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The Y-rays following the reactions induced by 12¢ jons on HsIn,

112,117,12254 ang !'¢3sp targets have been investigated using six
NaI(Tl) detectors in a two-dimensional arrangement. The collec-

. . . 1 120
tive moment of inertia _7(2) of lla'”z){e, '23¢c5 ang !2%8. Ba

have been excracted from tg%ngnergy-correlation spectra. The be-
haviour of these nuclei and the observed differences are inter-
preted in terms of high-spin collective properties. Data are al-
so presented on the effective moment of inertia j(z) of 1®xe

: eff
and '*°Ba measured by sum-spectrometer techniques.

1. INTRODUCTION . )
LYl

Informations on nuclear structure at high angular momentum can be ob-
tained from studies of "discrete" and "unresolved" yY-ray spectra. The latter
method is based on the detection of the Y-ray contimuum and concerns essen-
tially gross properties of the nuclei e.g. the determination of moments of
inertia.

It is wellknown that the nuclei generate angular momentum by collective
rotation of the nucleus as a whole as well as by particle alignment. The two
kinds of behaviour can be evidenced by studies of dynamic moments of inertia
fz) = fi{dI/dw) which describe the rate of change of spin with the rotatio-
nal frequency. Thus,

- a collective moment of inertia _7‘(2) = H (dI/dw} can be deduced for
the bands generated by the collective motion. It 18*heasured in YY-energy
correlation experiments. '

- an effective moment of inertia .712) = f(d1/dw) is connected to the
decay path along the envelope of thggg bands. It Egtlr}elated to both the col-
lective motion and the alignment of particles. It may be measured by emplo-
ying sumspectrometer teckniques to correct for feeding.

These two dynamic moments of inertia have been measured in several tran-
sitionai nuclei of the 50 < Z,N < B2 region. Experimental results are repor-
ted here and comparisons are made with model calculations. OF THIS DOCUMENT 1S UNLIMITED
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2. THE COLLECTIVE MOMENT OF INERTIA .fé;}ld OF Xe and Ba NUCLEI

For a perfect rotor having level energies proportional to I(I+l), thre
transition energies (AI = 2) are equal to E_ = (4I-2)h 2727 . In a yy-coin-
cidences experiment, this will generate a mitrix of correlated events with
no intensity along the diagonal E E_,. The width of the central valley
W which measures twice the differ nce 1X transition energies AZ_ is inverse-
ly proportional to the dynamical moment of inertia Jﬂz) i. e.Y
= 20E_ = 4 dey/dl 8 a?gsar® = eh?/ b d where E 12 208e level excitation
energy

During the last few years several experiments have been performed in .
the Ba-Xe region [cf ref. 1,2 and references therein]. These investigatio?s
have revealed different behaviour of the collective moment of inertia-
with the rotational frequency. In order to gain further knowledge on this
behaviour, experiments were undertaken at the Grenoble cyclotron to study
light Xe nuclei and heavier Ba nuclei. The results presented here are part
of a publication [3].

2.1. Experimental techniques

Six NaI(Tl) detectors are used to record yy-coincidence spectra. They
are 8" long and have a hexagonal cross-section with a 6" outer diameter. To
prevent scattering, they are shielded with lead and their entrance window
is collimated. They are placed at 25 cm from the target at an angle of 125°
relative to the beam. Their solid angle is 0.27 % of 47 and their energy xe-
solution is better than & & for the 661 keV y-line of 137Cs. A Ge(Li) detec-
tor, perpendicular to the beam axis, is used to identify the final reaction
products.

Four enriched self-supporting ta- sets of about 4 mg/cm thickness are
bombarded with !2C ions from the Grenoble variable energy cyclotron. For
each target, approximately 7 x 107 NaI(Tl) coincidence events are recorded.
Since all events involving two or more detectors in coincidence are written
on magnetic tapes to be subsequently analyzed into one single two-dimensio-
nal matrix, the gains of the amplifiers are carefully matched and monitored
throughout the experiment.

In a separate experiment, the y-ray multiplicities are determined for
the ''?sn and '?2sn targets. They are deduced from the number of counters

(12 NaI(Tl) crystals of a sum-spectrometer) triggered in coincidence with a
Ge detector.

