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Giant isoscalar monopole resonance strength in40Ca from „e,e8a… angular correlations

M. Kohl, P. von Neumann-Cosel, A. Richter, G. Schrieder, and S. Strauch
Institut für Kernphysik, Technische Universita¨t Darmstadt, D-64289 Darmstadt, Germany

~Received 9 February 1998!

The giant resonance region in40Ca has been studied with inelastic electron scattering at the Mainz microton
MAMI and the superconducting Darmstadt linear accelerator S-DALINAC for a momentum transfer rangeq
50.2520.66 fm21. Complete angular correlation functions for the coincidenta decay into the ground state
(a0) and first excited state (a1) of 36Ar have been measured. A model-independent multipole decomposition
is presented for thea0 channel under the assumption of a mixture ofE0/E1/E2 strengths. It is demonstrated
that this method can be extended to thea1 channel assuming that the relative weight of the allowed decay
angular momenta is determined by transmission coefficients and for a specific choice of relative phases
between multipole amplitudes suggested by the data. The resulting distributions of isoscalarE0 and E2
strengths for thea0 and a1 channels are tested against microscopic calculations including coupling to the
continuum and complex configurations of the 1p-1h^ phonon type. Assuming statistical decay the total iso-
scalarE0 response can be reconstructed. An exhaustion of 44.2~8.8!% of the energy-weighted sum rule for the
isoscalar giant monopole resonance is found in the excitation energy interval 11219 MeV. The B(E0)
strength distribution is in fair agreement with recent (a,a8) measurements under extreme forward angles
suggesting a centroid energy of about 17218 MeV. @S0556-2813~98!02906-9#

PACS number~s!: 25.30.Fj, 24.30.Cz, 23.20.Js, 27.40.1z
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I. INTRODUCTION

Among the giant resonances the isoscalar giant mono
resonance~GMR! plays a special role because it provides
measure of a fundamental quantity of nuclear matter—
compressibility. The relation is usually expressed by
nuclear matter compression modulusKnm which is a function
of the frequency of the mode and the moments of its ene
distribution @1#. The compressibility exhibits a strong ma
dependence. Thus, experimental information on the G
from a wide range of nuclei is important. The GMR has be
established in heavy nuclei (A>90) where it forms a com-
pact resonance with a Lorentzian shape~see@2#, and refer-
ences therein!. However, in light nuclei the isoscalarE0
strength was found to be very fragmented and only in a
cases a significant fraction of the energy-weighted sum
~EWSR! has been detected@3,4#.

Recently a controversy arose on the value ofKnm which
can be extracted from the data. Based on microscopic ca
lations @1,5,6# Knm'210(30) MeV was generally accepte
However, Sharmaet al. @7# claimed a much higher valu
Knm5300(20) MeV. Their analysis, based on an approa
similar to the semiempirical mass formula, was question
by Pearson@8# and Shlomo and Youngblood@9#. On the
other hand, calculations within the relativistic mean-fie
theory @10,11# using density-dependent interactions w
nuclear matter compressibilities varying approximately
tweenKnm.200 and 600 obtain the best description of t
GMR energy in heavy nuclei for values between 250 a
270.

While the predictions of different models@6,10–13# tend
to agree for heavier nuclei, differences are more pronoun
for nuclei with smaller mass numbers. Thus, to shed light
this problem further experimental information on the GM
in light and medium-mass (A<70) nuclei would be helpful.
The most successful experimental approach@2# to study the
570556-2813/98/57~6!/3167~11!/$15.00
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GMR is inelastica scattering at extreme forward angles b
cause of its selectivity to isoscalar excitations and the do
nance of the monopole cross section at angles close to
Recently, results have become available from the Te
A&M group for 58Ni @14# and 40Ca @15# obtained with an
improved experimental setup allowing for excellent peak-
background ratios and studying a wide excitation ene
range up to 30 MeV. Surprisingly, the experimental findin
differ appreciably. While an exhaustion of less than 50%
the EWSR is found in58Ni, close to 100% is extracted fo
40Ca. However, the latter value contains a large contribut
from a multipole analysis of the background underlying t
resonance structure which has considerable ambiguitie
the fit to the data@15#.

Theoretically, such a large difference in the fragmentat
of the GMR strength for nuclei reasonably close in ma
number and studied under comparable experimental co
tions is hard to understand in microscopic models@16#.
There is a basic uncertainty of all giant resonance stud
with hadronic probes with respect to the conversion of m
sured cross sections to transition strengths. It depends on
optical potentials which can be derived with different a
sumptions about the interaction~deformed potential, single
and double folding etc.!, and for the monopole case also o
the assumed form of the transition density, where typica
the breathing mode of Satchler@17# is used. The impact of
different choices on the resulting exhaustion of the isosc
E0 EWSR can be quite large~see, e.g.,@18,19#!.

Electron-scattering coincidence experiments provide a
tentially very attractive alternative for the investigation
the GMR not hampered by the limitations described abo
Experimental studies of giant resonances with this met
@20–29#, which have become possible with a new generat
of continuous-wave electron accelerators, should provide
most reliable information on the transition strengths beca
the response of the nucleus is measured essent
3167 © 1998 The American Physical Society
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3168 57M. KOHL et al.
background free and the nature of reactions with electrom
netic probes is well understood. However, investigations
the GMR in medium-mass nuclei, where it strongly overla
with the isoscalar giant quadrupole resonance~GQR!, are
limited by the similarity of theE0 andE2 form factors in
electron scattering. Nevertheless, a separation of the diffe
multipolarities can be achieved from measurements of
angular correlations of the decay particles populating
solved final states. This method has been successfully
plied, e.g., to (e,e8a) reactions in12C, 16O, and 26Mg for
the decay to theJp501 ground state of the daughter nucle
@25–27#. For nucleon~proton or neutron! decay, unless for
the particularly simple case of one dominating multipo
@20,30#, a model-independent analysis is not possible,
information can only be extracted from the comparison
model calculations@28,29#.

