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Incompressibility of Nuclear Matter from the Giant Monopole Resonance
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E0 strength distributions in90Zr, 116Sn,144Sm, and208Pb have been measured with inelastic scatterin
of 240-MeV a particles between0± # ulab # 6± to greater precision than previously available. In Sn
Sm, and Pb,E0 strength was concentrated in approximately symmetric peaks, whereas in90Zr it had a
significant high energy tail. Comparing with microscopic calculations using the Gogny interaction, th
and our previously reported results for40Ca are consistent with a nuclear matter incompressibility o
231 6 5 MeV. Previous data gave an average of 215 MeV and the value for different nuclei disag
by up to 40 MeV. [S0031-9007(98)08291-X]

PACS numbers: 25.55.Ci, 24.30.Cz, 27.60.+ j, 27.80.+w
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The compression modulus of nuclear matter,Knm, is
important in the description of properties of nuclei, su
pernovae explosions, neutron stars, and heavy ion co
sions. The value ofKnm can be obtained directly from
the energies of the isoscalar giant monopole resonan
(GMR) in nuclei [1]. In 1980 a comparison of GMR en-
ergies to microscopic calculations [1] suggestedKnm 
210 6 30 MeV [1]. The large error was due both to the
experimental error in GMR position and a significant mas
dependence. As more precise experimental GMR en
gies became available, this mass dependence remai
and was one of the motivations for a revival of interes
[2] in extracting Knm by fitting GMR energies with the
Leptodermous expansion [1] which suggestedKnm might
be as high as 325 MeV [2]. However, the data were not
sufficient quality to obtain all the parameters of the expa
sion from the fit [3], and some model assumptions we
required which could have a large effect on the value
Knm obtained [4]. In 1995, Blaizotet al. [5] addressed the
mass dependence by taking into account pairing and anh
monicity corrections in microscopic calculations for40Ca,
90Zr, 116Sn, and144Sm. They argued that such correction
are negligible for208Pb. The GMR location in40Ca was
not known, but a substantially smallerKnm was required
to reproduce the experimental GMR energy in90Zr than
in the heavier nuclei. They concluded that the GMR i
208Pb leads to194 , Knm , 240 MeV, and in 116Sn to
207 , Knm , 225 MeV. Since then other authors have
reported a variety of calculations relating the GMR energ
to nuclear incompressibility [6–10], but they did not in
clude pairing and anharmonicity corrections.

We have measured the GMR strength distribution
90Zr, 116Sn, 144Sm, and208Pb using inelastic scattering of
240 MeV a particles, where excellent peak to continuum
ratios had been obtained in lighter nuclei [11,12], an
where competing reactions are well above the regio
where GMR strength is expected. We reported [12] th
possible location of92 6 15% of theE0 energy weighted
sum rule (EWSR) in40Ca in 1997. The experimental
technique is described in Refs. [11] and [12]. Spect
obtained for90Zr and 208Pb at two angles are shown in
0031-9007y99y82(4)y691(4)$15.00
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Fig. 1. For the runs at0±, 24Mg spectra were taken before
and after the run with each target to provide a check o
the calibration. The13.85 6 0.02 MeV L  0 state [13]
of 24Mg is strong and very close in energy to the Pb GMR

Distorted-wave Born approximation (DWBA) calcula-
tions were carried out using the deformed potential mode
The methods of calculation, form factors, and sum rule
used in this work are described in Ref. [12]. Optical
model parameters obtained for 240 MeVa particle scat-
tering from 116Sn [14] were used for90Zr, 116Sn, and
144Sm, while parameters from197Au [15] were used for
208Pb. Calculations of the contributions of the isovecto

FIG. 1. Inelastica spectra taken with the spectrometer at
uspec  0± for the nuclei indicated. The black line is the
spectrum for the most forward angle bin while the gray line
is the spectrum for the largest angle bin.
© 1999 The American Physical Society 691
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giant dipole resonance (IVGDR) followed the prescriptio
of Satchler [16] using neutron and proton rms radii fro
Hartree Fock random phase approximation (HF-RPA) c
culations [17].

Since the GMR cross section is strongest at0± and de-
creases rapidly with angle, whereas for other multipoles
is about either constant or slight increases over this an
range, monopole strength distributions were obtained
subtracting [11,12] a spectrum taken at a larger an
(uavg ø 1.8±) from a spectrum taken at a smaller ang
(uavg ø 1.1±). This enhances the GMR relative toE2
and isovectorE1 strength. The simplest possible straigh
line continuum adjustment was made to bring the spe
trum to zero at the edges of theE2, E0 peak, resulting
in the spectra shown in Fig. 2. A24Mg spectrum is also
shown to illustrate the proximity of the 13.85 MeV stat
used to check the calibration. The spectra shown in Fig
were then each fit with two Gaussians, one for the g
ant quadrupole resonance (GQR) and one for the GM
Typical fits are shown along with theE0 EWSR per-
centages obtained. The GQR strengths shown in Fig
agree nicely with DWBA for Pb but are somewhat larg
than predicted by DWBA for Zr, Sn, and Sm. A rela
tively small change in continuum shape would bring the
in agreement also. The expected IVGDR contribution
shown except for Pb, where it is essentially zero.

