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INTRODUCTION AND SUMMARY

Heavy-ion beams, generated by tandem accelerators or cyclotrons, have

proven to be very suitable for the investigation of states of high spin.

Reactions initiated with these beams produce excited nuclei with large

angular momentum. In the subsequent deexcitation process, much of the

excitation energy is carried away by the emission of light particles.

The remaining energy together with most of the angular momentum is re-

moved by y-ray emission. The maximum angular momentum induced in the fu-

sion evaporation process is limited by grazing collisions or by compe-

ting processes such as incomplete fusion or fission.

For very high spin the y-decay proceeds not only along the yrast line

but through a large number of parallel cascades giving rise to unresol-

ved transitions. The photopeaks of discrete transitions then vanish in

a background caused by quasi-continuum radiation and Compton-scattered

y-rays. Detailed y-ray spectroscopy of high-spin states is thus hampered

by transitions with low intensity on a high y-ray background.

Several experimental techniques are used to enhance the detection of

the y-ray decay of high-spin states. In a multiplicity filter the spec-

trum from a Ge detector is required to be in coincidence with a number

of y-rays, which are simultaneously detected in several Nal crystals po-

sitioned around the target. The spectrum from a Ge detector in a sum-

spectrometer is gated with the energy signal corresponding to the sum

of the energies of several y-rays detected simultaneously in a large Nal

crystal. The sumspectrometer as well as the multiplicity filter are both

specifically geared to the study of heavier nuclei, where cascades of

high multiplicity (i.e. many members) exist.

Another approach to enhance weak peaks in a spectrum is the reduction

of the Compton background by means of a Compton-suppression spectrometer

(CSS). In such a spectrometer the background, which almost completely

originates from Compton-scattered y-rays, is reduced by surrounding the

primary Ge detector with a scintillator like Nal(TJl) or plastic. Only

events in the central detector which occur without simultaneous observa-

tion of scattered quanta in the surrounding shield are accepted.



Optimization of a Compton-suppression spectrometer by means of Mon-

te Carlo calculations is described in the first part of this thesis.

The calculations in chapter I show that the influence of the non-

detecting material of the central Ge crystal on the performance of a

CSS is substantial. Measurements on a central Ge detector with a dead

layer of 1.0 mm and inactive core as compared to a detector with 0.22

mm outer contact and a hollow core confirm the Monte Carlo predictions.

Monte Carlo calculations to optimize the dimensions of the Nal anti-

coincidence shield are reported in chapter II. The calculation has led

to the construction of a CSS with a large solid angle of 120 msr5 or

0.96 % of 4TT, and excellent suppression. The large solid angle makes

the apparatus extremely well suited for gamma-gamma coincidence experi-

ments .

Chapter III reports the investigation of high-spin states in the sd-

shell nucleus 38Ar with a Compton-suppression spectrometer. With che

techniques of ref. , in combination with p-y coincidence measurements

to establish an unambiguous level scheme, states up to J =11 could

be identified and investigated.

In the last decade a new phenomenon, called backbending, has been

observed in the study of fast rotating deformed heavy nuclei. This ef-

fect is called after the backbend in the curve obtained when the moment

of inertia is plotted vs. the square of the rotational frequency. The

sudden change of the moment of inertia is explained by the crossing of

two bands with different moment of inertia. Experimental research in

this region is concentrated on the search for bandcrossings at much

higher angular momentum and in weakly populated non-yrast cascades.

Chapter IV describes a gamma-gamma coincidence experiment on the

nuclei 167»168jjf with two Compton-suppression spectrometers. Yrast

bands are followed, beyond the region of the first backbending, up to

spin J = 37/2 and J = 28 for 167Ht and 1 6 8Hf, respectively.

The first three chapters of this thesis have been published in Nu-

clear Instruments and Methods ' and Nuclear Physics
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CHAPTER I

IMPROVEMENT OF THE PERFORMANCE OF A COMPTON-SUPPRESSION SPECTROMETER BY
MINIMIZING THE DEAD LAYER OF THE CENTRAL Ce DETECTOR

H.J.M. AARTS, G.A.P. ENGELBERTINK, C.J. VAN DER POEL, D.E.C. SCHERPENZEEL and H.F.R.
ARCISZEWSKI

The performance of a Compton-suppression spectrometer is investigated for two different Ge crystals as central detector; a
126 cm3 Ge(Li) with a dead layer of 1.0 mm and a 90 cm3 HPGe with a dead layer of 0.22 mm. The thin dead layer HPGe gives
a 32% improvement in the overall Compton suppression. Predictions of the influence of the dead-layer thickness by means of
Monte Carlo calculations are in good agreement. The spectrometer is further tested with radioactive sources of 8 8Y and 1S2Eu
and the in-beam reaction 24Mg + (45 MeV)I6O.

1. Introduction

During the last few years there has been an increas-
ing interest in the use of Compton-suppression
spectrometers for in-beam 7-ray spectroscopy with
heavy-ion induced reactions, since the "Y-ray spectra
produced in these reactions are rather complex and
therefore demand spectrometers with high resolution
and low background.

In a Compton-suppression spectrometer (CSS)
the background, which normally almost completely
originates from Compton-scattered 7-rays, is reduced
by surrounding the primary Ge detector with a scin-
tillator, like NaI(Tl) or plastic. Only events in the
central detector which occur without simultaneous
observation of scattered quanta in the surrounding
shield 2 , accepted.

The inherent lower absolute efficiency of such a
spectrometer, due to the required larger minimum
distance between the target and central detector,
would generally be a serious disadvantage for in-beam
7-ray spectroscopy. However, heavy-ion induced reac-
tions show a reasonably large 7-ray yield and a large
solid angle is not always very desirable in view of the
Doppler broadening of the peaks. In practice the
lower efficiency can be compensated for by the use
of a higher beam intensity.

The actual performance of a CSS is, apart from the
dimensions of the anticoincidence shield, mainly
determined by the quality of the central detector and

the amount of non-detecting material between the
central detector and the surrounding shield. As far as
the transmission is concerned the dead Ge layer
around the central Ge crystal is the main source of
non-detecting material and in the present paper its
effect on the background is investigated by
comparing CSS performance for a conventional
Ge(Li) crystal with a 1.0 mm dead layer and a high-
purity germanium (HPGe) crystal with a 0.2 mm
thick Li-diffused outer contact.

To investigate the effect of a continuous variation
of the thickness of the dead layer, Monte Carlo cal-
culations have been performed.

2. Monte Carlo calculations

A Monte Carlo program has been written to
simulate the histories of photons in a CSS configura-
tion shown in fig. 1. A 115 cm3 cylindrical closed-
end Ge crystal with a dead core as an inner contact
and a dead layer of variable thickness on the outside
is used as a central detector. The Ge crystal is sur-
rounded by a 1.0 mm thick aluminium cap. The
influence of the MgO reflector and of the aluminium
cover of the Nal can be neglected in the calculations
since their contribution is relatively small. Multiple
processes and an appropriate angular distribution for
Compton scattering [1] are taken into account. It is
assumed that in the absorption processes no second-
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Fig. 1. Schematic drawing of the Compton-suppression
spectrometer. The 7-rays enter the system through a colli-
mator at the left hand side. At the right hand side two of the
six multipliers are indicated. All dimensions are in mm.

ary electrons or bremsstrahlung escape from the
central crystal, so that the validity of the calculations
is restricted to not too small Ge volumes and not too
high-energy 7-rays (Ey < 3 MeV),

In the Monte Carlo calculations spectra of 60Co
are generated. To obtain a spectrum, 10s photons for
each energy (1.17 and 1.33 MeV) are emitted from a
point source in front of the collimator. The signal
from the central detector is vetoed when the energy

THICKNESS OF DEAD LAYER (MM)

Fig. 2. Result of the Monte Carlo calculation for the relative
Compton suppression as a function of the thickness of the
dead layer of the central detector. The curve is normalized to
unity for a dead-leayer thickness of 1.0 mm. The statistical
errors are smaller than the points.

absorbed in the Nal shield exceeds a lower level of
50keV.

In fig. 2 we show the calculated Compton sup-
pression averaged over the energy region 100—1100
keV. The curve is relative and normalized to unity
for a dead layer of 1.0 mm.

For a reduction of the dead layer from 1.0-0.22
mm, the Monte Carlo calculation predicts an improve-
ment of about 35% for the overall Compton suppres-
sion.

In the next section the Monte Carlo prediction is
compared with test measurements.

3. Experimental results

The geometry of the Nal(Tl) anticoincidence
shield is shown in fig. 1. The shield has been used in
studies of high-spin states in the sd shell as reported
inref. [2].

Two crystals have been compared as central
detectors; a 126 cm3 Ge(Li) crystal with a dead
layer of 1.0 mm and a dead core and a 90 cm3

HPGe crystal with a dead layer of 0.22 mm and a
hollow core. More specific properties of both
detectors are given in table 1.

Table 1
Properties of the two detectors used as central crystal in a
CSS

Manufacturer

Type

Active volume

Core

Thickness
dead layer

Thickness
Al-cap: front

side

Operating
voltage

Efficiency

fwhm
(1.33 MeV,
6 0 Co)

Peak-to-
Compton ratio

Philips
Nederland BV

Ge(Li)

126 cm3

Inactive germanium

1.0 mm

0.5 mm
0.5 mm

4500 V

27%
2.4 keV

46

Harshaw Chemie BV
Holland

HPGe

90 cm3

Hollow

0.22 mm

0.5 mm
0.8 mm

3000 V

20%
1.9 keV

50



3.1. Tlie thickness of the dead layer of the HPGe
detector

The thickness of the dead layer of the HPGe
detector was obtained from the observed area ratio of
the (79.6 + 81.0) keV complex and the 53.1 keV
7-rays from a collimated 133Ba source, in the way as
shown in fig. J.

With this method the thickness of the dead layer
is given by

(i)

with dGe = the thickness of the Ge dead layer in cm,
/l(80+8,)/i4S3 = the observed ratio of the area of both
the (80 + 81) keV and 53 keV peaks,/ (80+8i)//53 =
ratio of the intensities of the (80 + 81) keV and 53
keV incoming radiation,

p =/iAi(S3 keV) - fiA1(81 keV) = 0.376 cm"1

(the difference of the linear attenuation coefficients
for aluminium, see ref. [3]), d^^the thickness of
the aluminium can in cm and

q =wGe(53 keV) - ,uGe{81 keV)= 10.62 cm"1

(ref. [3]). The term pdM in eq. (1) is practically
negligible for the present case with </A; = 0.08 cm.

The intensity ratio /(8o+8i)/^s3 i s given b v Gehrke
etal. [4] as 14.8 ± 1.1.

Because this value is rather inaccurate, the
intensity ratio has been measured with a 5 cm3 low-
energy photon spectrometer (LEPS) with a 250 pm
thick Be entrance window, an ion-implanted 0.3 Aim
thick front contact and 10 mm depletion depth. The
data are given in fig. 4. They lead to /(8o+8i)/^s3 =

16.6 ±0.2. Corrections due to self-absorption in the
source, entrance window, front contact and depletion
depth are taken into account. Their combined
influence is less than 1%. Measurements of the irradia-
tion at different angles also give consistent results.

With / ( 8 0 + 8 1 ) / / s 3 = 16.6 ±0.2 and the present
d/u = 0.08 cm, eq. (1), reduces to

(2)

= Ll*S&2D\- (2.839 ±0.012)1
L \ A$3 I J

X 0.0942 cm .

This relationship is depicted by the curve in the lower
part of fig. 3.