The present work reports an investigation of the GM
strength in40Ca with the (e,e8a) reaction to resolved fina
states for excitation energies up to 20 MeV. It is clear t
only a fraction of the total isoscalarE0 strength present in
this energy range is extracted, but in nuclei where it is r
sonable to assume statistical decay of the GMR—wh
seems to be the case@28,31# in 40Ca—the total strength ca
be reconstructed. The analysis of giant multipole strengt
40Ca is complicated by the presence of three overlapp
resonances: the GMR, the GQR and the isovector gian
pole resonance~GDR! which contribute with comparable
magnitude to the electron-scattering cross sections. H
ever, it has been shown by Ref.@32# that an analytical de-
composition of angular correlation of the (e,e8a) reaction
leading to the ground state~g.s.! of the daughter nucleus (a0
channel! is still possible for three multipolarities. Such a
analysis has been presented for the40Ca(e,e8a0)36Arg.s. re-
action in@33# which provided clear evidence for the presen
of appreciable amounts of low-energy isoscalarE0 andE2
strength in contrast to random-phase approximation~RPA!
predictions. This shift of strength to low energies can
traced back to g.s. correlations allowing for 0\v transitions
forbidden in the independent particle model@34#. Here, we
give a full account of the results and furthermore show t
an extension of the method proposed in@32# is possible for
the decay into the first excitedJp521 state in 36Ar (a1
channel! with the additional assumptions that the weight
the different decay angular momenta of a given resonanc
determined by transmission coefficients and for a particu
choice of phases between the various multipole amplitu
suggested by the data.

The experiments are described in Sec. II, while Sec.
presents the basic ideas of the angular correlation anal
The resultingE0 strength distributions are discussed in S
IV, and concluding remarks are given in Sec. V. The ma
ematical details of the angular correlation analysis are p
sented in the Appendix.

II. EXPERIMENTS

The experiments were performed at the Mainz micro
MAMI A at an incident energyE05183.5 MeV and three
scattering anglesue522.0°, 31.4°, and 43.0° correspondin
to momentum transfersq50.35, 0.49, and 0.66 fm21, re-
spectively. Further data were taken at the superconduc
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Darmstadt electron linear accelerator S-DALINAC at
lower q of 0.25 fm21 ~with E0578 MeV andue540.0°).
Self-supporting natural calcium foils of about 1 mg/cm2

were used as targets. Typical electron currents were 10mA
at MAMI and up to 5mA at the S-DALINAC. The scattered
electrons were detected by a 180° double-focusing magn
spectrometer with a solid angle of 4 msr in the Mainz e
periment @35# and with a QCLAM magnetic spectromete
subtending 34 msr solid angle@28# in Darmstadt. The decay
of charged particles was measured with up to 10 part
telescopes consisting of a 752100 mm DE and 1 mmE
silicon counter backed by a second 1 mm detector use
anticoincidence. The telescopes were placed on a goniom
out of plane at an azimuthal angleFa5135° ~in the conven-
tion of @36#!. Data were typically taken for emission angle
ua50°2230° in 10° steps, whereua is defined with respec
to the momentum transfer axis.

In the excitation range in40Ca considered here (Ex.10
220 MeV! only proton anda emission contribute to the
charged particle decay. The target thickness was limited s
that losses of thea particle flux due to straggling could b
avoided. Thus, the low-energy threshold ofa particle spectra
was always determined by the Coulomb barrier. The dete
thicknesses were chosen for easy distinction of proton ana
particles, since the latter were always stopped in the fi
counter. For low energy protons, which could not trave
theDE detector, separation was achieved by a time-of-flig
technique. It utilized the range-dependent charge collec
times when theDE detectors are mounted reverse to t
normal operation mode.

The ability to resolve specific final states in th
(e,e8x;x5p,a) reaction is limited by the energy stragglin
in the target which amounts to typical values of about 2
keV for the protons and 700 keV for thea particles; the
resolution of the electron spectra of about 120 keV in Ma
and 50270 keV in Darmstadt can be neglected. The lev
scheme of36Ar populated in the40Ca(e,e8a) reaction thus
allows us to extract angular correlations for decay to the
and the first excited state at 1.98 MeV. The top part of Fig
presents the excitation energy spectrum of40Ca measured a
E05183.5 MeV,ue531.4° and extracted under the cond
tion of coincident emission of ana particle. Below, a sepa
ration into the parts corresponding to the coincidenta0 and
a1 decays and the remaining contribution due to decay i
higher-lying states in36Ar (aRest) is presented. The popula
tion ratio is largely independent of the momentum trans
becauseE0 and E2 excitations dominate which exhib
roughly the sameq dependence. Contributions of the GD
are very small in thea decay because of isospin selectio
rules. The centroids of the separated cross section par
Fig. 1 rise fromEx'14 MeV for coincidenta0 emission to
Ex'16 MeV for a1 and Ex.18 MeV for aRest. The cross
sections are comparable for all three channels, but
should keep in mind thata decay represents only a rath
small fraction of the total40Ca(e,e8x) cross section~ap-
proximately 10–35 % in the measured momentum trans
range!. The overall error of the cross sections is estimated
be less than620% in all cases, including statistics (<10%!,
uncertainty of the target thickness (<10%!, charge collec-
tion (<5210%!, and geometrical uncertainties (<2%!.
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Angular correlations for thea0 anda1 reaction channels
have been measured at anglesQa relative to the axis defined
by the momentum transferq imparted onto40Ca by the elec-
tron. Typical examples are depicted forE05183.5 MeV and
ue543.0° in Figs. 2 and 3, respectively. The40Ca energy
bins have been chosen to roughly follow prominent str
tures in the excitation spectrum. The solid lines are fits w
a Legendre polynomial up to fourth order. All angular co
relations show strong maxima atQa50° and 180° and a
weaker one at 90°. The shapes are reminiscent ofL52 de-
cay, but pronounced differences of the maximum cross s
tions are observed between 0° and 180° indicating adm
ture of an odd angular momentum component~e.g.,L51).
In Figs. 2 and 3 a systematic difference between thea0 and
a1 channels can be clearly seen. While the largest cross
tion in the (e,e8a0) angular correlation is always found a
angles aroundQa'0°, it is just the reverse for (e,e8a1),
where it is peaked atQa'180°. This feature is also prese
in all angular correlations ofa decay measured at the oth
momentum transfers.

