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v-ravs following the reactions iaduced &y
(A1 > 12230 arna *135p targets have been :nvesti
Mal({Ti} detectors in a two-dimensional
_..ve soment of inertia _71" of “"’"'..
ve ceer esxtracted fron "-ere"ez—'v =cc
navicur of these aucleil and
preted in terms of nigh-sr
s¢ presented on the effective =mcment of ire
and '¥%3a easured Ly sum-spectremeéter techn

1. INTROZUCTION

Inicrmations on nuclear structure at hisn anzular o
tained frem stucies of "discrete" and "unresoiv
method :5 tased con the detection of the »-ray oo
tially gross properties of the nuclei e.3. the Je»er-u“a-_u
inertia.

It is wellknown that the n

kinds of behaviaur can re evidenced by studies of Iynamic wmome

“) = f(dr/d.) which describe the rate of chanye oI spin with the rotatis-
nal fregquency. Thus, .
- a collective moment of inertia J1°) . = #(dIsd.) can ke deduced Icr

che bands generated by the collectiVafiotion. It
correlation experiments. .
- an effective roment of inmertia J1.) = #(dI/d.)___, 15 connected tc th

fieasured in v -energy

decay path along the envelcpe of tn852 panas. 1t £ Pelated to toth the col-
lective motion and the alignment of particles. [t may ke measureé ty emplc-
ving sum-spectrometer techniques to correct for feeding.

These two dynamic¢ moments of inertia have been measured 1n several tran-
sitional nuclei of the 30 < Z,N < 82 region. Experimental results are repor-
ted here and comparisons are made with medel calculations.
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2, THE COLLECTIVE MOMENT OF INERTIA "ft(i;x)ld OF Xe and Ba NUCLEI

For a perfect rotor having level energies proporticnal to I(I+!}, the
transition energies {dI = 2) are equal to E = (41~-2)8%2727 ., In a Yy-coin~
cidences experiment, this will generate a th_rix of correlated events with
no intensity along the diagonal E'l = E,,. The width of the central valley
W which measures twice the differénce id®eransition energies lE is lnverse-
ly proportional to the dynamical moment of inertia “éz) i.e.

W= 2E_ = 4 dE_/dI = 8 d'E/d1? = 8R%/ .'fg?)d where £ i2°8fe lev execitation
enexgy. ! an

During the last fis years several experiments have been perri>rmed in
the Ba-Xe region [cf ref. 1,2 and references therein|. These investigations
have revealed different behaviour of the collective roment of ine: .la J!'}.
with the rotational freguency. In order to gain further xnowledge .n 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 technigues

Six NaIiTl) detectors are used tc record yy-coincidence spectra. "hey
are 8" long and have a hexagonal cross-section with a 6" outer diamet- . 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. Thelr solid angle is 0.27 % of 47 and their energy re-
solution is better than 3 % for the 661 keV ,-line of 137Cs. A Ge(Li) detec
tor, perpendicular to the team axis, 1s used tc identify the final reaction
products. 5

Four enriched self-supportina tarasets of arout 4 mg/cm” thickness are
tombarded with ‘°C ions from the Grenoble variable energy cyclotron. For
each target, approximately 7 x 10 NaI!Tl' coinc:idence events are recorded.
Since all events involving two or more detectors in coincidence are written
on magnetic tapes to be subsequently analvzed into one single two-dimensio-
nal macrix, the gains of the ampiifiers ar= carefully matched and moni.ored
tnroughout trhe experiment,

In a separate experiment, the .-ray rultiplicities are determined for
the “""Sn and "““Sn targets, They are deduced from the aumber of counters
(12 NaI(Tl) crystals of a sum-spectroreter} triggereé in colncidence with a
Ge detector.

2.2. Experimental results

The coincidence data are sorted cff-line into a two-dimensional matrix
which is made symmetric with respecc to the diagonal E,: = Ey2- The Copen-
hagen subiraction scheme is appl:ed in order to ance the correlated pho-
taceak-photcpeak events.

In the present experiments, the moment of inertia _.7:(’2)6 is obtained
bty measuring the listance between the peaks of the first r‘.l!.age in cuts per-
zendicular to the diagonal.