The measured area ratio^(80+81)/^453 = 21.5 ± 0.2

8
O

CD

'•'A///,;

Si iSi i . = 1 6 6 = 0 2

2 0 % HPGe

V//>'.--/'-:
AiB0.ai)

i
y

81.0 kev

130 200 260 300

CHANNEL NUMBER

IOOO-

20 30 40 50

AREA(6O.81)/AREAI53)

Fig. 3. Method to measure the dead-layer thickness of a Ge
detector. The method is based on the difference in transmis-
sion of the dead layer for the (80 + 81) keV complex and the
53 keV 7-ray of a l 3 3Ba source. For the present HPGe
detector the area ratio amounts to ^(8o+8I)/'4S3 = 215 ±
0.2. The lower part gives the thickness of the dead layer as a
function of the measured area ratio.
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ct
UJ
CD .

79.6 81.0 keV

0.54 keV
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Fig. 4. The 53.1, 79.6 and 81.0 keV 7-rays from I 3 3Ba as
measured with a 5 cm3 LEPS.



implies a thickness of (215 ± 15) f/m for the dead
layer of the HPGe detector.

For the 126 cm3 Ge(Li), the area ratio is mea-
sured as 48.3 ± 1.1, which corresponds to a dead-
layer thickness of (980 ±25) (tin.

From the data of fig. 4 follows as a byproduct
hi 0//79.6 = 12.5 ± 0.2 for the intensity iatio of the
81.0 and 79.6 keV 7-rays from '33Ba.

5.2. Experimental performance of the CSS for two
different crystals as the central detector

With the HPGe crystal as the central detector a
60Co spectrum has been recorded with a PDP 11/40
computer. The HPGe—Nal anti-coincidence pulse is
used to gate two ADCs, such that two spectra, one
coincident and one anti-coincident with the Nal
pulse, are recorded simultaneously. The results are
shown in fig. 5. The upper spectrum is the sum of
the two recorded spectra and represents the result
without Compton suppression (i.e. the normal HPGe
spectrum). The lower spectrum is with Compton-
suppression. The insert gives the ratio between the
number of counts in the upper and lower spectrum,

i.e, the Compton suppression as a function of energy.
The loss of pulses in the photopeak due to random
veto's is less than 2%. The average Compton suppres-
sion between 100-1100 keV amounts to 11.2. The
Compton edges are reduced to little bumps due to
the small diameter of the entrance hole in the Nal(Tl)
shield. Their shape differs appreciably from that of a
normal peak. The single-escape peak of the 1332 keV
7-ray is suppressed with the same factor as the
background while the double-escape peak disappears
due to the absence of collinear holes in the Nai(Tl)
shield.

The areas of the 1173 and 1332 keV peaks taken
together amount to 65% of the total number of
registered counts for the suppressed spectrum and
18% for the non-suppressed spectrum.

The Compton suppression for 60Co with the 1.0
mm dead layer Ge(Li) crystal as the central detector
is obtained similarly as described above. The result is
shown in the middle part of fig. 6. The average
Compton-suppression between 100 and 1100 keV is
now 8.4. The upper part of fig. 6 again shows the
Compton suppression for the 0.2 mm dead layer
HPGe.

10"

1/)

—1 . 1 , 1 . -| r—
COMPTON-SUPPRESSION SPECTROMETER

20"/ . HPGe DETECTOR

<(> 23 cm x 2B cm Nal (Tl)

—i—•—r
1173 1332

60Ccf
«-1.9 keV

FWHM

200 400 600 6 0 0 1O00 120O 1400

EY(keV)

Fig. 5. Spectra of 60Co for a 30 cm3 HPGe crystal as central detector. The upper spectrum is without Compton suppression, the
lower spectrum is with Compton suppression. The insert shows the ratio between the number of counts in the upper and lower
spectrum, i.e. the Compton suppression as a function of the energy.
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Fig. 6. Comparison of the Compton suppression for *°Co for the 1.0 mm dead layer Ge(Li) and the 0.2 mm dead layer HPGe
crystals as the central detector. The differences for Ey < 200 keV between the top and the middle curve are probably due to
different timing properties.

The lower parts of fig. 6 gives the ratio of the two function of energy. The improvement is especially
Compton suppressions and thus shows the improve- notable for the (high-background) region around the
ment in performance of the spectrometer as a Compton edges (800-1150 keV), i.e. the energy.
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region corresponding to the escape of Compton-
scattered photons of low energy from the central
detector. Reduction of the dead layer surrounding
the central detector makes it more transparent for
these low-energy 7-rays, which can now reach the
surrounding shield more easily to produce a veto
signal.

The average improvement for 100-1100 keV is
32% in good agreement with the Monte Carlo predic-
tion of 35%.

3.3. Performance of the CSS with the thin-dead-
layer HPGe as central detector for radioactive sources
88Y and lS2Eu and the in-beam reaction ™Mg +
(45MeV)lbO

In fig. 7 we give the spectrum from a 88Y source.
The peak-to-Compton ratio for the 1836 keV peak is
650, i.e. the residual Compton background is lower
by almost three orders of magnitude. The sum of the

10
122

1 1

245 344 411 444

I T

779 867 964 1112 1408

XX)5 1213 1299

liiJ

5458 1528

200 4OO 600 800 1000 1200 1400

EY(keV)

Fig. 8. Compton-suppressed spectrum of a 152Eu source.
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lig. 9. The relative full-energy peak efficiency for the CSS
with the 90 cm3 HPGe crystal as the centra! detector.

areas of the 898 and 1836 keV peaks amount to 62%
of the total number of registered counts.

In fig. 8 we show the more complicated 7-ray
spectrum of a 1S2Eu source. The relative full-energy
peak efficiency for the CSS has been measured with

S6Co (ref. [5]), 133Ba (ref. [4]), IS2Eu(ref. [5]) and
l82Ta (ref. [4]). The relative intensities are taken
from the references indicated. The result is shown in
Tig. 9. The slope of the efficiency curve for higher
energies is less steep, when compared with the HPGe
detector outside the Nal shield. This reflects the
thickness (48 mm) of the selectively irradiated part of
the central detector (see fig. 1).

In fig. 10 we show the low-energy part (Ey<2
MeV) of a singles 7-ray spectrum of the heavy-ion
reaction 24Mg + l 6O at £"(I6O) = 45 MeV and 6y =
90°. The measuring time was 5 h with a 16O6+ beam
current of 100 nA (electrical) on a 320 ng • cm"2,
99.94% enriched, 24Mg target on thick Au. The
upper spectrum is without the Nal veto. The lower
one is the Compton-suppressed spectrum. The
suppression varies from about 7 to 12.

This spectrum clearly shows the advantage of a
CSS for in-beam 7-ray spectroscopy.

Weak and hardly visible peaks in the upper
spectrum stand out clearly in the lower spectrum, see
e.g. the 350 and 1400 keV regions.
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Fig. 10. Suppressed and non-suppiessed 7-ray spectrum observed with the CSS at 6y - 90° in the bombardment of a 320 vg •
cm"2,99.94% enriched, J4Mg target on thick Au with a 45 MeV, 100 nA, 16Q&1- beam after 5 h measuring time.
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4. Conclusion

For a given Compton-suppression system, the best
performance is obtained when the central detector
consists of a large, high-quality Ge crystal with a dead
layer as thin as possible. The present work shows that
a 12% improvement in the overall Compton suppres-
sion is obtained by reduction of the dead layer from
1.0—0.22 mm. Monte Carlo calculations used to
investigate the influence of the dead layer agree well
with this result.

In particular, these calculations predict (see fig. 2)
an improvement of 50% in the overall Compton
suppression for a gamma-X detector, i.e. a n-type
high-purity Ge detector with very thin (0.3 fxm) ion-
implanted outer contacts, as presently developed
by EG&G and ORTEC.

This work was performed as part of the research
programme of the "Stichting voor Fundamenteel
Onderzoek der Materie" (FOM) with financial
support from the "Nederlandsche Organisatie voor
Zuiver-Wetenschappelijk Onderzoek" (ZWO).
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CHAPTER I I

A (OMI'TON SUPPRESSION SPECTROMETER FOR y y COINCIDENCE MEASUREMENTS: LARGE SOLiD

ANGLE AND EXCELLENT SUPPRESSION

II.J.M AARTS,i \ J VAN DIK POlvl., D.h.C SCHkRIM-NZl'Hl, H.F.R. ARCISZhWSKI and G.A.P

I:N(;I:LUI:RTINK

lor y y coincidence measurements a Omtpton-supprcssion spectrometer with a large solid angle of I > msr and excellent
suppression has boen designed. I he dimensions ol the Nal anticoincidence shield have been optimized by means of Monte Curio
calculations. The Nal shield has a length ol 35 cm and ;' diameler of 30 cm. A 20% efficient HPGe crystal with a dead layer <>!
0.2i mm jntl J hollow core is used a* central detector. J'or 6 0 C o , Ihe average suppression ol the Compton background between
11)1) and 1100 keV amount!, to 11.8 with a pholopeak loss of 5.8%. The areas of the 1173 and 1332 keV peaks taken together
amount lo 60',? of the total number ol registered counts for the suppressed spectrum and to 15% for Ihe non-suppressed spec
tium. The spectrometer hus been tested in a ? 7 coincidence experiment with the reaction 2 4Mg + (45 MeV) l 6O.

1. Introduction

In 7-ray spectroscopy with reactions induced by

a-pai tides or heavy ions, the complexity of the

spectra and the low yield ol many transitions of inter-

est, calJ for spectrometers with high resolution, low

background and large efficiency. The background due

to Compton scattering can be removed to a great

extend by surrounding the detector by an anticoinci-

dence shield.

Two different configurations of the shield have

been reported [I -5J. The symmetrical Compton-sup-

pression spectrometer |4] consists of a coaxial shield

with a hollow core of the central detector. The

incoming 7-ray beam is oriented along the cylinder

axis. The advantage of this geometry is Ihe variable

L> J
lij!. 1. Schematic drawing ol the C'omplon suppression spectrometer with a solid angle of 120 msr. The distance from the source
10 the central detector is 100 mm. Die dimensions are given in mm.
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solid alible of (IK- system which lends in it variable
uvoiage- Complon suppression. It is, however, difficult
In eliminate events which eoiiespond U) small-angle
scattering and which leave hi lie encigy in the central
detector. The geometry is. especially disadvantageous
loi high-energy 7-rays, since Coinpton scutteiing is
then peaked in (he forwurd diiection. The syininelri-
cal set-up therefore leads to low Coinpton suppres-
sion in the low-energy puil of the speclium. In addi-
tion double-escape peaks are not suppiusscd very
well, due to the presence of collinear holes in the
shield.

The above mentioned disadvantages are circum-
vented in the asymmetrical configuration shown in
tig. 1, where the central detector is oriented at a
right-angle lo the direction of the incoming radiation.

Optimization of the Complon suppression of such
an apparatus with disregard of (he solid angle leads
automatically to a small photon entrance hole and to
a relatively large distance between an external source
and the central detector with, as a consequence, a
rather small solid angle, kxamplcs are the spectrome-
ters of re Is. | 2 | and \i\ with solid angles of 7 and
about 4 msr, respectively. These spectrometers are
very suitable for singles meusuiemeiils, such as (hose
of J singles spectrum or of an angular distribution,
where a large 7-ray flu* compensates the small solid
angle.

In 7 7 coincidence experiments, however, in
which a CSS is combined typically with three or lour
gating Ge(Li) detectors of about 400 msr solid angle
each, the combination is very poorly matched.

The present paper describes an asymmetrical CSS
with a solid angle of I 20 msr and an excellent Coinp-
ton suppression. The dimensions of the Nal anticoin-
cidence shield are oplimi/ed by means of Monte
Curio calculations, which are described in rel. | 5 | .

