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ABSTRACT
Methods have been developed to study the continuum gamma-ray
spettrum following—heavy-ionvcompound—nucleus reactions. In the Yb
nuclei studied these spectra were found to depend mainly on the input '
angular momentum, and not on the target-projectile system. The gross
features of the spectra are a:high-energy tail of v 4 transitions corre-
sponding to the statistical cascade and a lower-energy bump composed
of many unresolved collective E2 transitions. Several methods were

devised to obtain moment-of-inertia values from the detailed features

of this bump for angular momenta as high as 50 1.
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1. Introduction

In heavy-ion compound-nucleus reactions the projectile can bring
in large amounté of angular momentum. ‘But in order to produce very high-
spin'states in the evaporation residues two conditions have to be met:
tﬁe compound system must not fission; and the evaporated particles must
not carry off too much angular momentum. These two processes 1imit‘the
maximum angular momentum observed so far in‘the residual nuclei to & ~ 70.

A schematic diagram of excitation energy vs. angular momentum

for rare-earth products from an 40

Ar reaction is shown in fig. 1. The
lower, approximateiy parabolic curve is the yrast line, so that thefé
- are no levels in these nuclei at energies below this. The heavy bar is
an estimate of the energy and angular momentum for states populated.in a
4n reactionl). Their energies are roughly a neutron binding énergy above
the &rast line, and their angular momenta are between those of the 5n
channel below and the 3n channel above the 4n region. It is important
~ to understand both limitations. A fifth neutroh is not likely to be
emitted from the populated area indicéted in fig; 1 sincé this decay
would lead into a region of low level density véry near the yrast line
or even be completely forbidden energetically. Similarly, a compound
nucleus with mére than about I = 40 in fig. 1 would probably not emit
the fourth neufron. From nuclei with I less thaﬁ about 20, én the other
hand, a fifth neutron will be emitted as more and more states in the 5n
product become energetically available. Thus, fhere is a fractionation
of the initial angular momentum among the residual nuclei, with the
highest %£-values going into the channels with the fewest particles

evaporated. This fractionation should be stronger at high angular'momentum
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where the yrast line becomes rather steep, but it is expected to get
washed out at low angular momentum where the yrast line becomes relatively
flat.

The gamma-ray deexcitation of the populated region is predicted
to pfoceed‘through three typesvof cascadez). One of these is a statisti--
cal cascade (I) consisting mainly of high-energy dipole transitions.

This carries off some excitation energy, but very little angular momentum.
The gamma-ray spectrum from this cascade is expected to decrease exponen-
tially in intensity above v 2 MeV. To carry off angulaf momentum, the
decay proceeds by stretched E2 transitions through a number of collective
bands roughly parallel to the ytast line. This is the collective cascade
(ITI). Here the gamma transition energy will be determined by the effec;
tive moments of inertia in the collective bands. Using liquid-drop model
estimatesj, one expects transition energies between 1 and 1.5 MeV for
nuclei in the rare-earth region. Since none of the individual bands is
likely to collect sufficient population to be distinguished, the COlleC;
tive cascade should produce a 1ew—energy cont inuous "bump' in the gamma-
ray spectrum. There is no experimental evidence that the collective
cascades are close to the yrast line and we do not distinguish whether
the statistical or the collective cascade occurs first. Around I = 20
the yrast levels become those of the ground-state band and an energy gap
develops between these levels and others of the same spin. At this point
the population begins to shift into this particular band, producing
individual transitions with sufficient intensity to be identified in

the spectrum, that is, the discrete lines of Cascéde (I11).
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Thus ih the gamma-ray spectfum from an evaporation residue in
the ﬁassvregion around A = 160 there are three discefnible features:
low-energy discrete lines C} 0.8 MeV); an uﬁresolved reiatively low-
ehergy bump (¥ 1.5 MeV); and an unresolved high-energyvexponential tail.
To get infbrmation about states at high angular momentum it is necessary
either to develop new techniques to isolate very weak trahsitions from
fhis unresolved "continuum' or to devise statistical methods to investi-
gate the continuum. It is this second approach, the statistical one,
that we have chosen for the present study. Several related studies

4-12

. have been made of these continuum gamma rays ), including some

preliminary reports of the present work.
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. 2. Experimental Technique and Results

160 on 150m, 161 MeV and

86Kr on 80’828e to

We have used bombardments of 88 MeV

40 126,130

185 MeV "Ar on Te and 309 MeV and 334 MeV

produce Yb nuclei in a broad range of angular momenta up to the limit
which these nuclei can hold. The compound system most completely
16

studied was 166Yb. 'Additional results were obtained for. 8Yb via

82 170 40

the.86Kr reaétion on “Se and for Yb via Ar'bombardment of 130Te.

