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ABSTRACT
A metbod is developed to determine average lifetimes of continuum
gamma rays following heavy-ion compound—nucleué reactions. The resulting
enhancement factors for E2 transitions depopulating states in the spin
30-50 region are of the same order of magnitudé as for ground state
rotational bands of deformed nuclei. ‘This shows for the first time

that these high-spin states decay through strongly collective bands.
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The de—excitation y-ray spectra of nuclei produced at very high
angular momenta in heavy-ion compound-nucleus reactions are composed

1 The intensity of the high—energy part of the spectra

of three parts.
(EY,Z,I.S MeV for deformed nuclei in the heavy rare-earth region) falls

exponentially with E In this region the angular correlation is roughly

Y’ o
isotropic, suggesting about equal amounts of dipole and quadrupole
transitions.z’3 Furthermore, the multiplicity associated with each
transition is roughly indepgndént of EY. This part of the spectrum

is very likely produced by statistical transitions. The low=energy
region of the spectrum (£ 0.7 MeV) is dominated by discrete lines,

the transitions between the well—separated'ahd stroﬁg1y>populated low
energy states. In this paper we will focus our attention on thev
intermediate range of y-ray enefgies where the spectrum shows a broad
structﬁre (the "bump") with ;he foliowing characteristics: i) The

' multiplicity of transitions af the high-energy edge of the bump is
higher than the average multiplicity associéted Withveither the
statistical or discréte parts of the spectfum —— indicating that

these transitions come from the highest spin stétes popﬁlated.

ii) Angular distribution measurements show‘predominantly a'stretched‘
quadrupole component in these‘decays. These characteristics can be
explained by a model which assumes that the quadrupole bump is composed
of collective transitions within rotational bands parallel to the yrast
line. Thg effective moments of inertia derived from the multiplicities
and excitation energies of these transitions are close to the values for

" a rigid rotor. However, until now no measurements have shown that these

transitions are indeed very highly collective. In the pfesent experiment



an attempt is made to measure average lifetimes in the bﬁmp region
by a Doppler shift method. '

The experimental setup is'similar to the one described in Ref. 3,
with six 7.6 X 7.6 cm Nal detectors serving as a multiplicityffilfer.
Two 7.6 X 7.6 cm Nal detectors were located at 0° and 90° with respect
to the beam direction at a distance of 60 cm from the target to allow
for neutron discrimination. Average lifetimes of the continuum y-rays
were deduced by comparing the Doppler shift for the spectra measured
in the 0° detector with a thin self-supporting target and wifh a
targét on a thick backing.

The targets and compound nuclei studied using beams of 700 MeV
136Xe from the LBL SuperHILAC are listed in Table I. In each case
spectra were measured for a ~1 mg/cm2 self-supporting target and for
; target of similar thickness on a 25 mg/cm2 Au backing. In order to
keep the conditions as equal as possible for the two spectra, a
25 mg/cm2 Au foil‘was placed ~2 mm doﬁnstream from the thin foil
targets. In addition, for the 27Al + 136Xe system, targets with Pb
backings were used. In this case the stopping time is almost two
times longer than in the Au stopper; this provides a check oh the
reliability of the method as discussed below.

As an example of our data, Fig. la shows the sum of the 2-6 fold3
spectra obtained in the 0° detector for the self-supporting 27A1 and
the 27Al on Au targets. Below ~600 keV the displacement of the two
spectra results mainly'from lifetimes of the discrete lines. In the region

of 750 - 1500 keV, the lifetimes of the continuum Yy-rays are responsible

for the difference between the two spectra. At still higher y-ray



energies, the lifetimes are much shorter tﬁén the characteristic
stopping time, hence, no difference is obserﬁed between the backed
and the unbacked targets. The different effects in these three regions
are accentuated in the ratio of the two spectravwhich is displayed in
Fié. 1b. The ratio for a different target, 2881, is shown in Fig. 1d.
Two methods were used to normalize the spectra obtained from
the backed and the self-supporting targets: i)‘As was explained above,
no difference is expected in the range of EY’z 2 MeV; therefore,
the two spectra were matched in this energy region. ii) No Doppler
shift is expected in the detector at 906. Hence by taking the
double ratio of spectra from the backed and from the self-supporting
targets at 0° and 90° we were able to get a normalization which
eliminates some of the possible systematic errors, at the expense of
a larger statistical uncertainty.
The data were analyzed in the following way. First the pulse
height specfra were unfolded4 to give the primary.photon spectra.
The spectrum for recoil into vacﬁum was then folded with the response
function calculated for a Doppler-shifted distribution,_and the
calcﬁlated ratio of spectra for recoil into vacuum and for recoil
into backing was compared to the'experimental ratio. It should be
noted that the theory provides only the Doppler response function.
The result of convoluting the experimental spectra with the response
function does not smooth the fluctuations in.the original spectra as
can be seen in Fig. lc. The'response function which generates the
Doppler-broadened spectrum was obtained by following the population

of the decaying levels during the slowing down of the emitting nuclei.