2. Design

The huge solid angle of I he spectrometei is ob-
tained by making the minimum distance between (lie
external source and lite central ciystal relatively short
and the diameter ol the 7-1 ay enliauce hole large. The
short minimum distance of course restricts the thick-
ness ol the Nal and the amount of passive shielding at
the liont side. In the present set-up the diameter of
the euliance hole is limited by the dimensions ol the
ceutial detector.

With a large solid angle chosen in this way, Monte

O
1/)

LU

'/ • Ey= 100-1100 keV

1.0

CL

So.a
u

5 0.6
..!-. .X J I I

£ 1 2 3 4 5
THICKNESS OF Nal BETWEEN

Ge(Li) AND FRONT (cm)

I if;. 2. The Monte Carlo result for the relative Complun sup-
pression as a function of (he thickness of NaJ al the front
side for 6 0 Co. The energy regions 100 1100 keV and 1000-
1100 keV of the 6 0 C o spectrum of the central detector are
considered. Both curves are arbitrarily normalised to unity
for a thickness of 4 cm.

Carlo calculations are performed to investigate the
other dimensions of (he asymmetrical CSS to obtain
as good a Coinpton suppression as possible. The CSS
configuration considered is shown in fig. 1. The per-
formance of this configuration has been studied as a
function of the following parameters: the thickness
of the Nal anticoincidence shield at the front side,

z

3
S!o

9
5 20

o
CL

a
UJ

O

M * 4 0 -

3 0

M - Multiplicity

Ev = 800 keV FON ALL

• W inset =16 c m

THICKNESS FRONT SHIELD (cm)
I11;. 3. 1'lu' Monte Carlo result for cascade suppression us u
function of the thickness of the passive front shield. The cal-
culation lias been performed for a cascade with multiplicity
M - S, 10, 15, 20, 30 and 40 of which all members have an
L-nergy of 800 keV. The present front shield (see tig. I) has a
ttiicknos of 4 em.

14
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6
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DIAMETER OF Nal CRYSTAL (cm)

I'lg. 4. The Monte Carlo result tor the relative Cumpton sup-
pression as a function of (he diameter of the Nal shield for
*°C'o. The energy regions 375-690 keV and 100 1100 keV
of the 6<JCo spectrum of the central detector are considered.
Doth turves are arbitrarily normalized to unity for a diameter
of 23 cm.

1 he amount of passive shielding, the diameter of the
•y-ray entrance hole, the length and the diameter of
tlte surrounding Nal anticoincidence shield.

The Monte Carlo calculations are similar lo those
reported in ret. ( 5 | . The results are presented in figs.
2 5 which show the relative Compton suppression as
a function of the parameter considered, ll should be
remarked that the results are obtained with the other
parameters kept fixed at the values given in fig. I.

O
7

1.50

1.25

| 1.00
o

> 0.75

= 100-2950 KeV

5 25 35 45
LENGTH OF Nal CRYSTAL (cm)

l-ig. 5. The Monte Carlo result tor the relative Compton sup-
pression as a function of the length of the Nal shield for a
3 MeV i-ray. The energy regions 1(10 75(1 keV and 100
2950 keV ol the spectrum of the icnlial detector are con-
sidered. Both curves are arbitrarily normalucd hi unity for ;i
length of 30 cm.

2.1. The thickness of the Nal shield at the front side

The main function of the Nal shield between the
central detector and the lionl of the spectrometer is
to delect photons which are scattered over a large
angle. Reduction of this part of the shield will there-
fore result in more C'oinpton background close to the
Coiiipton edge. Fig. 2 gives the Monte Carlo result for
the relative Coiiipton suppression as a function of the
thickness of Nal at the front side for 6 0Co. The
energy regions 100- 1100 keV and 1000- 1100 keV
of the 60Co spectrum of the central detector are con-
sidered. Both curves are relative and arbitrarily nor-
malized to unity for a thickness of 4 cm. In view of
the short minimum distance desired, a thickness of
2 cm Nal is chosen.

2.2, The shielding lead front plate

Reduction of the thickness of the lead front plate
increases the probability for an unwanted photon to
reach the anticoincidence shield and to produce a
veto signal. A 7-ray cascade of high multiplicity has
to be considered in this respect. When a member of a
cascade of multipolarily M strikes the central detec-
tor then, angular correlation effects neglected, about
(AM)/2 7-rays will simultaneously hit the shielding
front plate. Insufficient shielding at the front will
thus cause suppression of 7-ray cascades with high
multiplicity. The effective shielding of the front plate
is increased by replacing the important central part of
the lead by a 16 cm diameter inset of densimet, a
W-Fe alloy (1.2% Fe) with a density of 18 g/ctn3

(see fig. 1).

The Monte Carlo result for cascade suppression as
a function of the thickness of the front plate is shown
in fig. 3. The calculations have been performed for a
cascade with multiplicity M = 5, 10, IS, 20, 30 and
40 of which all members have an energy of 800 keV.
Fig. 3 shows that for the chosen thickness of 4 cm
the cascade suppression is less than 2%, even for high
multiplicities.

2.3. The diameter of the y-ray entrance hole

Gamma-rays, which are scattered back from the
central detector to the entrance hole, give rise to the
inevitable Coinpton edge. A large-diameter entrance
hole, a prerequisite for a large solid angle, leads neces-
sarily to a relatively high Coinpton edge. Its position,
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however, is at u known energy distance from the cor-
responding photopcak

In the present set-up a.c diameter ol Ilie entrance
hole is chosen us large as allowed by Ihe 50 mm diam-
eiei ol a JO'/!- efficient (ie detector. The entire central
crystal is practically irradiated.

2.4. The diameter and the length of the Nal anticoin-
cidence shield

Figure 4 shows (again for *°Co) the Monte Carlo
result for the relative Compton suppression as a func-
tion of the diameter oi the Nal shield. Apart from the
oveiall suppression in Ihe energy region 100 1100
keV. the region from 375 690 keV is also consid-
ered. In the lattei the suppression is predominantly
determined by the diameter of the shield as is shown
in tig. 4. A diameter of JO cm lias been chosen.

The length of the anticoincidence shield mainly
all eels the suppression of photons which in (he cen-
tral crystal are scattered over a small angle. Since
7-rays of higher energy scatter more in the forward
direction, a 7-ray of 3 MeV is used to investigate the
Compton suppression as a function of the length of
the Nal crystal. Fig. 5 shows the result for the relative
Compton suppression for the energy regions 100-

750 keV and 100 -2950 keV. Both curves are arbi-
trarily normalized to unity for a length of 30 cm. A
length of 35 cm was chosen.

2.5. The final configuration and electronics

The geometry and dimensions of the Nai anticoin-
cidence shield, discussed above, are shown in tig. I.
Thi; conical entrance hole corresponds to a position
of the source at 16 mm in front of the spectrometer
i.e. the usual target position. The distance from the
source to the central detector is now 10.0 cm. The
solid angle of the spectrometer amounts to 120 msr
or 0.96% of 47r. The half-angle subtended is 11°.

The Nal shield is divided into four optically sepa-
rated sections, to allow a high count rate (up to 6 X
10 s s~') in the shield without overloading the photo-
multiplier tubes. This division also makes it possible
to use the system as a pair-spectrometer.

The anode signal of each of the four PM tubes is
fed into a constant fraction discriminator (CFD, Can-
berra 1326 D) via a timing filter amplifier (TFA,
ORTEC 454). The output pulses of the four CFDs are
collected in a mixer which then produces the final
veto signal (see fig. 6).

A modified CPD which generates the timing signal

NAI 1 >

NAI 2

NAI 3

NAI A

HPGe >

TAC

lit;. 6. Block diugium ol the electronics used, see section 2.5.
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upper .mil the lower spectrum, i.e. the Cumpton suppression us u function of the energy. The average Coriipton suppression
lictvwen 1011 1101) keV amounts to 11.8. The weak 347 and 826 keV peaks belong to the 6 0 ( ' o decay (see lext). The relatively
l<ii£c (Diiipioii i d ^ o in the suppressed spectrum retlect UK' la rue solid angle.

of tltc central Ge detector is guted by the veto pulse,
so that only non-vetoed tinting signals arc selected.

For a singles spectrum this selected timing signal
is, alter stretching, supplied to the gale input o\' an
analog-to-dtgilal converter (ADO tor prompt coinci-
dence with the energy signal of the central detector.

(n a coincidence experiment (liis selected (truing
signal is ted into the start of a lime-lo-ampliiude con-
verter (TAC).

3. Performance of the spectrometer

The pulse-height resolution ol the lour sections of
the Nal shield * varies between I 1.8 I J.9Vf< lor the
662 keV 7-ray from l37C's. The lowest delectable
energy above the noise is 28 keV. Coincidences
between two sections give a time peak with a Iwliin
of 5.5 ns.

A HPGe crystal * with a thin dead layer ol 215 /Jin

* Manufactured Ijy Karshaw Chcmiv H.V., IJc Meern, The
Netherlands.

is used as a central detector. Such a crystal improves
the Compton suppression in the region of the Comp-
ton edge, as escape photons of low energy can .asily
reach the surrounding shield to produce a veto signal;
see ret. [5| . The width of 600 ns for the veto signal is
based on the time jitter of the HPGe signal and is
chosen to guarantee a good overlap between the \eto
signal and the HPGe time pulse. This width therefore
depends on (he timing quality of the central detector.

3.1. Results for b0Co and 56C<;

To test the spectrometer spectra of 60C'o have
been recorded with a 61 /uCi source at the target posi-
tion, 16 mm before the front plate (see fig. 1). Fig. 7
shows the spectra with and without Oomplon sup-
pression. The spectra were accumulated for 1.5 h.
The non-suppressed count rate in the central detector
was 24000 s"1, the suppressed count rate 6000 s"1.
The large solid angle is reflected in the relatively large
Compton edges in the suppressed spectrum. See for
comparison fig. S of ret. |5J where the solid angle is a
factor of 16 smaller.
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registered counts tor the suppiessed spectrum and
15% for the iion-suppiessed spectrum.

The excellent Cumpton suppression is demon-
strated by the appearance of the 347 and 826 keV
peaks, w'lich belong to the 6 0Co decay. The 347 keV
7-ray originates from the same level as the 1173 keV
7-ray hut with ; M 7 / / , n ) = 7.6 X 10"5, see re I". ( o | .
The 826 keV 7-ray, a little higher in energy Ihan the
single-escape peak of l.:>32 keV, is the main branch
liom the 6 0Ni level at 215° keV, which is fed by tt.e
347 kcV transition.

Some characteristic quantities of the spectrometer
arc given in table 1.

l-igure 8 shows the more complex spectrum of
s 6Co. The Compton edges associated with the
strongest photopcaks are rather pronounced. This is
the price to be paid for the large solid angle.

3.2. In-beam y y coincidence results

The spectrometer described here was designed for
studies of discrete high-spin fast slates of sd- and fo-
shcll nuclei. In these investigations, 7 7 coincidence
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1'iji. 9. Spectra from the i 4 M g ( ' 6 O , 2p7>3*Ar leuction, coincident with the 670 keV >-ray observed at 0° in the geometry as
shown in the insert. The upper coincidence spectrum is recorded with u bare 115 cm3 Ge(Li) detector at a distance of 11 cm. The
lower coincidence spectrum is recorded with the CSS. Tile spectra are corrected tor background and random phenomena (see suc-
tion 3.2).

measurements play a major role |7 I J | . To compare
the present CSS with a bare Ge(Li) detector a 7 7
coincidence experiment was performed. To facilitate
the comparison, the set-up shown in the insert ol
fig.1) was chosen. The CSS with dil =• 120 msr was
placed ;'l 07 - +90° and a bare Ge(Li) detector with
di2= 160 msr (11 cm distance) at 0y = 90°. The
solid angles thus are about equal. A second bare
Ge(L.i) which serves as gate detector for the CSS as
well as tor the I 15 cm3 Ge(Lt) was situated at 07 =
0°. A 300 pg/cm2 24Mg target, enriched to 99.94%,
on a 25 pm Au backing was bombarded with a 45
MeV "()** beam of 100 nA (electrical). With the
geometry, reaction, beam energy atvl target thickness
given, the beam current was limited by the maximum
count rale of about 25 000 s~' of the three Ge detec-
tors. The real-to-random ratio in the time spectra
Ge(Li) X Ge(Li) and CSS X Ge(Lt) was about 13.