Bridges accross the valley are typical for crossing between bands and
can give informations on rotational alignment of particles. These bridges
are indicated by triangles in figs. 1-4.
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2.2.1. The '!'%sp + '%C reaction at
112 MeV

The main f£inal nuclei are
9% and ''®Te which represent 36
and 28 % respectively, of the to-
tal intensity. In this experiment,
the y-multiplicities were measured
but the results do not show a si-
qunificant difference between '!%xe 50
and ''%Te. The reason for this is m

that many lines in the Ge(Li) spec- T

tra are doublets, i.e. a mixture of % 40. M8ye -~
transitions of the two final nuclei =

mentioned. However, one would ex- ~ 30 .
pect the ''®Te nucleus to have a b

smaller value since it is formed \__ 20

tollcwing the emission of two more E§ b °
protons. This argument together with \%’

the relative intensities implies 10 . -
that tiu2 energy-enargy correlaticn
matrix in the 1"Sr + 12¢ reaction

is dominated by Hixe at righ y-ray _ . __
nerg-es. 50 ]
e correlation matrix does = .
not exhibit a well definad valley ! .
at lower energies. Furthermore, vhor % 40 =—‘/—°c ————— *igid
thie valley starts to develcp at = .
E_ = D.43C MeV, it is a valley with S 300 v o,
-nény "fillings" and bridges. This = .
explains why there are only a few ~ 20
valyes cf AR determined up to SE _/ B
% .0 = o.0f T282 (£ig. 1). The Y
strong cridge at E, = 0.775 MeV is 10.
due to the backbend in ‘Xe. The A A A A
highes: value (34 ‘R Mev ') of ———
results in the narrowing 01 02 03 04

of Eﬁg valley due to the coinciden- 2,2 2
ce between the y-rays deexcu:.mg h U (MEV )
the 12+ and 8% levels in ' °Xe.

Tig 1 : The poments of inerxtia

For frequencies higher than j‘; and 2) as obtained from

£12 02 = 0.17 Mev? . the moment of +he discrete transitions and the

correlation experiment respecti-
vely. The solid line in the lo-
wer part of the figure is the
moment ) deduced from the
lowest digcrgEe lines.

inertia J43) _is almost constant
and equals 4nd 35 4% Mev~' on both
side of a Eilling in the valley at
E_ - 1.0l MeV (8§ = 0.254 MeV?).
Tl‘e valley term,nates with a strong
bridge at E,{ = 1,20 MeV.
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2.2.2. The '""sn + '?c reaction
at 118 Mev

The nuclei '?%s, 120712y,
and 'i9,127a aye clearly identi-
fied in the singles and coinciden-
ces germanium spectra. From the
ratios of y-rays intensities in the
spectrum of a Ge detector in coin-
cldence with two or more Nal crys-
tals to the singles, it appears
that the Xenons and '°’Cs have ay.- A A
proximately the same nultiplicity
which is much larger than that of 03 02 G3 046 05
the telluriums, as expected. Suck 2 2
a ratio is not enough precise to h @ (Mev )
make a difference between the wrions Fig.Z : The co;lechwe moment of
and cesium but considering the in- inertia of “*?Xe.
tensities in the various channels
122¢e dominates very likely in the
high energy part of the correlation
matrix.

T2 shtiMev)
&

The main bridge at E. = 0.79 MV
corregponds to the backneﬁd in Ve
and Xe he dynamic moment of
inertia ,a (fig. 2} which is
equal to 34 h MeV”™® at its maximum
drops to 25 %’ MeV™ ' after the £ rst
backbend and remains almost cons-
tant up to R . = $.46 MeV‘.

W h (Mev)

!¢ reaction

The nucleus ‘°®Ba which repre- 60 -
sents more than 18 3 of the total i
intensity snould be the nucleus
which mainly influences the enercy-
eneryy correlation matrix.

The variations of f12)_ in
function of Hw? are nlotgea in the
range 0.07 - 0.36 Mev* (fig. 3).

The bridge atFy = 0.890 MeV corres-
ponds exactly to the coincidence
between the lines deexciting the i
and 10* levels in ‘2®Ba. When going
to higher frequencies, _fp("ﬂd
creases up to the rigid boayavalue . AI L
(a5 £° mev !y at A% 1° = 0.32 mevi. 07 02 03 04
One must point out the existence of

a bridge at 1.040 MeV and the yery ﬁzuz (Mevz’

low value (32.5 £2 Mev-'y at miw? =

0.255 Mev: which constitutes a dip Fig.3 : The collective moment of
in the (%) . curve (fig. 3).

band inertia of '?%pa.

- L _...l._

Y

2 7R (Mev-)

in-




2.2.4. The ‘?‘sn + '2¢ reaction at 80 Mev

The yrast cascade of '3%Ba is the
most strongly fed in this reaction.
From the y-multiplicity measurements,
it {s clear that its y-lines are asso-
ciated with the lazgest prompt multi-
plicity. Therefore, 1305, 5 the pre-
ponderant nucleus in the correlation
matrix.