III. ANALYSIS OF „e,e8a… ANGULAR CORRELATIONS

A. Model-independent method

The general form of the electron cross section with ana
particle detected in coincidence can be expressed as the
cross sectionsMott times bilinear products of kinematic fac
tors V and corresponding structure functionsW describing
the nuclear dynamics@36#. Explicitly,

d3s

dVedvdVa
5sMott~VLWL1VTWT1VLTWLTsinFa

FIG. 1. Excitation spectrum of the40Ca(e,e8) reaction atE0

5183.5 MeV,ue531.4° coincident with emission of ana particle
and integrated over thea emission angle, and decomposition in
the parts populating the g.s. (a0), the first excited state (a1) and
higher-lying states (aRest) of 36Ar, respectively.
-
h

c-
x-

c-

ott

1VTTWTTcos2Fa!, ~1!

where the indicesL, T, LT, andTT refer to the interaction of
the exchanged virtual photon with the longitudinal and tra
verse currents in the nucleus, and the interference terms

FIG. 2. Angular correlations of the40Ca(e,e8a0) reaction at
E05183.5 MeV,ue543.0° in the excitation energy rangeEx511
220 MeV.

FIG. 3. Angular correlations of the40Ca(e,e8a1) reaction at
E05183.5 MeV,ue543.0° in the excitation energy rangeEx511
220 MeV.
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3170 57M. KOHL et al.
spectively. The structure functions can be expanded in m
tipoles using Legendre polynomials forL and T, and first-
and second-order associated Legendre polynomials forLT
andTT, respectively.

For the present experiment theTT interference term van
ishes exactly because the angleFa was chosen to be 135°
The LT interference term mainly results in a rotation of t
symmetry axis which for the present data is generally sma
than 2° and can thus be neglected@37,38#. Applying Sieg-
ert’s theorem one can estimate the transverse part of
cross section in the chosen kinematics to be less than 5%
the total cross section~less than 10% for the S-DALINAC
measurement!, and it can thus also be neglected. The thr
fold differential cross section is therefore assumed to
purely longitudinal and is proportional to an angular corre
tion function ~ACF! calledW

d3s

dVedExdVa
}W~ua!5(

l
Al Pl~cosua!. ~2!

In the static limit of resonance approximation@36# for the
case ofJp501 targets the angular correlation coefficien
can be written as

Al5 (
LL8,JJ8

S

Al8~S;LJ;L8J8!~CLJ
~S! eidLJ

~S!
!* ~CL8J8

~S! eid
L8J8
~S!

!.

~3!

The factorsAl8 contain the information of angular mo
mentum coupling and are described in the Appendix. T

quantityCLJ
(S) eidLJ

(S)
is the complex amplitude of the produ

between the longitudinal matrix element and the overlap
the intermediate resonanceJ and the decay channel (LS).
For Jp501 targets, the multipolarity of the excitation i
identical with the angular momentumJ of the resonance
The quantityL is identified with the relative orbital angula
momentum of the emitted particle with respect to the rema
ing nucleus, andS represents the total spin of the final sta
determined by the particle spin and state of the resid
nucleus. The expansion parameterl can be understood as th
angular momentum resulting from the coupling of two inte
fering resonancesJ,J8. Because thea particle has spin zero
the decay to the ground state of36Ar (Jp501) givesS50
(a0 channel!, whereas the first excited state of36Ar (Jp

521) yields S52.
Because of the low experimental momentum transfersq,

contributions due to the excitation ofE3 or higher multipole
strength should be small@28#. Thus, the expansion in Eq.~2!
is restricted tol 54, i.e., onlyE0, E1, andE2 transitions are
assumed in the description of the ACF. Due toS50 in the
a0 channel, only one partial wave occurs for each resona
(J5L). In the a1 channel, however, the situation becom
more complicated. Applying parity selection rules, one o
tains various (LJ) combinations in thea1 channel as shown
in Table I.