During the experiment a wide, approximate gate
was set electronically around the 670 keV peak m the
gate detector at 0y = 0°. The 670 keV 7-ray was pro-

duced strongly in the decay of high-spin states in 38Ar
(ref. 113]). The coincidence events, accumulated dur-
ing 48 h, are recorded on magnetic tape. In the off-
line analysis a proper (much narrower) gate is set on
the 670 keV peak. The final spectra, shown in fig. 9,
have been corrected for background and random
phenomena.

The data in fig. 9 clearly show the advantage of
the present large-solid-angle CSS in 7 -y coincidence
measurements.

4. Discussion

The present spectrometer (fig. 1) combines a large
solid angle of 120 msr with an excellent Compton
supptession. Other spectrometers reported recently in
the literature have smaller solid angles and lower
Compton suppression. A comparison is made in
table 2.

The large solid angle makes the apparatus very

19



l.i hie -»

< ' o i l l | U t t . \ U l t t i l l i m i t . " I C l f i l l < i M M [ > l l ) l ) M t | > p J l " > i h ' M s p C t ( l i l -

Kritijn el .il | 1 |
Van Duel ct .it | > |
Heel/ el .il. | 3 |
1 iiuMil.nl |-4|
Ptescnt spet.tutiiurtei

Sulnl .iiii'k
(nisi)

-75
7

•«4.

38

120

Avei .

1(11)

- «

I l l ' 1

* 9

~6

1 I.K

l^e ( i

CAIO,

1 111(1

tlltpllUI

11

keV)

•'Sec jlii) lei | S | lor u>.e with ,i Ihin-ik.id layi-i Ul'Cii-'
ciystjl as ivnlktl detector.

le for y y coincidence measurements.
For the present spectrotnelei the 50 nun diameter

of the central UPGe detector ol 20% efficiency limits
the diameter ol the entrance hole of the Nal and thus
the solid angle. A larger HFGe (or preferably aCiatn-
mu-X crystal, see ref. |5 | ) would allow an even bigger
solid angle, also with good Compton suppression. A
further decrease of the thickness of the Nal at the
fiont side, another possibility in older !<> increase the
solid angle, is not recommended as it quickly leads to
a deterioration of the Conipton suppression as the
Monte Carlo calculation in lig. 2 shows.

The maximum count rate for the present CSS un-
der in-beain circumstances as described in section 3.2
is limited by the count rate which the central detec-
tor cuu handle. This in contrast with the appaiatus
described in refs. | 2 | and | 5 | , where the count rate
ol the Nal anticoincidence shield was the limiting lac-
t o i .

The average Conipton suppies-ion ioi 100 1100
keV of *°Co for the present CSS was calculated by
Monte Carlo techniques to be 12.°: a result icasoti-
ably close to the experimentally observed value ol
I 1.8 in view of the approximations in the calculation
| 5 | . A loss of 0.H% of the veto pulses, m the elec-
tiouic circuitry (an effect not included in the Monte
Carlo calculation) would also already explain the dil-
lerence.

A characteristic quantity for a speclromelei in
geneial with icspect to Compton background is the
peak-to-lolal latio P, i.e. the luiinboi of counts in the
photopeaks divided by the total nuinbei ot registered
counts in the spectium. The hare HPCie detector men-
iioued has for 6OCo a peak-lo-tola! ratio of/ 'm. -

0.15. The present CSS has lor *°l'u the value/*t:ss =
0,60. Other quantities of interest can be expiessed
slraighilorwardly in P^y and P^aa. •'"'>' tl>e central
detector of the CSS, the ratio ot non-suppressed
count rale and suppressed count rate is e.g. given by

lii a 7 y coincidence experiment those events aie
of inleiesl which correspond to a photopeak
photopeak coincidence. For two baie detectors
with each /" = 0.l5 the subset of photopeak- photo-
peak coincidences constitutes only 2.3% of the total
number of coincidence events. For two Compton sup-
pression spectiometers, however, each witli Pcss ~
0.60, the photopeak photopeak coincidences make
up 36% of the total number of events. In this case the
number of unwanted coincidence events written on
magnetic tape is also reduced by the factor (P^ssl

H F ) 6 .
The result in fig. 3 shows that the passive shielding

at the front of the CSS is sufficiently thick to make
cascade suppression negligible.

The performance of the spectrometer in a reaction
which emits a large number of neutrons has not yet
been investigated, but Lindblad [4j has successfully
used a CSS in a study of the 144N(1(I2C, 6«7)IS0Dy
reaction.
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CHAPTER I I I

HIGH-SPIN YRAST LEVELS OF 38Ar

H. J. M. AARTS, G. A. P. ENGELBERTINK, H. H. EGGENHUISEN f and L. P. EKSTROM f t

Abstract: High-spin states of 38Ar have been studied with the 35CI(a, py)38Ar reaction at Ea = 18 MeV
and with the 24Mg(I6O, 2py)38Ar reaction at E(i6O) = 38 and 45 MeV. The 38Ar level scheme
is obtained with the former reaction from a proton-y coincidence measurement. Gamma-gamma
coincidence, y-ray angular distribution and linear polarization experiments have been performed
with a Ge(Li)-Na(Tl) Compton suppression spectrometer and a three-crystal Ge(Li) Compton polar-
imeter. Unambiguous spin-parity assignments of J" = 7", 7+, 8 + , 7", 9" and 11" to the 38Ar
levelsatf, = 7.51,8.08,8.57,8.97,10.17and 11.61 MeV, respectively, are obtained. The 8.57 MeV,
8+ level has a mean life below 0.8 ps. Excitation energies, branching ratios, multipole mixing ratios
and transition strengths are reported. The experimental results are compared with shell-model
calculations.

1. Introduction

Experiments with heavy-ion fusion-evaporation (HIFE) reactions, in which the
basic properties of the HIFE process are exploited, have shown that these reactions
are very suitable for detailed nuclear structure investigations of low-lying yrast
states of light nuclei. High-spin levels in 38Ar have been studied previously with the
27A1(14N, 2pny)38Ar reaction l) and the 24Mg(16O, 2py)38Ar reaction 2), both at
bombarding energies of about 40 MeV.

The 35Cl(a, py)38Ar reaction at Ea = 14 MeV has been used 3) in an extensive
investigation of \8Ar levels up to 10 MeV excitation energy. From this work it
became clear that in the HIFE studies mentioned above the measurement of y-ray
energies, intensities, (apparent) lifetimes and coincidence relations was hot
sufficient for the construction of the decay scheme in a unique way- Generally,
arguments concerning the time order of y-rays, which are based on intensity or

* Present address: Philips Research Laboratories, Eindhoven, The Netherlands.
n Present address: O!»"cf Lodge Laboratory, Liverpool, Great Britain.
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apparent lifetime considerations, are not correct if in the decay branches of
appreciable intensity are missed. Errors in that respect have been made in refs. ' •2),
which were corrected in ref. 4) on the basis of the results of ref. i).

The present work reports on work with the 24Mg(16O, 2py)38Ar reaction at
£(16O) = 38 and 45 MeV and with the 35Cl(<x, py)38Ar reaction at Ea = 18 MeV
to excite levels of higher spin than in ref.3). Globally, the (a, py) reaction serves to
establish the level scheme and the heavy-ion reaction provides the definite spin-
parity assignments which are lacking in the previous work 3>4). States with spins
up to J = 11 are excited in both reactions.

2. Experimental methods and analysis

Targets of about 300 /ig/cm2 24Mg, enriched to 99.94 %, on 30 //m Au backings
were bombarded with 38 and 45 MeV 16O6+ beams of 50-300 nA (electrical) from
the Utrecht EN tandem accelerator. The position of the beam spot was defined
by a 2.0 mm diameter Ta collimator, 25 mm in front of the target. At these
bombarding energies high-spin states of 38Ar are well populated as known from
previous work 2) and as expected from the grazing-collision picture shown in fig. 1.
Fig. 2 gives the excitation function for the 493, 1201 and 1440 keV y-rays, which
stem from the decay of the lowest Jn = 8 + , 9' and I P levels, respectively (see
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sect. 3). The bombarding energy of 45 MeV was chosen on the basis of this result.
The y-y coincidence, y-ray angular distribution and linear polarization measure-

ments with the 24Mg(16O, 2py)38Ar reaction are discussed below. The method of
analysis, as summarized in subsect. 2.4, is identical to that of ref. s ~ 7 ) .

In addition a p-y coincidence experiment with the 35Cl(a, py)38Ar reaction at
Ea = 18 MeV was performed with a target of 200 /ig/cm2 BaCl2, enriched to 99 %
in 35C1, on a carbon backing of 10 jug/cm2.
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Fig. 3. The y-ray spectrum from the CSS at dy = 90°, in coincidence with the 106 keV y-ray in a 0.5 cm3

HP Ge at a bombarding energy of £( I 6O) = 45 MeV. The height of the 670, 1642 and 2168 keV peaks
is given by the number above the arrow. The insert shows the gating y-ray with its (low) background.
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2.1. GAMMA-GAMMA COINCIDENCE MEASUREMENTS

The lowest J* = 5" level at 4.59 MeV, which 90 % decays with a 106 keV y-ray,
is strongly fed in the decay of the high-spin states. Therefore a y-y coincidence
experiment was performed with a 0.5 cm3 HP Ge low-energy photon spectrometer
(LEPS) at 0y = +90° and a large-volume Ge(Li)-NaI(TI) Compton suppression
spectrometer (CSS) at 0y = -90°.

The coincidence events (£ + 9 0 , E_90-., At) are stored on magnetic tape for later
off-line analysis. The advantage of using a LEPS is the relatively low background
for a 106 keV gating y-ray, which yields a more reliable coincidence spectrum (see
fig. 3). The contributions from background and randoms are subtracted in the
analysis.

In a similar way the CSS is combined with a large Ge(Li) detector for coincidences
with y-rays of higher energy.

2.2. ANGULAR DISTRIBUTION AND LINEAR POLARIZATION MEASUREMENTS

Angular distributions were measured with the CSS and a 24 % efficient Ge(Li)
detector. The latter was shielded with 3 mm Pb and was used for the weaker high-
energy y-rays, such as £., = 4386 keV. Singles spectra were taken at six angles
between 0y = 0° and 90°, evenly spaced in cos20y. The angular distribution
attenuation coefficients are calculated with the program of Krane 8). The eccen-
tricity of the set-up was measured with 1 mm diameter 133Ba and 60Co sources
mounted at the position of the beam spot. The corrections, measured with an
accuracy of 0.2 %, are less than 0.6 %.

Another Ge(Li) detector at 6y = — 110° served as a monitor. The reaction-rate-
dependent pulser technique is used to measure the relative dead-time losses of the
monitor and moving detection systems.

Relative efficiencies are determined with 56Co, 133Ba and 226Ra sources 9> 10)
mounted at the position of the beam spot.

Gamma-ray linear polarizations are measured with a three-crystal Ge(Li)
Compton polarimeter, as described in detail in ref.5). The relative efficiency of
the two scatterer-absorber systems is measured with unpolarized y-rays from several
sources. The sensitivity of the polarimeter is determined from y-rays of known
polarization produced in (p, p'y) and (p, ny) reactions. In the off-line analysis
single Compton-scattering events are selected to reduce the background.

