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Compression mode resonances ifzZr
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The giant resonance region from 10 M&\E, <55 MeV in °°Zr has been studied with inelastic scattering
of 240 MeV « particles at small angles including 0°. The isoscalar monopole resonance was found to contain
100+ 12% of theEO energy weighted sum rule with a centroid(@¥.81+0.32-0.20MeV. Eighty one percent
of the isoscalarE1l energy weighted sum rule was located in two peaks ha#pg(17.1+0.4 and
(26.7+0.5 MeV, I'=(5.4+0.3 and(8.8+1.0 MeV, and containing 13+3% and 70+10%, respectively, of the
E1 energy weighted sum rule.
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[. INTRODUCTION cal acceptances of the spectrometer were measured by plac-
ing appropriate slits at the entrance to the spectrometer and
found to be approximately 5°, in agreement with calculations
using RAYTRACE[8]. A slit at the entrance to the spectrom-
%Eer(approximately 5° horizontally and 6° verticallyvas

used to block particles that would otherwise scatter from
internal components of the spectrometer.

The locations of the isoscalar giant monopole resonanc
(GMR) and giant dipole resonancéiSGDR) are important
because their energies can be directly related to the nucle
compressibility and from this the compressibility of nuclear
matter(Kyy) can be obtainedll,2]. We have previously re-

ported measurements BD andE1 giant resonance strength The focal plane detectaapproximately 50 cm deep and

[3,4] in °%Zr using small angle inelastiax scattering at 60 cm lon - - )
TP g consisted of resistive wire detectors used to
240 MeV. TheEO [3] strength distribution if°Zr was found measure position and angle in the scattering plaescribed

to extend up toE,~ 25 MeV rather than being a Guassiang Ref. [9]) and two pairs of drift chamberEl0] located

g‘;f.“efﬁd at ?jb;)hut 16 I\tﬂe}é a? thhad kieen tp;]rewoqfsfly rcaporte )efore and after the horizontal detector which measure the
IS change € centroid of the strength significantly ang, qjion and angle normal to the scattering plane. The “trans-

brought the value oKyy obtained from the energy of the parency” of the detector systepercentage of uniformly

90 i i i

2r GMR |1nlﬁggre1§4rgent W'égogg‘;t (\)Ak;tahned fr(I)m the GthR distributed particles that pass through without hitting any
e;ergles mt' n,f th rInS C?BR '?PZ. N e:lve gnslcl)esr;epor de wires) was calculated to be approximately 90%. A plastic
[4] observation of the IZr (as well as i nan scintillator at the exit provided a timing and total energy

20 i it
P, but with the strength split into two components, signal. In the scattering plane, position resolution of approxi-

qualitatively consistent with the predictions of Caibal. [5] ._mately 0.9 mm and scattering angle resolution of about 0.09°
and Vretenaet al.[6] who argue that the Upper componentis oo ghtained. The out-of-plane scattering angle resolution is
the compression mode. However the energies we obtaine

. . nden h ical properti fth rometer
for the two components differed considerably from the prep dependent due to the optical properties of the spectromete

- . ‘(the angle resolution of the detector is independent of posi-
dictions. Furthermore, only 40% of tt€l strength was iden- . : o i :

P ’ . . tion) and was approximately 0.3° in the giant resonance re-
tified in that work (though it was erroneously reported in ) bp y 9

gion improving to better than 0.1° &t~ 50 MeV. The focal
%ef' t'[?] ;hat a tdo_tal of '122;/0|0\jmt/hf11 strgngt? hagl been plane detector covered fronk,~9 MeV to E,~56 to
Identified—see discussion belpwVe have developed a new 4 MeV, depending on scattering angle. Using a combina-

detector system that measures both vertical and horizont?ilOn of energy loss measured in ion chambers placed between

scatteriqg angles which significantly improves measurementﬁm resistive wires and total energy measured in the scintil-
made with the spectrometer at 0°. Therefore we have studlelg

S ; ; . tor, a particles could be distinguished from other igpsi-
90
Zr again with this much improved experimental system. marily deuterons

