively depends on e.g.
2 38

lf7.. components in the K ground-state wave function.

Experimentally the hitherto unobserved (and probably very weak) 3458 keV

transition is (normally) obscured by coincident summing contributions of the

cascades 38 + 3420 keV, 812 + 2646 keV and 38 + 774 + 2646 keV. To eliminate

summing as much as possible the experimental set-up of fig. I is chosen. The

use of the LACSS with its relatively small solid angle of 120 msr reduces al-

ready the summing. Furthermore a 2 cm thick Pb plug, backed with 4 nun Cu and

4 mm Al is inserted in the W collimator of the LACSS. It shields the GAMMA-X

detector from low-energy "y-rays and thus effectively eliminates the summing

contributions involving the 38 keV Y-ray. The plug also reduces the intensity

of the 812 keV transition by a factor of 7. For the 3458 keV y-ray the trans- ':<f
2

mission amounts to about 40 %. The 1.0 yg/cm self-supporting Mg target was

placed 1.5 cm upstream to shield the central detector from the intense direct

•y-flash produced by the 1.5 uA 0 during the beam pulse. The recoiling

nuclei are collected from a Ni catcher in front of the spectrometer.

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

shown in fig. 2. The data were collected in 30 hours. The 3458 keV peak is
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iKtty/y>i V////////////////7J

Pb

Nal (TD 35 cm x 30 cm
Pb

C . " 90 cm3 GAMMA X

I
\ t ^—42 MeV, 1.5nA16O6t, PULSED^

c m CATCHER mg/cm Mg target

Fig. 1. The set-up with the LACSS used in the detection of the E4 ground-

state decay of the 3458 keV isoraer. The 4 cm Pb plug (backed with

4 mm Cu and 4 mm Al) in the W collimator of the LACSS reduces

summing contributions. The target is placed 1.5 cm upstream. The
3BK recoils are collected on a Ni catcher.
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3420 keV

— 4.8 keV
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PULSEO BEAM
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3458

3420

2646 .

0

9 ao o,
57] 43
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1 (

5 (7>*

<6>-

(4)-

3'
38K

TEN-CHANNEL AVERAGE
x x x

I * * I
2500 2550 2600

CHANNEL NUMBER

2650

Fig. 2. High-energy part of the delayed spectrum observed with the LACSS

in the set-up of fig. I. The 3458 keV (7)+ -» 3+ transition is

clearly present.
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Fig. 3. Delayed spectrum recorded with the LACSS for the region

E = 200-3500 keV. The spectrum is corr

from long-lived contaminants, see text.

E = 200-3500 keV. The spectrum is corrected for contributions
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clearly visible. From the measurement of the absolute efficiency of the LACSS

in the set-up of fig. 1 follows that only 2 % of the 3458 keV peak area is

due to summing.

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

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

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

about 2 x 10 .

The energy difference between the 3458 and 3420 keV peaks is measured as

37.7 ± 0.3 keV, to be compared with 38.03 ± 0.03 keV for the 3458 - 3420 keV

transition. The decay curve of the 3458 keV peak yields T = 27 ± 8 US, con-
Dl

sistent with the value T = 32.2 ± 0.6 ps, reported in section 2.2.1.
m

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

of (0.15 ± 0.02) %, which corresponds to a (very weak) E4 transition strength

of 3.9 ± 0.5 mW.u.

2.2.3. The E = 200 - 3500 keV region. A delayed singles spectrum for

E = 200 - 3500 keV is shown in fig. 3. It was accumulated with the LACSS in

the set-up of fig. 1 but without the Pb plug in the W collimator. Long-lived

contributions to the spectrum are removed by correcting the 4 - 64 us off-

beam slice by means of the 64 - 89 us off-beam slice. The long-lived compo-
34 + 34

sants stem mainly from the T . = 32 min, C1(B ) S decay (e.g. E = 146,

2127, 3304 keV) and the Tf/2 = 7.6 min,
 38K(B+)38Ar decay (e.g. E = 1642,

2168 keV).

The y-decay of the isomer is observed very sensitively as can be judged
9)

from the peaks corresponding to the known weak transitions of 328 and

2188 keV which each correspond to I % of the total decay intensity of the iso-

mer. The 2613.0 + 0.3 keV peak is a new transition. In the region E =

200 - 850 keV no new y-lines of sufficient intensity are found to connect

the 2613 keV line directly with the 3420 or 3458 keV level. Coincidence mea-

surements (see section 2.3.1) establish that it corresponds to the (100 %)

ground-state decay of the E =2612.9+0.4 keV, j" = 3 level listed in

in x

ref. . it further appears that the 2613 keV level is fed from the 2646 keV

level by means of a new 33 keV branch (see section 2.2.4 and 2.3.1). The weak

peak at 920 keV is due to random summing of 146 keV (34C1) and 774 keV (38K).

The peak at 2684 keV stems from coincident summing of 38 and 2646 keV. The

3458 keV peak is now largely the result of several coincident summing casca-

des (see section 2.2.2).

The efficiency of the LACSS is measured with Co, Ag, Ba, Eu,
9ft 99

Ra and a calibrated Na source. Relative intensities are taken from

ref. , except for Co where ref. is used. The result is displayed in

fig. 4.
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spin are given.

Relative y-ray intensities are given in table I and the ensuing branching

ratios in table 2. The branchings are (apart from the three new transitions)
a)

in good agreement with previous work '. The present upper limits for unob-

served transitions are lower by a factor of about five.

t

Table I

38
Ganma-rays observed in the decay of the K isomer at £ » 3.46 MeV

(keV)

33.18 ±

38.03 ±

328.2 ±

773.9 ±

811.9 ±

2187.7 ±

2613.0 ±

2646.2 ±

3420.2 ±

3457.7 +

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

03

03 a)

3

2

2a>

2

3

3

3 a)

4b>

Assignment in K

(E. - Ef

2646 •»

3458 -

459 -»

3420 •*

3458 •*

2646 *

2613 -

2646 •*

3420 *

3458 *

in keV)