‘

2.2. Experimental results

The coincidence data are sorted off-line into a two-dimensional matrix
which 1s made symmetric with respect to the diagonal Eyy = Evy2. The Copern-~
hagen subtraction scheme is applied in order to enhance the correlated pho-
topeak-photopeak events.

In the present experiments, the moment of inertia 112) is obtained
by measuring the distance between the peaks of the first riﬁge in cuts per-
pendicular to the diagonal.

Bridges accross the valley are typical for Crossing between bands and
can give informations on rotational alignment uvf particles. These bridges
are indicated by triangles in figs. 1-4.



2.2.1. The ''?sn + '2cC reaction at
llZ MevV

The main final nuclei are
Xe and '!STe which represent 38%
and 28 % respectively, of the to-
tal intensity. In this experiment,
the y-multiplicities were measured
but the results do not show a si-
gnificant difference between 118ve
and ''®Te. The reason for this is
that many lines in the Ge(Li) spec-
tra are doublets, i e. a mixture of
transitions of the two final nuclei
mentioned. However, one would ex-
pect the 118pe nucleus to have a
smaller value since it is forwmed
following the emission of t« more
protons. This argument together with
the relative intensities implies
that tha energy-enerqgy correlation
matrix in the ''2sn + '2C reaction
is dominated by !!®Xe at high y-ray
cnergies.

118

The correlation matrix does
not exhibit a well defined valley
at lower energies. Furthermore, when
the valley starts to develop at
E_ = 0.450 MeV, it is a valley with
many "fillings" and bridges. This
explains why there are only a few
values of éz) determined up to
#20? = o0.08 2292 (fig. 1). The
strong bridge at E = 0.775 MeV is
due to the backbené in '1%xe. The
highest value (44 52 MeV ) of

T2 results in the narrowing
of gﬁgdvalley due to the coinciden-
ce between the y-rays deexciting
the 12* and 8% levels in ''®xe.

For frequencies higher than

12 w? = 0.17 Mevz, the moment of
inertia 5 é;;d is almost constant
~and equals 30 A2 Mev~' on both
side of a filling in the wvalley at
E, = 1.01 MeVv i’ w? = 0.254 Mev?).

e valley terminates with a strong
bridge at EY = 1.20 MeV.
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Fig 1 : The poments of inertia
gﬁl) and (2) as obtained from
the discrete transitions and the
correlation experiment respecti-
vely. The solid line in the lo-
wer part of the figure is the
moment igs deduced from the
lowest digcrege lines.




2.2.2. The ''7’sn + !'?C reaction
at 118 Mev

Tha nuclei ;13Cs, 1207023y,
and '18+12lpe are clearly identi-
fied in the singles and coinciden-
ces germanium spectra. From the
ratios of y-rays intensities in the
spectrum of a G& detector in coin-
cidence with two or more NaI crys-
tals to the singles, it appears
that the Xenons and '2?3Cs have ap-—-
proximately the sawe multiplicity
which is much larger than that of
the telluriums, as expected. Such
a ratio is not enough precise to
make a difference between the xenons
and cesium but con-~idering the in-
tensities in the +warious channels
122¢e dominates very likely in tha
high energy part of the correlation
matrix.

The main bridge at E_ = 0.79 MV
corresgonds to the backbend in '?%%
and '* Xe.‘?‘he dynamic moment of
inertia éggd (fi?. 2) which is
equal to 34 h* MeV™ " at its maximum
drops to 25 Hi? Mev ! after the first
backbend and remains almost cons-

tant up to hZw? = 0.46 MevZ.

2.2.3. The '?3sb + '2?¢ reaction
at 118 Meav

The nucleus '2%Ba which repre-
sents more than 46 % of the total
intensity should be the nucleusg
which mainly influences the energy-
enerqgy corrclation matrix.

The variations of j“
function of A*w? are glotggadin the
rarge 0.07 - 0.36 MeV® (fig. 3).
The bridge at Ey= 0.890 MeV corres-
ponds exactly to the coincidence
between the lines deexciting the 12
and 10* levels in '%®Ba, When going
to higher frequencies, .7%2) in-
creases up to the rigid bodyagalue
(45 1? Mev™!) at m? w? = 0.32 MeV>.
One must point out the existence of
a bridge at 1.040 MeV and the veiy
low value (32.5 B2 Mev~') at h2w? =
0.255 MeV? which constitutes a dip

in the fégd curve (fig. 3).
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2.2.4. The 12265 + 126 reaction at 80 MeV

The yrast cascade of 13%32 is the

most. strongly fed in this reaction.
From the y-multiplicity measurements,
it is clear that its y-lines are asso-
ciated with the largest prompt multi-
plicity. Therefore, 13%8a is the pre-
ponderant nucleus in the correlation
matrix.