At O5pe=0°, runs with an empty target frame had an
Il. EXPERIMENTAL TECHNIQUE AND DATA a-particle rate approximately 1/2000 of that with a target in
ANALYSIS place ande particles were uniformly distributed in the spec-

i trum. Cross sections were obtained from the charge col-
Beams of 240 MeVa particles from the Texas A&M |acted; target thickness, dead time, and known solid angle.
K500 superconducting cyclotron bombarded a self

; ) : s >~""The target thickness was measured by weighing and checked
supporting Zr foil 3.9 mg/crh thick, enriched to 98% in

90 : ) i by measuring the energy loss of the 240 Mavbeam in
Zr, located in the target chamber of the multipole-dipole-gi3ch target. The cumulative uncertainties in target thickness,
multipole spectrometef7]. The useful horizontal and verti- g angle, etc., result in about a +10% uncertainty in abso-

lute cross sectiong*Mg spectra were taken before and after
each run with each target and tht3.85+0.02 MeV L=0
*Present address: Nuclear Physics Division, Bhabha Atomic Restate[11] was used as a check on the calibration in the giant
search Center, Mumbai-400085, India. resonance region.
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FIG. 1. Inelastica spectra obtained at two angles f%r. The
thick gray lines show the continuum chosen for the analysis.

T b \ A<
Sample spectra obtained are shown in Fig. 1. The gian T=1H"‘rx,l L
1 -\ /\ A i B | 4M,

resonance peak can be seen extending upEpas30 MeV.

The spectrum was divided into a peak and a continuum
where the continuum was assumed to have the shape of
straight line at high excitation joining onto a fermi shape at 17.4 MeV

low excitation to model particle threshold effecfd2].
Samples of the continua used are shown in Fig. 1.

IIl. MULTIPOLE ANALYSIS

The multipole components of the giant resonance peak 1+

were obtained12] by dividing the peak into multiple regions
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TABLE I. Optical and Fermi parameters used in DWBA
calculations.

V (MeV) Vi (MeV) r; (fm) & (fm) c(fm) a(fm)

40.2 40.9 0.786 1.242 4.901 0.515

same expressions and techniques were used in this work. The
transition density for inelastiex particle excitation of the
ISGDR given by Harakeh and Dieperifik6] (and described

in Ref. [15]) is for only one magnetic substate, so that the
transition density given in Ref15] must be multiplied by

the square root of 3 in the DWBA calculation.

A sample of the angular distributions obtained for the gi-
ant resonancéGR) peak and the continuum are shown in
Fig. 2. Fits to the angular distributions were carried out with
a sum of isoscalar® 17, 2*, 37, and 4 strengths. The is-
ovector giant dipole resonan¢®/GDR) contributions were
calculated from the known distributigi 7] and held fixed in
the fits. Sample fits obtained, along with the individual com-
ponents of the fits, are shown superimposed on the data in
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(bing) by excitation energy and then comparing the angular 160 00

distributions obtained for each of these bins to distorted 26.2 MeV =

wave Born approximatiodDWBA) calculations. The uncer- £ 2 .

tainty in the strength of each multipole due to the fitting £ | - Eio ‘*r‘\w

process was determined for each multipole by incrementingg ._H_.\!%W S m i

(or decrementingthat strength, then adjusting the strengths & — F 8 1

of the other multipoles to minimize totaf. This continued = \\ ,

until the newy? was 1 unit larger than the totaf obtained 1 * T 1 ‘ *

for the best fit. g 2 4 6 0 2 4 6
6cm(deg) 0c.m(deg)

Optical parameters for the calculations were determined

from elastic scattering12] and are given in Table | along

FIG. 2. The angular distributions of tf8Zr cross sections for

with Fermi parameters used for the density distribution of they 800 keV wide bin centered at the excitation energy indicated on
nuclear ground state. Single folding density dependenghe figure(in MeV) for inelastic « scattering for three excitation

DWBA calculations(as described in Ref$9,13]) were car-
ried out with the codeeTOLEMY [14]. The transition densi-

ranges of the GR peak and the continuum. The lines through the
data points indicate the multipole fits. Contributions of each multi-

ties, sum rules, and DWBA calculations were discussed thofpole are shown. The statistical errors are smaller than the data

oughly in Ref.[15] and, except for the isoscalar dipole, the

points.
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Fig. 2. The continuum distributions are similar over the en- 025

tire energy range, whereas the angular distributions of the

cross sections for the peak change as the contributions 03 0.2 -

different multipoles dominate in different energy regions. § E0

The effects of variations in continuum choices on the ex- g 0.15 -

tracted multipole distributions was explored as described in

Ref. [18]. oot
The(isoscalay EO, E1, E2, andE3 multipole distributions 2

obtained are shown in Fig. 3 and the energy moments an<§ 0.05

sum rule strengths obtained are summarized in Table II. Due

to the limited angular range of the dat&4 strength could o trrlITrr

not be distinguished from higher multipoles and those results

are not included. Several analyses were carried out to asse:

the effects of different choices of the continuum on the re- %!