2613

3420

130

2646

2646

459

0

0

0

0

Relative

Y-ray intensity

6.7 ±

900 ±

14.2 ±

713 ±

304 ±

15.1 ±

8.2 ±

1000 ±

547 ±

2.4 ±

0.4

38

0.7

8

4

0.8

0.7

12

8

0.3

a) 9)
Used for energy calibration. The values are taken from ref. .b) See fig. 2.
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Table 2

a) 38
Caraa-ray branching ratios of K levels (£ in keV)

from the 2*Mg(l6O,pnY)38K reaction

2646 3420 3458

0

130

459

1698

2402

2613

2646

2829

2870

2993

3316

3342

3420

97.72

<0

1.48

<0

<0

0.80

± 0.09

.08

± 0.07

.04

.04

± 0.06

43.4 ± 0.5

<0.07

<0.05

<0.04

<0.03

<0.10

56.6 ± 0.5

<0.04

<0.03

<0.04

<0.02

<0.02

0.20 ± 0.02 c' d )

<0.06

<0.05

<0.04

<0.04

<0.03

25.2 ± 0.8 d )

<0.04

<0.04

<0.05

<0.03

<0.02

74.6 + 0.8 d )

The upper limits are given at the 95 % confidence level.
b>Fromref. n ).
c ) See fig. 2.

With the internal conversion taken into account, the total

branching ratios are (0.15 + 0.02) %, (19.4 + 0.3) X and

(80.4 ± 0.3) %.
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53

I

ir
£.".4. ik? £ < 350 kcV region. Delayed spectra in the energy regions

E = 20 - 350 and 4 - 50 keV are tanen with a 5 cm3 nHPGe and a 0.03 era3

Si(Li) detector, respectively. The width of the beam burst is chosen as

b us and the tice between bursts as 150 us. In the analysis, the long beam- T

off period facilitates the correction for long-lived contributions. A self- i-

supporting Mg foil, 50 pci thick, is used to avoid the presence of other ma-

terials in the bean-striking region. ,:

The speccrua, corrected for long-lived contributions, is shown in fig. 5. t

Apart frcn the known 38 and 328 keV peaks, a new transition with E =

33.18 ± 0.03 keV is observed. Gamma-gamma coincidence measurements (see sec-

tion 2.3.1) show that it corresponds to the decay of the 2646 keV level to „^

the 2613 keV level. Also the measured y-ray energies of 33.18 ± 0.03 keV

and 2613.0 ± 0.3 keV are in agreement with the excitation energy of

2646.1 ± 0.2 keV given in ref. . The two lines visible at 27.1 and 28.1 keV

are the K„ and K germanium X-ray escape peaks which accompany the 38 keV

transition. Since the low-energy 38 keV y-ray is mainly detected near the

surface of the Ge detector, these X-rays have a (small) possibility to es-

cape.

The shape of the 146 keV peak has to do with the subtraction procedure for

long-lived contributions. At the end of the beam-off period, the overall

counting rate is reduced such that the peak produced by the detector is nar-

rowed. Subtraction of a narrow peak from a broader one then results in the

structure observed.
3 ''

For the measurement of y-rays of still lower energy a 0.03 cm Si(Li) is

employed and part of the 1.0 mm thick Al target chamber is replaced by a

60 urn Al foil to lessen the absorption. No other new transitions are observed

in the 4 - 5 0 keV region.

The intensities of the 33 and 38 keV y-rays in table I in combination

with the intensities of the decay y-rays of the 2613 and 3420 keV levels, '-

respectively, lead to the experimental conversion coefficients given in ;

table 3. The theoretical conversion coefficients listed are taken from Band . ;

et al. . I t is concluded that the 33 keV transition has Ml + E2 character 'f'j

with |ó| » 0.03 ± 0.08. The 38 keV transition is either pure El or Ml + E2 jl|

(with a mixing ratio |ó| - 0.15 ± 0.02).

2.3. GAMMA-GAMMA COINCIDENCE MEASUREMENTS.

Three types of measurements are performed, namely (i) with a pulsed beam

a y-y coincidence experiment between delayed y-rays to obtain the placement
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Table 3

38
Conversion coefficients for low-energy transitions in K

theoretical experimental

(keV)
El Ml E2

33

38

.[8±0.

.03±0.

03

03

2646*2613

3458*3420

(2.4)

<7+
~*3~

Mo")
0.

0.

61

40

0.

0.

22

15

18.

II.

4

0

0.

0.

22±0

40±0

.13

.06

Table 4

Coincidences between delayed "y-rays
a)

Gate on

(keV)

Coincident y-rays (keV)

33 38 326 774 812 2613 2646 3420

33

38

774

8P.

2646

3420

X

s
w
A

S

X

s

s
s

a) The intensities of coincident Y-ray pairs are indicated as strong (S),

average (A) or weak (W). An X sign indicates that the transitions are not

in direct cascade, taking into account their intensity in singles. A blank

entry means that no statement can be made because of insufficient statis-

tics.
•i
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ia the level sclieco for the new transitions observed in the decay of the iso-

c:?r, (ii) with a pulsed bean a prompt-delayed Y-Y coincidence experiment to

search for new high-spin states uhich are located above the isomer and which

decay to the (high-spin) isoaer and (iii) with a dc-beam a Y-Y coincidence ex-

pericent on these new isoaer-populating transitions.
2 24

£.3.1. Delayed eoincideneeo. A 490 wg/cm Mg target on a 25 urn thick Ni

backing is bombarded with a 40 MeV pulsed 0 beam with a beam-burst width

of 5 us and a duty cycle of 1/13. Gamma-gamma coincidences between delayed Y-

rayc are recorded by a 5 cm nliPGc detector placed at 2 cm from the target at

0 = +90° and 3 90 cci nHPGe detector positioned also at 2 cm distance but at

0 = -45°. The latter observation angle was chosen to decrease the intensity

of coincident 511 keV Y-rays from the B decays of Cl and K.
3

Spectra from the 90 cm detector, coincident with the 33 and 38 keV Y-rays

observed in the 5 cm detector, are displayed in fig. 6. The lower part of

the figure clearly shows the 812 keV transition in coincidence with the

33 keV Y~ray; the latter thus has to originate from a level below 2646 keV.

The observed coincidence between the 33 and 2613 keV Y*rays then leads to the

conclusion that the new 33 and 2613 keV Y-rays correspond to the 264&*26l3-»-0

cascade. This placement of the 33 keV transition in the level scheme demands

the absence of the 2646 keV Y~ray in the lower part of fig. 6. The residual

(statistical) spike observed is due to the appreciable background correction

in the 33 keV gate. The coincidence results are summarized in table 4.