A very clear valley appears in the
matrix up te 1.14 MeV y-ray energy. The
width decreases continuously and tiere D A
is no apparent bridge between E, =0.420 i R ,
and 1.095 MeV. However a hill in thke 01 02 03 04
bottom of the valley shows up at E_ = 2.2 2
0.760 MeV in a cut made aleong the main fh [} (Mev )
diagonal. It is due to coincidences bet
ween the v-lires depopulating *he 14% Fig. 4 : The couecnve moment
and 12% levels in the backbending regic: of inertia of "' Ba

of ''’Ba. It may be noted (£lg. 4) that
after this cackbend, J1?)  increases
very sllgnt].y up to approxl:nately %0 3
af the rigié rotor value (46 ne Mev )
nates the valley at E T = 1.095 MeV.

'
-

S8 74 Mev)

near the strong kridge whict zermi-

2.3, Discussion of the dynamic rmoment of inertia ja_‘
3

The collective moment of inertia of the groupd kand which is related to
the discrece y-ray transitions by the formula _7/") (3I-23f/3. can ze ga-
vametrized within the VMI model f.e. FU:) () =41/ = 7.+ Fju% where
_‘f and are TWO parameters. yrast °

Before the first backkend, the dynamic moment of inertia .ﬁ ) which
15 deduced from the width of the valley in a correlation matrix anc .'I.S pro-,
portional to the first derivative dI/dw can be compared to J1(:) =7+
istraight lines in figs. 1-4,6) obtained from the preceding et‘,uagmt. dene-
rally the twe T values agree quite well

xernon_nucled

As a general remark, one sees from the j;and (412) curves that both the
above defined moments of inertia N and agree well up to
the frequencies c¢“ _the first be.ckbeba In fig. 2, ondfokices that the mea-

sured values of / band are separated in two sets, both fitting the straight
lines /. +3 fu. €6rresponding to '2%Xe and ‘“%Xe. This is explained by
the intense Y-rays Jeexciting the first levels of these two isotopes.

f(” of both *'%,!22ys pehave in a similar way i.e. decrease strongly
after tne ‘gxrst backbend down to roughly two thirds of the rigid sphere va-
lue (figs. 1,2). The first backbending in '2“r128/123/140y¢ originates £rom
the coupling of two h.,,, neutrens [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. 1/2 Protens and neu~
trons can occur at nearby frequencies, the latter being more prokable.

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



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

2.3.2. The barium nuclei

As in the xenons, the experimental .';‘“ values, can be fitted with a
i + 3 f)wz polynomial below the firs particle alignment.
® The variations of fé:’d in both ‘28,1395, 150k very similar (figs.3,4)

except for the reduction 2R¢ 12883 ar n3w? = 0.255 Mev? i.e. immediat:elY af-
ter the backbend. We show (n fig. 4, that this dip has disappeared (n '*%pa
or almost entirely disappeared if one takes into account the very shallow
minimun at f%w? = 0.185 Mev‘. This could mean that the collective moment of
inertia is less affected by particle alignment in '?%pa than in '3%,128g,,

Two band crossings have been found in '2%pa, [ref.6) and '‘*Ba [ref.7].
Alignment considerations and cranking model calculations both predict a
h,‘ 72 neutron origin for the lowest one in 133pa while the second (s genera-
teé by h:!/z protons [7]. A backbend has been discovered in **‘Ce [(ref.d]
at high frequency (fiw = 0.58 MeV). This third backbend (after the ~h .,. and

vh,, alignmenss) is expected from i,, . neutrons. If the isotones béhave
the Same way, 13¥8a should also exhibit’guch a nigh frequency alignment. We
propose that the bridge observed at = 0.52 MeV in the '238a correlation
mar.xlri_:c( could proceed from i,./. Reutrons as the one found at fuw = Q.55 Mev

in " ““Ba.

2.3.3. The difference between the Ba and Xe ruclel

The moment of inertia of the Xe decreases afzer tle first band crosszing
and remains small and alwost constant at high Zreguen rile 1z ¢
in the latter all along with tlre fregquency. Such a gua
the quasicontinuum cGata .:ould reflect changes in the nifl
properties, particularly the shape, with changing nucleon number.