sulting multipole distributions. Analyses were made using

continua chosen with several different critef@ag.,(a) using 3 0.08

a slope for the linear part which did not quite match the data§

at high excitationy(b) lowering the continua so that it was go_oe .

always below the datarc) changing the low energy cutoff W

and slope of the continuum; artd) deliberately altering the %, |

continuum slope and/or amplitude at only selected angles %

The strength distributions obtained from these analyses wer @

then averaged, and errors calculated by adding the error - 0021

obtained from the multipole fits in quadrature to the standard

deviations between the different fits. In general B and 0

lower part of theE2 distributions were relatively insensitive

to the continuum choices while thHel andE3 distributions 02

were more dependent on the continuum chojd&$. TheE1L
distribution was also fit with two Guassians and these are
also shown in Fig. 3 and the parameters obtained are listed il
Table II.

The continuum distributions are fit primarily lhy=1 and

E2
0.1
lower excitation and in some casks 4 at higher excitation. :
many times the EWSR’s for each of the nuclei and hence H [
(most of iy cannot be due to inelastic excitation®f or E2 0 zszzlrlly TTT

L=2 angular distributions, with some small amow0 at
This continuum E1” and “E2” strength corresponds to
strength in the target nuclei. The possible contributions to the

Fraction E2 EWSR/MeV

continuum are discussed thoroughly in R@f8]. 0.1
>
IV. DISCUSSION % E3
The EO distribution shown in Fig. 3 consists of a peak £
around E;=16.9 MeV with a “tail” extending up pask, t 005 |
=25 MeV containing 100% of the isoscald0 energy pe
weighted sum rulgEWSR and has a centroid of17.81 %
+0.32-0.20 MeV. This GMR distribution is compared to £
that reported by Youngblood, Lui, and Clgi¥ in Fig. 4 and I
the agreement is excellent. Earlier works identified only the 0 1 - - - , ‘
EO strength in the peak. A Hartree-Fock random-phase ap 5 10 15 20 25 30 35 40
proximation calculation by Hamamott al. [19] showed a - EdNev)
very similar tail on the GMR peak if°Zr and this calcula- FIG. 3. Strength distributions obtained fZr are shown by the

tion is superimposed on the data in Fig. 5. The values ophistograms. Error bars represent the uncertainty due to the fitting of
tained for the centroidm,/my) and for (my/m. )1/2 in this the angular distributions and different choices of the continuum as
work and in Ref[3] are iiw excellent agrelemerlwt described in the text. The smooth lines show Gaussian fits.

The E1 distribution is separated into at least two peaksypper component is expected to be the compression mode
and has been fit with two Gaussiagshown in Fig. 3 with  [5,6] while the structure of the lower component is an open
centroids of(17.1+0.4 MeV and(26.7+0.5 MeV contain-  question[5,6]. The only previous report of ISGDR strength
ing 13+3% and 70+10% of the isoscalel EWSR. The in °9Zr was in Ref[4] where a total of 40% of thEl EWSR
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TABLE II. Paramameters obtained for isoscalar multipole$%r.

Moments
EO - Error  + Error El - Error +Error E2 - Error + Error E3* - Error + Error
my (fraction) 1.00 0.12 0.12 0.81 0.10 0.10 0.88 0.08 0.11 0.78 0.15 0.09
my/mg (MeV) 17.81 0.20 0.32 24.15 0.50 0.60 14.30 0.12 0.40 2291 0.50 0.70
rms width (MeV) 3.35 0.35 0.60 4.63 0.40 0.70 2.14 0.25 0.45 427 0.45 0.60