16 40

The energies of the "0 and ""Ar beams from the 88" cyclotron
are known to better than 1 MeVﬂ The S%kr energies at the SuperHILAC
were measured to ~ 1% accuracy by time—of-fiightAand monitored during
thé,experinents by a solid-state detector.

Our expefimental'arrangement to study the continuum y rays from
the evaporation residues is shown schematically in fig; 2. The beam
strikes a thin target on 0.025 mm lead backing. Target thicknesses are
below 1 mg/cmz and introduce less than *4 MeV spread around the average
beam energy. (Wé-will refer to theée averages.rather than the full
incident beam energies frdm now oh); The lead backing stops recoils
and projectiles without generating'appreciable background. radiation..
The y continuum is observed in three 7.5x 7.5 cm NaI(T2) detectors at

o (-]

0, 45, and 90° with respect to the beam direction and 60 cm from the
target. These detectors are gated by coincident pulses from a 10 cm3
planar Ge detector at 225" and 5 cm from the target. The coincidence
requirement with the Ge detector sér&es two purposes: (1)'to obtain
thé continuum spectrum associated with an individual reaction channel

by gating on the discrete y lines from the corresponding evaporation

residue, and (2) to provide a time signal to distinguish pulses



in the Nal detectors due to y rays from those due to neutrons on the
basis of the longer neutron flight times.
In order to illustrate the method of reaction channel selection,

126 40

a‘Ge coincidence spectrum from the Te+ Ar reaction at 181 MeV is

shown in fig. 3. The discrete vy lines of 1'62Yb and 161

Yb corresponding to
the 4n and 5n channels can be readily identified. In the analysis of the
data (stored event by event on magnetic tape) gates are set on the lines
of interest, backgrbunds are subtracted as determined from energy regions
next to these lines, and then the sorted NaI‘spettra are summed for all
liﬁes from a given reaction channel sinée we have not found stafistically
significant differences between these spectra. Thus two (or three) channels
.frmn a reaction can be studied simultaneoﬁély, and due to the fractiona-
tion of the total angular momentum distribution they represent rather
different average aﬁgular momenta.

The‘true'energy distribution of the continuum y radiation is
obtained from the observed Nal ‘pulse-height spectra by an "unfolding"
procedure4) which assumes a distribution of Compton and paif production
' events for each full-energy y quantum detected. To allow computer
analysis,vthe detector response‘to y radiation is represented by a two-

dimensional matrix of'expefimental pulse-height distributions vs.

y-ray energies. Unfolding is achieved in successive steps: an initial
guess of the true y-ray energy distribution is multiplied by the respohse
matrix to generate the corresponding pulse-height spectfum. This spec-
trum is compared té the experimental one and deviations between the

two are used to improve the»estimaté for the next iteration. Two param-

eters of the carefully adjusted detector response are given in fig. 4
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where the total absolute efficiency and the full-energy peak/total

ratio are plotted as a.fUnction of incident y-ray energy. It'is the
small peak/tofal ratio which considerably enhances the statistical
fluctuations of the unfolded spectra. Multiple events, where more

thén one Nal detecfor fired at a given time, were suppressed-elec-

| tronically. Due to the high intrinsic y-ray multiplicities of the
reactions studied, such pile;up effects are not completely negligible

- even at 60 cm distance and require an overall correction to the unfolded
'spectra of somewhat less than 4%.

Comparison of unfolded épectra from the Nal detectors at Oo‘
and.90°(after‘a small correction for the motion of the recoiling product .
nuclei) giﬁes the anisotropy of the continuum y rays. Calculationsls)

- show that the beam-y-y correlation with the Ge detector at 225°'is
'qualitatively similar to the usual beam-y distributipn; i.e. the‘0°/90o
ratio is about 1.4 for stretched quadrupole radiation and about 0.7

for stretched dipole transitions. The sum of the unfolded spectra from
all three détectors gives a nearly isotropic spectrum. Decreased by
about 3% and normalized to the mumber of single events in the gating
lines of the Ge detector, this isotropic unfolded spectrum can be
expressed 1in absolute events per decay and may be integfated to givé
the average y-ray multiplicity, ﬁ#, of the reaction.

For the réaction 12

6Te (40Ar, 4n) 162Yb'at 181 MeV the ériginal;
"raw" pulse-height spectrum and the unfolded spectrum are shown in

.fig. 5, as well as the ratio of events at 0° to those at 90°; To
obtain ﬁ;, we have sumed the transitions in the unfolded spectrum - |

above 0.34 MeV (the lowest energy considered to be reliable) and then
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added two transitions to represent the 166-keV 2*>0% and 320-kev 47>2"

162Yb. Another 0.25 of a transition corrects for the gates

lines in
at 437 keV and 578 keV in the Ge detector in this case. The average
Y-ray multiplicities for all the reactions studied are listed in table 1.
Absolute cross sections for’fhe various xn reaction channels
have been obtained from the Ge singles spectra in two ways. In the
first method, the y intensities of interest, corrécted for pile-up,
fér‘the relative efficiency of the Ge detector, and for internal con-
.Vérsion, are compafed to the corrected‘intensity of the 803 keV 2" 0"