2.3. PROTON-v COINCIDENCE MEASUREMENT

In order to establish the 38Ar level scheme, a p-y coincidence experiment was
performed with the 3sCI(a, py)38Ar reaction. Coincidences were recorded between
a 24 % efficient Ge(Li) detector at 0y = 90° and a 1 mm thick annular Si counter
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around 6p = 180°. The Si detector was shielded for scattered a-particles with 50 /im
mylar. The coincident events (Ep, Ey, At) were stored on magnetic tape for later
off-line analysis. The contributions from background and randoms in the gates
are subtracted in the analysis. '

2.4. ANALYSIS OF J" HYPOTHESES

The experimental information on transition strengths, as condensed in a set of
recommended upper limits (RUl/s) u ) , is used to restrict the Jn possibilities and
the range of multipole mixing ratios to be investigated.

The angular distribution and linear polarization data are analysed without
assumptions about the shape of the magnetic substate distribution, apart from the
restriction that the spin alignment attenuation factor a2 is positive in heavy-particle
induced fusion evaporation reactions 12). No limitations are imposed on a4. In
the mathematical treatment, the above mentioned restrictions are taken as rigorous.
In the x2 analyses, a 99.9 % confidence limit is exercised in the investigation of the
Jn hypotheses.

For the multipole mixing ratios the sign convention of Rose and Brink 13) is
used; the errors are determined according to ref. 14).

3. Results
3.1. DECAY SCHEME

The y-ray spectrum from the CSS at 8y = 90°, in coincidence with the 106 keV
y-ray in the HP Ge detector, is displayed in fig. 3. The Compton background under
the gating y-ray of about 3 % of the peak height has been taken into account.
Gamma-ray energies obtained from this spectrum are listed in table 1. The spectrum
is calibrated internally. The peak labeled "1364" appears to be a doublet as
discussed below. The 2161 and 2168 keV peaks are well resolved in the HP Ge
singles spectrum of fig. 4. The 4386 keV y-ray, weakly visible in fig. 3, shows up
clearly in the Compt on-suppressed singles spectrum of y-rays of higher energy in
fig. 5. The weak y-rays at 2380, 2704 and 3540 keV could not be placed hi the decay
scheme.

The level scheme is obtained from a p-y coincidence measurement with the
35Cl(a, py)38Ar reaction at Ex = 18 MeV. Fig. 6 shows proton spectra in coin-
cidence with particular y-rays. Coincident proton spectra are generated for those
y-rays which appear in the decay of the high-spin states excited in the heavy-ion
reaction (see fig. 3). The energies of these y-rays observed in the (a, py) reaction
agree to within 1 keV with those observed in the heavy-ion reaction. In order to
populate the high-spin states of interest, the a-particle bombarding energy should
be sufficiently high, which has, however, the disadvantage of populating a very
large number of levels in a rather unselective manner.
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TABLE 1

Energies of y-rays observed in the 24Mg(' 6 0 ,2py) 3 8 Ar reaction in coincidence with the 4586 — 4480 keV
transition

E
(keV)

492.7 ±0.2
669.86 ± 0.15 '")

1061.5 ±0.2
1072.5 ±0 .4
1201.4 ±0.2
1364 ± 4
1364 ± 4
1420.8 ±0.3
1440.0 +0.2
1604.68±0.U "•«=)
1642.44+0.10a b)
1669.2 +0.3

Assignment
(£ , in 38Ar in keV)

8 5 6 9 -
4 4 8 0 -
8 5 6 9 -
5 6 5 8 -

10174 -
9 9 3 3 -

1 1 2 9 7 -
8491 -

1 1 6 1 4 -
10174 -
3 8 1 0 -
8 0 7 8 -

8078
3810
7509
4586
8973
8569
9933
7070

10174
8569
2168
6408

(keV)

1822.39 ±0.16 a c )
2088.6 +0.3
2160.5 +0 .2")
2167.53 + 0.05 *•")
2483.9 ±0 .4
2564.7 ±0 .4
2923.2 +0 .4
3I62.46±0.10 a b )
4386.2 ±0 .4 f )

Assignment
(£ , in 38Ar in keV)

6408 - 4586
6675 - 4586
8569 - 6408
2168 - 0
7070 - 4586
8973 - 6408
7509 - 4586

8973 - 4586

*) Used for internal calibration.
b) Value taken from ref. l 6 ) .
c) Value taken from ref.2).
d) From the LEPS spectrum of fig. 4.
') From 35C1; peak position taken from the random spectrum.
') From a singles spectrum.

The most energetic proton group in each coincident spectrum of fig. 6 is labeled
with the corresponding excitation energy in 38Ar and in the further analysis it is
assumed that the gating y-ray deexcites a level at this energy. The calibration of the
proton detector is obtained from a similar run at the lower bombarding energy
of Ea = 12 MeV with the low-lying levels at 3.81, 4.48, 4.59, 5.66 and 6.41 MeV as
calibration points.

Coincident with the 1440 keV y-ray, a broad peak at an energy of 10.2 MeV is
observed in addition to the £„ = 11.61 MeV peak. It appears to correspond to the
(a, a,) reaction on the 138Ba content of the BaCl2 target. The first excited state of
138Ba has an excitation energy of 1436 keV [ref. 1S)]. Coincident with the
Ey = 1364+4 keV doublet, proton peaks corresponding to E% = 11.29 and 9.93
MeV, with a difference of 1.36 MeV are observed. They imply a 11.29 -» 9.93 -* 8.57
MeV cascade.

Combination of the data of fig. 6 with the y-ray energies of table 1 results in the
assignments of table 1 and the excitation energies of table 2. For comparison, results
of refs. ' •4) and ref. 3) are given in columns 2 and 3, respectively. The present
available information on lifetimes for these states is collected in column 4 of table 2.
The present tm limit for the 8.57 MeV level is detailed in subsect. 3.2.2.

The above results in combination with y-y coincidence data from the
24Mg(16O, 2p)38Ar reaction lead to the decay scheme of fig. 7. The branching ratios
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774 keV [38K(3420 -* 2646 keV)] and 776 keV [38Ar(4586 -» 3810 keV)] may be responsible for the

confusion in ref. ') about the branching of the 38Ar, 4586 keV level.

for the 8.57, 8.97 and 10.17 MeV levels follow from the y-ray intensities obtained
in the angular distribution measurements.

3.2. SPIN-PARITY ASSIGNMENTS

A linear polarization spectrum from 24Mg+ 16O at £(16O) = 38 MeV is shown
in fig. 8. The ratio of peak areas from the difference and sum spectra corresponds
to the experimental assymmetry A = (aNjL-N{])/(aNl + Nn); see ref.5). The
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Fig. S. Compton suppressed spectrum of y-rays of higher energy.
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measured linear polarizations are given in column 6 of table 3. Columns 4 and 5 of
this table list the angular distribution coefficients of the relevant transitions. The
results are summarized in table 4.

3.2.1. The Ex = 8.97 MeV level. This level decays with Tm < 40 fs [ref. 3)] and
branching ratios of (31 ±5)%, (8 ±2)% and (61 ±5)% to the Ex = 4.59, 5.66 and
6.41 MeV levels with J" = 5", 5~ and 6+ , respectively. The mean life and decay
in combination with the RUL's of ref. u ) exclude for the 8.97-» 6.41 MeV
transition pure octupole and M2 character and limit the E1/M2 mixing ratio to
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TABLE 2

Excitation energies and mean lives of high-spin states in 38Ar

•)

6408.3 ± 0.2 d)
6674.5 + 0.4
7069.9 ±0.4
7509.2 ±0.4
8077.5 ±0.4
8490.7 ±0.5
8569.4 + 0.3
8972.5 ±0.5
9933 +4

10174.2 ±0.4
11297 ±6
11614.2±0.5

£, (keV)

b)

6408.1 ±0.3

7507.7±0,3
8076.6+0.4

8569.1 ±0.3
8972.2 + 0.5

10173.5 + 0.4

!1613.8±0.5

c)

6408 ±1
6674+1
7070 + 2
7507 ±1
8077 + 2
8488 + 2
8568 + 2
8972+1
9928 + 2

*m (Ps)

1.5 ±0.4d)

0.074 + 0.020c)
0 . 0 6 < T m < 2 b c )
0.16 ±0.04 c)

< 0.8 ps a)
^ 0.04 c)

6 ±2")

7 ±3")

a) Present work. b ) R e f s . ' • 4 ) . Ref. d) Ref.

\d2 56 | < 0.074. Pure octupole and M2 character is similarly excluded for the
8.97 -> 4.59 MeV transition, so that mean life, decay and RUL's limit the spin-parity
possibilities to J"(8.97 MeV) = 4 + , 5* ,6* or 7". Fig. 9 gives the angular distribu-
tions for the 2565 and 4386 keV transitions.

The result of a combined analysis of the angular distributions and polarizations
of the 8.97 -»• 6.41 and 8.97 -> 4.59 MeV transitions for the above J" hypotheses is
shown in fig. 10. For each Jn hypothesis, the %2 per degree of freedom is displayed
as a function of <54 39 while minimized with respect to a2, a4 and S2_5b. The values of

TABLE 3

Gamma-ray angular distribution and linear polarization results obtained in the 24Mg(I6O, 2p>')38Ar
reaction

Exi (keV)

6408
7509
8569

8973

10174

11614

£.. (keV)

1822
2923
2161
1062
493

4387
3315
2565
160S
1201
1440

Rel. intensity

1000 ±30
150± 9
130+ 9
28+ 7
28+ 5
86±14
22± 6

169±14
187+ 7
173+ 7
!40± 5

100/4,

-30+ 2
+ 57± 7
+ 56±25a)

- 8 + 40
+ 43± 5

-30+ 6
-20+ 6
+40+ 3
+ 38± 3

100 A4

- 1 + 2
-59+ 8
-39±20a)

-21+ 5

- 2 + 8
+ 1+6
- I 8 ± 3
-20± 3

100 P

+ 40+ 5
+ 68+11
+ 66±22

-56+ 8
+ 65+44

+ 57+13
+ 40+ 6
+ 64+ 6
+ 57± 8

a) From ref.
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Fig. 7. Partial decay scheme of 3HAr.

the spin alignment attenuation factors a2, a4 and the mixing ratio 32 56 are
restricted as follows: (i) a2 ^ 0, (ii) a4 free, (iii) |<5256| < °°, < 0.074 or < 0.8 for
M1/E2, E1/M2 and E2/M3 mixtures, respectively.

The analysis yield 7"(8.97 MeV) = 7~, «2(8.97 MeV) = 1.0 + 0.1, «4(8.97 MeV)
= 1.0+0.2 and S2 56 = +0.04±0.02. The M3 RUL of 10 W.u. leads to
I$4.39I < 0.007. The 8.97 -* 4.59 MeV, T -» 5" transition has an E2 strength of
> 0.5 W.u. and the 8.97 -» 6.41 MeV, T -> 6+ transition an El strength of > 0.8
m.W.u.

3.2.2. The Ex = 10.17 and 8.57 MeV levels. The 10.17 MeV level decays with
tm = 6+2 ps [ref. 4)] and branching ratios of (52 ±2)% and (48 + 2)% to the
£x = 8.57 and 8.97 MeV levels, respectively. The mean life and decay in com-
bination with the RUL's exclude for the 10.17 -> 8.97 MeV transition pureoctupole
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TABLE 4

Strengths of transitions between J8Ar levels of high spin

(MeV)

7.51 ->
—•

8.08 -*
8.57-*

—»
—»

8 .97 -
->
—»

10.17-*
->
-*

11.61 -

4.59
5.66
6.41
6.41
7.51
8.08
4.59
5.66
6.41
7.51
8.57
8.97

10.17

(keV)

2923
1851
1669
2161
1062
493

4387
3315
2565

1605
1201
1440

1

7"
T
T
8+

8 +

8 +

1~
7~
7~
9~
9~
9~

i r

- » • / "

-»5"
- • 5 "

-»6+

- 6 +

- T
- 7 +

-»5"
- » 5 '
-»6+

->7"
-»8 +

- » 7 '
- 9 '

Branching
('/„)

100
< 4
100

70 + 4
15+4
15 + 3
31 ±5
8±2

61+5
<5

52 + 2
48 + 2

100

100 6

< +9

+ 4+2

- 4 + 2

Transition strength
(W.u.)

