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SHELL EFFECTS AT HIGH SPIN IN THE y-CONTINUUM FROM
' +
TE EVAPORATION RESIDUES

R. S. Simon,” R. M. Diamond, Y. El Masri,*™ J. 0. Newton,'

P. Sawa," and F. S. Stephens
Nuclear Science Division
Lawrence Berkeley Laboratory
. University of California
~ Berkeley, California 94720

ABSTRACT

The continuum Y—ray spectra following 110Pd(%"ZC,an)Te and
82Se(40Ar,an)Te'reactions at several bombarding enefgies have been
measufed. As in earlier studies, the spectra show three main components:
1) discrete transitions in the ground band, 2) an yrast "bump', 3) a high-
energy statisticai tail. In addition, there appears to be é minimum in
the spectruﬁ before the yrast bump. The existenée of this minimum and
of the two peaks of discrete Y-ray transitions indicate a non-rotétional
structure.for thé nuclei at low spin (S 30) before changing at higher spin
to the rotational behaviqr suggested by the bump itself. Theoretical

calculations including shell effects do show this type of behavior.
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se (30ar, xny), B = 161, 174, 185 Mev and

Pd. (T C, =xny), E 53, 78, 105 MeV:
‘measured E,, Y-ray multiplicities. 1187¢ deduced
spins, moments of inertia, change in nuclear

structure.Bnriched targets.
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1. Introduction

Thé liquid-drop model of the nucleus is a simple and convenient
representation capable of explaining many of the macroscopic properties
of nuclei, although it cannot give all details. For-exaﬁple, it was
used to explain the fission processl), but fails to account for asymmetric
fission; it ﬁas able to describe the major features of the nuclear poten-
tial energy surfacez), but only the addition of shell corrections3’4)
brings the energy-surface éaléulatibns into good agreement with experi-
mental results. fhis shell structure is related to the spacing or
bunching of the single-particle levels at the Fermi surface, and it
plays a major role in determining the properties‘of ﬁuclei near the
ground state. Doubly-even nuclei at closed shells have a large spacing
to the next available orbital and are sphefical.or near—-spherical. In
contrast, nuclei between shell.closings usuélly have a relatively high
level density atitheir Fermi surface and tend to be deformed.

As angular momenfum is added>to a nucleus, it may stretcﬁ,
depending ubon how steeply the potential rises with deformation, but»
more importantly, thebvarious Nilsson érbitals are expected to move with
respect to each otherldepending upon their Q-valueSA). Thus the level
density at the Fermi surféce changes as a function of the angular momen-
tum. This variatién in the bunching of thé single-particle levels will
shift the shell closurés and may cause marked shape,chaﬁges in the
hucleus at certain (higher) spins. 1In fact, it is. thought that shell
effects will continue to occur up to high spins Qith comparable magnitudes,

but there has been little experimental evidence on this point.
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At the present time most of our information on the properties
of states in the angular-momentum range above 25h comes from investiga-

—11). The Y-ray spectra observed three

tions on heavy ion, xn reaction
main components: 1) tﬁe‘discrete transitions of the ground band, usually
below 1 MeV in energy; 2) a broad unresolved bump of transitions extending
to somewhat higher energy made up of the members of the collective
cascades pa;allel.to the yrast line; and 3) a component of unreselved
Y-rays which goes to considerably higher energy, but decreases approximately
exponentially in intensity with energy. This last group is thought to
consist of the statisticalvtransitions which lead to movement towards the'
yrast line. |

In this paper we report on an investigation ef'the Y-continuum
from the decay of Te evaporation residues, in whieh we obserﬁe edditional
finer structure for the first time. This structure may be interpreted

as evidence for shell effects in these nuclei at high angular momentum

and is compared to results from recent microscopic calculations.

2. Experimental Procedure and Analysis

110 12 82

122 Pd+ °C and. Sei—AOAr reactions

The Te system was produced via
_with~7mg/-’cm2 self-supporting and ~ lmg/cm2 lead-backed targets, respectively.
The initial projectiie energies were 53,78, and 105 MeV for the 12C

bombardments aﬁd~16l,l74,]and,185fMeV for'the.aoAr ohes. Considering
the target thicknesses, these lead to average bombarding energies in the
targets of 50,75, and 102 MeV and 157,170, and 181 MeV for the 12C and
OAr runs, respectively. Projectile energies given hereafter will refer
to such average energies in the targets unless explicitly stated other-

wise. The decay Y-radiation was observed in four 7.5 ecm X 7.5 cm NaI(Tl)



detectors placedvat 0°, 30°, 60° and 90° to the beam direction and 60 cm
bfrom the target. Thesevdetectors were gated by coincident pulses in a

Ge detector in order fo select continuum Y—spectra‘associated with indimv
vidual xn reaction channels as described previously.s’é) Due to the
fractionation of the total angular momentum, these y-spectra for différent
reaction channels correspond to different angular—mémentum ranges.