2

transition in 09ph which is produced simultaneodSly‘by Coulomb excita-

tion of the natural lead baCRing. The 803 keV y-ray yield can be derived

14’15) of the 2" state,

from semi-classically calculated populations
and the projectile stopping powers in lead, thﬁs leading to an absolute
normalization. . The target thicknesses were determined by X-ray fluores-
cence. The other method compares the corrected y intensities with the
2*>0" Coulomb-excitation yield of the target measured at a safe bom-
barding energy below the barrier. Relative integrated beam intensities
and electronic live times for the two runs are required to relate the
.calculated Coulomb-excitation cross sectionsvto the desired xh Cross
sections.
For the Ar- and Kf—induCéd reactions the results from both

SOS

methods agree, and éverages are used for final values. The 1 m

(160,xn) cross sections are those from comparison with Coulomb excita-
tion of 150Sm only, because the projectile energies in the fusion.

206

- bombardments were above the Coulomb barrier for Pb in part of the

backing. The Qbserved xn cross sections are given in table 1. In the
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161,163

odd residues Yb only the decoupled 113/2 band transitions are

Known. To allow for other bands the measured ilS/é band populations

175

have been increased by 35%, the measured value in Yb.

As an example, the y-singles spectrum corresponding to the

126, 40

Te + "“Ar reaction at 181 MeV is shown in fig. 6. The xn lines

clearly dominate the spectrum.' Somewhat unfortunately the 8" >6"

transition in '%%Yb at 521 keV is contaminated by the 25/2"»21/2"
transition in 161Yb at the same energy. Similarly the 4" 52" transition

in 160Yb at 395 keV is not resolved from the-21/2+->17/2+ transition in

161Yb at 396 keV. Besides the pure neutron evaporation residues,

16

evidence is seen for axn products from OEr (lines at 126 and 264

157Er (266 and 415 keV). These axn products can be iden-

166

keV) down to

tified in all reactions proceeding through the compound system Yb.

But while they correspond to about 8% of the total xn cross section

in the other cases studied, their relative intensity is almost doubled

in the 181 Mev %0

16

Ar spectrum shown in fig. 6. Alpha emission from

8Yb éystem is reduced as expected; and it seems to be negligible
170

the
from the system Yb.

The y-decay from very high-spin isomers would offer a unique
possibility to study discrete transitions between high-angular-momentum
states. The decay of such an isomer should be characterized by the
high multiplicity of the subsequent y-ray cascade, and we have searched
for the prompt y-y- cbincidences between the beam bursts of the

130, , 40

Ar bombardment at 181 MeV. The beam repetition rate of the
cyclotron was 6.5 MHz and a y-beam time-resolution better than 8 ns

was maintained over the 30 hours of the experiment. Thus our arrangement



was sensitive to isomeric lifetimes from ~ 10 ns to ~ 10 days (this covers
about one third of the full logaritﬁmic time-scale from nucleaf times
to the age of the universe)._

The out-of-beam Ge-detector spectrum in coincidence with any
of thevNaI detectors is shown in the upper part of fig. 7 and can be
compared with the corresponding in-beam spectrum below. None of the
prominent xn lines can be safely identified in the out-of-beam speétrum.
From this we estimate that less than 0.1%>of the total population of these
these xn-channels is delayed in high-spin traps with lifetimes between

-9 16,17

10 1< 10 6s. Recent theoretical calculations ) also suggest

that high spin traps might not be very common.
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3. Discussion

The ghapes of the continuum spectra and their normalized intensi-
ties represent our primary informatioﬁ on thé high-spin states of the
nuclei studied. These results will be combined with estimates of the
angular momentum carried off by the vy decay to derive effective moments
of inertia for these Yb nuclei for anguiar momenta up to & = 50.

3.1 GROSS STRUCTURE-OF CONTINUUM SPECTRA -

The unfolded spectra have a common general structure. Their
intensity decreases nearly exponentially with enmergy at high y energies,
and somewhere below 1.5 MeV they show a rather pronounced 'bump' of
intenéity rising from this exponential tail. This feature is clearly

62Yb from the 40

seen in the spectrum of 1 Ar, 4n reaction at 181 MeV
given in fig. 5 and is present even in the original raw spectrum. |

The exponential tail above.1.5 MeV seems to have no sharp
high—enérgy cut-off and has a slope which is consistent with estimates
for a statistical cascadel). The néarly isotfopic angular distribution ’
in:the tail region is also consistent with this conclusion, as is the

general similarity of this part of the spectrum in the various reactions

studied. From this, and from previous work8’10

),'it is very likely
that these transitions do come, at least mainly, from the predicted
statistical cascade.