2.3.2. Prompt-delayed coincidences. An exploratory prompt Y-Y coincidence ex-

periment in which a search was made for Y-rays coincident with the ground-

state decay of the J = (6) , 3.42 MeV level led to the result that if states

of high spin above the isomer are excited in the Mg + O reaction, they

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

quite possible that such states preferentially decay to the (7)+ isomer.

Therefore a prompt-delayed Y-Y coincidence experiment, as described below,

with a time difference of microseconds between prompt and delayed Y~rays has

been carried out.

A 380 Mg/cm Mg target on a 25 vim Ni backing is bombarded with a 44 MeV,

pulsed (5 us on, 40 vis off) 0 beam. The prompt Y-rays are observed with

two large Ge detectors placed at 0 = +90° and -90° at 2 cm distance from the

target. The delayed 38 keV Y~ray, signaling the decay of the isomer, is detec-

ted with the LEPS at 6 =• 0° at 3 cm distance from the target. As a compro-

mise between statistics and randoms a time-averaged beam current of 160 pA

(particles) is used. This leads to count rates of 1.8 x 10 s in the Ge

detectors and 0.5 x 10 s~ in the LEPS. Only those events in which one of the
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PROMPT-DELAYED COINCIDENCES

8
u,o
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Fig. 7. Prompt v~spectrum observed with the Ge(Li)'s at 8^ = 90° in delayed coincidence with the 38 kcV

transition (see insert) in the LEPS. Corrections for background and random coincidences have

been taken into account. The three newly observed transitions are placed according to their

relative intensity.



in ÏO l:rurs. Xhr 3tó'8 keV -eok is

CT-P dpsecïors dwing tJjc fcean Iburst .iiid the J.EPS in the off-teas period fire

la tlbc olfc-Hce «la.nlysis a narrou off-tew energy gate on the 38 fceV

ip,rv3«i jis set as shown in the insert of fig. 7. The good real-to-randon ratio

^RTJ rte Jew bsckRround in this Rate ensure reliable coincidence results.

Figure ? displays the prospt-delayed coincidence spectrun obtained in this

way. Three i-rayo with energies of 1296, 1796 and 2143 keV arc clearly obser-

ved. Ü.1 the foasis of tticir intensities and their mutual coincidence relations

{see section 2.3.3) they appear to form a 1296-*2143-*1796 keV cascade on top

of the (7) istraer. Detailed numerical results are given in the next section.

£.3.3. FTC^rpt coir.oidcr.sca. A prcrr.pt y-y coincidence experiment is perfor-

ced at E( 0 ) • 44 HcV with a dc bcatn current of 100 nA (electrical) and a
2 24

target of 365 ug/cn Mg (99.92 Z enriched) on a 25 pm thick Ni backing. Two
3 3

identical LACSS systems, equipped with a 90 en nHPGc and a 90 cm pHPCe crys-

tal as central detectors, are placed at 6 = +90° and -90°. The set-up is shown

in fig. 8. The excellent peak-to-background ratio and resolution provided by

these spectrometers are essential for the measurements on the new transitions

of 1296, 1796 and 2143 kcV (sec section 2.3.2) as can be judged from the part

of the total coincident spectrum displayed at the top of fig. 9. For bare Ge

detectors the background would have been higher by an order of magnitude. The

coincidence count rate between the two LACSS systems was 40 s for a singles
3—1 7

count rate of 17 x 10 s in the central detectors, A total of 1.6 x 10 co-

incidences of the type LACSS x LACSS were accumulated.

Spectra coincident with the net peaks of 1296, 1796 and 2143 keV are shown

in fig. 9. They lead, in combination with the prompt-delayed coincidence re-

sults of the previous section, to the placement of the 1296, 2143 and 1796 keV

Y-rays as given in fig. 10.

Furthermore, two additional transitions of 1351 and 2287 keV are observed.

The 2287 keV transition is coincident with the three cascading transitions of

1296, 2143 and 1796 keV and is therefore placed on top of them. The observed

Doppler broadening of the 2287 keV Y-ray leads to T (10980 keV) < 5 ps. The

1351 keV transition is coincident with the 1796 and 2143 keV transitions, but

not with the 1296 keV transition. It is therefore placed in parallel to the

latter.

The Y~ray energies and the coincidence relations are given in table 5.

Table 6 gives the corresponding excitation energies of the levels. Their decay

to the (7) isoraer suggests high spins. It may be that the E * 5257 ± 3 keV

level observed by Collins et al. in the Ca(d,ct) K reaction corre ponds

to the 5253.6 ± 0.4 keV level seen here,. The present level scheme is summarized

in fig. 10.
73



:"-'K recoil t> are collecte:! icn a NI catcher.

il'O

74



611

10-

10"

TOTAL
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I

1500 1750 2000 2250
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Fig. 9. Results of the y-y coincidence experiment with the set-up of

fig. 8. The 1250-2300 keV region is displayed. Comparison with the

total coincident spectrum in the upper part of the figure, shows

the necessity of detection systems with high resolution and low

background.
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Table 5

Coincidences between prompt y-ravs

Gate on

(keV)

1296

1351

1796

2143

1296

X

S

S

Coincident

1351

X

S

S

Y-rays

1796

S

S

X
S

(keV) b )

2143

S

S

S

X

2287

A

A
A

The intensities of coincident Y-ray pairs are indicated as

strong (S) or average (A). An X sign indicates that the

transitions are not in direct cascade, taking into account

their intensity in singles. A blank entry means that no

statement can be made because of insufficient statistics.

Measured -y-ray energies of 1296.2 ±0.3, 1350.7 ±0.4,

1795.6 4 0.3, 2143.0 + 0.4 and 2287.4 i 0.9 keV.

Table 6

Excitation energies of the presently observed (high-spin) levels

above E x > 3458 keV in
 38K

E (keV)

5253.6 ± 0.4

7396.6 ± 0.5

8692.8 ± 0.6

8747.3 ± 0.6

10980.2 ±1.1
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ref. . except for Co «here ref. is used. The result is displayed i

fig. 6.
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3. Spin and parity assignments

3.1. ANGULAR DISTRIBUTION OF THE 38 keV, 3458 -* 3420 keV TRANSITION.

The alignment of the isotneric state, produced by the beam in the Mg + O

reaction, is attenuated at the time of the 7-ray emission as a consequence of

the long, T =32 us, mean life. Possible angular distribution effects are

then reduced. A pulsed beam offers the possibility to follow the change of
38

the angular distribution (i.e. the loss of alignment of the K nuclei in the

target backing) as a function of time.