The ACF expansion up tol 54 gives five angular corre
lation coefficientsAl determined by a fit to the experiment
data. Choosing one overall phase arbitrarily, there are th
amplitudes and two phases left undetermined in thea0 chan-
nel, which can be related to the five parametersAl . While
l-
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the multipole decomposition based on Eq.~2! is unique for
the highest multipolarityE2, there are three mathematical
equivalent solutions forE0, E1 and the two relative phases
respectively. As already noted in@32# one solution is never
realized by physical data, whereas the two other solutions
characterized by either a large or a smallE0/E1 ratio, re-
spectively. Physical arguments~isospin forbiddance ofa de-
cay from the GDR to isospinT50 states in36Ar, q depen-
dence of the form factors, and comparison to other work
discussed below! favor the solution with a largeE0/E1 ratio.

B. Additional assumptions for the a1 channel

The variousLJ combinations in thea1 channel~see Table
I! lead to six additional parameters which cannot be uniqu
determined by the data. One has to introduce model assu
tions to fix them in order to be able to proceed with t
analysis in analogy to thea0 case.

The first assumption is as follows. The decay of an e
cited resonance of total angular momentumJ shows branch-
ings into all decay channels allowed by conservation of
orbital angular momentumL. Their relative magnitude is as
sumed to be determined by the transmission coefficientsTL .
This can be expressed as

CLJ
2 5bLCJ

2 , with bL5
TL

( allowedLTL

. ~4!

The transmission coefficients are determined for the reac
40Ca
36Ar1a and are calculated by the program co
CASCADE @39# as a function of excitation energy taking th
standard optical potential parameter set for the systema
136Ar. RestrictingJ to values of 0,1,2~as for thea0 case!
three parameters are fixed.

Furthermore, there are three phases to be determi
Considering the relative phasesdLJ2dL8J , i.e., the modifi-
cation of the phase of a resonance with spinJ due to differ-
ent decay channelsL,L8 there are two possible extremes. F
a value of zero, the partial wavesL,L8 interfere totally con-
structively, whereas a totally destructive interference
achieved by the choice

ei ~dLJ2dL8J!5 i ~L2L8!. ~5!

TABLE I. Possible orbital angular momentaL and total spinsS
in the exit channel of thea decay of a resonance with spinJ into
the Jp501 g.s. (a0) or theJp521 first excited state (a1) of the
daughter nucleus.

Channel J S L

0 0
a0 1 0 1

2 2

0 2
a1 1 2 1,3

2 0,2,4
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Two neighboringL channels for a fixedJ ~which differ by
DL52 because of parity conservation!, would thus be char-
acterized byei (dLJ2dL8J)521 resulting in a phase differenc
of 180°.

Detailed tests show that the first choice~constructive in-
terference! yields only nonphysical solutions for theCJ

2’s in
the whole excitation energy range, i.e., the solution for
least oneCJ

2 always becomes negative. Only the second
ternative~destructive interference! leads to physically pos
sible values of theCJ

2 amplitudes. It is pointed out that with
the assumption of Eq.~5! the structure of the system of equ
tions @Eq. ~A8!# described in the Appendix becomes exac
the same as for thea0 channel@Eq. ~A3!#. The only differ-
ence is a reversal of the signs ofA1 andA3, respectively. The
coefficients A1 and A3 measure the interference of th
E0/E1 andE1/E2 resonances, which result in an asymme
of the angular distribution with respect to 90°. Such a s
tematic change of the signs, going froma0 to a1, is clearly
supported by the data for the whole excitation energy ra
investigated~see Figs. 2, 3!.

C. Results

For the decomposition of the multipole parts, the angu
correlations of the40Ca(e,e8a0,1) reactions have been ana
lyzed for energy bins of 100 keV in a40Ca excitation range
Ex511219 MeV. At higher energies the experimental cro
sections become too small. Figures 4 and 5 display as
amples the total and the decomposedE0/E1/E2 cross sec-
tions for thea0 channel measured atE05183.5 MeV, ue
543.0° and for thea1 channel atE05183.5 MeV, ue

FIG. 4. Cross section of the40Ca(e,e8a0) reaction at E0

5183.5 MeV,ue543.0° and its decomposition intoE0, E1, and
E2 parts using the method described in the Appendix.
t
l-

y
-

e

r

s
x-

531.4°. In both cases theE0 andE2 cross sections are o
comparable magnitude while theE1 cross sections are a fac
tor of about 10 smaller. The parts corresponding to the
ferent multipolarities exhibit considerable fine structure
the a0 decay for excitation energies up to 15 MeV. Th
predominance ofE2 cross sections at the energies below
MeV in the a1 decay reflects the possible decay angu
momenta. WhileE0 strength requiresL52 decay,L50 is
also possible forE2 strength and dominates the region clo
to the threshold.

As discussed in Sec. III A theE0/E1/E2 decomposition is
unique for thea0 channel~except for the unphysical solu
tion! whereas the analysis in thea1 channel depends on th
assumption of the relation between the relative phases
decay angular momenta expressed in Eq.~5!. For the case of
E2 strength its influence can be estimated. The hatched
in Fig. 5 shows the cross section resulting for phase diff
ences equal to zero which represents an upper limit for
E2 contribution. As pointed out above no meaningful so
tions are obtained forE0 andE1 with this assumption, but to
illustrate the effects the additional cross section found in
E2 part is subtracted fromE0. The result, which represent
the minimum cross section due toE0 excitations, is again
shown as hatched area in the corresponding part of Fig
The main effect is at the lowest energies where the pop
tion is governed by the difference of the transmission co
ficients for the possible angular momenta. The total effec
different phase relations on the multipole decomposition

FIG. 5. Cross section of the40Ca(e,e8a1) reaction at E0

5183.5 MeV,ue531.4°, and its decomposition intoE0, E1, and
E2 parts using the method described in the Appendix. The o
histograms correspond to relative phases of 180° and the hat
histograms to 0° between the amplitudes for a given resonance
J and neighboring (DL52) decay angular momentaL.
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3172 57M. KOHL et al.
rather small. Even for the most extreme example discus
here cross sections would change by less than 20% and
influence on the EWSR would be even smaller, since
main differences are at lower energies.