_Beiow about 1.5 MeV, in the bump region, the anisotropy éuggests
a dominance of stretched-E2 I~ 1-2 transitions. Here the spectrum does
change with bombarding ;onditions. At the bottom of.fig. 5 the shape

62 40

of the unfolded 1 Yb spectrum from the "“Ar,4n reaction at 181 MeV

(obtained from the spectrum above) is compared with that from the
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150

samev4n reaction channel at 157 MeV and with spectra from the Sm

(160,.4n) and 80Se (86Kr, 4n) reactions. The last three bombardments,

though very different in their target-projectile Combinations, generate
49

almost identical spectra. Very clearly, the bump in the 181 MeV " Ar

spectrum is more developed and extends to higher energies. This seems
to be an angular-momentum effect and suggests that the bump arises from

the predicted collective transitions parallel to the yrast line. It

16

is natural then to expect similar spectra from the ~ 0 and the low-

40 86

energy " Ar and ~ Kr reactions shown, since similar amounts of angular

momentum are brought into the compound system in these cases. Increasing

- the angular-momentum input, as in the 181 MeV 40

Ar reaction, extends
the collective cascade to higher energies. In fig. 8 the 4n shapes are
cbmpared with schematic spectra from odd-n reaction chanhels. The
important point is fhat the portion of the bumﬁ above * 0.8 MeV seems
-to depend mostly on the angular-momentum input and very little on the

final nucleus. The 5n-chammel from the 181 MeV 40

40

Ar reaction looks

very much like the 4n-channel in the 157 MeV
16 '

Ar data (and like the
0 and 86Kr spectra). This is consistent with'the expected fractiona-
tion of the total angular momentum which prediCts'about the same average
spins for.these two‘channels; Similarly, the‘3n reaction at 157 MeV
'fesembles the 4n reaction at 181 MeV, but the statistics for this 3n
reaction are rather pbor.

It is réasonably conyincing from these spéctra_thét there
exists an edge, or upper energy limit fof the:bump,’and'in cases of
adequate stafistics we have read off these edge energies. They are

listed in Table 1.
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»,3.2 MULTIPLICITIES AND ANGULAR MOMENTA

In table 1 afe listed the average multiplicities} N;, for theﬁ
different reaction channels studied in this WOrk. Several trends are
clear. For a given reaction channel, i.e., 3n, 4n,.5n or 6n, the value
of N& increases witH the bombarding energy of the projectile, indicating
’ that the length of the yrast cascade increases when more angular momentum
is brought into the compound nucleus. In addition, it can be seen that
the value of N& is larger, the smaller the number of heutrons emitted
from a particular compound system, again suggesting a longer Yrast cascade
for higher angular momenta. To relate ﬁ& to the averége channel angular
momentum we estimatéd these angular momenta from the measured channel
cross sections using the sharp cut-off modellg).

Within the framework of this model the maximum angular momentﬁm

possible in a collision is:

: _ R ~ '
ook = B VZu(E-V) , _ 1)

where R is the sum of the radii-of target aﬁd projectile nucleus, p is
the reduced mass of the system, and E and_V'are the kinetic energy and
the Coulomb bafrier in the center of mass coordinate frame._.The sum of
the radii R we calculate from the mass numbers A of the partiéles
according tolg):

) 1/3  ,1/3 -
R=1.16 (Aproj.+Atarg+.2 fm) , (2)

and the Coulomb barrier V from the atomic numbers Z according to:
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1.44 2 . zt roet
V= Proj  targel wev _ (3)
R

The contribution of a partial % wave of the incoming beam to the total

fusion cross section is given by

02.= m X2(22+l) | | (4)

whére 0<8< xmax and A is the de Broglie wavelength of the projectile;
To relate. the angular momentum in a particular reaction channel

to its paftial Cross sectibn, we have assumed that the total angular '

momentum distribution is fractionated into sharp bins for each reaction

product. (We have pointed out earlier that there is fractionation,

but it 1s probably not very sharp.) With this assumption, the cross

section for a particular'reaCtion channel is a summation of partial

waves between a lower and an upper angular momentum limit, the edges of

its bin,
9 : .
u 2 ‘ .
Ao = _S,L"_j oy = MKIR (R +1) -8R, * DT L (5)
. .

