VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998
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We study the systematics of the giant dipole resonance widih hot rotating nuclei as a function
of temperaturerl’, spinJ, and massA. We compare available experimental results with theoretical
calculations that include thermal shape fluctuations in nuclei ranging flom 45 to A = 208.
Using the appropriate scaled variables, we find a simple phenomenological fuli¢tlo®, J) which
approximates the global behavior of the giant dipole resonance width in the liquid drop model. We
reanalyze recent experimental and theoretical results for the resonance width in Sn isotopféBland
[S0031-9007(98)06612-5]

PACS numbers: 24.30.Cz, 23.20.—g, 24.60.Ky, 25.70.Gh

Hot rotating nuclei are usually produced in heavy ion(LD) free energy surfaces. We find that by introducing
fusion reactions through transfer of the energy and angulappropriate scaling of the variables it is possible to ap-
momentum of the relative motion into internal degrees ofproximate the GDR width'(A, T, J) in the LD regime by
freedom. The resulting hot nucleus can decay through pag simple phenomenological function.
ticle andy-ray emission. From the decay patterns of these A theory of hot rotating nuclei was developed in the
nuclei one can hope to understand their properties undéramework of the Landau theory, where the quadrupole
extreme conditions such as high temperature and spin. Aeformation parameters in the laboratory framg (v =
particularly useful experimental probe in the study of hot—2,...,2) play the role of the order parameters [10]. The
nuclei has been the giant dipole resonance (GDR) [1,2]ree energy at constant temperat@irand angular velocity
At zero temperature, the GDR vibrational frequency is in-w is expanded in the form
versely proportional to the length of the axis along which

the vibration occurs, and the quadrupole deformation of the F(T,w;a,) = F(T,0 = 0;8,7)
nucleus can be inferred from the splitting of the GDR peak. 1
At finite temperature the nuclear shape fluctuates, and the iy @I 0w’ 1)

relationship between the shape and the observed resonance
properties is more complex. In the adiabatic limit the ob-where B,y are the intrinsic shape parameters. The
served GDR strength function is calculated through an avguantity & - I - & = L Sir® 6 co$ ¢ + I, Si 6 X
erage over a thermal ensemble of shapes correspondisg? ¢ + I....cos # is the moment of inertia about the
to all quadrupole degrees of freedom [3]. These includegotation axis @, expressed in terms of the principal
both the intrinsic shape and the nuclear orientation with remoments of inertial,,, 1,1, I, and the Euler angles
spect to its rotation axis. The fluctuation theory explainsQ) = (¢, 6, ¢) that describe the nuclear orientation with
successfully both the observed cross section and angulegspect to the rotation axis. In the finite nuclear sys-
anisotropy of the GDR radiation [4—6]. tem, fluctuations in the order parameters are important
In recent years, a wealth of experimental results for thend the probability of finding the nucleus in a state
GDR has become available in wider regions of temperawith deformationa,, is given by the Boltzmann factor
ture and spin [6—9]. In the fusion experiments, higherexd—F(T, w; a3,)/T] [11-14]. At high spins it is
excitation energies are usually accompanied by largemecessary to project on constant spin [15], and in the
amounts of angular momentum transfer. However, irsaddle point approximation the free energy at spis the
recent inelastic scattering experiments of light particledegendre transform of (1)
(e.g., @ particles) from heavy nuclei the GDR could be J + 1/2)?
excited over a range of temperatures without substantialF(T,J; as,) = F(T,w = 0;8,y) + —————~. (2)
angular momentum transfer [9]. Although detailed theo- 20 - 1o
retical analyses of the GDR have been done in many nu- In the nonrotating ¢4 = 0) case, the GDR absorption
clei, a comprehensive study of its global features has beegross section at a fixed shapg, is described by a su-
lacking. In this Letter we present a systematic analysis operposition of Lorentzians with centroids inversely pro-
the GDR width as a function of temperatufespin/, and  portional to the length®; of the corresponding principal
massA. We compare available experimental results withaxes:k; = EO(RO/RS,»), and widths satisfying a power law
theoretical calculations in nuclei ranging fratn~ 45to  I'; = T'o(A)(E;/Ep)° (with 6 = 1.6). TheR; depend on
A ~ 208. The calculations include thermal shape fluctuathe intrinsic shape through the Hill-Wheeler parametriza-
tions using both Nilsson-Strutinsky (NS) and liquid droption R; = Ry exd—+/5/4m Bcosy — 2mj/3)]. E,and
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I'y(A) are the mass-dependent energy and width, respec- 20—
tively, for a spherical shape and are assumed to be tem- I
perature independent. Fay # 0, the eigenfrequencies 15 E
E(w) are affected by the Coriolis force, and it is neces- [
sary to transform from the rotating frame to the laboratory
frame [13].