In order to convert the measured cross sections into
duced transition strengths, energy-integrated form fac
FEJ(q) for the different multipolarities are calculated fo
each measured momentum transfer according to

uFEJ~q!u25
1

sMott~q!
E

11 MeV

19 MeV d2s

dVdEx
~q,Ex!dEx . ~6!

An extrapolation to the photon pointk5Ex /\c is achieved
by a fit of theoretical form factors to the experimental valu
The form factors are obtained from transition densities c
culated in the approach of@16,34# which has been demon
strated to allow for a quantitative description of the GM
and GQR in 40Ca. The transition strength is related to t
form factor at the photon point by

B~EJ!5
@~2J11!!! #

k2J

Z2

4p
uF~EJ,q5k!u2. ~7!

The distribution of transition strength as a function of ex
tation energy is then obtained as an error-weighted mea
all measured momentum transfers

dB~EJ!

dEx
5

B~EJ!

uFEJ~q!u2
1

sMott~q!

d2s

dVdEx
~q,Ex!, ~8!

combining Eqs.~6! and~7!. The resultingB(E0) andB(E2)
distributions are depicted in Fig. 6 for thea0 and thea1
channel, respectively. The exhaustion of the EWSR summ

FIG. 6. ExperimentalB(E0) andB(E2) strength distributions
in 40Ca for a0 and a1 decay. The solid lines correspond to th
calculations of the isoscalar excitation strengths from Ref.@16# mul-
tiplied with branching ratios for the decay channels taken fr
statistical model calculations with the codeCASCADE @39#.
ed
the
e

e-
rs

.
l-

-
of

d

over both channels amounts to 19.8~4.0!% and 11.0~2.2!%
for the isoscalar GMR and GQR, respectively.

IV. DISCUSSION

A special feature of the GQR and GMR in40Ca, which is
also found inf p-shell nuclei, is a large concentration of re
duced transition strength at energies belowEx,15 MeV
@28,33,40,41#. This observation is in sharp contrast to RP
theory, which predicts only one strong peak around 18 M
for both multipolarities@42,43#, but can be explained by ad
vanced calculations including the continuum and comp
configurations beyond 1p-1h of the 1p-1h^ phonon type
@16#. As demonstrated in@34#, such calculations very satis
factorily account for the strong fragmentation of the isosca
E0 andE2 strengths, and a quantitative description of th
sum experimentally extracted with a multipole decompo
tion of 4p-integrated (e,e8x) spectra@28# could be achieved.
Here, we present a more detailed comparison of the reso
E0 andE2 parts for the investigateda decay channels.

The calculated strength distributions are taken from R
@16#. There is little difference forE2 compared to the previ
ous calculation within the same approach reported in@34#,
but theE0 results are considerably modified@44# by varia-
tions of single-particle energies in an attempt to optimize
reproduction of the new GMR data shown in@15#. Because
electroexcitation of isovector strength is suppressed in tha
channels as discussed above, the theoretical results fo
isocalar response rather than for the total electromagn
strength are compared to the data. The branching ratio
the final states as a function of40Ca excitation energy is
determined by statistical model calculations with the co
CASCADE @39# modified to allow for a proper treatment o
isospin@45#.

The solid lines in Fig. 6 display the resultingB(E0) and
B(E2) distributions for decay into thea0 anda1 channels.
Very satisfying agreement is found for the GMR and GQ
strength decaying to the g.s. of36Ar. However, while the
energy dependence of theE0 part in thea1 channel is rea-
sonably accounted for, the totalB(E0) strength is grossly
underestimated by a factor of 2.5. TheE2 contribution in the
a1 channel is only poorly described with a shift of the max
mum of about 3 MeV with respect to experiment. This de
ciency is largely independent from the phase problem in
analysis of thea1 decay discussed the previous sectio
where the main effect would be aroundEx'14215 MeV,
but little additionalE2 strength would be added at high
energies. The excess of experimentalB(E2) strength around
14 MeV may result from nonstatistical decay contribution
These have been shown to play a role in lighterN5Z nuclei
@46#. However, this does not offer an explanation for t
underestimate of theE0 and overestimate of theE2 parts in
the a1 decay by the calculations.

The B(E0) strength distribution from the electron
scattering experiment shown in the upper part of Fig. 7
compared to the (a,a8) results of Ref.@15#, middle part, and
Ref. @40#, lower part. For excitation energies up to 15 Me
the main structures agree quite well with the data of R
@40#, although the latter data show a small systematic upw
shift of about 100 keV. The comparison with the results
Youngblood et al. @15# is less clear. At energies
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around 12 MeV the agreement of the distributions is not
good, while the gross structure of the bump visible
Ex '14216 corresponds to the electron-scattering res
which, however, display more pronounced fine structure.
excitation energiesEx.16 MeV contributions from thea
decay to higher-lying states in36Ar become increasingly im-
portant leading to the decrease ofB(E0) strength visible in
Fig. 7 extracted from the (e,e8a0,1) results.~The large dif-
ference at higherEx between the twoa-scattering experi-
ments is discussed in detail in@15#.!