828e+-40Ar reaction at 157 MeV is

A Ge singles spectrum from the
shown in Fig. 1. The y-lines fiom the Te reaction products are indicated,
as well as the 2+-*0+ transiﬁion iﬁ 114Sn which corresponds to the
strongest uxn_channél. Since most of the Sn population is delayed in
low—lying-isomeric states, such Sn lines also appeéf in the out-of-beam
part of the_spectrum. The oxn cross section is significant with 4OAr
beams at 157 MeV bombarding energy, and becomes approximately equal to
the pure xn cross section at 181 MeV. The Ge spectrum from the 157 MeV
reaction takeﬁ in promft coincidence with Y-rays in the 0° Nal detector
is shown in Fig. 2. The energy range selected contains most of the intense _
xn lines. The background in the spectfum is mainly due to Compton events
from‘tﬁe High—energy.transitiOns in the continuum part of the y-decay.

The discrepe transitions in 118Te above the previousl& known 8%
state have been identified in a separate experiment. There we have
measured excitation functions for the 110Pd + 12C reaction and studied
angular distributions and Y-y coincidences at 70 MeV bombarding energy -
with two Ge detectors piaced at 0° and 90° with respect to the beam
diréction. The decay scheme suggested by these results is given in

Fig. 3.
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From the raw Nal spectra corresponding to the individual xn channels
the true y-distributions were‘obtained by uﬁfolding6’l3). As an example,
the pulse—heigﬁt and unfolded spectra ébtained in the 8286(40Ar,4n) ll8Te
reaction at 181 Merare shown in Fig. 4. When we unfold a spectrﬁm with
poor statistics as here, very iarge and unrealistic fluctuations in the
resulting Y—réy-spectrum may appear. They arise because at high incident
Y-ray energy only'a small fraction of the Nal pulse-height distribution
is in the full—energ? peak; a large fraction is in the Compton'distribﬁtion.
But from the observed Ge'spectra we know that diécrete lines with signifi-
cant intensitieébare not usually seen at energies 2 1 MeV in these Te
épectra. It therefore seems likely that ﬁhe Nal spectra for energies
> 1 MeV will be fairly smooth. We have made fhis assumption and for
each raw spectrum have‘drawn a number of smooth lines through the data
points, consistentvwith their errors and.keeping the integral of the
counts approximately constant. These smoothedvlines were unfolded and a
somewhat better éstimate of the true Y-ray distribution and its errors
obtained than by directly unfolding the ériginal data. The line in the
raw data in the lower bart of Fig. 4 is tﬁat judged to be the best fit.
Unfolding this and comparing with the éingles spectrum gives the y-spectrum
in transitions per 40'keV shown in the upper spectrum.‘ Errors on this
are also indicated.' Care must be taken in interpreting these individual
errors, since they are correlated due to the unfolding procedure. It
should be appreciated that/the error in the total area of, say, the
1.2 - 2.3 MeV bum? is fairly small, but that some variation of the
" distribution of this area is allowed. It should also be mentioned that,

because of poor statistics in this and some other cases, the slope of
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the statistical part of the spectrum beyénd about 2.8 MeV was assumed to
be the samé as that in the gross spectra, i.e., the spectra in coincidence
with all the events from the Ge défector. In all cases the aésumed lines
were statistically consistent with this assuﬁption. Although we cannot
be certain that this procedure is correct, it maj well be, since the
slobe of the'éross spectrum was essentially independent of 4OAr bombarding
energy for medium and high energies and was the same in the l.2C~‘induced
reaction at 75 MeV. Even if this assumption were only approximately
correct, it would make litfle difference to the results which we shall
discuss later, since there are so few y-rays in the statistical as com-
pared with the‘yrast cascade spectra.