(mg/mp¥2 (MeVv) 18.69  0.30 0.65
(m/m.)¥2 (MeVv) 17.55 0.18 0.25
Gaussian fits

E1l Pkl E1l Pk2 E2
Centroid(MeV) 17.1+0.4 26.7+0.5 14.65+0.20
FWHM (MeV) 5.4+0.3 8.8+1.0 4.9+0.2
Fraction EWSR 0.13+0.03 0.70+0.10 0.88+0.09
E2

Buenerdet al. [21] Borgholset al.[23] Youngbloodet al. [22]
Centoid(MeV) 14.05+0.3 14.0+0.4 14.0+0.2
FWHM (MeV) 4.0+0.3 3.0£0.5 3.4+0.2
Fraction EWSR 0.51 0.66+0.17

HEOR

Bertrandet al. [28] Yamagateet al. [29]
Centroid(MeV) 27 26.5£1.5
FWHM (MeV) 9+1
Fraction EWSR 0.18+0.04 0.47+0.20

*Moments for HEOR only(E,> 15 MeV).

was identified. It was erroneously reported in Rgfl that  malizatior) superimposed on our data in Fig. 5. Except for a
122% of theE1l EWSR was observed, however the normal-few hundred keV shift, the calculated GMR distribution is in
ization of theE1 distributions reported in that work was off remarkable agreement with the data over the entire energy
by a factor of 3 because the Harakeh and Diepefli@iisum  range. However the experimental centroid of the upper com-
rule used is for only one magnetic substate. Biedistribu-  ponent of the ISGDR is nearly 5 MeV less than that of the
tion from Ref.[4], renormalized by this factor of 3, is com- calculated distribution. A portion of this might be attributed
pared to the present work in Fig. 4. While the shapes of théo strength not yet located in the experiment as only
distributions are similar, approximately twice as much81+10% of the isoscaldEl strength was located in the ex-
strength was observed in the present work. This is in part duperiment. Coloet al. [5] calculated ISGDR distributions in
to the much better peak to continuum ratio in the 0° data andonrelativistic RPA and their result f6FZr using the force
in part due to the much better coverage of the angle rang8GII (Kyy,=215 MeV) is superimposed on our data in Fig.
from 0 to 3° where the isoscalar dipole is strongest. Thes. They identify the peaks aboug ~ 22 MeV as the com-
better peak to continuum ratio is due both to the eliminatiompression mode, with the lower peaks being of another origin.
of events scattered from the top and bottom glitsing the  The center of their compression mode strength lies several
vertical angle measuremgrand to the better overall angular MeV above the center of the higher peak, which might be
resolution since the previous measurement averaged over th@ributed to strength missed experimentally. The lower com-
vertical opening of the spectrometer. With the vertical meaponents are in somewhat better agreement with the data, par-
surement and ray tracing we can now bin the events intagicularly considering theE,~ 10 MeV lower cutoff of the
spectra corresponding te0.5° bins from average center of data. In heavier nuclei such d$'Sm and?°%Pb where 97
mass angles of 0.4° to 3.3° whereas without the vertical mea+10-20 % and 114+12-25 % of tHel EWSR were ob-
surement the resulting average over the vertical opening reserved[18] theoretical calculations which generally repro-
sults in 0° data only from average center of mass angles aduce GMR energies show the compression mode ISGDR
1° to 2°. The smallest useful angle obtained from the firstseveral MeV above the experimental peaks.
Ospec> 0° angle isf; , =3.1°. The E2 strength is concentrated in &almos) Gaussian
Piekarewicz[20] has carried out self-consistent calcula- peak centered at 14.65+0.20 MeV containing 88+9% of the
tions of both isoscalar monopole and dipole compressiondkoscalalE2 EWSR. Results from three earlier measurements
modes in a relativistic random-phase approximatRRPA), [21-23 of GQR strength if?%Zr are listed in Table 1I. None
and the resulting strength distributions using the NLC interof the earlier measurements took into account thew
action (Kyy=224 MeV) are shown(with an arbitrary nor- known) EO, E1, and E3 strength lying above théthen
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o ) o ) FIG. 5. (Top) Calculations by Hamamoto, Sagawa, and Zhang
FIG. 4. TheEOQ distribution obtained in this work is compared to [19] and by Piekarewic20] are compared to the experimenkQ

that from Ref.[3] in the top panel. Th&1 distribution obtained in  strength distribution(Bottom) Calculations by Piekarewid20] are
this work is compared to that from R¢#] in the bottom panel. The  compared to the experimentgl strength distribution.