The population of levels in the continuum was calculated using a model

in which the continuum is described by a series of rotational bands with
an average moment of inertia % . To each energy bin at a median energy
E'Y a spin I is assigned using the relationship E’Y = ;;—(41 -2) with
the'empirica12’3’5 value 3£§-= (1501:20)M£V—1. We assume that the level
decays to the next member of the band by an E2 transition. The feeding
of eacﬁ level consists of two parts: the prompt feeding, and the
cascading from upper members of the band. The prompt part is

approximated by a ©0_. distribution of initial populations,

I
o; = I/(1-+exp((I-Imax)/Z.S)) ,  Where Imax is the maximum angular

momentum brought into the compound nucleus, determined for this case
as Imax:= 50. For the cascading part, the transition lifetimes are

determined according to the rotational model with a constant intrinsic

quadrupole moment Qo [Refs. 6,7]

T = 8+102E.° 1

sec .
keV) (1 2x0| 1,21, K>
i i f

*"% o)
The population equations are solved for all members of the band which
contribute to the feeding. To solve this system of 10 -30 coupled
linear equations, we derived a fast algorithm which made the analysis
of the experiment tractable. The slowing-down process was calculated
using the Northcliffe and Schilling8 electronic stopping power and the
nuclear contribution was treated according to Blaugrund.9

The average Qo is obt#iﬁed by fitting the calculated ratios of the
spectra for the backed and unbacked targets to the experimental ratio
with Q0 as the only'free parameter. The Q0 values, corresponding

enhancement factors (in Weisskopf unitsG), and deformation parameters7
7



obtained for the two systems investigated are given in Table I. Figure lc
shows the ratio of the unfolded spectra measured at 0° for a Au-backed
and unbacked 27Al target in the region of interest. The solid line is
the best fitting calculated curve. The dashed lines show the ratios
calculated for the two extreme values of Qo allowed by the errors given
in Table I.

The uncertainties assigned to the results contain estimates of
the following systematic errors: 1i) neglect of terms higher than first
order in v/c; of angular distribution effects due to hyperfine interaction
(the deofientation effect is calculated to be insignificant); and of
finite target thickness (we assume no transverse velocity even at the
range of nuclear stopping); 1i) uncertainty‘ffom insufficient knowlédge
of the stopping power; diii) aﬁ estimated five~fold increase in the
statistical errors from unfolding thé raW'data.v

There is a small amount\of statistical y-rays present in the bump
region of the spectrum. Angular correlation experiments show,3 however,
fhat the bump region consists of ~90% quadrupole radiation in these
heavy rare earth nuclei. Furthermore, since the sensitivity of the
method depends on‘the slope of the spéctrum, énd the slope of the
statistical part'of the spectrum is much less steep than that of the
bump, our method is less senmsitive to the lifetime of the statistical
y-rays.

With a moment of inertia parameter of Zf/ﬁ2==150 MeV 1 we can
correlate a spin range of I = 30-50 to the y-ray energy region of 0.8 to

1.4 MeV, in which we observe a measurable effect. We derive from the

data that the transitions between these high spin states show an enhancement



of ~300 s.p.u. and a rather large deformation of B, = 0.4. The latter
value is consistent with the moment of inertia ol;served in Refs. 2, 3 and>5.
We conclude that the transitions in the E2 bump are of strongly collective
nature, with as high or higher a degree of collectivity as in the

ground state rotational bands of deformed nuclei.

As can be seen from Fig. lc there is good agreement in both
magnitude and slope for the calculated and measured curves. This
indicates that for the investigated nuclei the model provides a satis-—
factory description of their behavior, suggesting no abrupt change in
structure in the investigated region. Changes in structure corresbonding
to different lifetimes can give rise to regions where the fit with a
single value of Q0 is not good. This may provide a method for studying

nuclear structure changes in the continuum region.
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TABLE I. Intrinsic quadrupole moments Q,, enhancement factors B(EZ)/B(EZ)W, and
deformation parameters B, for the 1634o* ang 164pr* compound systems.

Compound - IQ |
o B(E2)

Target nucleus Stopper a) b) Average E?EES; B,
2UNY - 163g,% Au 9.3(2.5) 8.0(2.3) an

' ‘ 8.2(2.2) 270(100) 0.37(11
2701 163p0% Pb 7:0(2.6) 8.6(3.0) \
28¢5 164 Au 8.5(3.0) 8.6(3.0)
28 164 « '9.8(3.3) 380(180) 0.43(15)

Si Er

Au 12.2(4.9) 10.2(4.3)

a) Determined from ratios of spectra at 0° as described in the text.

b) Determined from double ratios of spectra at 0° and 90° as described in the text.

_L_
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Fig. 1. (a) Sum of 2-6 fold coincidence y-ray spectra (raw data)

measured at 0° for_a self-supporting “’/Al target (solid
curve) and for a /Al target on a Au backing (dotted curve).

(b) Ratio of the raw_(not unfolded) spectra measured at 0°
for a self-supporting ‘a1 target and for a 27pm target on a
Au backing (the curve is drawn to guide the eye).

(c) Ratio of the unfolded spectra (dots) measured at 0° for
a self-supporting 27p1 target and for a 27a1 target on a Au
backing. The solid curve represents the best fit of the
calculated ratio to the data. The dashed lines show the ratios
calculated for the two extreme values of Q, allowed by the
errors given in Table I. ' :

(d) As Fig. 1b, but for a 28si target. (XBL 786-7560)
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