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Abstra¢t

. Mﬁltiplicities as a function of y-ray energy have been
measdréd~for continuum y-ray spectra prodﬁced in argon reac;
tions at several bombarding energies on various targets}
Wifh fﬁe heavier systems there exist'reéiqﬁé»in the speétra
that have particularly high multiplicities which can be
associated yith the yrast (collective) cascéde. The results
‘suggest that the angular momentum in the Y-ray cascade is

limited by & emission for Z n 60 and by fission for Z 3 60.

Information about states of Very high angﬁlaf momentum can be ob-
tained from the continuum y-rays following (HI, xn) reactions. Studies
O | 2
of the multiplicities™ and the energy spectra of these y-rays 3 have

begun. We report here on the first measurements of the multiplicities
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as a functibn of y-ray gnergy EY and show that, for a wide range éf'final
nuciei, there exist energy regions with high multiplicity.

Targets of 12C, 27A¥, KC1l, Ti, Fe, 6SZn( gzse,'lzéTe, and }?OTg,
0.5~1.2 mg cm_2 thick, deposited on 0.02 mm Pb backings, were bombarded
with 4OAr ions from tﬁe Berkeley 88" cyclotron; the energy ranged be-
tween 119 and 185 MeV. A "multiplicity filter" was used consisting of
six 7.5 cm x 7.5 cm NaI(Tl) dgtectors placed symmetfically around the
beam éxis, and. located upstream from the target invorder to minimize
the number of neutréns detected. Tﬁe efficiency'of each of these détéc—
tors was 2.1% and varied less than 20% between 0.4 and 2.7 MeV. vThe
qumber'of NaI detectoré firing in coincidencé_with events in a 50 cm3

- : - o
Ge(Li) detector, placed at an angle of 45 to the beam direction and

7.5 cm from the target; or in a 7.5 cm x 7.5 cm NaI detector at —45o
apd 60 cm was recorded. Neutron events in this Nai detector were
excluded by time-of-flight. The Ge(Li) detector gave multiplicities
for individual y-ray lines, and hence inaividual reacﬁion channels,
wﬁilé the NaI gave the multiplicity as a function of EY, irrespective
of reaction channel.

Somé of these multiplicity distributions for the NaI pulse-height
spectra are shown in Fig. la,b. (Correction for the detector response
fuhctioﬂ does not appreciably change the resulﬁs). The characteristic

. feature is a peak at an energy somewhere between 1 and 3 MeV.vbThe
energy region above this peak arises from the statistical emission of
Y-rays which occurs irrespective of the angular moﬁentum of the system.

It would theréfore be expected to have about the average multiplicity of

all reaction channels. The peak itself arises from the cascade of Y-rays
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. i . .
parallel to the yrast line. If some type of rotational motion is involved,

the highest y-ray éﬁergy in the yrast cascade, E#(max), will correspond
generally to the highest initial angular momenﬁﬁm‘and hence the highest
multipliéity; With any reasonable values fgr gﬂe moment of inertia,  this
E (max)”Qill be in the range 1 to 3 MeV for the ngc1ei and bombarding.
energies considered here. Thus the mgltiplicity peak identifies raﬁher
directly‘the Y-ray energies occurring near the.ﬁop of . the . yrast cascade.

| As the mebardiné energy is increased the angular momentum input
" to the system is increaéed. This effect is shqwﬁ“in the multiplicity
.disfributi;hs of Fig. la, where the average mulﬁiplicity of the “statis—
tical" region incfeases‘steadily with energy up ﬁo i6l»MeV and gorresponds
quite clésely to that expected from reasohable-aééumptions regarding- the
angular momentum inpu£ for cbmplete fusion. Tﬂe reduction-at 185 MeV«v
must be.due to the onset of some other reactioh:mechanism, such as

fission or deép inelastic scattering, where allﬁthe angular momentum-

is not transferred to the inteinal degrees of freédOm of the nucleus.

The developmeht of the WZ‘MeV peak wifh bombaraing energy shown.in Fig. la
is very impressivé. The maximum multiplicity in the peak should be some-
what less than that for the optimumrchannel (feQest evaporéted particles) due
to dilution by statistical gamma rays. The energy of the peak moves up
slowly with bbmbarding energy, but is effectivély limited when the,ﬁighest
Angular mbmenta no ;énger contribute to the yrast cascade.