The angular distribution of the 38 keV y-ray is measured at a beam energy

of 39 MeV with a burst width of AT = 0.5 ys and a period of T = 100 us. A
2

target of 430 pg/cm enriched Mg on a 25 um thick Ni backing is used and a
3

5 cm nHPGe detector at 3.8 cm distance from the target is placed at five
2 3

angles, evenly spaced in cos 6 . A 90 cm nHPGe detector at 9.4 cm distance

from the target served as a monitor detector.

In the analysis the angular distribution is evaluated for three time bins,

namely (i) during the burst, (ii) from 0.5 to 5.5 us after the burst, and

(iii) from 5.5 to 10.5 |is after the burst. Absorption and excentricity correc-

tions are taken into account. For the time bin of the burst also the (well-
38

known) angular distribution of the 106 keV, Ar (4.59 •* 4.48 MeV) dipole

transition is analysed and used as a check.

The results for the three time bins are shown in fig. II. The observed co-

efficient of A_ = -0.30 ± 0.12 during the burst corresponds (under the assump-

tion of an unmixed 7 -+ 6 transition) to an alignment of (95 ± 40) %. After

the beam burst, apparently the alignment is quickly lost as shown by the iso-

tropic results for the other two bins.

3.2. ANGULAR DISTRIBUTION OF THE DECAY y-RAÏS OF THE 3420 keV LEVEL.

With a continuous beam, the major part of the intensity of the 774 and

3420 keV y-rays from the 3420 keV decay stems from the population of this

level via the isomer. If the symbols L,,„, b,g and s.,2„ denote the total

feed of the 3458 keV level, the 38 keV branching ratio of 80 Z and the side-

feed to the 3420 keV level, respectively, then the total feed of the 3420 keV

level is given by f^jg b 3 8 + s3^2Q. Unfortunately, the sidefeed s^^o *s

small compared to the delayed feed. From a yield measurement follows that the

ratio s3i90''^1458 ^ a reac'ies *ts maximum of only 0.21 ± 0.04 at a beam energy

of E( 0) = 36 MeV. The large delayed feeding component diminishes p-^ular dis-

tribution effects in measurements with a dc beam (see previous sect. n).
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Fig. 11. Measured angular distributions for the 38 keV transition. Results

are shown for three time windows: in-burst with a width of 0.5

ps, and off-beam between 0.5-5.5 vis and 5.5-10.5 vis after the

end of the beam burst.
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The angular distributions of the 774 and 3420 keV y-rays are therefore

ceasured with a pulsed beam, which makes it possible to eliminate the influ-

ence of the isomer to a large extent.
2

A burst width of AT - 6 us and a period of T « 60 MS is used. A 490 ug/cm
Hg target on a 25 urn thick Ni backing is bombarded with an oxygen beam of

£( 0 +) • 36 MeV and a (time-averaged) beam current of 10 nA (electrical).
2

The LACSS is placed at six angles, evenly spaced in cos 6 , and an additional
3

90 cm pHPGe detector at 20 cm distance from the target served as monitor.

Corrections for dead time, excentricity and absorption (all below 0.5 Z) are

taken into account. Only y-rays emitted during the beam burst are accumulated.

The intensity I. of a decay y-ray from the short-lived (x^ = 101 ± 15 ps)

3420 keV level with a branching ratio b. is then given by

Xi = bi s3420 A T + bi f3458 b38

with B -JS [i - exp(-|ï)]

and C - l-([exp#) - I] / [exp(2-) - 1]}.
m m

For the present case the factor (1-BC) amounts to 0.13, so that experimental-

ly the delayed feed in comparison with tha dc situation is reduced by about

a factor of eight. In the analysis, eq.(l) is further used to correct for the

remaining delayed feed, which contributes isotropically to the angular distri-

bution (see previous section). The final angular distribution coefficients

for the 774 and 3420 keV transitions are listed in table 7.

Table 7

Angular distribution and linear polarization data

(keV) 100 A2 100 A4
 a )E (keV) 100 A2

 a ) 100

38

774

3420

-30 +

23 +

52 +

12

3

6

-9 ± 7 1.6 ± 0.4

0.8 ± 0.5

a) Corrected for solid angle.
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38
A similar measurement of the K(2646 •+ 0 keV) transition with

E = 2646.2 ±0.3 keV is prohibited by the strongly excited 35C1(2645 •+ 0 keV)

transition with E •> 2645.31 ± 0.14 keV.

3.3. LINEAR POLARIZATION.

Gamma-ray linear polarizations are measured with a dc-beam and a three-

crystal Ge(Li) Compton polarimeter at 6 - 90 , as described in detail in
3) Y

ref. . The relative efficiency of the two scatterer-absorber systems is mea-

sured with unpolarized y-rays from several radioactive sources. The sensiti-

vity of the polarimeter is determined by means of y-rays of known polarizati-

on produced in (p.p'y) and (p,ny) reactions. In the off-line analysis single

Compton-scattering events are selected to reduce the background. The measured

linear polarization of the 774 and 3420 keV transitions P, (E ) is corrected

for the delayed feeding component as follows:

with W(E ,9 =90 ) denoting the intensity at 6 =90 . The results are given in

table 7.

3.4. ANALYSIS AND RESULTS
9)Previous results on spin-parity assignments have been obtained in ref. .

For the E x = 2646 keV level, the observation of 1 = 3 in the neutron pick-up
39 38 17} ^

reaction K(p,d) K [ref. ] and the unnatural parity dt.duced from the
40Ca(d,a)38K work [ref.18^] with polarized deuterons le«>d to ^(2.65 MeV) = 2~

or 4 .

For the E = 3420 keV level, the y-decay to the ground state and the

2646 keV level leads to a maximum spin of Jïï(3420 keV) = 6~ (6+ is excluded).

In a similar way, the y-decay of the E = 3458 keV level leads to a maximum

spin of J (3458 keV) = 7 (7 is excluded); ref. assigns unnatural parity

to tliis level.