This sum may be identified with the experimental value for the cross

section of the particular xn channel. Thus, for example, with 181 MeV

4OAr on 126Te, the 6n population would fall into the lowest bin starting

with angular momentum £=0, and the 5n, 4n and 3n channels would follow

2. 0.157 mbarn for this reaction, we determine

in that'order. With m
the 6n-5n bouhdary to be lu(6n)==20. The next two boundaries are

zu(Sn) = 46 and.lu(4n) = 62 and, including the 3n channel, gives
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% nax (xn) = 64. These numbers include contribution to each cross section

due to charged particle channels competing with the nx‘channels, about
% of the xn cross section in axn chamnels (measured) and an equal
amount in pxn chamnels (estimated). The value of imax(xn) is smaller
than the maximum angular mpmentum>£max==74 calculatéd from eq. 1;
however, fission of the compound nucleus 6r emission of o particles
~ which compete with y decay by carrying angular momentum would reducé the
limit. It seems likely to us that both fission and a emission are
important in these Yb nuclei and the increased cross section of tﬁe
axn channels in the 126Te_+4OAr reaction at 181 MeV'migHt indicate
this. Unlike the contribution of A~ 8%, seen from thev166Yb systems
produced at any lower angular momentum, the ihcrease at 181 MeV would
then correspond to a emission from the top of the angular-momentum

distribution. Thus the additional 8% was not added in as parallel -

to the xn channels.

50 16

In the 1 Sm+ 0 reaction (and in several other. cases) an

odd-n channel is lowest in angular momentum, and population falling
into the slice from £ = 0 to & = 13/2 (the spin of the decoupled 113/2
- band head) will be missing from the experimental channel cross section

in table 1. In the 150 ~+16

Sm 0 reaction this amounts to about 10% of
the 5n cross section as estimated from the sharp cut-off model and
is added to the experimental value befofe calculating Qu(Sn).

Averége angular momenta for the individual channels are obtained

 from the upper and lower limits according to:

3

-2
per lower
2 2 ' ©

upper lower

L

N%LN

2(0) =

W N
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These average values are compared with the correspondihg average y-ray
multiplicities in fig. 9 after the odd-n channel multiplicities have
been increased by 3 to treat them on the same footing as the even;n
values (the prompt cascade down the decoupled ilS/Z'band 1eaves the
odd nuclei with 13/2 units of angu1ar momentum which would correspond
to about 3 more Y transitions). -

| A relationship between the average y-ray multiplicity N& and
. the average channel angular momentum 2 (o) as derived from the cross
sections is clearly established in fig._9. The avérage ratio of
EIG)/E; is close to 2, Very much in agréemenﬁ with the E2-character
of the bump. There are no obvious differences between the 160, 4OAr
and,86Kr points. Thus, the N& values observed seem to be geherally
consistent with a picture where the total angular momentum distribution
is fractionated on the individual xn channels. The situation might
be different fdr lighter idns,lwhere less angular momentum is brought-
into the compound system, and the slope of the yrast line is correspond-
ingly smaller. _

The fact that there are no trends found distinguishing the

16O, 40Ar and 86Kr points 1ead$ to an additionél conclusion, namely
that the same angulér momentum range 1s invol&ed for each projectile.
This result is in.disagreement with the suggestion that'there is a lower
critical angular momentum (as well as an upper one) for compdund
nucleus fbrmation using Kr particles, in contrast to the situation

40Ar- and 16O-induced reactions where compound nucleus formation

with
starts at £=0. That is, it has been proposed that Kr collisions

involving impact parameters corresponding to 0S¢ 45 lead to deep
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ihelastic scattering rathervthan compound nucleus formation, and the
latter occurs only forvz;>4§. " This proposal was a possible explanation
B for the nartower Kr excitation functions compared to the cbrresponding
4OAr ones, and also for the marked shift in the threshold.energyt We
can offer no alternative explanation for those experimental results, but
believe the idea of a lower angular momentﬁm cut-off is incompatible with
the present results. |

The data in fig. 9 provide an empirical relationship between the
average Y—ray multiplicity, N&, and the aVerage angular momentum of the
original compound syStem. We have fitted a stréight line to the points.-
If the statisticai y-rays carry off no angular momentum, as seems |
probable étvlow totallangular momentum, then the intercept on the N&
axis should indicate their number. The ebserved value of 4 is in good
agreement with the intensity of the statistical cascade as estimated
from the exponential tail in the unfolded spectra plus an estimated
statistical background from underneath the yrest'bump. The siope of
the line in fig. 9 is 0.43; corresponding to A% =2.3 per collective
transition. Octupele transitions are ruled out because of their
lifetimes, so the'transitions must be almost entirely collectiﬁe
stretched-E2 y-rays. The increase above A% =2 has eeVeral causes.’
One important reason is that the evaporated neutrons, and bossibly the
statistical y-cascade, carry off angular momentum. It seems plausible
to us that the amount so carried shouid be proportional to the total
angular momentum. A reduction of the initial angular momentum of -
the compound system by v 15%_to allow fot the heuttons_seeme to‘fit

the data. In addition, the value of the average angular momentum
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- has been calculated from the cross section by assuming that one reaction
channel takes a certain angular-momentum range and then closes as the

" next channel opens in the next angular—moméntum range. Since the reaction
channels are almost certainly not that distinctly'fractionated in angular-
_ momentuﬁ5 there is likely to be some overlap. If so, the average value
for a feaction channel in a high-spin range will Be iower‘than has been
calculated, and that for a feactibn channel in a low—angular—momentum
range will be higher than has been calculated. The high- and low-spin
points do deviate slightly in just this manner.