In order to extract the total EWSR strength from t
(e,e8a0,1) data, we assume a statistical decay of the GM
which allows for a correction of the nonobservedE0
strength due to proton and neutron decay ora decay into
higher-lying states. This correction factor was taken from
CASCADE calculations described above. An exhaustion
44.2~8.8!% is extracted for the isoscalarE0 EWSR in the
energy rangeEx511219 MeV from electron scattering us
ing the a0,1 statistical model branching ratios, thus rough
doubling the values for the summed40Ca(e,e8a0,1) reactions
given in Sec. III. The result may be compared to 33.9~5.5!%
for the same energy interval obtained in Ref.@15#. A number
of uncertainties enter into the extraction of these numb
For the (e,e8a) data it is dominated by the described mod
assumptions, while for the (a,a8) data one has to deal wit
strong background from different reaction types and the g
eral model dependence of the conversion of cross sec
into transition strength which can have drastic effects~for a
recent example in40Ca, see@47#!. With this in mind the
agreement between both experiments can be regarded a
sonably good. An EWSR value of 30~6!% in an energy re-
gion Ex510.5220 MeV is given for the data of Ref.@40#.

FIG. 7. Top: GMR strength in40Ca from the present (e,e8a)
experiment. The histogram represents the summed strengths o
excitation corresponding to decay into thea0 and a1 channels.
Middle: GMR strength distribution in40Ca from the (a,a8) experi-
ment of Ref.@15#. Bottom: GMR strength distribution in40Ca from
the (a,a8) experiment of Ref.@40#.
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This number seems surprisingly large considering the str
drop of the cross sections in Fig. 7 above 15 MeV.

The GMR energy centroidE0 cannot be determined un
ambiguously from the present data because of the mis
information at higher energies. However, if one adopts
B(E0) distribution measured by Youngbloodet al. @15# for
the energy regionEx.19 MeV, a valueE0'17.5(1.0) MeV
is suggested. This would be in slightly better agreement w
the prediction of Blaizotet al. @6# of E0516.2 MeV based
on a compressibilityKnm.210 MeV. Such a result would
also be in favor of the interaction NL1~corresponding again
to Knm.210 MeV! in the relativistic mean-field calculation
@10,11# rather than the higher valuesKnm52502270 favored
by them from the comparison to heavier nuclei. Finally, it
noted that the extracted energy centroid would also reas
ably agree with the calculations of Kamerdzhievet al. @16#
which yield E0518.4 MeV.

V. CONCLUSIONS

We have reported a study of the electroinduceda decay
in 40Ca from the giant resonance region. The moment
transfer range ofq.0.2520.66 fm21 allowed for a simul-
taneous excitation of the GMR, GDR, and GQR. It was p
sible to separate the excitations corresponding to the de
into the g.s. (Jp501) and first excited state (Jp521) of
36Ar and detailed angular correlations have been measu
covering anglesua50°2230° relative to the momentum
transfer axis. It was shown that the formalism@32# developed
for a decomposition ofE0, E1, andE2 strengths from mea
sured (e,e8a) angular correlations populating aJp501 g.s.
in the daughter nucleus can be extended to the decay in
Jp521 final state under two assumptions: the cross sec
ratio of different allowed decay angular momenta for a s
cific multipole is determined by the transmission coefficie
and the relative phase difference between amplitudes fo
given resonanceJ, but neighboring decay angular momen
L, is 180°.

The multipole unfolding of thea0 and a1 channels
showed a dominance ofE0 andE2 strengths and littleE1
contributions. Because of isospin selection rules the mo
pole and quadrupole strength is of isoscalar nature. The
sultingE0 andE2 strength distributions in an excitation en
ergy range Ex511219 MeV were compared to the
microscopic calculations for the GMR and GQR of Kame
dzhievet al. @16# by weighting with statistical model branch
ing ratios. Impressive agreement is observed for thea0 chan-
nel, but theE0 strength is underestimated in thea1 channel,
while the calculation of theE2 part shows a shift of the
maximum by several MeV with respect to the data.

Assuming statistical decay the isoscalarE0 EWSR
strength was reconstructed from the electron-scattering d
An EWSR exhaustion of 44.2~8.8!% is obtained for the
GMR, somewhat larger than what is found witha scattering.
Systematic uncertainties have to be considered in both
periments, dominated in the case of electron scattering by
assumption of completely statistical decay, and for had
scattering experiments by the model dependence of
strength extraction. The present results provide a further
ample that only a fraction of the isoscalar GMR is found
medium-mass nuclei at energies below 20 MeV. Adopt

the
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the E0 strength distribution of Ref.@15# for energiesEx
.19 MeV a centroid energyE0'17.5(1.0) MeV of the
GMR could be extracted. Good agreement with recent
croscopic studies is obtained for interactions with a nucl
matter compression modulusKnm.210 MeV.

Further investigations of the GMR in a variety of nucl
with (e,e8x) experiments are clearly of interest for a numb
of reasons. For example, in Ref.@14# a (a,a8) study of 58Ni
with the same experimental techniques as reported for40Ca
@15# has revealed only a fraction of at most 50% of theE0
EWSR up to an excitation energy as high as 25 MeV. T
finding represents a puzzle which might be addressed in
electron-scattering coincidence experiment, since thea de-
cay branching ratios should still be large enough for a me
ingful analysis along the ways described here.