A very clear valley appears in the
matrix up to 1.14 MeV Y-ray energy. The
width decreases continuously and there A A
is no apparent bridge between E_ = 0.400 ) 1 |
and 1.095 MeV. However a hill iX the 01 02 03 04
bottoxr of the valley shows up at E_ =
0.760 MeV in a cut made along the hain f]zﬁ)z (b4e&/2)
diagonal. It is due to coincidences bet-
ween the Yy-lines depopulating the 147 Fig. 4 : The collective moment
and 12" levels in the backbending regicn of inertia of Ba.
of '*“Ba. It may be noted (fig. 4) that
after this backbend, “(:; increases ’
very slightly up to approximately 90 %
of the rigid rotor value (46 1% MeV™!) near the strong bridge which termi-
nates the valley at EY = 1.095 MeV.
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2.3. Discussion of the dynamic mcment of inertia bé;;d

The collective moment of inertia of the ground band which is related to
the discrete y-ray transitions by the formula ~;2‘) = (41-2)h/4w can be pa-
rametrized within the VMI model i.e. :7(‘) (w) =-hI/w = jg + 71&2 where
and ,7’ are two parameters. yrast
Before the first backbend, the dynamic moment of inertia Jﬂz). which
is deduced from the width of the valley in a correlation matrix and is pro-
portiohal to the first derivative dI/dw can be compared to J(2) = 5:+35§n2
(straight lines in figs. 1-4,6) obtained from the preceding e&ﬁgggon. Gene-
rally the two J'*)valves agree quite well.

2.3.1. The xenon nuclei

As a general remark, one sees from the -JgZ)d (w?) curves that both the
above defined moments of inertia J(?)_ anda °2° g12) _ agree well up to
the frequencies oij%he first backbegg?dln fig. 2, on rgggices that the mea-
sured values of band are separated in two sets, both fitting the straight
lires o ¥ 3 Jruf corresponding to 12%%e and ‘2?2Xe. This is explained by
the i1ntense Y-rays deexciting the first levels of these two isotopes.

jr(Z) of both '!'%:122%s pehave in a similar way i.e. decrease strongly
after tggnéirst backbend down to roughly two thirds of the rigid sphere va-
lue (figs. 1,2). The first backbending in '2%s126r128+s130y, riginates from
the coupling of two h“/2 neutrons [4]. For the lighter isotopes, the situa-
tion is more uncertain. However, calculations made with the Bengtsson and
Frauendorf model [5] indicate that band crossings of h,,/, protons and neu-
trons can occur at nearby frequencies, the latter being more probable.

Our data on '!fxe enlarge towards lighter masses and more neutron-defi-
cient nuclei previous measurements made on xenon isotopes [1,2]). Our results



on '?2xe extend to hlgher frequencies (up to hw = 0.67 MeV) the data already
known from the ''®sn + !?C reaction [1].

2.3.2. The barium nuclei

As in the xenons, the experimental jﬂZ) values, can be fitted with a
5r +37 polynomial beiow the firs pa%glcle alignment.

The varlations ofjﬁgagd in both !'2%+'3%3 100k very similar (figs.3,4)
except for the reduction in 1285, at h%w? = 0.255 MeV? i.e. immediatel¥ af—
ter the backbend. We show in £ig. 4, that this dip has disappeared in 30
or almost entirely disappeared if one takes into account the very shallow
minimum at fA2w? = 0.185 MeV2. This could mean that the collective moment of
inertia is less affected by particle allgnment in '*%Ba than in !2%,128pa,

Two band crossings have been found in 128p,, [ref.6] and !'*%Ba [ref.7].
Alignment considerations and ¢ranking model calculations both predict a
h,, ,, neutron origin for the lowest one in '3%32 while the second is genera-
ted’ by h“/2 protons [7]. A backbend has been discovered in '*°Ce [ref£.8]
at high frequency f(Hw = 0.58 MeV). This third backbend (after the Trh“/2 and

alngnments) is expected from i,, , neutrons. If the isotones behave
ame way, 8Ba should also exhibit’such a high frequency alignment. We
propose that the bridge observed at fw = 0.52 MeV in the 128p3 correlation

matrlx could proceed from i,,/, neutrons as the one found at fw = 0.55 MeV
in Ba.