At constant temperature and spin, the observed GDR
cross section is calculated by a thermal average of the
shape-dependent cross section [15]

102

EtT) =~ [ Dla] % 'C”>2-_T=1,4Mer%:
o1 = 5 [ Dl 2 17 :
o~ F(T.1:a0,)/T - 1= | &égn"'-
X (d) . ] . @)3/2 O-(E’Y;w’QZ,U«)’ (3) 1m‘ _-
where the measure is given by [13]D[a]= L DL A S S SOOI )]
B* | sin3y | dBdydQ, andZ = [D[a] exd—F/T]/ 20 [ Yo, AN () L
(@ - I - &)*?*is the partition function. ro 907 a]E 2t
The free energy surface at = 0 and the principal L :2511 x ola .
moments of inertia are calculated using either an NS 15 7P e |
approach (which includes shell corrections), or the LD ;xxxxxnnnnoo"; = 11 N
model. At higher temperatures, shell effects melt and both 103553500e°° (c)’ E f =1 '2 3,4 MeV]
approaches agree well with each other. e L i)
We have carried out a comprehensive study of the 0 25 50 0.0 05 1.0 1.5
GDR over a wide range of nuclei for which experimental I (h) J/As/6

data exist [7]:¥Sc, 3>9Cu, *zr, 210Mg, 10671205, . . .

156 166,168, 188 208 . : FIG. 1. Spin dependence of the GDR width (a) Compari-
Dy,_ Er, V_V’ and*"Pb. We find _that a Slmple son between experiment (symbols) and LD theoryat 1.8

behavior emerges in the LD model. We first examine thgsolid line) and7 = 1.5,2.1 MeV (lower and upper dotted

spin dependence of the width at fixed temperatur@. lines, respectively) in>%Cu. (b) The experimental widths
Figure 1(a) show$' versus spin fof>%*Cu. The symbols in '®Sn [8] compared with our LD widths (solid line) and
are the experimental results and the lines are theore'[icglose.C"j"cl_‘g"jIteOI - [8] (dasie;)M (\C/) fsys}gecr:”a“g%; Of?zossp'”

LD calculations. The overall agreement between theor)énguzso'gngb (dsiulf(?iszfﬂ& 7 =e0 Ac)’rvs gu’E 7 /r[’ﬁ/é f(?r’

and experiment is good (except at Idvwhere the LD 4| nuclei shown in (c) and fof = 2 MeV. (e) Same as
model does not apply); the width is insensitive to spin(d) but for T = 1,4 MeV displaying temperature dependence
for J < 204 and increases at higher spins. Similarly,at & > 1. (f) [[(T,J,A)/T(T,J = 0,A)]7/7*3/* ys ¢ for

in F|g 1(b) we ShOW the Sp|n dependence Of W|dth |nT = 1,2_,3,4 MeV for the nuclei in (C) The solid curve is
1063, where our LD calculations @t = 1.8 MeV (solid) ~ the scaling functior.(¢) (see text).

reproduce well the experimental behavior [8], and account

for up to ~20% enhancement at high spins over theversus angular velocity or the rotation parameter of
calculations of [8] (dashes). F&#°Sn the width remains the LD [16].

insensitive to spin up to a higher spin #f< 304. In The scaling curves in Fig. 1(e) exhibit a significant
Fig. 1(c) we show the LDI' versusJ at T = 2 MeV  temperature dependence. We choose the reduced width
for several nuclei in different mass regions for spins upl'(7y,J,A)/I'(Ty,J = 0,A) at T, = 1 MeV to be our

to their respective fission limit. The sensitivity of the “reference” functionL(¢£) with & = J/A5°. The re-
GDR width to spin is larger for the lighter nuclei as is duced widths at different temperatures are related through
expected from their smaller moment of inertia. We havethe power law[I'(7, J,A)/T'(T,J = 0,A)]7/T+3/4 as is
investigated several possible scalings to relate the reducethown in Fig. 1(f). Hence the approximate spin depen-
widths I'(T', J,A)/T'(T,J = 0,A) of various masses. At dence ofl" is described b\ (T',J,A)/I'(T,J = 0,A) =

high spins, the rotational energy/2/ dominates. Since [L(&)]¥/T/T+3),

for arigid bodyZ = A5/3, this suggests a scaling of the spin  Next we examine the temperature (and mass) depen-
by A5/®. Figures 1(d) and 1(e) show the reduced widthdence of the width at zero spiR(T,J = 0,A). In the

as a function of¢ = J/A%°. At a fixed temperature the left panel of Fig. 2 we show the experimental width
reduced width for various masses falls approximately on at low spin ¢ < 20k) for *%Cu as a function ofr
single curve. While this is clearly not an exact scalingin comparison with exact LD calculations (solid line).
of the theory described by Egs. (2) and (3), it providesThe quantity I'(T,J = 0,A) — I'o(A) [where I'y(A) is

a rather good approximation. The scaling improves withthe width for a spherical shape] increases monotonically
increasing temperature. We remark that a significant mafsom zero as a function off. At high temperatures
dependence of the width is observed when plotted eithét behaves asJ/T: using the leading order tern A2
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FIG. 2. Temperature dependence of the width. Lé&ft(for g‘ i
J = 20h) as a function ofT for %Cu from experiment 3
(symbols) and theory (solid line). Right(T,J = 0,4) — Ty ~
as a function off" for °°Zr from the LD calculations (boxes), a &
fit to c(A)In(1 + T/T,) (solid line) and a/T behavior (dotted [

line) which generally fits well at larg&.