As the primary goal of these experiments was to me
sure the GMR energy, the effects of the continuum we
assessed by making five different adjustments (all smo
and monotonic withEx) ranging from unreasonable with
a bias toward low excitation through the simple straig
one used for Fig. 2 to unreasonable with a bias towa
high excitation. For Pb the maximum difference in th
GMR centroid was 80 keV with a standard deviation
33 keV. For Zr the maximum difference was 45 keV an
the standard deviation was 22 keV. Results for the oth
nuclei fell between these. For each nucleus, eight sta
tically independent data sets were obtained (one of wh
is shown in Fig. 2). The weighted average excitation e
ergies obtained from the data are given in the first colum
of Table I. The errors quoted are the larger of the sta
dard deviations among the eight sets of data (144Sm and
208Pb) or the errors obtained from the peak fitting (90Zr
and 116Sn) and include calibration errors and those d
to the continuum adjustments discussed above. The
ergies obtained are compared to those in the literature
with the smallest quoted error in Table I. Our results a
in excellent agreement with these previous measureme
However, what is needed to compare with theory are t
moments [1] of theE0 strength distribution rather than
the moments of the cross section. As the cross sect
is a strong function of excitation energy for a consta
strength [11,12], the moments of the strength distributio
are shifted significantly from those of the cross sectio
For 208Pb the centroid of the cross section and the ce
troid of the strengthsm1ym0d differ by 330 keV, well out-
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FIG. 2. Difference spectra obtained as described in the t
are shown by the histograms. Best fits for the GMR (dash
line) and GQR (short-long dashed line) are shown and t
expected (from DWBA) strength of the IVGDR is indicate
by the broad gray line. The fifth panel shows a24Mg spectrum
for uavg  1.1±.

side the errors of the present measurements. In previ
experimental works, the moments of the cross sect
were reported rather than the moments of theE0 strength.
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The centroids of theE0 strengthsm1ym0d obtained from
the Gaussian cross section distributions are given in
third column of Table I.

The data were also analyzed by subtracting a continu
and “slicing” the remaining peak into 1 MeV wide bin
following the technique described in Ref. [11]. Th
angular distribution for each of these bins was fit b
a sum of T  0 E0, E1, E2, and E3 strength. The
known strength distribution for the isovector giant dipo
resonance was included. TheE2 distributions obtained
agreed with those from the literature [18]. The broad pe
seen in Fig. 1 above the GQR/GMR peak in Pb (and in
and Sm) was found to consist entirely ofT  0 E1 and
E3 strength while in Zr it also containedE0 strength. The
E0 distributions obtained for the four nuclei are show
in Fig. 3 and are nearly symmetric in Sn, Sm, and P
with m1ym0 in excellent agreement with that obtaine
from the Gaussian fits. These are listed in the four
column of Table I. For90Zr, the slice analysis revealed
monopole strength extending up toEx ø 25 MeV, well
above the Gaussian previously associated with the GM
in Zr. Thus m1ym0 obtained for 90Zr from the slice
analysis is considerably larger than that obtained from
Gaussian fit just to the peak. With this additional streng
102% of theE0 EWSR is accounted for in90Zr. An RPA
calculation for90Zr using SkMp by Hamamotoet al. [8]
also showsE0 strength tailing to higher energy, and th
shape of the distribution is quite similar to that obtaine
from the slice analysis. TheE0 distribution was found
to be relatively insensitive to the choice of continuum
because the continuum was not forward peaked. T
errors listed in Table I include an estimate of the effec
of different choices of continua.

The energy momentssm1ym21d1y2 adopted for the
GMR in these nuclei using the Gaussian analysis
Sn, Sm, and Pb and the slice analysis for Zr are list
in the last column in Table I. Using also our previou
40Ca results [12], we calculatedKnm by comparing the
GMR energies in five nuclei to those calculated by Blaiz
et al. [5]. For 116Sn and 208Pb Blaizot et al. reported
monopole energies calculated with several interactions
Knm was obtained from Sn and Pb by fitting theD1S,
D1, and D250 results. For40Ca, 90Zr, and 144Sm they
report only the result withD1S, so Knm was obtained
TABLE I. GMR energies and errors in MeV.