It seems clear that there is a correlation between the average
y-ray multiplicity and the average value of the angular momentum in the
original compound system, and'that the correlafion should be even better
between the multiplicity, N&, and the average value of the angular
momentum,‘i; at the start of the y-ray cascade after particle emission.
The value of % is approximately‘Zﬁ&, or more accurately 2(N§-6), where
§ accoumts for the y-rays carrying no angular momentum, and is around
4 in the present case. If such a relationship between.ik,and E'prqves
géneral (and it has been obtained in other multiplicity studies) then
it becomes an important and useful method to obtain the average angular
momentum left in a particular reaction product at the start of the
y-cascade, as the average y-ray multiplicity is a quantity readily
determined. The NY values will be used for this purposé in the next

section.
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3 3 EFFECTIVE MOMENTS -OF INERTIA
In the ground state rotational bands of these rare- earth nuclei
moments of inertia .Z have been calculated using the approximate rela-

tion,

Et=‘7§§7(41-2), o -v  (7)

which connects an Ethraﬁsitibn energy EtEWith the spin I of the decay-
ving state. In fig. 10 we show the usual backbending type of plot for

162Yb; where 2 L§77f12 is plotted against (hw)z, the square of the
: rotationai frequency (which is very nearly E£2/4). Around spin 12
the moment of ineftia rises sharply, suggesting that the‘curve will

160

backbend as it does in the isotone Er. It is interesting to look

166Yb

at that enérgy regidn<ih the unfolded spectra produced via the
compound system (figs. 5 and 8). There is structure in the spectra
of the 4n reactions around.O.S MeV which is totally missing in the
3n and 5 n cases, and this'very likely corresponds to the expected

backbend in 162

Yb. On the other hand, the most heavily populated
odd-mass bands are expected to behave regularly in this energy region
and apparently_do so. This is a rather direct illustration of the
~ kind of information contained in these unfolded spectra. |

The same relationship (7) can also be applied tb.high-spin
states in the collectiVé cascade, if we confine ourselves to a region
of the spectrum corresponding to I values below which there is no
appreciable direct population into the channel of interest. This
region is likely to be below I =35 for the 4n channel in the 126Te+4OAr

case at 181 MeV since most of the population with?lower spins goes
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into the 5n or 6n channels, but it would be less than I=20 for the
160 and low- energy Ar cases. iProvided there is a monotonic inérease

of transition energy w1th spln (no add1t10na1 backbending), a spin

value for each transition energy can be obtained by summing all the
transitions (less the estimated statistical-cascade background) up to

that transition energy and multiplying by 2. This method is applicable
bétween ~ 0.7 and 1.0 MeV in the spectrum. The analysis can be followed
in table 2 and leads to the moments of inertia given by the dots connected
by a solid line in fig. 10.

It would be nice to follow the moment of inertia in this manner
all the way up to the edge of the bump at 1.4 MeVL To do so requires
additional information on the feedlng pattern into the 4n- channel
which we do not have at the present time. However, the necessary data
could be obtained from experiments measuring the higher moments of the
Y-ray number distribution. (The cdrresponding additional information
would allow us to analyze the‘160, low-energy 40ar and 8Oy cases, too).

Another place in the spectra where relation (7) may-give moments
of inertia 'is at the edge of the buﬁp. From the bottom part of fig. 5
the edge in the 40Ar”spectrum at 181 MeV is éléarly higher than ih'

the other three cases where less angalar momentum is brought into the
.system. This suggests that the energies of the edge (given in table 1)
can be associated with Y-transitiona between the highest spin states

in the collective cascade. On the basis of this assumption, four
values. for 2 f?77h2 can be obtained andlareiﬁlotted in fig. 10. As

an estimate of the angular momentum at the top of the collective cascade

we used the correspondlng upper channel angular momentum as derlved
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fréﬁ the cross sections, but subtracted 15% tovallow for the amount
'Cafried off by neutrons and the statistical cascade. During a back-
bend the édge of - the bump and the top y-transition energy in the
céscade would not be identical and then moménts of inertia would not
be derivable in this mammer.