E2: 0.3-8

Ml:0.04±0.01 a)
E2: > 2
El: > 1.3xl0"4a)
Ml: > 0.05
E2: > 0.5
E2: > 0.5
El: > 8x10-*
E2: < 0.007
El: (1.8±0.6)xl0~5

E2: 3.5±1.2
E2: 2.5±1.0

") Calculated under the assumption that the mixing ratio is zero.

and M2 character and limit the spin-parity possibilities to
7 ± , 8 ± o r 9 ~ .

Analysis of the angular distribution and polarization of the 10.17

. 17 MeV) = 5", 6*,

8.97 MeV
transition yields /"(10.17 MeV) = 9". The x2 analysis is carried out under the
restrictions (i) a2 > 0, (ii) a4 free, (iii) |<5,.2ol
|5 I < 0-1 for E2/M3 mixtures.

< °° f° r dipole/quadrupole and

2 O I
The M3 RUL leads to \d1 20\ < 0.001 and the 10.17 -> 8.97 MeV, 9~ -• 7"

transition has an E2 strength of 3.5+1.2 W.u.
The 8.57 MeV level decays by 2161,1062 and 493 keV y-rays with branching ratios

of (70±4)%, (15 + 4)% and (15 + 3)%, respectively. The lifetime limit for this level
is obtained from the Doppler patterns of the 493 keV y-ray. The patterns of fig. 11
are taken with the CSS in singles at angles between 0y = 75° and 115° and with a
target of 470 jug/cm2 24Mg on 20 jum Au. The data show that the 493 keV peak,
which is broadened at 6y = 90°, consists of a stopped and a shifting component. The
stopped component is due to feeding from the 6 ps, 10.17 MeV level, while the
shifting component reflects the lifetime of the 8.57 MeV level itself in combination
with lifetimes of other (relatively fast) feeding levels. Interpretation of the shifted
part of the pattern results in an upper limit of 0.8 ps for im(8.57 MeV). This limit
restricts the 2161 keV (8.57 -> 6.41 MeV) transition to dipole or electric quadrupole
radiation. The 1605 keV 10.17 -> 8.57 MeV transition is on the basis of its lifetime
also restricted to dipole or electric quadrupole radiation. The feeding of the 8.57 MeV
level from the 9" level and its decay to the 6+ level then limit the spin-parity
possibilities to 7™(8.57 MeV) = 1~ or 8+ . The %2 analysis of the angular distribution
and polarization of the 10.17 -» 8.57 MeV transition then yields y"(8.57 MeV) = 8 + .
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Fig. 8. Sum and difference spectra from the y-ray linear polarization measurement.

The ensuing E2 strength of the 2161 keV (8.57 -> 6.41 MeV, 8 + - • 6+) transition is
> 2.0 W.u. The mixing ratio of the 1605 keV (10.17 -> 8.57 MeV, 9~ -> 8+) transi-
tion determined in a fit to the data for the 10.17 —• 8.57 and 10.17 —* 8.97 MeV
transitions together is <5'16O5 = -0 .04±0.02.

3.2.3. The Ex = 11.61 MeV level. The 11.61 MeV level decays with xm = 7 + 3 ps
[ref. ')] only to tjhe 10.17 MeV level. The mean life and decay in combination with
the RUL's exclude pure octupole and M2 character for this 1440 keV transition
and limit t h e y possibilities toy"(11.61 MeV) = 7 " , 8 ± , 9 ± , 1 0 ± o r l l ~ .

Analysis of the angular distribution and polarization of the 11.61 —> 10.17 MeV
transition yields ./"(11.61 MeV) = 1 1 " . The x2 analysis, shown in fig. 12, is carried
out under the restrictions (i) a2 ^ 0, (ii) a4 free, (iii) |<5,.44| < oo for M1/E2 and
|<5, 44i < 0.18 for El/M2 mixtures.
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Fig. 9. Angular distributions for the 2365 and 4386 keV transitions.

The M3 RUL leads to |S,.4 4 | < 0.001 and the 11.61 -+ 10.17 MeV, I P -* 9~
transition has an E2 strength of 2.5+1.0 W.u.

3.2.4. The Ex = 8.08 MeV level. The 8.08 MeV level is fed by a 493 keV transition
from the 8.57 MeV, Jn = 8+ level. The upper limit of tm(8.57 MeV) < 0.8 ps
restricts this 493 keV transition to dipole radiation and thus limits the spin-parity
possibilities for the 8.08 MeV level to y*(8.08 MeV) = 7±, 8* or 9*.

The 8.08 MeV level decays with rm = 160±40 fs [ref. 3)] with a 1669 keV

100

10

ANGULAR DISTRIBUTIONS AND POLARIZATIONS

COMBINED ANALYSIS

-90° -45° 0° *45° •90°-90° -45'
ARCTAN

Fig. 10. Results of the least-squares analysis of the combined angular distribution and polarization
data for the 2S6S and 4386 keV transitions (see subsect. 3.2.1).
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Fig. 11. Doppler patterns of the 493 keV y-ray observed with the CSS in singles. Interpretation of the
shifting part leads to an upper limit of 0.8 ps for xm (8.57 MeV).

transition to the 6.41 MeV, / " = 6+ level. This lifetime eliminates octupole or M2
character for the 1669 keV transition, such that yn(8.O8 MeV) = 7* or 8*.

Analysis of the angular distribution and polarization of the 8.57 -* 8.08 MeV
transition yields ^(8.08 MeV) = V and <5(8.57 -> 8.08 MeV) < +0.09. The
J"(8.O8 MeV) = (5, 7)+ result given in ref. 3) supports the present assignment.

3.2.5. The Ex = 7.51 MeV level. The 7.51 MeV level has a mean life of Tm = 0.06-2
ps [refs. ' •3)] and decays with a 2923 keV transition to the 4.59 MeV, J" = 5 ~ level.
The level is fed by a 1062 keV transition from the 8.57 MeV, Jn = 8+ level. The
lifetimes involved exclude pure M2 or octupole radiation for the 1062 and 2923 keV
transitions and thus lead to 7n(7.51 MeV) = 6+ or 7". The present data do not
allow to distinguish between these two possibilities.

In ref. 3) the assignment 7(7.51) =5 or 7 was obtained. Combination of both
results gives y"(7.51 MeV) = 7". The E2 strength of the 7.51 -> 4.59 MeV,
7J~ -> 5," transition is between 0.3 and 8 W.u.
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Fig. 12. Results of the least-squares analysis of the angular distribution and polarization data of the
1440 keV transition of 38Ar (see subsect. 3.2.3).

4. Discussion

The data in fig. 6 show that the 2.56 MeV transition should be placed between the
8.97 and 6.41 MeV levels. The order of the two y-rays in the 10.17 ±% 7.61 - ^ 6.41
cascade (excitation and y-ray energies in MeV) as given in refs. ' •2) is therefore
incorrect. The cascade should be 10.17 - ^ 8.97 - ^ 6.41. The data of fig. 6 further
show that the 1.60 MeV transition deexcites the 10.17 MeV level. The cascade
10 .17-^ 8.01 ^ 6.41 MeV given in ref. 2) should therefore be reordered in
10.17 -1-1-* 8.57 ^ + 6.41 MeV. The arguments concerning the time order of y-rays
whic'i were used in refs. I 2 ) are based on intensity ') or apparent lifetime2)
considerations. Such arguments fail if in the decay branches of appreciable intensity
(e.g. the 3.32 and 4.38 MeV transitions from the 8.97 MeV level) are missed, by which
the amount of sidefeeding of a level is deduced incorrectly. Particle spectroscopy is
then needed to resolve such problems.

The present results agree with the corrections deduced by Warburton et al.4) from
the particle-y coincidence results of Glatz et al. 3). In ref. 3) the 35Cl(a, py)38Ar
reaction is extensively studied at Ea = 14 MeV. The y-decay of 93 levels between
6.8 and 10 MeV excitation energy has been measured and the high-spin levels
at 7.51, 8.08, 8.57 and 8.97 MeV are observed.

In the present 35Cl(a, py)38Ar experiment at Ea = 18 MeV the J" = 9" and I I "
states at 10.17 and 11.61 MeV (see fig. 6) are excited in addition. The grazing angular
momentum for this a-particle bombarding energy amounts to Lf^ a 9.

The mean lives of table 2 and the spins, branching ratios and mixing ratios in
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table 4 lead to the transition strengths given in the last column of table 4. The 9 level
at 10.17 MeV decays to the 7~ level at 8.97 MeV, but not to the lower-lying 7 ~ level
at 7.51 MeV. The latter E2 transition is weaker by more than a factor of 500. The E2
transitions between the high-spin levels have strengths of a few W.u. and indicate
a predominantly single-particle character for these states.

The situation is not very encouraging as far as large-basis shell-model calculations
are concerned. An appropriate shell-model space would require the inclusion of holes
in the ld | shell but the dimensions of the matrices to diagonalize are then too large
to handle ' 7) . Two unpublished calculations •8 • ' 9 ) , performed in a smaller space, are,
however, available for comparison with experiment.

The first calculation (named TH 1) has been carried out by Hasper 18) with an
effective interaction in a (2s^, ld|)10~"(lf7, 2pi)

n configuration space (« = 0 or 2)
for positive parity states. The negative parity states are calculated in a (25^, ld^, If,,

14r Ex(MeV)
11*

12

10

12*

11*
1V

12 '

10*

117

8

9 '

" 5 *

10"

9"/
7*

8*-'
7"

6 -

6* .

9*

8*

7*

6 *
6*

TH 1
YRAST

38A r

EXP TH 2
YRAST

Fig. 13. Comparison of two theoretical calculations of the 38Ar spectrum of yrast levels with experi-
mental results.
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2p^)10 space with the restrictions: «(2s1) ^ 2, «(lf,) ^ 3 and «(2pf) = 1. The
parameters of the interaction are obtained in a least-squares fit to experimentally
well-established states in the A = 35-40 mass region. The resulting yrast spectrum
is shown in fig. 13.

The second (more restricted) calculation (named TH 2) is from Wildenthal 19) and
is discussed in ref. l) (see especially table V of that reference). The calculated yrast
spectrum is also compared to the experimental results in fig. 13.

Fig. 13 shows that up to J = 7 the calculations TH 1 and TH 2 agree well with
each other and with the experimental results. For J ^ 8, however, the TH 1 energy
scale seems compressed relative to.TH 2. In TH 1, the Jn = 10+ and 11+ yrast
states e.g. are predicted lower by 1.7 and 2.2 MeV, respectively. Unfortunately,
predictions for the J" = 9j" and 11 f levels are not given in TH 2. They can,
however, be estimated from TH 1 if it is assumed that in both calculations the energy
differences with respect to the 10^ level are the same. This would then lead to
£x(9j") = 10.1 MeV and £x(l lf) =11.5 MeV, very close to the experimental 9"
and 11~ levels at 10.17 and 11.61 MeV, respectively.

The above consideration and the tendency of HIFE reactions to populate
predominantly yrast levels make it likely that the investigated J" = 8+ , 9~ and 11 ~
levels at Ex = 8.57,10.17 and 11.61 MeV, respectively, are indeed yrast.