2.3.3. The difference between the Ba and Xe nuclei

The moment of inertia of the Xe decreases after the first band crossing
and remains small and almost constant at high frequency while it increases
in the latter all along with the frequency. Such a qualitative difference in
the quasicontinuum data could reflect changes in the high-spin collective
properties, particularly the shape, with changing nucleon number.

For a possible interpretation of the results we can loock to high-spin
potential energy of deformat._a surfaces, which have been calculated for
these nuclei by the cranked Nilsson-Strutinsky method [9]. A recent study
[10] which also included pairing has clarified systematic trends of micros-
ccpic origin which are manifested by the numerical results : the alignment
of high-j quasiparticle orbitals drives the nuclear shape toward regions of
collective or non~collective rotation, depending on the position of the
Fermi levels in the j-shell. The valence shells of light xsnon and barium
isotopes include the neutron and proton h / intruder shells. The general
systematics of reference [10] would suggest a more collective behaviour in
the bariums than the xenons after initial quasiparticle alignment, conside-
ring the position of the Fermi level in these shells. We have carried out
calculations using the method of reference [11] where individual bands are

constructed and traced up to high spins. Table 1 and fig. 5 show the results
for the nuclei '?2Xe and !2%ga.

In 122Xe we find three different kinds of states near yrast (c £. table
1) . There are collective prolate bands at Y = O with b2)d % 35 fi% Mev™
moderately collective triaxial bands at ¥ = 30° with ‘7gaLd < 30‘1”12
MeV— ", and non-collective states of particle-hole.character at y - 60°. The
data can be taken to indicate that it is the vy = 30° triaxial bands which
come lowest in energy and dominate the ¥y cascade in 122ye. The observed fea-

tures in '2?2xe fit the description of the moderately collective, ¥y = 30°
triaxial bands.



Table 1 : Moment of inertia Jﬂz)d for bands in '22Xe and in '?®Ba. The first
column shows the most importangagart of the configuration. Letters (A)-(E)
refer to the bands in fig. 5.

122 5
- range band
Configuration € Y 1 s (MeV) ’EZMeV'T
1 6 .
“(h11/2)1"(hn/2)6 0.28 0 6-24 0.5 ~ 36
[-]
'(hn/z) "(hn/z) 0.24 33 6-20 -0.5 ~ 28
2 6 . i
mlhyy/5) "oy 0.28 0 10-36  0.1-0.7 ~ 38
2 6 e i
m(hyy ) vy ,,) 0.25 33 18-26  0.3-0.5 ~ 30
128, o
range Land
Configuration £ Y i fu MV 5y
2 8 o _ -
"(h'”/z) “'(h-”/z) 0.24 =50 4-30 -0.6 ~ 34 (A)
2 8 . )
m(hyq/2) “(hn/z)z 0.18 5 24-33  0.5-0.8 ~ 34 (B)
2 . i )
w720 v g o) 0.34 0 16-36  0.2-0.8 ~ 35 (C)
"(hn/z)s\'(hg/z)z 0.34 0° 22-44  0.4-1.0 ~ 38 (D)
3., 2. . j
n(hyy ) lihg 50 71550 0.34 0 30- 0.4 ~ 40 ()
For 128Ba, the calculated neay-

yrast levels are collective with 'é )d
> 30 h® MeV !. A further mechanism FOT
the continued increase of J(2) . at
high sgins in 128'130Ba, but %g

122x%e, is provided by a secondary
minimum at larger deformation in the
potential-energy surfaces [9]. This mi-
nimum at € v 0.34, ¥ Vv O° corresponds
to bands with a ‘pair of aligned h_
neutrons. With additional 1, Znehtrca
alignment such bands may crosé the va-
lence bands and become yrast at very
high spins [11]. The enezgy of the
strongly deformed (¢ “ 0.34) potential