The preceding method is an "integral' one and thus not very
sensitive to local Vafiations in the moment of inertia. There exists
an alternative,‘a~"differential“ methbd, thét can show such 1océl
variations. Each point on thé unfolded spectrum.of fig. 1 gives the
:number of transitions per 0.04 MeV energy interval (N& in tablé 2).
.The reciprocél_of this (.04/ﬁ#) is the difference between transition
energies AE¢ and can be related to thevmoment of inertia by differen-
tiating express (7) for E, yielding

. am? 2B dQn; | | )

t 29 Tdar o :
This mefhod also requires thé full bopulation in the chénnel,’and thus1‘
again-canbonly be applied quantitatively below I =‘35'in the 181 MeV
4‘OAr case. For the region between 0.7 and 1.0 MeV,LEZ—is nearly
constant so that thé last term of eq. (8) can be heglected, giving
2 h§?7h2 ~ 8/AEt, This procedure may be followed in table 2 and leads
to the diamonds conmnected by the dashed line in fig. 10. The results are
in good agreement with those from the integral method and this agreement
suggests that the various approximations used are reasonable. The
power of the differential method is that changes in the momeht of |

inertia can be recognized directly from irregularities in the spectrum,
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thereby providing a simple means to pick out regions of particular
interést, namely; regions showiﬁg some typé of stru¢ture.

The effectivé moments of inertia measured by the techniques
described above are compared in fig. 10 with that of a rigid diffuse
‘sphére of_méss 162, having.an equivaleht'rms radiu521) of 6.71 fm. -
The deformed rigid-body value for the moment of inertia would be
roughly 10% larger than this rigid-sphere value. The data above
spinIZO-—,(huS)2 v 0.12 MeVz-— are nearly consistent with the rigid
sphere‘estimate, buf seem 1iké1y to be below the deformed value at

" least up to spin 40—(hm)2'v0.35 _MeVZ). Since 162 Yb is almost
- certainly deformed,.this might indicate that there are still some
pairing.correlatiOns (or other effects) at thése spin values which

- reduce the effective moment of inertia below the rigid-body value.
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We have developed mefhods to study the y-ray continuum spectra
from Yb evaporation residues produced by various heavy-ion reactions.

‘ These spectra clearly have>a gross structuré with two components. One
is a high-enefgy exponential tail which we associate with a stétistical
cascade of ~ 4 transifions. The other is a lower energy bump of stretched
E2 transitions that'correSpond to the many collective rotational bands.
that cascade down parallel td the yrast 1iﬁe.

Since most of the y-rayé are in the yrast bump, it has been
shown that a fairly good estimate of the average angular momentum
carried by the y-ray.cascade in.a particular reaction channel can be
obtained by multiplying the average y-ray muitiplicity determined for
that éhannel, ﬁ& , by two, and that still better values can be obtained
with certain small corrections. Furthermore, no observable difference
was found among different réactions (target-projectile combinations)
in the»relationship between N& and the angular momentum involved at
the start of the neutron cascade; as determined from the cross sections
using the sharp cut-off approximation. (Thié result is in disagreement
.with the idea of a lower critical angular momentum for compound nucleus

‘formafion‘with Kr projectiles.) In all of the reactions studied,
however, there was considerable fractionation of the angular momentum
depending onAthe product nucleus.

We have shown that there is a relationship between the maximum
energy of the bump and the ahgular momentum input. The form of the

| bump is well represented by assﬁming that the YFrays cascade down -

collective rotational bands characterized by an average moment of

8]
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!

inertia which increases towérds the rigid-body value at high spin; To
obtain effective moments of inertia at these high spins, methods have
-been developed td énalyze the # continuum above the discrete ground—state—
- band transitions. - These methods have given the first values for effective
moments of inertia in fhese‘nuclei at about spin 50. It -will obviously
be of interest to improve the methods in order to see more details of

these moments of inertia and to extend the measurements to other nuclei.
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Table 1. ~ Data on Yb evaporation residues
T a) b) _ _ -
Reaction (mbarn) 2y 2(o0) . NY oly) Eedge(MeV)
1505189, 3n) 3547 . 3942 392 17:2 33t 1.09:0.08
87 MeV  4n 495:50 38+2 30+2 1741 26+¢3  1.12+0.05
5n 193+20 21+] 1541 8+1 1543 0.880.08
12610(%0pr 3n) 85415 4742 4442 202, 395 1.360.06
157 MeV  4n’  219+¢22  41+2 3042 1741 2653 1.160.05
5n 34+7 162 12+1 8x2 154
12610 (%0nr 3n) 2815 64+4 63+4 2652 4415
181 MeV  4n  239+24 62+4 54+4 2452 40:5  1.40:0.05
5n 23840  46+3 35:3  15+¢1 © 29+3  0.96+0.08
“6n 53+6 20+1 14+1 - 9+, 10+2
8056 (80kr, 2n) 3345 444 424 22¢3 3645
306 MeV  3n 110£17 40+3 3142 12¢2 2344
4n 3646 20+2 132 82 8+4
805e(®kr, 3n)  125:20 6145 544 2352 4415
331 MeV  4n 166425 47+4 3543 18:2  28+4  1.20+0.06
5n 2445 - 18+2 14+2 o |
825088y, 2n) 2045 42+4 4144 2443 4046
306 MeV  3n 90+18 404 33+3 1562 2943
in 62412 2543 1742 1242 1643
8250 (8%, 3n) 77415 5314 49+4 2042 4745
331 MeV  4n 116+23 44+3 3543 2042 3143
5n 51410  25+2 18+2 6:2  11+4
13010 (%0pr an) 100470 6143 58+3 . 28+2 484  1.5240.05
181 MeV 50 260+26 55¢3 . 4743 2141 M+3  1.42+0.06
6n  188+19 °  37+3 2742 1641 242
7n 18¢4 13%2 1042 |

a) for ]G]Yb and 163

increased by 35% to allow for other bands.