These results limit the spin-parity possibilities for the E = 2.65, 3.42

and 3.46 MeV levels to a total number of 29 combinations.

In the following, the angular distribution and linear polarization data

are used to obtain further restrictions.

In the analysis, the angular distribution and linear polarization data are §

analyzed without assumptions about the magnetic substate populations, apart i
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Fig. 12. Results of a combined x2 -analysis of the angular distribution and linear polarization data for

the 774 and 3420 keV transitions, see text.
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frczi tbc eeptrieal rule that the spin alignment attenuation factor a. is
19 20)

positive in heavy-ion fusion-evaporation reactions ' .No restrictions
2

are icposed on a^. Spin-parity hypotheses are investigated in a x analysis

by neans of a grid search in a , a and 6. For the multipole mixing ratio 6
2!)

the sign convention of Rose and Brink is used.

The result of a simultaneous least-squares fit to the angular distribution

and polarization data of the 774 and 3420 keV transitions is shown in fig.!2.

The lefthand side of the figure gives the outcome under the assumption of

J^a.öS MeV) - 2~ and the righthand side similarly for j"(2.65 MeV) - 4".
2

In each point of the curves in the x - i. .. plane, minimalisation has taken

place with respect to 6^ 42, ci2(3.42 MeV) and o (3.42 MeV). An appreciable

number of spin-parity combinations is seen to be ruled out and it is conclu-

ded that if j"(2.65 MeV) - 2~ then /(3.42 MeV) - (2,4)" and if j"(2.65 MeV)

= 4" then ^(3.42 MeV) « (2,4,6)". The negative parity of the 3.42 MeV level

is thus firmly established. The suggestion of Petty et al. that the levels

at 3431 keV [with j" = 2*, see ref. ] and 3420 keV cannot both have natural

parity, agrees with the present result.

In the Ar(a,d) K reaction at Ea « 34 MeV a strong peak corresponding to

an excitation energy of about 3445 keV is observed to have a L = 6 angular

distribution. Despite the energy resolution of about 110 keV and the occurren-

ce of three levels in this region of excitation (namely at 3420, 3431 and

3458 keV) it follows from the present n(3420 keV) - - assignment together

with the known J (3431 keV) « 2 value that this prominent peak corresponds

to the excitation of the 3458 keV level. Therefore ^(3458 keV) = 5+, 6 or

7 . The unnatural parity, observed by Petty et al. for the 3458 keV level,

rules out the 6 possibility, so that finally J (3458 keV) = 5 or 7 . As the

initial and final states have different parity, the 38 keV (3458 -*• 3420 keV)

transition has El character. The measured total conversion coefficient deter-

mines the mixing ratio as 6 = 0.00 ± 0.13. The transition has an isospin

forbidden El strength of (3.90 ±0.1l)xlO~ W.u. The four spin-parity combina-

tions still compatible with all available experimental data are listed in

table 8.
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Table 8

Remaining J11 combinations compatible vith the data

Combination

a

b

c

d

^(3458 keV)

7+

5+

5+

5+

J1I(3420 keV)

6"

6~

4"

4"

j"(2646 keV)

4"

4"

4"

2"

«774

0

0

-1.4 f 6 j +0.8

0

S3420

0

0
-11.4 .5 6 3

-11.4 ^ 6 ^

-0.3

; -0.3
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4. SheII-code1 calculation

3fi
Levels of K arc previously studied in the framework of the shell-model

by Hasper ' .In that calculation the positive and negative parity states

are treated separately. Quite different single-particle energy splittings and

interaction strengths arc used for the two classes of levels. For example, a

value of E(lf_.,) - c('d3/2^ " 2.41 MeV is used for the negative parity states

whereas for the positive parity states an energy splitting of 0.75 MeV is em-
2

ployed. The latter low value leads to unrealistic large 1 f_ .„ admixtures in

low-lying states of positive parity. Also high-spin positive parity states in

this oass region are calculated at a too low excitation energy, as concluded

Che
5)

4)from the experimental work on neighbouring nuclei by Aarts et al. and Nolan

at al.'

In the present shell-model calculation for nuclei in the upper half of the

sd-shell, the positive and negative parity states are treated on equal footing.

The nodel space is taken as ( ï s ^ ld_^2}
n' (I f?,2 2p 3, 2)"

2 with n. • n_ » A-28,

n„ - I for negative parity states and n_ = 0 or 2 for positive parity states.

The surface-delta interaction (SDI) is employed as residual interaction. Re-
34 39 2 23)

suits for Cl and K have been published ' previously and details of the
calculation are given in ref.23). in the following only results for K are

38

given. None of the K levels has been used in the fit to obtain the single-

particle energies and SDI strengths. The highest spins which can be construc-

ted in this configuration space for A = 38 are J = II for TI = + and J « 7 for

TT = -. Figure 13 gives the results of the present calculation. For each spin

the calculated yrast and yrast-plus-one levels are compared with experiment.

ain
v-2

24)
Also given are the theoretical results obtained by Chung from a calcula-

tion in the model space (Id,., 2s. ,, '̂ 3

The present calculation accounts reasonably well for the low-lying positi-
„+

ve-parity states of low spin, with exception of the yrast 2 level which is
8

calculated :oo low. No large admixtures of the type (2s./, ld_-_) ('£7/9 ^P%/r^

are needed to describe these states, in contrast with the results of

refs. ' . For example, the intensity of the (Id,,,) (lf7/,) configuration

in the J « 3 ground state is given in refs. ' ' as 26 Z while the present

calculation yields only 3 7.. The same holds for the J * I levels.

With respect to the positive parity states of high spin, the 7 yrast state

is calculated about I MeV too high. Its excitation energy appears to be extre-

mely sensitive to the model parameters. Out of a total of 113 components, the
8 9

most intense have configurations of [(2s^2
 ld3/2^ j ,0^If7/2^7 0̂  w i t n a n in~

tensity of 90 Z (66 1 with j - 0 and 24 Z with j • 2) and
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to tte 5253.6 • 0.4 IteV level seen here. Tine present level scheme is sumarized
in fig. no.

I(2s,., Jd-j,-): ,(lf ,/,)<• ,1 with an intensity of 5 Z. The K(7.) state

has very euch the character óf a (£7/2^7 n pa*r C 0 UP l e d t o t n e A r ground

state.