E(I) (MeV)

energy minimum relative to the valence . 50 §0 20
shell (€ v 0.24) minimum decreases for
increasing proton and neutron number ANGULAR MOMENTUM(f)

Bp to an optimum of about Z = 60 and
N = 72, [ref. 9). For the barium iso-
topes (Z = 56, N = 72, 74) these bands

Fig.5 : Calculated bands in '2°ga.



are not expected to be yrast at the very highest spins reached in the present
experiment. Nevertheless, aver a wide range of lower spins they are likely to
retain a significant fraction of the Total population from a (HI, ypxn) reac-
tion. These strongly collective bands would then dominate the E - E_, corre-

lations and account for the larger '7E§Ad values in the barium isotopes.

3, 2)

IN !23Cs AND INFLUENCE OF A PROTON
band

As developed previously, there is a great difference in the behaviour
of the xenons and bariums. Since both the numbers of protons and neutrons
differ in these Xe and Ba isotopes, we have tried to limit the variations to
only one of these numbers in order to separate the characteristic influence
of protons or neutrons. We have performed an experiment to measure the col-
lective moment of inertia of '?3Cs which can be considered as a '22Xe core
plus a protor. ’

3.1. The experiment

We have used the apparatus and techniques described in section 2. The
reaction was '!%1n + '2C at 80 MeV with a 6 mg/cm2 target, enriched to 99.8%.
About 1.3 x 10° prompt in-beam yYy-coincidence events were recorged.

The cross-section of the 4n channel is the most intense. '23Cs which re-
presents 56 % of the total intensity and has the largest wultiplicity, domi-
nates in the correlation matrix.

A central valley shows up in this matrix. The known Y-rays which deexci-

te the h |, cascade [12] define the ridges in the low energy part. Then, the
valley conéinues up to its end-point at EY = 1.25 MeV.

3.2. Discussion of the cesium
behaviour

, )
In fig. 6 wh 7(2 £
123 1?22 where

o
Cs and Xe are plog%gg as
a function of ﬁzwz, one chserves SOL
that :

i) up to Rh%uw?= 0.15 Mev?, the
collective moment of inertia of
123¢c5 follows the .‘70 + 3.71(»2
relationship in the VMI model,
as indicated by the solid
straight line

ii) in the range h?w® = 0.15 -
0.32 Mev?, J(2)_ nhas the same

T 1 1 T 1

trends in '2%c8%38a 122xe i.e.

dec-eases and then, stays alwcst 0 ] | | |
constant around 25R% Mev~!, 0 0.1 0.2 03 04 05
iii) above RZw? 2 0.32 MeV?, the 12 w2 (MeV?)

moment of inertia of '%3Cs incre-
ases rapidly to the rigid sphere

value while it remains constant Fiqiga: The collective moment of inertia
in 122xe. of Cs.

The difference in the aarli-
?gge of (2)  for '?3cs anq .

Xe obsargggdat high frequency

concerns the continuum data related to the high spin collective properties
and could result in the addition of a proton to the xenon core.



The method of tracing states up to high spins 111] which was success-~
fully applied to the Xe and Ba isotopes (see section 2.3.3.) has been also
used to compare the nuclear structure of 123¢5 and '?%Xe. The confiqurations
of the xenon for which the moment of inertia was calculated (table 1), have
also been analyzed in the cesium. It appears that the 7(h,, 2)2 vih,, 2)5
band in '23cs with a prolate deformation (Y = 0°) is lower than the band
with the same configuration at Y = 30° above spin 20-fi. The moment of iner-
tia corresponding to the prolate shape equals 35-40 A% Mev ! while it is
only 30 i2 Mev ! in !?2Xe. The experimental results on the xenons (section
2.) indicate that 122¢e tends to favour the triaxial band )

Therefore it is tempting to interpret the rise of ;7§;nd in '?3cs as a
change of deformation from y = 30° to y = O°.

4, THE EFFECTIVE MOMENT OF INERTIA .5222

The decay path of a nucleus may consist of many rotational bands whish
can have different alignments. Thus, the effective moment of inertia
jﬂz) =-n (d1/dw) _ related to the envelope of these bands includes bcth
the gollective motXon of the nucleus and the alignment of particles. Experi-
rments have been already made to measure this dynamic moment of inertia in
well deformed nuclei of the rare earth region i.e. Er and Yb isotopes [13].
We report here on such measurements for transitional nuclei.