’

Yb the measured decoup]ed i]3/2 band population was

b) includes 15% of xn cross section for charged particle evaporation

from ]66Yb compound system and 8% from ]68Yb systenm.
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16.

- 32.

Table 2. " Moments of inertia in 162y}, evaluated from the Y continuum between
0.7 and 1 MeV.
Chénnela) E (hw)z .o P L 41;2 & b)
number t ' Y Y E, v AE,
ke (Mev)?  Mev™ MeV "
17 680 0116 0.63 1073 2. 124
18 720 0.130 0.7 11.50  23.0 125 134
19 760  0.144 0.57 12.07 24, 124
20 800  0.160 0.69 12.76 2. 125 125
21 80 0.176  0.56 13.32 2. 124
22 880 0.194 0.76 14.08  28. 126 155
23 920  0.212 0.79 14.87 29, 129
24 90  0.230 0.71 15.58 3. 128 129
+ 25 1000 0.250  0.58 16 127 |

a) Refers to the normalized unfolded spectrum in fig. 5;'ﬁ§ gives the

collective intensity per channel.

'b) 2-channel averages starting with channel 18.
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Figure Captions

" Fnergy and angular-momentum range of a rare-earth nucleus

populated in an (40Ar,4h3 reaction. The proposed y cascade

pathway to the ground state is shown.

'Experimental arrangemént to study continuum y rays.

126 40

Ge detector spectrum from the Te + ""Ar reaction at 181 MeV

in prompt coincidence with one of the Nal detectors. The
Ge ceincidence spectra are used for setting gates to select
the individual reaction chanﬁels.

Résponse parameters of the Nal detectors fér an absorbei of

3.6‘g/cm2 Pb plus 2.8 g/cm2 Cu. The experimental points

152p,,70.570 Mev

24,

207 Na. The

from Bi, 1.17 MeV.erm 6OC0, and 2.75 MeV from.

smooth lines are baseéd on results from calculations by R. L.
Heath.

Raw ([O) and normalized unfolded (@) continuum y spectrum

126. e(40

from the reaction T Ar,4n)162Yb at 181 MeV. The larger

dots represent 5-channel averages. Also shown is the 0/90 ragio
for the true y distribution. At the bottom are schematic spectra
for this case (solid line) and for the reactions
126Te(40Ar,4n)162Yb
162

80Se(86Kr,4n)162Yb at 331 MeV'(dotted:line),

at 157 MeV'(longef-dashed line), and 15OSm(160,4n) Yb at

87 MeV (shorter-dashed line).

Ge detector singles spectrum from the 126Te+40Ar reaction at

181 MeV. Absolute cross sections for the individual reaction

channels are obtained from the singles spectra.
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Ge detector spectra from the 130Te+40A;r reaction at 181 MeV

in coincidence with any of the Nal detectors. The lower spectrum

- corresponds to events in the beam pulse of the cyclotron, the

- upper spectrum to coincidences in the time interval between

20 ns and 40 ns after the beam pulse.

Schematic represéntation‘of Yb continuum spectra following

40Ar reacfions. ‘The 5n and 4n channel at 181 MeV correspond

~to similar angular momenta as the 4n and 3n channel at 157 MeV.

This figure plots the observed average y multiplicities given
in Table.l against the aﬁerage angular-momentum in that cﬁannel,
also given .in Table 1. f)iamonds (@), triangles (A) and -
dots (@) indicate 0, Ar and Kr résults.. The straight line
fitted to the dafa has a slbpe of 0.43. | |
Backbending plot for 0%Yb. ‘The small dots indicate the Khown
1ow~$pin states whereas the épén';ircles are for the isotbne

160 '

Er. The laige dots connected by a solid line correspond to

Yb values derived by thé'integral method from the 181 MeV

4OAr spectrum between 0.7 and 1 MeV and the diamonds come from

the differential method applied tobthe same data. The isolated

square, triangles, and solid dot represent values from the top

160,

4007, 331 Mev 8kr, and 181 Mev *OAr reactions. The

157 MeV
horizontal dashed line corresponds to a rigid diffuse sphere

with A=162.
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