._,The angular momentum reaching the yrast region could be limited by

(1) the maximum ahgula: momentumsinvolved in»compleﬁe fusion, (2)_fissi6n
of the compound system, and (3) particle emission éompeting with y-emission

in the yrast region. For the highest bombarding.energies used here, (1)
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is‘ékpected to be well above that observed. -Wé.have maae estimates for
the limitihg angular momenta and for the correspopding end;point Y-ray
energies’for (2) and (3). Those from fission were obtained from the ;iquid—
drop model following the method of Cohen, Plasil, and Swiatecki.4 H(We,
assumed a fission barrier of 10 Mev; taken to be an effective papﬁicle
bindihg energy.) Thevenergy availablé for particle emission with orbital
angulér momentum £ from an yrast state of angular momentum I can be
written: E(P) = AE(I,)-B(P), where AE(I,%) is thé difference betweeh
the yfast energies (taken to be those'of spherical rigid rotors) for
parenf.and daughter with spins I and I-% respectively. ‘Also, B(P) is
the liquid-drop binding energy for the pa?ticle P, which is more appro-
priate than the'ground—staﬁe binding energy at these high éngular momenta.
The Eé—transition energy from the state I is: EY(I) = (h2/2L§?7(4I—2),
where;fy-is taken to be the rigid-body moment of inertia for the parent
nucleus. | |

We can evaluate 2, I(max), and EY(ma#) for the point where the
probabilities for y-decay and particle decay are equal, provided some
aséumptions are made regarding the B(E2) and the particle decay width,

/2 4/3 é2b2 which is

I'(P). We have used B(E2)Y = 1.6 (Z/66)3 (8/162)
appropriate for rotational transitions and accounts roughly.for the
variation of equilibrium deformation with mass and charge numbers, A‘~
and Z. We also took T'(P) = TQ(P)D/ZW, where TQ(P) is the transmission
coefficient and D thé level spacing.5 We evaluated the TQ(P) from an
optical—modél code and for D we took two values,-30‘éhd 3 keV,‘atvI = 40

for A = 104. Since we do not know the effective excitation énergy above

the yrast line, we have essentially normalized D to the experimental data, but

these values seem plausible. . To allow for the variation of D with A and
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I, we used the triaxial-rotor model of Bohr and Mottelson for the yrast
region. This leads to the conclusion that the level spacing near the

: . -5
yrast line is proporticnal to IA /3

’ providedjwe assume that the shape
of the nucleusvis independent of A and I. There is éonsiderable_uncer—
tainty in 6ur'Values for the B(E?) and especially’for the I'(P), but the
results'show thét the limiting anqular momenta'fér proton and neutron
emission.in these médérately neutron-deficient ﬁuclei are‘appréxihatély
twice thdsé Egr 0 emission and hence the limit ié given by o emissioﬁ..

The‘féSQlts for I(max) and Ey(max) are showq:in Fig. 2, and there
is reasonably good agfeement with the experimentai dafa. The limiting
angular momenta are low for the lower z values, thch results in smaller’»
peaks since the number of Y-rays decreases and EY(max) increases. Fiéﬁre‘
1bvshows’thgtﬁpeak§ cannot be observed clearly beiow the Ti + Ar system
(z = 40)._']_‘,‘_ | | |

It shoqld 5e pointéd out that variations from the rather smooth
behavior of the lines in Fig. 2 will occur‘sinceibdtﬁ the B(P) and the
fission limits change appreciably for a change in ﬁéut:oh number for
fixed Z. Also, theoretical calculations7 indicéte that shell effects
sﬁould not ﬁe.completely absent at high angular momenta, and may show
up as localfvariations in the moment of inertia. If.these shell effecté
are large, then the estimate for Ey(max) may be better than that for
I(max), since;the energy available for émission dépehds more on the locai;
slopes of the yrast lines than on the value of I.

The experimental technique used‘provides a general method for iden-
tifying the high multiplicity regions of the Y-ray continuum spectra.

The fesultSZShow that the spectra from nuclei with Z i 40 involve a
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multiplicity peak somewhere between.i and 3 Mév;_:ihis Clearly supporté
the intgrérefation that these speéctra consist §f yrast and statistical
ca5cades. 'We have shown that the observed limiting muitiplicifiesz'
and yrastiy;ray energies can be understood in_te:ﬁs of a simple model,
where the uppér angular-momentum limit for the-Y;ray cascade is imposed

either by fission or a-particle emission.

>
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FIGURE CAPTIONS
Fig. 1 Multiplicities as a function of y-ray énergy (pulse height) for

40 - 82 . . . .
a) Ar + 2Se at the indicated bombarding energies, and b) targets

. 4 _
bombarded by OAr ions of 161 MeV, except for 130Te (185 MeV) and

120231 Mev).

Fig. 2 The'solid (dashed) lines show the calculated EY(max) and I (max)
values giﬁen by particle emission (fission).‘ The'experimental points
come from Fig. 1, where I(max) is twice the maximum multiplicity which

in turn is estimated to be 3/2 of the average ﬁultiplicity (see text).
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