For the negative parity states, the agreement with experiment is reasona-

ble. The calculation strongly suggests a J " 4 assignment to the 2646 keV

level.

In table 9 calculated transition strengths are compared with experiment.

Bare-nucleon g—factors are used for the magnetic transitions and additional

effective charges of 6e «= 6e » 0.5 e are employed for the EL transitions

with L - 2, 3 and 4. The agreement is good for Ml and E2 transitions which

are calculated within a factor of two of the experimental values. Fair agree-

cent exists also for the E3 strengths with exception of the (6) •* 3 tran-

sition. Inspection of the 6. wave function shows that this state can be inter-
-2 40

preted as a (|d3/2)3+ h o l e Pa*r c°uPlei^ t o t n e 3( level of Ca. Apparently,

the present model cannot account for the collective vibrational aspects of

the Ca(3~) state.

In the calculation of the El strengths, the El operator is corrected for
25)

centre-of-mass effects . Isoscalar El transitions in a self-conjugate nu-

cleus are then forbidden.The strongest components in the wave functions of the yrast 7 , given by

O.9Of(s1/2 d 3 / 2)? 0( f 7 / 2>f 0 ] 7 + Q • O.O5[(S]/2 *3/2>j.l<
f
7/2>MÏ7+>0

and the yrast 3 state, given by

0.90 (s,/2 d3/2);+°}0 * o.O3[(.1/2

cannot be connected by a one-particle operator. Thus the 7. •* 3. E4 transition

is severely hindered anj, for example, sensitive to small components of the

type ('̂ 7/2̂ 7+"* ̂ '^7/2^3+* B o t h e xP e r" n e n t a l ly an<* theoretically, the 7* •+ 3*

transition it. indeed observed to be weak. The magnetic moment of the 3458 keV
8)

state is measured as y = 3.836 ± 0.014 n.m. . The calculated moments for

the yrast 5 and 7 states are v -= 2.79 n.m. and u * 3.86 n.m., respectively.

It is interesting to note that the calculated value for the mixing ratio

of the K(2.65 •» 0 MeV) transition is quite large.
+ + 38

Inspection of the wave functions of the 7 and 9 yrast states of K
2

shows that they have very much the character of a (£7/2)7 Q P" 1 coupled to

87
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Table 9

Comparison between experimental and calculated transition strengths

f

0.

1.

2.

2.

2.

2.

3.

3.

E . -
xt Exf
(MeV)

,46 +

,70 -

40 +

->

65 -*

-*-

83 -

-+•

87 -*-

•>

->

- * •

42 +

- > •

- >

0.13

0

0.13

0.46

0.13

2.61

0.46

2.40

0.13

2.40

1.70

0.46

0

2.65

0

3.42

2.65

0

TI

l+->

1+ +

. 2+;l +

( 4 ) " ->•

. r +
-

2" -»

-*•

(6)" +

+

(7)+ +

- » •

••

0+i

3*

0+i
1 +

O+j

3"

1 +

2+;

0+;

2+;

| +

,+

3+

(4)

3+

(6)

(4)

3+

;l

;)

1

1

1

1

Transition

type

Ml
E2

Ml

Ml

E2

Ml

E3

El

El

El

El

El

El

E2

E3

El

E3

E4

(8.5

3.2

0.13

(5.4

1.4

(4.9

0.87

(4.5

(1.6

(2.9

(1.3

(4.2

(3.0

2.1

15

(3.90

0.512

(39

S
exp

(W.u.)

ï 0.8)10"2

± 0.4

± 0.03

i 1.3)10"2

± 0.6

± 0.6)10"3

i 0.10

± 1.6)10"3

± 0.3)I0"4

± 1.2)I0"4

+ 0.6)IO"5

± 1.3)IO"6

± 0.9)IO"6

± 0.3

+ 2

± o.ii)io"7

± 0.013

± 5)10"4

S a>
th

(W.u.)

9.0 x IO"2

3.2

0.09

12 x IO"2

1.8

3.6 x IO"3

0.30

1.6 x IO"3

2.8 x IO"4

0.3 x 10~4

0

0

0

1.8

0.08

0

0.15

0.13 x IO"4

b)

b)

b)

b)

b)

b)

b)

Bare-nucleon g-factors; effective charge-. 6e = 6e = 0 . 5 e.
b) P n

Corrected for centre-of-mass effects.

1
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the ''AT creumill state and first excited state with J' = 0 and 2 , respecti-

vely. AI«3o the calculated E2 strength of 3.4 W.u. for the 9. •• 7. transition
38

in K has about the sor.e value as tine calculated E2 strength of 5.6 W.u.

for the Ar(2* •* 0*) transition.

In fig. 14 the level sehene and the Y-decay of the presently observed

K states above the isoner are compared with properties of low-lying Ar

states. The 7 level in K is here sin.ply lined up with the ground state of

Ar. The resemblance between the level schemes and Y-decay is striking.
38

This suggests that the high-spin states of K have largely the structure of
2 36

a (f_. )_ _. pair coupled to the appropriate Ar states and that in the de-

cay the f|. pair acts as a spectator. From the observed analogy we suggest

therefore the assignments of j" = (9*), (iO~), (12~), (ll~) and (I3~) for

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

Fron the above picture follows that a shell-model description of these ne-
38 3

gative parity K states would at least involve f,/, excitations. The large

matrices then encountered, however, make such a calculation prohibitive.

Also excitations to the 'fc/2 shell and the admission of holes in the Id,-_

shell should then probably have to be taken into account.

5. Summary

The use of a ps pulsed beam in the Mg + 0 reaction at E( 0) = 36 - 44

MeV in combination with a recently developed Compton-suppression spectrometer

with a large solid angle has appeared to be a fruitful experimental tool for
38

the investigation of high-spin states in K. In this way the Y-decay of the

32 ps isomer at 3458 keV excitation energy has been studied extensively. Two

hitherto unobserved branches are found, of which the (7) •* 3 ground-state

transition, with a branching ratio of (0.15 ± 0.02) %, is of particular inte-

rest.

The pulsed beam is used to correct the y-ray angular distributions and li-

near polarizations for the strong, delayed and isotropic contribution from

the isomer and spin-parity assignments of J1I(2646 keV) = (2,4) ,

j"(3420 keV) = (2,4,6)" and j"(3458 keV) = (5,7)+ are obtained (see table 8

for the allowed combinations).