Furthermore, electron-scattering coincidence experime
might provide a new access to resolve the strong model
pendencies of the conversion of cross sections to trans
strengths inherent to hadron-induced experiments as
cussed, e.g., in@18,19# for a scattering. In lighter nucleiE0
strength distributions and EWSR exhaustions derived fr
(e,e8a0) experiments could serve as benchmarks for co
sponding (a,a8a0) measurements. In heavier nuclei, whe
the GMR and GQR are energetically well separated, the
formation can be gained in (e,e8n) experiments from the
multipole decomposition of 4p-integrated spectra~see, e.g.,
@22# for an example!. Such an experimental setup fo
(e,e8n) measurements has recently been installed at th
DALINAC accelerator and first experiments have been p
formed on 48Ca with very promising results@48#.
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APPENDIX: DETERMINATION OF E0, E1, AND E2
STRENGTH CONTRIBUTIONS AND RELATIVE

PHASES FROM „e,e8a… ANGULAR CORRELATION
COEFFICIENTS

The coefficientsAl8 from Eq. ~3! contain the information
of angular momentum coupling and account for select
rules. They are given by

Al8~S;LJ;L8J8!5@ l #2@J#@J8#@L#@L8#~21!SH J J8 l

L8 L SJ
3S L L8 l

0 0 0D S J J8 l

0 0 0D
3

1

2
@11~21! lpJpJ8#

1

2
@11~21!L1J#

3
1

2
@11~21!L81J8#, ~A1!
i-
r

r

s
an

n-

ts
e-
n

is-

-

-

S-
r-

-
-
l
s-

n

with @ j #5A2 j 11. The expressions with the round and cur
brackets are Wigner 3j and 6j symbols, respectively. The
quantity

CLJ
~S! eidLJ

~S!
5~2 i !J^LSuJ&

~GJ/2p!1/2

v2vJ1 i ~GJ/2!
^JiM̂ Ji0& ~A2!

is the product between the longitudinal matrix element a
the overlap of the intermediate resonanceJ and the decay
channel (LS). In contrast to the definitions in@36# the am-
plitudes defined in Eq.~A2! are multiplied with @J#
5A2J11, while the coefficients in Eq.~A1! are divided by
the factor@J#@J8#.

1. a0 channel

From the multipole expansion by Legendre polynomi
@Eq. ~2!# up to l 54 one obtains an equation system by eva
ating Eq. ~3! which relates the angular correlation coef
cientsAl to the amplitudesCLJ and phasesdLJ , respectively.
For the a0 channel (S50, L5J) the system of equation
becomes

A05C0
21C1

21C2
2 ,

A15k1C0C1cosd101k2C1C2cos~d202d10!,

A25k3C1
21k4C2

21k5C0C2cosd20, ~A3!

A35k6C1C2cos~d202d10!,

A45k7C2
2 ,

with d10[d12d0 andd20[d22d0. The constant factorsk i

are given byk152A3, k25 4
5 A15, k352, k4510/7, k5

52A5, k65 6
5 A5, andk7518/7. Using the abbreviations

B05A02
1

k7
A45C0

21C1
2 ,

B15
1

k1
A12

k2

k1k6
A35C0C1cosd10,

B25
1

k3
A22

k4

k3k7
A45C1

21
k5

k3
C0C2cosd20, ~A4!

B35
1

k6
A35C1C2cos~d202d10!,

B45
1

k7
A45C2

2 ,

and

k1523B012B22g2B4 ,

k253B0
224B0B21B2

21g2B0B412gB1B32g2B3
2 ,

~A5!
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k352B0
312B0

2B22B0B2
22g2B1

2B412gB1B2B3

22gB0B1B3 ,

with g[k5 /k3, one obtainsC0
2 by solving the cubic equa

tion

C0
61k1C0

41k2C0
21k350. ~A6!

The remaining unknown quantities are determined by

C1
25B02C0

2 , C2
25B4 , d105arccos

B1

C0C1
,

and

d205arccos
B22C1

2

gC0C2
. ~A7!

While the equation system Eq.~A3! provides unique results
for the highest multipolarity (J52), there are generally thre
solutions of Eq.~A6!. The criteria to identify the physically
correct solution have been discussed in Sec. III.

2. a1 channel

For thea1 channel, the equation system for theAl ’s is
given by
y

A05C20
2 1C11

2 1C13
2 1C02

2 1C22
2 1C42

2 ,

A1522A6

5
C20C11cos~d112d20!1

6

5
A5C20C31cos~d312d20!22A6

5
C11C02cos~d022d11!1

6

5
A7

3
C11C22cos~d222d11!

2
6

5
A2

7
C31C22cos~d222d31!112A 2

35
C31C42cos~d422d31!,

A25
1

5
C11

2 2
6

5
A6C11C31cos~d312d11!1

4

5
C31

2 22A10

7
C02C22cos~d222d02!2

15

49
C22

2 2
24

49
C22C42cos~d422d22!1

50

49
C42

2

12C20C02cos~d022d20!22A10

7
C20C22cos~d222d20!16A2

7
C20C42cos~d422d20!, ~A8!

A35
6

5
A3

7
C11C22cos~d222d11!212A 3

35
C11C42cos~d422d11!1

6

5
A5C31C02cos~d022d31!2

24

5
A2

7
C31C22cos~d222d31!

16A 2

35
C31C42cos~d422d31!,

A456A2

7
C02C42cos~d422d02!1

36

49
C22

2 2
60

49
A5C22C42cos~d422d22!1

27

7
C42

2 .