The three components of the y-spectrum mentioﬁed in the introduction
seem to be well established in the unfolded spectrum of Fig. 4: (1) the
sharp peaks around 600" and 800 keV arisé from thé lowest seven discrete

ll8Te (best seen in the Ge spectra);

transitions in the ground band of
(2) the large bﬁmp above 1.2 MeV with an upper edge around 2.3 MeV
represents the collective cascades along the yrast region; and (3) the
roﬁghly eXpoﬁentially'decreasing tail at still higher energies is inter-
preted as part of the étatistiéal cascade. But the yrast bump appears
to be much reducéd or missing altogethér at the lower angular momenta
brought in with the 12C boﬁbardments, as shown for the 4n channel in
Fig. 5. The changes in the yrast bump region for the 4n,5n, and 6n
channels are shéwn in Fig. 6 for both the 157 and 181 MeV 40Ar reactions.
The anisotropy of thé Y-radiation, plotted above ;he unfolded
spectruﬁ in Fig. 4, confirms the stretched-E2 character of the bump

region. Integration of the total spectrum gives the average Yy-ray

multiplicity, ﬁY, after taking into account the gating transition in
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the Ge detector and correcting for multiple coincidences which have been.
suppressed electronically. The Y-ray multiplicities of all the Te nuclei
studied are giﬁen in Table 1. From these numbers an estimate of the
average angular homentum carried off by the Y-ray cascades can be obtained.
First one must subtract the inténsity in the exponential tail and in its
continuation as é-statisfical baékground underneath the yrast bump.

This intensity § corresponds to approximately four transitions. Then
assuming these latter transitions carry off no net angular momentum (not
completely true), we can estimate the average angulér momentum in the
Y-ray cascades for a pgrticular chaﬁnel from the exPressipn lY =.2(ﬁy-—6),
tested in ref. 6. For the lowest xn reaction obserﬁed, the maximum
angular momentum obtained is only a little higher than thé average value;
so, for example, with § = 4 we have, on the average, 27 + 3 transitions

in the y-ray cascades for the 4n channel at 181 MeV, ihdicating a maximum

spin somewhere near 60h .

3. Discussion

From the 1iquid—drop model one finds that a rigidly rotating, charged
drop prefers an oblate shape until shortly prior to the point where it
breaks apart under the centrifugal fofcez). At very high angular momenta,
just below values leading to fission, the nucleus is predicted to stretch
out into very deformed (triaxial) shapes. A schematic view df’the full
range of angular momenta expected for a nucleus of mass A = 122 is given
in Fig. 7, where excitation energy is plotted vs. angular momentum. The
lower, approximately parabolic, line is the yrast line, which represents

the ground state of the rotating nucleus. The upper line corresponds
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to the rotating saddle;point configuration, and the difference between
these lines represents the fission barrier at that value of spin. Fission
is expected fo Become‘observable when the barrier drops below 8-10 MeV
and this or the onset of o-particle emission will determine the effective
ﬁaximum angular momentum thét can be studied in the <y-decay of such a
nucleus. A‘recent surve§l4) of multipiicity distributions of the y-ray
cascades following heavy—ion xn reactions over é broad range of the
periédic table has confirmed the results of simple calculations which
indicate that O-emission will establish this limiting angular momentum
for prbducts with 2 5,60 and fission will do so for Z 2 60. On this
basis, the Te system choseﬁ seems to be rather favorably placed for
populating very high angular-momentum stateé.

Tellurium nuclei are spherical or weakly deformed near the ground
state (the stable Te nuclei have slightly brélate 2+ statesls) as a
result of nuclear shell structure,’namely the closed proton shell at
Z = 50, However, at high spins the classical liquid—drop effects are
predicted to driveithese nuclei oblate though one must keep in mind
the possibié effeét of shell correctioné. Ekperimentally, information
about the high—spip sta;es observed in the Te nuclei produced in the
present study is contained in the continuum spectré of the few-n reactions

82Se + 40Ar reaction.at 181 MevV (Fig. 4).

for example,.the 4n channel in the
It is compared with those for other reaction channmels in Fig. 6, and with
those for the 4n channel from the 40Ar and from tﬁe lzC reactions at
several projectile energies in Fig. 5.