The assignment ^(3458 keV) = 7+, which would lead to J1I(3420 keV) = 6~

and J (2646 keV) = 4 , is further supported by the mean life of

T = 32.2 ± 0.6 ps, the magnetic moment of p = 3.836 ± 0.014 n.m. [ref.8^],
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the strong excitation in the Ar(a,d) K reaction , the energy dependence

of the a-particle yield at 6 180° in the 40Ca(d,a)38K reaction 2 6 ) and

the shell-model calculation presently performed.

To search for high-spin states situated above the isomer, a prompt-delayed

coincidence experiment in the us-region ha*, been carried out. Subsequently,

the results of the latter experiment have been used in a prompt y-y coin-

cidence measurement employing two Compton-suppression spectrometers with

large solid angle. Five new high-spin levels at E = 5254, 7397, 8693, 8747

and 10980 keV are observed.

The experimental results are compared with a large-scale shell-model cal-

culation. For both the level scheme and the transition strengths, reasonable

agreement exists between experiment and calculation. The model gives a good

understanding of the high-spin states in terms of few-particle, few-hole

excitations. The results for the new high-spin states above the isomer sug-

gest that it would be of interest to describe the properties of high-spin

states in nuclei in the upper half of the sd-shell in the framework of a

weak-coupling model.

This work was performed as part of the research programme of the "Stich-

ting voor Fundamenteel Onderzoek der Materie" (FOM) with financial support

from the "Nederlandse Organisatie voor Zuiver-Wetenschappelijk Onderzoek"

(ZWO).
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SAMENVATTING

Fusie-verdampingsreacties, geïnduceerd door bundels zware ionen van een

tandem Van de Graaff versneller of cyclotron, zijn uitstekend geschikt voor

het onderzoek aan de eigenschappen van toestanden met hoog impulsmoment in

i zowel lichte als zware kernen. Voor lichte kernen is het tot nu toe verrichte

experimentele en theoretische onderzoek beperkt gebleven tot de beschrijving

van slechts een klein massagebied. Uit de, met name in het gebied rond A • 40

verrichte experimenten blijkt, dat onderzoek van de gamma-straling afkomstig

van de aangeslagen en georiënteerde eindkernen een goede manier is om toestan-

den met hoge spin te identificeren. In dit proefschrift wordt, op basis van
34 38 39

experimentele resultaten voor Cl, K en K, een meer systematische be-

schrijving gegeven van de structuur van toestanden met hoge spin in het gebied

A = 29 - 41.

In fusie-verdampingsreacties ingeleid door zware ionen wordt de tussenkern

gevormd in een hoogaangeslagen toestand. Deze kan op vele verschillende manie-

ren vervallen, zodat uiteindelijk een groot aantal niveaus in verschillende

eindkernen wordt bevolkt. De beschikbare reacties blijken echter slechts in ge-

ringe mate de in dit proefschrift bestudeerde lichte kernen te produceren.
Daarom is het noodzakelijk om efficiënte en selectieve experimentele methoden

i

te ontwikkelen om gamma-overgangen met lage intensiteit nog te kunnen onder-

scheiden van de door de reactie geproduceerde "hoorn des overvloeds" aan overige

overgangen. De toepassing van een recent ontwikkelde gamma-spectrometer met

goede onderdrukking van de Compton-achtergrondstraling en grote openingshoek

speelt dan ook een belangrijke rol in het experimentele deel van dit proef-

schrift.
34

Hoofdstuk I laat zien dat voor Cl de problemen gepaard gaande met een re-
1 latief kleine werkzame doorsnede inderdaad kunnen worden overwonnen. Combinatie

24 12
van gegevens van een y~Y coïncidentie-experiment met de Mg + C reactie,

, waarin gebruik wordt gemaakt van de bovengenoemde spectrometer, en van opbrengst-

:..| metingen met de P + a reactie legt het Cl niveauschema éénduidig vast. Clas-

' sificatie van de aldus waargenomen niveaus wordt verkregen door middel van nauw-

/ keurige meting van de hoekverdelingseffecten van de gamma-straling, o.a. resulte-

rend in model-onafhankelijke spin- en pariteitstoekenningen aan de niveaus met

'k hoge spin. Uit de resultaten van dit hoofdstuk blijkt, dat het schillenmodel de

f mogelijkheid biedt de structuur van deze toestanden op eenvoudige wijze te ka-

rakteriseren. Dit beeld wordt in de volgende hoofdstukken verder uitgewerkt.
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39Voor K zijn al een aantal studies gepubliceerd, echter met ernstige

verschillen in de conclusies voor wat betreft de spin- en pariteitstoeken-

ningen aan de niveaus net hoge spin. In Hoofdstuk II wordt de gevoelige co-

incidentie-opstelling met de Compton-onderdrukkingsspectrometer gebruikt om

onderscheid te maken tussen de bestaande discrepanties. De verschillen blij-

ken deels ontstaan door foutieve metingen en deels door te beperkte veronder-

stellingen over de spin-aligneringsfactoren in fusie-verdampingsreacties in

één van de voorgaande studies.

In Hoofdstuk III blijken selectieve meetmethodes nodig om toestanden met
«3Q *) lx 1 f\

hoge spin in K te identificeren. Door pulsen van de bundel in de Mg + 0

reactie wordt effectief gebruik gemaakt van de aanwezigheid van een langlevend
38(T = 32 us) isomeer niveau met hoge spin in K. Op deze wijze wordt het

gamma-verval van het isotnere niveau bestudeerd en is het tevens mogelijk enkele

gamma-overgangen te localiseren van niveaus boven het isomeer. Door toepassing

van twee Compton-onderdrukkingsspectrometers in een y-y coïncidentie-experiment

op deze nieuwe, zwakke overgangen worden een aantal niveaus met hoge spin bij

hogere excitatie-energieën geïdentificeerd.