4.1. The experimental set-up and techniques

The physical information is extracted from continuum Y-ray spectra de-
livered by a big NaI(Tl) detector (8" long and a hexageonal cross-section
with 6" outer diameter) in coincidence with a sum-spectrometer. The former
detector is placed at 125° to the beam direction and its entrance window- is
strongly collimated. The sum-spectrometer is made of 12 such hexagonal de-
tectors arranged in a cylindrical geometry with the symmetry axis coinciding
with the beam. Since this sum-spectrometer consists of 12 detectors, the
Y-ray multiplicity is evidently deduced from a fit of the experimental fold-
distribution. A Ge{Li) counter is used in order to identify the final nuclei.

The technigue to deduce the effective moment of inertia is the follo-
wing. First, the raw spectra of the lonely NaI crystal in coincidence with
slices of the total y-ray energy are unfolded. Then, the unfolded s%ectra
are normalized to the multiplicity and the statistical component E_ exp
(-E_/T) is subtracted. The last step consis%ts in a feeding correctizn (131
to Xake into account the different pooulations of the states.

4.2. Analysis of the results

We measured the effective moment of inertia of '!®xe and '?°Ba which
were previously studied by the correlation technique to give the collective
moment of inertia J(?) (section 2.).

The results are ehown in figs. 7 and 8 for the Aw = 0.2 - 0.7 MeV range
(full solid line). The bumps are associated with intense y-~lines between the
lowest levels of yrast-cascade and with an accumulation of y-rays due to
particle alignment.

For '!®xe (fig. 7), the peak at hw = 0.39 MeV corresponds to the back-
bend. Its fregquency matches perfectly with the one of a bridge in the yy-cor-
relation matrix (h, , ,, protons and neutrons). The bumps at 0.52 and 0.62 MeV
also fit with bridges in the correlation plots, but the nature of the parti-
cles which align their angular momentum is still unknown.



In the laoBa case

(fig.8), the peaks showing

up at 0.27 and 0.34 MeV

correspond ta the 4 —+ 2

and 6% + 4% y-rays. The

bump at 0.40 MeV contains

the two first band cros-

sing originating from

h,,,, neutrons and protons

[73 By comparison with

the correlation data, the

broad peak around 0.53 MeV

could be assigned to the

113/2 neutrons alignment. } \ 4 \ \
The theoretical mo-

ment of inertia can be de- 02

duced from the bands cal-

culated within the cran- ﬁu (MeV)

ked Nilsson—Strutinsk7 Fig.7 : The effective and collective mo-

framework [11]}. Up to now, ments of inertia of '!®xe.

only preliminary results

are available. Thus, it

is difficult to draw con-

clusions on the structure

of the Xe and Ba only con-

sidering ) | However,

these preliglnary calcu-

lations agree with a gua- 200 T T T T T T TTe T Tt

litative comparlson of

j(z and j( )L which
shows gh t ggfls more
collective than !!fxe.
Indeed, up to about
hw = 0.5 MeV, the ratio

:r( 2) 17(2) is larger

band11° ghan in ''%e.
Thls comes dlrectly from
the relation Ai/AI =
1-.‘7‘2)/_7‘()where
Al is %ﬁg 1ncre£se in an-

o
[=]
|
-
pury
(o <)
>
m
|

eflective

:

25 h* (MeV™)
<)
]

o
-
-
I~
-
L

03 0.4 0.5 0.6 0.7

2R (MeV)
?

0 { £z 1 Il | 1 i e 1 L |
gular momentum due to par- 0.2 Q3 04 05 06 07
icl i t
ticle alignment only and ﬁw (MEV)

AIthe total increase.
Fig.8 : The effective and collective mo-
5. CONCLUSION ments of inertia of '3%ga.

Results hava been
obtained on properties of transition nuclei at high spins. Collective and
effective moments of inertia of Xe, Cs and Ba isotopes have been measured
using yy-correlaticn and sum-spectrometer techniques, respectively. The ex-
perimental data have been compared to model calculations. As a main conclu-
sion, it appears that 128,13%:, are more collective than ''8r122xe,
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