Several comments can be made as a result of these comparisons. From

Fig. 6 we see that the absence of structure below ~ 1MeV for the odd-mass
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nucleus indicates there is no grouping of discrete transitions in this

energy range for 117Te, in contrast to the cases of the doubly-even

116,118, More importantly, it is clear in Fig. 5 when comparing

the spectra from the 12C'reactions with that from the 157 MeV.40Ar

nuclei

irradiation that the size of the yrast Eump iﬁ the spectrum develops
with increasing angular momentum input to the compound system. This
developmen; of the bump suggests that these transitions ariée from
" rotational cascades, éé recently suggested in studies of fhe continuum
Y-rays from Yb nuclei produced in a wide range of angulér momenta by
160, 4OAr, and 86Kr reactions6). But while the bump increased regularly
with angular momeﬁtum.in all Yb cases the sitﬁafion seems to be somewhat
different for Te. |

First of qll; the yrast bump in Te appears only after a certain
amount of angular momentum ié brought into the system. This is shown
by the 12C,4n spectré in Fig. 5. From the méasured average y-ray
multiplicities we can estimate the threshold angular momentum for the
onset of the bump. Using the sharp cut-off model and assuming that
the total angular-momentum distribution is fractionated intd sharp
bins for each reaction product we obtain a vaiue around 30h .

Then with increasing angular-momentum uptake,-the bump develops
regularly at first. In Fig. 6 its upper edge is seen to move to
.higher transition energies if one follows the sequence from the 6n channel
spectrumvto the 5n one at 157 MeV to the 6n and 5n\channe1.$pectra at
181 MeV and the 4n channel spectrum at 157 MeV. This corresponds to the
behavior previously observed in Yb nuclei and suggests (as discussed

there) the existence of regular rotational bands in this spin region.
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In Yb it was possible to correlate the edge energy with the maximum -

angular momentum at thé top of the y-ray cascade and thus to determine
the moment of inertia of tﬁis nucleus at very high spin. Similarly,
we can obtain ﬁoments of inertia in Te. The average Y-ray multiplicities
of the 5n reaction at 181 MeV and the 4n channel at 157 MeV agree wifhin
the errorsvof our measurement'én& probably correspond to a maximum angular
momentum around SSh in each of the #—cascades. Together with the edge
energy of 2.3 Mev we find a moment of inertia of 2:7h2:= 95 Mev"l,
" compared to é rigid—sphere value of 85 MeV—l and a 1iqﬁid—drop estimate
of aboﬁt 100 MeV-;.

At still highef input angular momenta the energy ofvthebedge qf the
yrast buﬁp no longer_ﬁovés much. This can be seen‘in Fig. 5 if one
compares the-40Af,4n spectra at 157,170,land 181 MeV average bo@barding
energy. Since the 4n réaction‘at 157 MeV already corresponds to a
maximum angular homentum qf ~55h, and the maximum spin that can be
held in the compouhd nucleus is of the order of 60h, little more angular
momentum. can be‘brougﬁt to £ﬁe y—ray cascadés with increasing 0Ar energy.
So, -little further movement df thé edge is expecfed; a limiting situation
is being approgched and additional input angular mbmentum will lead to other
exit channels (these are likely to involve a—paiticle emission). This
is in agreement with the observed increasing population of oxn channels

as the bombarding energy is raised, and is also plausible from the reduc-

tion in y-ray multiplicity observed for the sum of all reactions at
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181 MeV 40Ar compared to i70 MeV. However, another possible explanation
for the limited movement of the edge at these high spins is that a back-
bend is taking place. At present we cannot say much about this from our
data, so that we cannot decide between these possibilities.

In contrast, the behavior of Te at moderate spins séems to be more
readily understood. Thus the two peaks observed at Y—rayvenergies of
~ 600 and ~800 keV in the even-n spectra represent peculiarities in the
nuclear structure that lead to the exiétence of several levels, roughly
equally-spaced at those energiés (see Fig. 3).. In addition, there
appears‘to be a minimum in the 4OAr spectra between the 800 keV peak
and the yrast buﬁp. These factors argue against the existence of
deformed rotational bands as the collective mode of excitatioh at
spins much below 30ﬁ. A relétionship between transition energy and
spin different from the rigid-rotor one is neceésary to explain these
data. The éppearance of thé bump then indicates a change to collective
rotational behavior and is a_reflection of changes in nuclear structure
(shell effects) caused by the iﬁcreasing angular momentum.