Modelberekeningen voor toestanden met hoge spin in kernen in de sd-schil

zijn of niet beschikbaar of kunnen alleen worden gebruikt voor een zeer beperk-

te set van kernen. Als een eerste stap naar een meer algemene aanpak wordt in

Hoofdstuk I zo'n "lokale" berekening met het schillenmodel uitgevoerd. In het

volgende hoofdstuk wordt de berekening uitgebreid tot een consistente beschrij-

ving van het massagebied van A = 29 tot 4i. De boven beschreven experimentele

resultaten vormen een goede test voor deze aanpak. Er is sprake van redelijke

overeenstemming tussen theorie en experiment voor de excitatie-energieën en

electromagnetische vervalseigenschappen van zowel niveaus met lage als hoge spin.

De toestanden met hoge spin kunnen worden gekarakteriseerd door eenvoudige ex-

citaties.
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Stellingen behorende bij het proefschrift

HIGH-SPIN STATES IN sd-SHELL NUCLEI

1. De excitatie-energie en structuur van de experimenteel
bekende toestanden met hoge spin in kernen in het massa-
gebied A = 29-41 kunnen redelijk met een eenvoudige
schillenmodelberekening worden beschreven.

Een coïncidentieopstelling met twee identieke spectro-
meters met grote openingshoek en goede Compton-onder-
drukking vormt een bij uitstek geschikt meetinstrument
voor de gamma-spectroscopie van collectieve toestanden
met hoog impulsmoment in zware kernen.
R.V.F. Janssens et al., Phys. Lett. 106B 6_ (1981) 475;
H.F.R. Arcissewski et al., wordt gepubliceerd.

3. De simultane analyse van nauwkeurige hoekverdelings- en
polarisatiemetingen aan Y~ovei'gangen kan slechts op
beperkte schaal leiden tot modelonafhankelijke spin- en
paritei ts toekenningen.

De resultaten van de yhoekverdelingsmetingen van
P. Herges et al. zijn in tegenspraak met het door hen
gehanteerde model voor de alignering in fusie-verdampings-
reacties ingeleid door zware ionen.
P. Herges, H. Klapdor en T. Oda, Nuol. Phys. A (1981).
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5. Het isomere niveau op 3123 keV met hoge spin in de
l+3Sc kern biedt de mogelijkheid om met de in dit
proefschrift beschreven gepulste bundel het tijds-
afhankelijke gedrag van spin-alignering in verschil-
lende afremmaterialen te bestuderen.
Zie H.M. Sheppard et al., J. Phys. G6_ (1980) 511.

Berekeningen van het type 'variatie-na-impulsmoment-
projectie', uitgevoerd door H. Schultheis, voorspel-
len voor 32S het bestaan van een vormisomeer. Bij
een excitatie-energie van ongeveer 7,5 MeV zou de
32S-kern de vorm kunnen aannemen van een omwentelings-
ellipsoïde met de korte as ongeveer een kwart van de
lengte van de lange as. De experimenteel bekende
niveaus, die door de auteurs als kandidaten voor deze
vorm worden aangewezen, zijn echter verkeerd gekozen.
H. Sohultheis en R. Sohultheis, Phys. Rev. C25_ (1982)
2126.

7. Bij toepassing in E^-Ey correlatiemetingen van y~detec-
toren met hoog fotopiekrendement zijn de correctie-
procedures voor de niet-gecorreleerde achtergrond-
straling zoals voorgesteld door o.a. Ellegaard et al.
niet optimaal. Met behulp van de, met radioactieve
bronnen te meten, detectorresponsfunctie kan met een-
voudige deconvolutietechniekeji een aanmerkelijk ver-
beterde methode worden ontwikkeld.
C. Ellegaard et al.3 Phys. Rev. Lett. 48, 10_ (1982)
670.



Door combinatie van directe en inverse vangst-
reacties kan, met analysemethodes zoals aange-
geven door Scherpenzeel et al., op nauwkeurige
wijze het atomaire afremvermogen bij lage begin-
snelheden worden bepaald.
D.E.C. Soherpenzeel et al.3 Nuol. Phys. A349 (1980) 513.

In het harmonische-oscillatormodel, waarbij actieve
nucleonen zijn verdeeld over banen in twee aan-
grenzende hoofdschillen, dienen de eendeeltjes-
energieën te worden gerefereerd aan die romp waarbij
de laagste van de twee hoofdschillen gesloten is.

10. Gammabronnen in de ruimte moeten met zeer goede hoek-
resolutie worden gelokaliseerd teneinde ze eenduidig
in verband te kunnen brengen met objecten, actief
in andere golflengtegebieden. Gebruikmakend van de
superieure energieresolutie van halfgeleiderdetectoren
kan de hoekresolutie van de huidige generatie Compton-
telescopen in principe worden verbeterd tot in de
orde van enkele boogminuten. Hiertoe is het noodzake-
lijk hoogefficiente detectoren te ontwikkelen met
een goede positieresolutie.

Comptel, Summary Report 1981 Max-Planok Institut,
Garohing.

11. Bij kerndemagnetisatie-experimenten (ADRF) in Ca(0H)2
verdient het aanbeveling om lt3Ca te gebruiken voor
de meting van de statische en dynamische eigenschappen
van het geordende protonspinsysteem.
J.C.M. Sprenkels et al.3 J. Phys. C (1982)3 wordt
gepubliceerd.



12. Bij hun electronverstrooiingsexp^rimenten aan de
2*P toestand in helium maken Hollywood et al.
de veronderstelling dat de door hen gemeten
oriëntatieparameter O^ol <je asymmetrie in de be-
zetting van de magnetische subtoestanden met
M = ±1 aangeeft. Deze oriëntatieparameter is
echter op grond van reflectiesymmetrie gelijk aan
nul.
M.T. Hollywood^ A. Crowe and J.F. Williams,
J. Phys. B12_ (1979) 819.

13. De piek, waargenomen bij 1440 MeV in het KQK TT
massaspectrum in ir~p botsingen wordt door
Bromberg et al. toegeschreven aan de E(1420).
Het is wellicht beter dit resultaat te verklaren
als het gevolg van een onjuiste achtergrondanalyse.
C. Bromberg et al.} Phys. Rev. D22_ (1980) 1513.

14. Als instrument ter bestrijding van de vergrijzing
van het wetenschappelijk onderzoekskader kan, in
de geest van het huidige beleid, door de invoering
van regelmatig gebruik van de schaar een signifi-
cant resultaat worden verwacht.

15. Permanent is ook maar tijdelijk.

15 september 1982 C.J. van der Poel
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