The excitation energy of the lowest J" = 6~ level is experimentally not known I6)
Both theoretical calculations predict Ex(6^) = 6.98 MeV. Ref. 18) predicts in
addition that it predominantly decays to the 5j~ level. If we assume that the 6f level
is excited in the 24Mg+ 16O reaction then a y-ray of about 2.39 MeV should show up
in the coincidence spectrum of fig. 3. It is possible that the 2380.5±0.4 keV y-ray
in fig. 3, which is not placed in the level scheme, directly feeds the 4.59 MeV level.
This would then lead to a level at Ex = 6966.4+0.4 keV.

One should, however, realize that (i) the intensity of the 2380 keV y-ray in the
p-y coincidence experiment with the 35Cl(a, py)38Ar reaction is too weak to look
for the corresponding pioton group, (ii) refs.3-16) report no levels at this
excitation energy, (iii) angular distribution and polarization information for the
2380 keV y-ray is absent due to its weak intensity in the heavy-ion reaction.

The assistance of D. E. C. Scherpenzeel and C. J. van der Poel in the last stages of
the present investigation is much appreciated.

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 Zuiver-Wetenschappelijk Onderzoek" (ZWO).
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CHAPTER IV

GAMMA-GAMMA COINCIDENCE MEASUREMENTS

WITH TWO COMPTON-SUPPRESSION SPECTROMETERS;

APPLICATION TO l 6 7» 1 6 8
Hf

* 1. Introduction

Detailed spectroscopic studies of high-spin states in heavy nuclei

are hampered by a low intensity of the decay yrays from the levels

with the highest spins. This is due to the fact that for very high

spin the y~ray decay proceeds along a large number of parallel casca-

des giving rise to unresolved transitions. Discrete transitions then

vanish in a background of quasi-continuum radiation and Compton scat-

tered Y~rays«

Background due to Compton scattering, however, can be removed to a

large extent by the use of Compton-suppression spectrometers. The pre-

sent work shows that the use of such spectrometers may extend the maxi-

mum observable spin in rotational bands with about 8h.

The large peak-to-total efficiency ratio of a Compton-suppression

spectrometer is also advantageous for a study of energy correlations

between unresolved transitions by a method discussed by Andersen et al.

[ref. ]. In a rotational band the difference in energy of subsequent

transitions is proportional to the inverse of the collective moment of

inertia. A two-dimensional E - E matrix, constructed from coinciden-
Y Y.

ce data, should therefore show a minimum of coincidence events along

the diagonal of equal E in the two detectors. If the many bands,

through which the decay proceeds in the quasi-continuum region, have

similar collective moments of inertia 9 ,,, then the width of this

coll
valley is a measure for 6 -- averaged over many bands. At energies

C 2—4)
where bands with different 6 .- cross, the valley may be filled .
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The moment of inertia derived from the slope of the yrast line is

the effective moment of inertia 9 ,f. The latter should exceed the

collective moment of inertia since 9 ,f is not only determined by the

collective motion but also by single-particle alignment.

The present chapter describes an experiment with two Compton-suppres-

sion spectrometers in an investigation of the rare-earth nuclei 167Hf

and 168Hf. In 167Hf the occurrence of backbending is investigated by

extending the known yrast band . Extension of the yrast band in 168Hf

[ref. ] gives information about possible second backbending at spin 26

or 28.

Preliminary results deduced from the observed transitions and quasi-

continuum radiation are reported here.

2. Experimental methods and analysis

A self-supporting target of 3 rag/cm 159Tb was bombarded with 95 MeV
llfN ions from the AVF-cyclotron at the K.V.I, in Groningen. The elec-

trical beam current of about 2 nA led to a count rate of 10 kHz in the

Ge-detectors and 320 kHz in the Nal shields. At this beam energy main-

ly the 5 n and 6 n channels, leading to 168Hf and 167Hf are open. The

calculated maximum angular momentum of 42 n in the fusion evaporation

reaction is limited by the critical angular momentum, due to competing

incomplete fusion reactions.

The y~rays were detected in two Compton-suppression spectrometers,

both placed at 90° with respect to the beam direction. One spectrometer

consisted of a 0 30 cm x 35 cm Nal anticoincidence shield and, as cen-
3 7 8)

tral detector, a 90 cm HPGe detector with thin outer contacts ' .

The solid angle of this system was 120 msr and the average suppression

factor was 11.8 for 60Co. The second spectrometer consisted of a 110
3 9)

cm Ge(Li) detector surrounded by a 0 25 cm x 23 cm Nal-crystal

This system had a solid angle of 50 msr and an average suppression fac-

tor of 10. The peak-to-total ratio of both spectrometers was about 60 %,

such that in a coincidence experiment 36 % of the recorded events cor-

respond to photopeak-photopeak coincidences. The coincident signals be-
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tween the central detectors and the shields were eliminated electroni-

cally. Cascade-suppression of photopeak events is negligible, see

ref. 7\

Paraffine and lead were used to shield the spectrometers for neu-

trons and y-rays produced in the beam stop, which was situated at 3 m

behind the target.

Since the spectrometers subtend relatively small solid angles, they

have to be aligned properly to the same part of the beam spot on the

target.

Events characterized by the two energies, the time difference be-

tween the energy signals and the time difference between one detector

and the r.f. signal from the cyclotron, were recorded on magnetic tape

for later off-line analysis. Two million events were obtained in 48

hours: equivalent to about 35 million events in an experiment with

bare Ge detectors.

In the off-line analysis only prompt events, i.e. events coincident

with both time peaks, were considered. From these events a two dimen-

sional y~Y coincidence matrix of 2048 * 2048 channels, with a disper-

sion of 1.06 keV/ch, was constructed. This matrix was corrected for

random coincidences. Spectra coincident with discrete transitions have

been constructed from the matrix by summing an appropriate number of

rows and columns. These spectra have been corrected for background

contributions in the gates in the usual manner.

The matrix obtained contains three types of coincidences, namely

photopeak-photopeak (abbreviated as P-P), photopeak-Compton (P-C) and

Compton-Corapton (C-C) coincidences. Obviously only P-P coincidences

are of interest. The ratio of P-P to the total number of coincidences,

NP-P/Ntotal' is g i v e n b y :

P-P /photopeak efficiency\
= • (1)

N , \ total efficiency /

An increased peak-to-total ratio of the detector system is thus very

important. In table 1 the relative intensities of the three types of
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coincidences are compared for three different detector systems.

Table J

Comparison of the relative contributions of the three types of

coincidences for different detection systems

peak-to-total ratio

P-P coincidences

P-C coincidences

C-C coincidences

Two bare

Ge-detectors

15 %

2 %

2 x 13 %

72 %

Two large volume

Nal-crystals

40 %

16 %

2 x 24 %

36 %

Two CSS

60 %

36 %

2 x 24 %

16 %

To extract, in first order, the P-P coincidences from the others,
1 3)Andersen et al. ' have proposed a subtraction technique. Under the

assumption that the number of P-P coincidences is negligible in compa-

rison with the total number of coincidences, the probability to obtain

an event with a character different from P-P at energies (E., E.) in

the two-dimensional plane of coincidences is

(E N. /£ N )•(E N ./£ , N ) and the number of these events N. . is

thus the product of this probability with the total content of the ma-

trix V * k o r :

(2)

Obviously the correction N.. is too large when the number of ph-ph co-

incidences is non-negligible, especially when two Compton-suppression

spectrometers are used, such that the P-P events constitute 36 % of the

total number of coincidences. In the present work therefore the correc-

tion N.. is replaced by:

(3)
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where p. and p,. are the peak-to-total efficiency ratios for spectro-

meter 1 and 2, respectively. The number of P-P coincidences is then

given by:

AN.. = N.. - 5... (4)

3)To improve the relative number of true correlated events, Herskind

has proposed an iteration procedure which for the step p -* p+1 reads

V^KkVVKj
AN?T = N. . (5)

where AN.. from expression 4 is used for p = 1.

Three steps of this iteration procedure have been applied to the ma-

trix for the investigation of the quasi-continuum radiation.

3. Results

Fig. la shows a Compton-suppressed spectrum from one detector coin-

cident with all y-rays in the other. The broad background bump is most

likely due to unresolved quasi-continuum transitions because strong

peaks at higher energies are absent. The most intense discrete peaks in

the spectrum represent low-lying transitions of the yrast bands of
1^^Hf and ^6^Hf, as is shown by the spectra of fig. lb and lc with ga-

tes set on several known transitions.

3.1. DISCRETE TRANSITIONS IN 167Hf

The yrast band in 167Hf has been established in previous work up

to the J = 37/2 level and tentatively up to 41/2. Gates on low-lying

transitions in the present work support this level scheme. In the spec-

trum gated with the 627 + 674 keV decay y~rays from the J¥ = 33/2+ and

J71 = 37/2 levels (see fig. 2a) a peak at 667.9 _+ 0.7 keV near the
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660.8 +_ 0.7 keV line clearly shows up. A gate on the 661 + 668 keV Y~

rays confirms (see fig. 2b) that they are coincident with all lower-

lying transitions in this band. Furthermore a Y~ray of 750.2 +^0.7 keV

appears to be coincident with the 661 and 668 keV lines and with all

lower-lying transitions. The 661, 668 and 750 keV transitions are the-

refore tentatively (in order of decreasing intensity) placed above the

E =2.86 MeV level with j'" = 37/2+.

Generally, a y~Y coincidence experiment gives no information about

the sequence in a cascade. Usually the sequence is based on the rela-

tive intensities, which are deduced from an angular distribution. Such

a measurement has as yet not been performed. Intensities obtained from

Y~Y coincidence data should be considered with some care since angular

correlation effects may play a role.

Nevertheless, the present results indicate that the Y~rays should

be placed in the level scheme as shown in fig. 3. When it should turn

out that these transitions have stretched E2 character, then their po-

sition would imply a distinct upbend in the yrast band of 1 6 7Hf. This

upbend is shown in fig. 4, where the moment of inertia is plotted vs.

the square of the rotational frequency. Both quantities are derived

from the excitation energies and the spins in the way described in

ref.10>.

3.2. DISCRETE TRANSITIONS IN 168Hf

In previous work the yrast band in 168Hf has been established up

to J = 2 0 with a backbend at J = 14 . Gamma-gamma coincidence re-

sults from the present experiment support the previous results.

The decay of the J = 1 2 state with a 570 keV Y~ray, which peak

is free from contaminating transitions in adjacent nuclei, is used to

select y-rays from the decay of higher levels. The result is shown in

fig. 5a. The weak 463.4 _+ 0.5 and 530.1 _+ 0.7 keV peaks in this spec-

trum, also show up in coincidence with the 684.1 j^ 0.5 keV y~ray. They

are, however, absent in the spectra gated with the 453, 552 and 608 keV

lines, which yield a 684 keV peak. The 463 and 530 keV transitions are

further coincident with each other and with the transitions below the

J = 1 2 level (see fig. 5b). The conclusion is that the 684 keV peak
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is an unresolved doublet. One member should be placed together with

the 463 and 530 keV transitions above the J =12 level, parallel

with the superband which starts with the 453 keV transition. The other

member belongs to the superband above the J = 20 state. Forking is

thus observed above the 12 gsb level.

The spectrum gated with the 684 keV doublet also shows y-rays with

energies of 750.2 +_ 0.7 and 812.5 +_ 1.0 keV. Gates on these peaks con-

firm that they are in cascade with the 608, 522 and 453 keV transiti-

ons, although the 750 keV gate is heavily contaminated with a y-ray of

the same energy in 16'Hf. Furthermore a y-ray with an energy of 874 +_ 1

keV belongs also to this cascade (fig. 5c). So finally four extra y-y

rays should be placed above the J = 20 level. With intensity argu-

ments, as derived from the y-y coincidence experiment, they are most

likely situated.as shown in fig. 6.