distribution from Ref[4] has been renormalized as discussed in the

text. —15% of the isoscaldE3 EWSR. The tw LEOR resonance
known) E2 andEQ peaks, probably resulting in the assump-[27] generally contains approximately 25% of th& EWSR,
tion of an unrealistically high continuum at higher excitation. but lies mostly below the 10 MeV threshold of this experi-
This would result in lower strengths, lower excitation ener-ment. Bertrandet al. [28] with 200 MeV proton scattering
gies, and smaller widths for the GQR than obtained in theeported 18% of thé&e3 EWSR centered at 27 MeV while
present measurements, all consistent with the values in Tabiamagateet al. [29] using 100 MeV®He scattering reported
Il. 47% of the E3 EWSR centered at 26.5 MeV. Neither of
Ma et al. [24] have calculated the ISGQR distribution in these experiments did the small angle scattering necessary to
40Ca, 99zr, and 2%%Pb (as well as'®0) with a relativistic  distinguishE1 from E3 strength(at the time of these experi-
mean-field description in an RRPA calculation and results
obtained with the NL3 parametrization are compared to our 4000
experimental result§18,25 in Table Ill. For each nucleus
the calculated energies are approximately 2 MeV above the
experimental values. One of the improvements in thee¥la
al. work is the inclusion of configurations coupling the
empty state in the Dirac sea with occupied states in the Ferm
sea(“ah coupling” in their notatiopnwhich had a substantial
effect on the energy of the GMR26] obtained from RRPA
calculations and brought RRPA results into better agreemen
with time-dependent relativistic mean-field calculations for
the GMR. This however “pushes” the GQR energies up sub-
stantially and the distributions calculated without ah cou-
pling are in much better agreement with the experimental .
data. ‘ ‘ ‘ '
The E3 streng'.[h' is split into a Iqwer component B ° 10 18 ng(Mevz)s 80 % 40
~12 MeV, containing~8% of the isoscalalE3 EWSR,
probably a portion of the low energy octupole resonance- FIG. 6. The ISGDR strength function calculated by Cetdal.
(LEOR), and the high energy octupole resonarie=OR) [5] is compared to the experimental strength function obtained from
centered atE,~(22.9+0.7-0.5MeV containing 78+9 the data shown in Fig. 3.

E1

—Ref. [5]

ISGDR Strength (fm°®/MeV)
]
8
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TABLE lIl. ISGQR peak positions. Much of theEO strength is concentrated in a Gaussian like
peak centered around 16 MeV but the strength continues up
Ma et al. [24] Experiment to above E,=25 MeV resulting in a centroid of17.81
E, (MeV) E, (MeV) +0.32-0.20 MeV. This is in agreement with the results of
oy 108 178440 43 Ref. [3] which led to the conclusion th#ty,, ~231 MeV. A
. : O HF-RPA calculation by Hamamoto, Sagawa, Zharig]

Ozr 16.4 1465:0.20  shows a similar tailing of the strength while an RRPA calcu-
208pp 12.8 10.89+0.30  |ation by PiekarewicZ20] using the NLC parametrization
"Referenca2s)] (KNM;224 Me\o giv_es a good representatior_1 of the shape of
bThis work. the distribution but lies a few hundred keV high. The ISGDR
“Reference18]. is seen to consist of two components, the upper component

(presumably being the compression mod,6]. Micro-

ments, the ISGDR had not been observeddr). As E1 and scopic predictions with RPA-HF calculatior§§] with the

E3 angular distributions differ significantly only at small SGIl (Kny=215 MeV) interaction and relativistic calcula-

. 20 . o
angles, it is likely that too high a continuum was used duringt'ons [20] for **Pb using the NLC parametrizatiofKyy

the analysis of both of these experiments causing them tg 224 MeV) show the compression mode peak hi%her than
e experimental peak by 1—-2 MeV, similar’ttfSn, 144Sm,

miss the strength around 21 MeV, so that the strength thegh 20 = :
attribute to the HEOR is actually a combination of s ~ and *Pb[18]. Whether this is a problem with the models or

andEL1 strength in the region of 27 MeV. an experimental issue of missing strength is not clear.
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