for the LD free energy (withB constant), we can re-

move the temperature dependence in the Boltzmann factcﬁﬂo(?ﬁe?;{oloc?cr‘;ﬁ; 'Iaft)r? fgfrrrij(lgeﬁ')‘e”% \'NigTSel‘\iNmngnttgﬁvshe-
exil —Bp?/T}, by scalings by\/T. This works WeIIonIy' theoreticalg scaledl” for selected nucI(Ei in Phe mass range
for temperatureg’ = 2 MeV, and a much better global fit 4 — 45 to 208. Bottom: Ratio of experimentdl to theoreti-

is obtained froml’(T,J = 0,A) — I'g(A) = c(A) In(1 +  cal scaled(T,J = 0,A) vs ¢ = J/ASS. The solid line is the
T/Ty), whereT, = 1 MeV is the reference temperature scaling functionL(&).

and c(A) is a constant depending weakly @n In the

righ't pgnel of Fig. 2, we .ShO.W this fjttir)g function f?pfzf The scaling functiorL.(¢) is seen to be essentially con-
(o A O e u10 o Salouiatlons stant for ¢ =< 0.6 [indicated by dashed line in Fig. 1(7).
(S(?uares). . ef ashe med emogs raeh N €havIor  Thys the width is approximately spin independent up to
atlargeT. The functionc(A) depends on the choice bh, spin of J; ~ 0.64%/°. 1t is interesting to compard;

since increasing the width, does not result in a constant | it the maximal angular moment&,,(A) for which the
. . . ax
shift of the width at all temperatures, but rather a modi-G<qiqn barrier height is still larger than8 MeV, guaran-

fication of the prefactor(4). A parametrizatio.n which teeing reasonable stability against fission [16]. We find
seems to work well over the mass range studied (and fo§, 5 for nuclei withA = 200, Joae = J1, and there is no

our physical choices dfo) is c(A) =~ 6.45 — A/IOO' significant spin dependence of the GDR width [see, e.g.,
We conclude that a good phenomenological formula teospy, i Fig. 1(c)].

describe the global dependence of the LD GDR width o

: . N Shell corrections can play a role at lower tempera-
temperature, spin, and mass is

4T/ To)+3] tures. Here we focus on two nuclei of recent experi-
J mental [9] and theoretical [17] interes£’Sn and?*®*Pb.
A5/6 @) Figur? 4 showsfthe results of our caltc):ulﬁtions(gf th%v;/idtgl

as a function of temperature using both LD (dotted line
I(T,J =0,4) = Io(4) + ¢(4) In(1 + T/To). and NS (solid line) free energy surfaces. We have used
Io(A) is usually extracted from the measured ground staté’, = 3.8 MeV [13] for '2°Sn and?®®Pb. Our results are
GDR, andT, = 1 MeV is a reference temperaturd.(¢)  compared with the recent calculations of Ref. [17], also
is the scaling function shown in Fig. 1(f), which can be ap-shown in Fig. 4 (dashes and dot-dashes) [18]. ¥&?Pb
proximately fitted byL.(£€) — 1 = 1.8[1 + ¢13-9/02]71  our calculated widths at temperatures above 1 MeV are
Equations (4) provide an approximate description of thesignificantly larger than those of Ref. [17]. Similarly,
systematic behavior of the GDR width in nuclei where thefor 12°Sn, our calculated widths are larger than those of
LD model is valid, i.e., in nuclei where shell effects are Ref. [17] at large temperatures even though our assumed
small or at temperatures where shell effects have alreadl, (3.8 MeV) is smaller than the one used in Ref. [17]
melted. In the top panel of Fig. 3 we correlate the theo{5 MeV). When compared with our newly calculated
retical estimates based on (4) with known experimental rewidths, the experimental results of Refs. [9] (open dia-
sults [6—9]. In the bottom panel of Fig. 3(b) we show themonds in Fig. 4) show significant deviations. We have
ratio between the experimental widl,(7', J, A) and the  reevaluated the temperatures corresponding to'it@n
“theoretical” widthI'(7,J = 0, A) calculated from (4) as and?%Pb inelastic scattering data, and found new tem-
a function of¢. peratures (solid diamonds in Fig. 4) that are substantially
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