If these transitions turn out to have stretched E2 character, then

the yrast band in this nucleus is extended from 20 h to 28 n. A second

backbend does not seem to occur below spin 28, as is shown in the back-

bending plot of fig. 7.

3.3. THE QUASI-CONTINUUM

A contour plot of the low-energy part of the coincidence matrix is

shown in fig. 8.

The valley, along the diagonal E =E , should be interpreted with

some care. Due to the use of Compton-suppression spectrometers there is,

compared to Compton-Compton coincidences, a relatively large number of

photopeak-Compton events (see table 1). The latter appear as horizontal

and vertical ridges in the coincidence matrix of fig. 8. In cuts

through the matrix perpendicular to the diagonal E =E , these ridges
Yi Y2

showing up as peaks should not be interpreted as part of the boundary

ridge on both sides of the valley. In addition, the crossing of such

Compton ridges, which corresponds to strong peaks, gives rise to a fil-

ling of the valley at a diagonal energy equal to the peak energy.

It appears that the first step in the correction method, as describ-

ed in section 2, transforms these crossings into relatively deep wells.

However, after a few steps of the iteration procedure these wells are
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filled again, so that the spurious effects of the first correction step

are smoothed out.

Some preliminary results from the matrix (after three iteration

steps) are given below.

An estimate of the quantity 2 6 ^/ti as deduced from the width of

the valley, indicates that there are roughly three distinct regions

with different 6 ... In the low-energy region between 0.30 and 0.45

MeV, corresponding to rotational frequencies nw = 0.15 - 0.23 MeV,
2 —1

2 6 ,n/n varies from 60 to 80 MeV , close to the value of the effec-
coll

tive moment of inertia deduced from the discrete transition energies.

At energies from 0.52 to 0.80 MeV (tuo = 0.26 - 0.40 MeV) somewhat high-

er values of 95 - 120 MeV for 2 9 ,,/n are found. In the high-ener-
coll °

gy region from 1.10 to 1.40 MeV (hu = 0.55 - 0.70 MeV) 2 6 ij/n ap-

pears to be practically constant with a value of 140 MeV~l. Within the

limits of the present uncertainties it seems that beyond 1.40 MeV y-ray
2 — 1

energy 2 6 -i-i/n approaches the rigid-rotor value of 170 MeV

The fillings of the valley at low energy, as shown in fig. 9, cor-

respond to the known backbend in l68Hf at E =0.52 MeV (tiu> =0.26 MeV)

and the upbend in 167Hf at E = 0.67 MeV (hu = 0.34 MeV). More "bridges"

across the valley are found at E = 0.84 MeV (tuu = 0.42 MeV) and in the

regions between 1.0 to 1.1 MeV (hio - 0.50 - 0.55 MeV) and 1.5 to 1.6

MeV (hu> = 0.75 - 0.80 MeV).

However, the results deduced from the quasi-continuum are tentative

and more data are needed to draw firm conclusions about the behaviour

of the collective moment of inertia as a function of the rotational fre-

quency.

4. Discussion

The use of Compton-suppression spectrometers in the study of the

quasi-continuum with the transition energy correlation technique, yields

a large amount of true correlated events. The overall structure of the

valley is therefore already visible in the correlation matrix without

the use of a correction procedure. This correction mainly serves to re-
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move "spurious" peaks, from crossings of Compton ridges, on the diago-

nal E = E These "spurious" peaks, however, mainly appear in the

low-energy region, where the strong photopeaks are concentrated.

The results outlined in section 3 give new information which can be

compared with existing data and models, (i) The backbending at spin 14

in *^Hf is confirmed and a second 14 level is observed, which implies

that the levels of the two interacting bands have been observed at

their crossing, (ii) The yrast band was further followed up to spin 28,

i.e. up to the region where a second backbending shows up in lighter

Yb and Er nuclei and no further irregularity of 9 was observed,

(iii) Upbending is observed in the yrast band of 167Hf at spin 17/2,

which is analogous to that at J = 14 of the 168Hf case, at a frequency

of (nw)2 = 0.12 MeV2, which is larger than in I68Hf.

The data on the backbending in 161*Er and 168Hf are interesting for

a comparison. In both cases the levels of the two bands involved in the

crossing are observed in the region where they interact. The 14 and

14 states are separated by only 133 keV in ^ 8 H f whereas the 16 and
g | O \ S

16+ levels in 16l+Er are 148 keV apart . This implies that the inter-

action is of the same magnitude in the two nuclei and that the back-

bending should be similar. This is observed experimentally, the two s-

shaped curves are almost parallel. In the case of *6I+Er, calculations
13)

m the framework of the rotation-aligned model point towards the

alignment of i,q/o neutrons. It is thus tempting to invoke the same de-

coupling of i,o/o particles in the present case. The fact that backbend-

ing starts at a lower spin in *^®Hf might be related to differences in

equilibrium deformations, in line with the arguments of Faessler et al.

[ref. ^ ] . The upbending, observed in 167Hf at a frequency that is sig-

nificantly larger than for the even-even neighbouring nuclei, points

towards similar conclusions. More detailed calculations in the frame-

work of the crancking model ' are highly desirable in order to

strengthen our interpretation. They are currently underway

The behaviour at higher spins in 168Hf c a n oniy b e compared with

similar data in 160Yb and 158Er [ref. ] , the two other nuclei where

rotational bands are known experimentally up to very high rotational

frequencies. No second irregularity is observed in the present case in
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contrast with the behavior of the moment of inertia in the two other

nuclei. For the latter, decoupling of h<. ,„ protons is thought to be

responsible for the sudden increase of the moment of inertia. The ener-

gy locations of this orbit might be somewhat different in the present

case. The identification of states at even higher excitation energies

would be of interest, to check whether the irregularity shows up at

higher rotational frequencies.

It is still premature to draw conclusions from the structures in the

valley at high frequencies. These structures have to be confirmed by

future experiments, in which Compton-suppression spectrometers will

certainly play an important role.
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SAMENVATTING

Bundels van zware ionen, geproduceerd door tandemversnellers of cy-

clotrons, blijken zeer geschikt te zijn voor het onderzoek van kerntoe-

standen met hoge spin. Reacties, geinduceerd door deze bundels, produ-

ceren hoog aangeslagen kernen met veel impulsmoment. In het daarop vol-

gend vervalsproces wordt de energie grotendeels afgevoerd via emissie

van lichte deeltjes. De overgebleven energie samen met het grootste deel

van het impulsmoment wordt afgegeven door middel van gammastraling.-. Het

grootste impulsmoment dat in een dergelijk fusie-verdampingsproces ge-

induceerd kan worden, wordt bepaald door scherende botsingen of door con-

currerende processen zoals onvolledige fusie of splijting.

Het gammaverval van toestanden met zeer hoge spin vindt niet alleen

plaats via yrast-niveaus maar ook via een groot aantal parallelle casca-

des, hetgeen leidt tot een quasi-continuum. De photopieken van discrete

overgangen verdwijnen dan in een ondergrond veroorzaakt door quasi-con-

tinuumstraling en Compton-verstrooide gammastraling. Gedetailleerde gaa-

maspectroscopie van toestanden met hoge spin wordt dus bemoeilijkt door

zwakke pieken op een hoge ondergrond.

Er zijn verschillende technieken ontwikkeld ora de detectie van gamma-

straling, uitgezonden bij het verval van toestanden met hoge spin, te

verhogen. In een multipliciteitsfilter wordt het spectrum van een ger-

maandetector opgenomen in coincidentie met gammaquanta die tegelijker-

tijd gedetecteerd worden in een aantal rond het trefplaatje geplaatste

NaJ kristallen. Het spectrum van een germaandetector in een somspectro-

meter wordt gepoort met het signaal dat overeenkomt met de somenergie

van een aantal quanta, gedetecteerd in een grote NaJ detector. Zowel de

somspectrometer als het multipliciteitsfilter zijn speciaal ontworpen

voor het bestuderen van zware kernen waar cascades met veel componenten

(d.w.z. hoge multipliciteit) voorkomen.

Een andere mogelijkheid om zwakke pieken in een spectrum beter te

detecteren, is het reduceren van de Compton-ondergrond door middel van

een Compton-onderdrukkingsspectrometer. In zo'n spectrometer wordt de

Compton-ondergrond gereduceerd door de germaandetector te omgeven met

een scintillator van NaJ(TJi) of plastic. Alleen die gebeurtenissen in
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het centrale kristal, welke niet gepaard gaan met co'fncidente detectie

van verstrooide quanta in het omringende schild, worden geaccepteerd.

Het eerste deel van dit proefschrift beschrijft het optimaliseren

van een Compton-onderdrukkingsspectrometer met behulp van een Monte

Carlo simulatie voor het detecteren van fotonen.

De berekeningen in hoofdstuk I tonen aan, dat de eigenschappen van

een Compton-onderdrukkingsspectrometer sterk beinvloed worden door het

niet-detecterend materiaal van een germaankristal. Metingen met een

centrale germaandetector met een dode laag van 1,0 mm en een inactieve

kern in vergelijking met een detector met een dode laag van 0,22 mm en

een nolle kern bevestigen de Monte Carlo voorspellingen.

Monte Carlo berekeningen voor het optimaliseren van de afmetingen van

een NaJ antico'incidentieschild worden beschreven in hoofdstuk II. Deze

berekeningen hebben geleid tot de constructie van een spectrometer met

een openingshoek van 120 msr en een uitstekende onderdrukking. De grote

openingshoek tnaakt het apparaat bij uitstek geschikt voor gamma-gamma

co'incidentiemetingen.

Hoofdstuk III beschrijft het onderzoek met een Compton-onderdrukkings-
38

spectrometer aan toestanden met hoge spin in de sd-schil kern Ar. Met

behulp van eerder ontwikkelde technieken, in combinatie met proton-gamma

coincidentiemetingen om het niveauschema vast te stellen, is het moge-

lijk gebleken om toestanden tot spin J = 11 te identificeren en te on-

derzoeken.

In het afgelopen decennium is een nieuw verschijnsel, "backbending"

genaamd, gevonden bij het onderzoek van snel roterende gedeformeerde

zware kernen. Dit effect is genoemd naar het terugbuigen van de curve,

die het verband tussen het traagheidsmoment en het kwadraat van de ro-

tatiefrequentie weergeeft. De plotselinge verandering van het traagheids-

moment kan verklaard worden door kruisende banden met verschillend

traagheidsmoment. Experimenteel onderzoek in dit gebied spitst zich toe

op het localiseren van banden die kruisen bij hoog impulsmoment en van

zwak bevolkte niet-yrast cascades.

Hoofdstuk IV beschrijft een gamma-gamma coincidentie-experiment be-

treffende de kernen ' Hf, met twee Compton-onderdrukkingsspectrome-
14

ters. Het experiment is uitgevoerd in Groningen met een N bundel van
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95 MeV. Het is raogelijk gebleken om yrast banden, voorbij het gebied

van de eerste "backbending", te volgen tot aan spins J = 37/2 ( Hf)

en J = 28 (168Hf).
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Stellingen behorende bij het proefschrift

Design of a Compton-suppression spectrometer and its

application to the study of high-spin yrast states

J. Fotonen uit cascades met hoge multipliciteit geven in een

detector kans op pulssommatie. De openingshoek van de

Compton-onderdrukkingsspectrometer, beschreven in hoofd-

stuk II, is in dit opzicht vergelijkbaar met de voorgestel-

de optimale openingshoek van een niet afgeschermde ger-

maandetector.
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7) Detectoren van n-type germaan hebben minder last van

neutronenbeschadiging dan kristallen van p-type germaan
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