Recently, shell effects have been included in theoretical calcula-

tionsz”l6"17

) for nuclei at very highvangular momentum by using a
Strutinsky-smearing type of approach. In particular, Faessler and
Ploszajcakl6) and Ragnarsson .and Sorokal7) have calculated the transition
energies between the yrast states of 118Te for 1> 20 with the assuﬁption
that pairing has brbken down. The results from Ragnarsson and Soroka

are shown in a plot of transition energy versus spin in Fig. 8, along with

a curve representing the liquid-drop values for an A = 118 nucleus and

the lowest known transitions in 118Te. It is the slope in such a plot
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that should compare inversely with fhe height of the-Té spectrum of Fig. 4,
if the feeding into the yrast region is mainly complete. The sharp rise in
“the calculated values of the transition energiés around I = 26 wéuld
produce a valley in the y-ray spectrum at.that spin (at‘EY ~ 1.3 MeV),

.and the decrease and flatter slope thereafter would give a bump at a
somewhét highér energy. This bump, caused in the calculation by an
oblate to triaxial (prolate) shape change, comes at an energy somewhat
comparable with the experimental one, but we should not expect too close

a correspondénce.: The theoretical calculations refer to the y-transitions
between the yrast states, while the experimental results includé not

only the yrast cascade but also many sets of cascades in a region

possibly several MeV widé above the yrast line. Howevér, the important
feature is that for the first time experimental results, namely the
irregular behavior of the spectralvintensity below 1.2 MeV in these Te
nuclei and the large bump of intensity of higher energy (up to ~2.3 MeV)
which appears'at moderately high spins (>30h), require shell effgcts

to Be considered.

It is not clear at the present time wﬁether the gorrespondence
between the experimental spectra and the results from the microscopic
calculations for 118Tevare real or fortuitous, but it is clear that
the accurécy and sensitivity of both experiment and calculation are
approaching the péintlwhere meaningful comparisons can be made.
Certainly the different behavior of the Te spectra as compared to the
Yb ones shows that shell—;tructuré effects contiﬁue to play an important
role as the spin is increased. The exact cause and nature of the

collective transition-energy limit seen at very high spin in these
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Te spectra remain to be determined, but the observation of such behavior
suggests that investigation of other nuclei at high spin will demonstrate
additional structure effects.
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Table 1 . Average Y-ray multiplicities for evaporation residues from
122Te.
_ _ a)
Reaction - Channel NY
104 4 12¢ 50 Mev 3n 8 + 1
4n 71
75 MeV - o bdn 19 = 2
5n o111
102 MeV 6n _ 16 + 2
820 4+ “0pr 157 Mev 4n 26 * 3
5n 18 + 2
6n 14 + 1
170 MeV 4n - - 28 + 3
5n 22 + 2
6n ‘ . 18 + 2
181 MeV 4n 31 + 3
5n ‘ 24+ 2
6n 20 £ 2

a) The average angular moﬁentum of the y-decay can be calculated from
the relation I(Y) = Z(EY-4)._ For the 5n product ll7Te we add 11/2

to account for the spin of the hll/z band head (the gating transitions

for the Nal spectra belong to the hll/z_band; the 11/2-state is isomeric).
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Figure Captions

Ge-singles spectra in-beam and out-of-beam (20 - 60 ns after the
beamburst) for 828e4-40Ar at 157 MeV..

o ,
Ge spectrum in coincidence with the 0 Nal counter for

828e + 4OAr at 157 MeV.

Partial level scheme of 118Te.

40 118

NaI pulse-height sbéctrum for 8%2se + 40pr > Te3+ 4n at

118 MevV, and the corresponding unfolded spectrum. The pulse-
ﬁeight spectrum is the sum from all four detectors at 0°, 30°,
60° and 90° and is close to the isotropic average.  We have
used no édditional absorbers in front éf the Nal detectors. The
unfolded spectrum is given as numbér of transitibns per 40 keV
transition—eﬁefgy ipterva1; " At the top of the figure the 0°/90°
ratio, the anisotropy, is plotted as a function of transition
energy. This ratio was obtained fr;m the separately unfolded
spectra at 0° and 90°.

Unfolded Nal spectra from'llaTe produced via the 4n channel 'in
the réactioné 82Se + 40Ar at 157, 170 and 181 MeV and lloPd + 12C

at 50 and 75 MeV. The spectra are given as the number of

transitions per 40 keV transition-energy interval.

For 82Se + 40Ar.at 157 MeV (light lines) and 181 MeV (heavy

lines), unfolded spectra for the 4n ( ), 5n (—— —) and
6n (— ) reactions, given as the number of transitions per

40 keV transition-energy interval.
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- Fig. 7 Plot‘of excitation energy versus spin for A - 122 showing the
liquid-drop and rigid-sphere yrast lines and the rotating
saddle—poiﬁt energy.

Fig. 8 Plot of transition énergy versus spin as given by the liquid-
drop model (——O'andvés calculated by Ragnarsson and Soroka17
with shell corrections added **°®*. The results of Faessler and
Ploszajcak also show the distinct increase in‘transition energy

just below spin 30.
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