TAMU 1998 Previous Work TAMU 1998 TAMU 1998 TAMU 1998
Gaussian Gaussian Gaussian Slice Analysis Adopted Energies

Cross Section Cross Section E0 Strength E0 Strength E0 Strength
Centroid error Centroid error m1ym0 m1ym0 error sm1ym21d1y2 error

MeV MeV MeV MeV MeV MeV MeV MeV MeV

90Zr 16.44 0.07 16.10 0.28 16.80 17.89 0.20 17.81 0.35
116Sn 15.77 0.07 15.60 0.16 16.00 16.07 0.12 15.90 0.07
144Sm 15.16 0.11 15.10 0.14 15.31 15.39 0.28 15.25 0.11
208Pb 13.91 0.11 13.90 0.30 14.24 14.17 0.28 14.18 0.11
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FIG. 3. TheE0 strength distributions obtained from the slice
analysis (squares) are plotted versus excitation energy. Th
errors represent the extent ofE0 variation when the bestx2

is allowed to double. The line is the strength distribution
corresponding to the Gaussian fits shown in Fig. 2.

from theD1S result by assumingKnm ~ E2
x . The values

obtained are shown in Fig. 4, where the weighted averag
(Knm  231 6 5 MeV) is also shown. The error given
for the average is the standard deviation of the five points
which is larger than that calculated from the errors on
the individual points. The errors shown on the individual
points are those due to the uncertainty in position of the
E0 strength, although the theoretical uncertainties (those
discussed by Blaizotet al. and those of extractingKnm
from the calculated point) are now likely to be greater
than the experimental error.Knm obtained using previous
“best” values are also shown for comparison.

Farineet al. [6] fit the (then accepted) breathing mode
energies by modifying a generalized Skyrme force which
they required to fit the masses and radii. Our results
for Zr, Sn, Sm, and Pb are in excellent agreement with
their calculation for SkK240 which corresponds toKnm 
240 MeV. An analysis by Chossy and Stocker [7] used
relativistic mean field parameters to calculate the terms in
the leptodermous expansion and predict breathing mod
693
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FIG. 4. Knm obtained for each of the five nuclei by comparin
the GMR energies to the calculations of Blaizotet al. [5]. The
triangles are from the present data. The3 symbols are from
the world data set as of 1993 [4]. The broad line with erro
bars shows the average. The data points are slightly offse
A for clarity.

energies. Their results for116Sn and 144Sm using the
NLC parameter set withKnm  224.5 MeV are in good
agreement with our data, while our data for90Zr and208Pb
requireKnm about 235 and 255 MeV, respectively. Th
average of these is235 6 14 MeV. Hamamotoet al.
[8] used various Skyrme interactions to calculate th
GMR distributions in40Ca, 90Zr, and208Pb. sm3ym1d1y2

obtained for these nuclei for the SkMp interaction (Knm 
217 MeV) are slightly high for Pb and Zr, and quite high
for Ca, implying thatKnm is below 217 MeV. There
have also been a number of calculations using relativis
mean field theory which generally for the same GM
energies have much higher compressibilities [9,10]. T
calculations by Vretenaret al. [9] would be generally
consistent with our data forKnm ø 299 6 22 MeV for
A $ 90, but the mass dependence is not well reproduce
particularly in lighter nuclei.

In this work we have obtained data with much lowe
continua than previous data resulting in more precise en
gies for the GMR and identified a previously unknown ta
on the GMR strength in90Zr which raises the centroid by
more than 1 MeV, removing a serious discrepancy wi
RPA calculations for GMR energies. We also noted th
the centroids ofE0 strength distributions obtained from
alpha scattering are significantly higher than the centro
of the E0 cross section. With these new results, for th
first time a consistent value forKnm can be obtained by
comparing microscopic calculations to GMR data for nu
694
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clei having a wide range ofA (40–208). Comparison
to calculations with the Gogny interactions [5] leads t
Knm  231 6 5 MeV while those using a generalized
Skyrme force [6] leads toKnm  240 MeV. A scaling
model analysis with a relativistic mean field parametriza
tion leads [7] toKnm  235 6 14 MeV.

These values are in excellent agreement with theKnm 
234 MeV obtained by Myers and S´wia̧tecki [19] fitting
binding energies and diffuseness with the Thomas-Fer
model. They are also consistent with nucleus-nucle
scattering which was well fit [20] using nucleow-nucleow
interactions that correspond toKnm  241, 252, and
270 MeV, but not forKnm  228 MeV or lower. They
are somewhat above theKnm  210 MeV estimated from
the linear momentum change in heavy ion reactions [21
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