For a possikls interpretation of the results we can loox =0 high-spin
potential energy of deformation surfaces, which nave teen ca.culated for
these nuclei by the cranked Nilsson-Strutinsky method [2]. A recent study
{10) which also included pairing has clarified systematic trerds of micres-—
ccric origin which are manifested by the numerical results : the alignment
of high-j quasiparticle orbitals drives the nuclear shage toward regions of
collective or non-collective rotation, depending on tia position of the
Fermi levels in the j-shell. The vaience shells of light xenon and barium
isotopes include the rneutron and proten h . . intruder shells. The general
systematics of reference [10] would suggesc’d more ccllective 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
c:lculations using the methkod of reference [11] where individual vands are
censtructed and traced up to nigh spins. Takle 1 and flg. 5 show the results
for the nuclei '?’Xe and ‘?®ga.

in '?2Xe, we find three different kinds of states near yrast {c.f.table
1). There are collective prolate bands at ¥y = O with b-;'ld b 3” n? Mev"4
moderately collective triaxial bands at y - 30° with g f(;x)l < 30 B°
Mev~', and non-collective states of particle-hole cl.aracter at Y 2 60°. The
data can be taken to indicate that it is the ¥ = 30° triaxial bands which
come lowest in energy and dominate the Yy cascade in Xe. The observed fea-
tures in ‘2%Xe fit the description of the mcderately collective, y = 30°
triaxial bands.



Table 1 : Moment of inertia ,7( ) for nands in '?2Xe and in '2%Ba. The first

column shows the most importang part of the configuration. Letters (A)-(E)
refer to the bands in fig. 5.

12, 2)
—_— i | range band
Configuration € Y I Fu(ey) +2uey=!
T(hyy 7o) Wiy ) 0.28 o 621 0.8 ~ 36
wlhy9) vy, 6 0.2 53 620 0.5 18
2
n(hyyya) Bty 0° 0.28 0° 10-36  0.140.7  ~ 38
*(hyg 23 vy, a0® 0.25 3¢ 18-26  0.3-0.5 30
B 7Y 2
range Land
Configuration € Y L 1w (MeV) Hvey™!
-an.,,..) aiing g 2,21 -50° 1-30 0.6 ~ 31 (A)
”/,) oty o8 0.18 5° 2438 0.5-0.3 ~ 34 (3)
wu-.”/,) Wi a/-‘) 0.34 o 16-36  0.2-0.8 N
(g0 uj'ng’,:)' 6.34 c° 22-44 0.4-1.0 ~ 38 (D)
'.(h“/:}-v(-;}'.,»:}-1-:3’;:] .34 ¢ 30-  2de ~ 0B

For 1'saar., the calculated ne
yrast levels are collective with ]}E )
- 36 2.7 MeV™ . A further mechanism ?bg
the cont:.nued increase of Y(3) at
gins in 2%, 12%g,, butbﬁgg

is provided by a secondary
minimum at larger deformation in the
potential-energy surfaces [9]. This mi-~
nipum at ¢ -« 2.34. ¥  0° corresponds
to bands with a pair of aligned i.
neutrons. With additional i JENES 2
alignment such bands may crusé the va-
lence bands and become yrast at very
high spins [11]. The energy of the
strongly deformed (< “ Q.234) potential
energy minimum relative to the valence

:l¢

E (1) (Mev)

[l
shell (€ v 0.24) ninimum decreases for il 0 40
increasing proton and neutron number ANGULAR MOMENTUM(H)
up to an optimum of about Z = 60 and Fig.5 : Calculated bands in 128p,

N = 72, [ref, 9]. For the barium iso-
topes (2 = 56, N = 72, 74) these bands



are not expected to be yrast at the very highest spins reached in the present

experiment. Nevertheless, over a wide range of lower spins they are likely to
retain a sionificant 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 é;r)xd values in the barium Isotopes.

3. j:a;:\ 4 IN '7iCs AND INFLUENCE OF A PROTON

As develaoped 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 characteristi¢ ainfluence
of protons or neutrons. We have performed an experiment to measure che col-
lective moment of inertia of '°‘Cs which can be considered as a ‘e core
Plus a proton.

3.1. The experiment

We have usec\ the apparatus and techniques deec iced :n section 2. The
reaction was ‘!°In + ‘2C at 80 ¥ev with a & mg/cm® target, enr:iched to 99.28%.
About 1.3 x 10 prewpt in-beam yy-coirncidernce events were reccrded,

The cross-sectieon of the 4n channel ;s the most intense. ‘Cs which re-
presents 36 3 of the total intersity and has the largest :rul-iplicity, domi-
nates in the correlation matrix.

A central valley shows up ir this matrix. The 4nown .-vavs which deexci-
te tite n., cascade [12] define the riiges in the low ereray rart. Then, the
valley continues up to its end-point at £ = 1,315 MeV.

3.2. Discussion £ the cesium

N
3. & where _7( Y

Xe at? oloeege as T T T T T
a function Of K .7, oneci-s:ty 50 -]
that : N1gid  sphere
1 up to BT.Ts O.15 MeVT, the — X
collec:'\'e "1o'nent: of mer"la of ">
‘tics felle tne 7. + 37 f g
re;atxcnamp in the VMI modevl, ~
as indicated by the solid ::
straight line .. ~
ii) in the rance R%.® = C.15 - 5 g
0.32 Mev?, J{-) has the same '
trends in '2°cB2fa 1Zixe i.e
decreases and then, staya al..st ° 1 1 1 1 i
constant around 25B° MeV™! 0 o 0.2 03 0.4 0s

jii) anove Bi.? 2 0. JZ_MeV , the }2 02 (MeV?)

morent of inercia of **'Csinure-
ases rapidly to the rigid sphere

valtl.u_e while it remains constant F‘xq:G : The collective moment of inertia

2 AR
in ‘¢ ixe. of Cs,
The difference in the sy li-
tude of 2 for !'2ics and

2Xe ot servea at 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 :11] which was success-
fully applied to the Xe and Ba isotopes {see section 2.3.).) has been also
used to compare the nuclear structure of '2°Cs and '2?Xe. The configurations
of the xenon for which the moment of inertia was calculated (table 1), have
also been analyzed in the cesium. It appears that the ﬂ(h“ 2)2 ‘th“/z)6
band in '?3Cs with a prolate deformation {y = 0°) is lower than the band
with the same configuration at Y = 30° above spin 20 . The moment of iner-
tia corresponding to the prolate shape equals 35-40 B2 MeV ! while it is
only 30 2 MeV ! in '22Xe. The experimental results on the xenons (section
2.} indicate that '22Xe tends to favour the triaxial band )

Therefore it is tempting to interpret the rise of Ji;nd in '?%cs as a
cnange of deformation from Yy * 30° to Yy = 0°.

4. THE EFFECT'IVE MOMENT OF INERTIA je(;)f

The decay path of a nucleus may consist of many rotational bands whirn
can have different alignments. Thus, the effective moment of inertia
T2 =k (ar/dw) related to the envelope of these bands includes boin
theegcfalle(:tive mt“fgﬁhof the nucleus and the alignment of particles. Experi-
ments 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 nucledl.

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 hexagonal cross-section
with &" 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 :io identify the final rnuclei.

The technique 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 spectra
are normalized to the multiplicity and the statistical component E’ exp
(-E_.T) is subtracted. The last step consists in a feeding correctidn [13)
to e into account the different posulations 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 shown in figs. 7 and 8 for the fiw = 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 fw = 0.39 MeV corresponds to the back-
bend. Its frequency matches perfectly with the one of a bridge in the yy-cor-
relation matrix (‘n“/2 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 '''Ba case
{fig.8), the peaks ghowing
up at 0.27 and O.34+Mev
correspond to 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
[75. By comparison with
the correlation data, the
broad peak around 0.53 MeVv
could be assigned to the

13/2 peutrons alignment. i [ ' '

The theoretical mo- . . \
ment ot_ inertia can be de- 02 Y] 04 05 e o
duced from the bands cal- ‘h
culated within the cran- w (MeV)
ked Nilsson-Strutinsky Fig.7 : The effective and collective mo-
framework [11]. Up to now, ments of inertia of ‘i°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 prelimifiary calcu-
lations agree with a qua- wol T T T T ]

i
i

3
3
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litative comparison of 130
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Sangd f
shows that
collective than
Incdeed, up to akout

f. = 0.5 Mev, the ratio

13 is more
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gqular momentum due to par- 02 [¥) 04 [ D) a7
ticle alignment only and
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Fig.8 : The effect;‘.vg and collective mo-
5. CONCLUSION ments of inertia of ' '"Ba.

Results have been
obtained on properties of transition nuclei at high spins. Collective ard
effective moments of inertia of Xe, Cs and Ba isotopes have been mezsured
using Yy-correlation and sum-spectrometer techniques, respectively. The ex-
perimental data have been compared to model calculations. As a main conclu-
sion, it appears that 12841335, are more collect’.ve than '}%¢!%ixe.
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