After introduction of the branchingsbL describing the weights of the possibleL channels@Eq. ~4!# corresponding to the deca
of a resonance with spinJ, three unknown amplitudes can be removed from the equation system~A8! and one obtains

A05C0
21C1

21C2
2 ,

A15F22A6

5
Ab1cos~d112d20!1

6

5
A5Ab3cos~d312d20!GC0C11F22A6

5
Ab0b1cos~d022d11!

1
6

5
A7

3
Ab1b2cos~d222d11!2

6

5
A2

7
Ab2b3cos~d222d31!1

12

5
A10

7
Ab3b4cos~d422d31!GC1C2 ,

A25F1

5
b12

6

5
A6Ab1b3cos~d312d11!1

4

5
b3GC1

21F22A10

7
Ab0b2cos~d222d02!2

24

49
Ab2b4cos~d422d22!

2
15

49
b21

50

49
b4GC2

21F2Ab0cos~d022d20!22A10

7
Ab2cos~d222d20!16A2

7
Ab4cos~d422d20!GC0C2 , ~A9!
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A35F6

5
A3

7
Ab1b2cos~d222d11!2

12

5
A15

7
Ab1b4cos~d422d11!1

6

5
A5Ab0b3cos~d022d31!2

24

5
A2

7
Ab2b3cos~d222d31!

1
6

5
A10

7
Ab3b4cos~d422d31!GC1C2 ,

A45F6A2

7
Ab0b4cos~d422d02!1

36

49
b22

60

49
A5Ab2b4cos~d422d22!1

27

7
b4GC2

2 .

Two extreme cases are possible for the phase differenceei (dLJ2dL8J). For a choice of 0° one finds no physically possib
solution for the whole investigated excitation energy range, i.e., at least one of the squared amplitudesCJ

2 always becomes

negative. With the assumptionei (dLJ2dL8J)5 i (L2L8) andd0[d20, d1[d11, d2[d02 one obtains an equation system with t
same structure as Eqs.~A3!. The coefficientsk i are given for thea1 channel by

k1522A6

5
Ab12

6

5
A5Ab3,

k2522A6

5
Ab0b12

6

5
A7

3
Ab1b22

6

5
A2

7
Ab2b3212A 2

35
Ab3b4,

k35
1

5
b11

6

5
A6Ab1b31

4

5
b3 ,

k452A10

7
Ab0b22

15

49
b21

24

49
Ab2b41

50

49
b4 , ~A10!

k552Ab012A10

7
Ab216A2

7
Ab4,

k652
6

5
A3

7
Ab1b2212A 3

35
Ab1b42

6

5
A5Ab0b32

24

5
A2

7
Ab2b326A 2

35
Ab3b4,

k756A2

7
Ab0b41

36

49
b21

60

49
A5Ab2b41

27

7
b4 .

In contrast to thea0 channel, thek i contain the weights of theL channelsbL and are thus dependent on excitation energy. T
factorsk1 , k2, andk6 change their signs with respect to thea0 channel, and therefore alsoA1 andA3. Such a phase inversio
between thea0 and thea1 channel reflects itself in the relative ratio of the angular correlations at 0° and 180° and is i
visible in the data. The solutions for the remaining variables are again given by Eqs.~A4!–~A7!.
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@21# T. Kihm, K. T. Knöpfle, H. Riedesel, P. Voruganti, H. J. Em
rich, G. Fricke, R. Neuhausen, and R. K. M. Schneider, Ph
Rev. Lett.56, 2789~1986!.

@22# G. O. Bolme, L. S. Cardman, R. Doerfler, L. J. Koester, Jr.,
L. Miller, C. N. Papanicolas, H. Rothhaas, and S. E. William
son, Phys. Rev. Lett.61, 1081~1988!.

@23# A. Tanaka, T. Hino, H. Kawahara, N. Nomura, T. Tamae,
Sugawara, H. Tsubota, H. Miyase, and Y. Kawazoe, Nu
Phys.A489, 381 ~1988!.

@24# R. A. Miskimen, E. A. Ammons, J. D. T. Arruda-Neto, L. S
Cardman, P. L. Cole, J. R. Deininger, S. M. Dolfini, A.
Linzey, J. B. Mandeville, B. L. Miller, P. E. Mueller, C. N
Papanicolas, A. Serdarevicˇ, and S. E. Williamson, Phys. Lett
B 236, 251 ~1990!; Phys. Rev. C43, 1677~1991!.

@25# J. P. Fritsch, H. J. Emrich, A. Grasmu¨ck, R. Neuhausen, S
Schardt, N. Zimmermann, J. R. Calarco, and M. Potokar, Ph
Rev. Lett.68, 1667~1992!.

@26# J. DeAngelis, J. R. Calarco, J. E. Wise, H. J. Emrich, R. N
hausen, and H. Weyand, Phys. Rev. Lett.70, 2872 ~1993!;
Phys. Rev. C52, 61 ~1995!.

@27# L. A. A. Terremeto, V. P. Likachev, M. N. Martins, H. J
Emrich, G. Fricke, T. Kro¨hl, and K. W. Neff, Phys. Rev. C56,
2597 ~1997!.

@28# H. Diesener, U. Helm, G. Herbert, V. Huck, P. von Neuman
Cosel, C. Rangacharyulu, A. Richter, G. Schrieder, A.
ascheck, A. Stiller, J. Ryckebusch, and J. Carter, Phys. R
Lett. 72, 1994~1994!.

@29# T. Saito, S. Suzuki, T. Takahisa, C. Takakuwa, M. Oikawa,
Tohei, T. Nakagawa, and K. Abe, Phys. Rev. Lett.78, 1018
~1997!.

@30# P. von Neumann-Cosel, C. Rangacharyulu, A. Richter,
Schrieder, A. Stascheck, and S. Strauch, Phys. Rev. Lett78,
2924 ~1997!.

@31# P. von Neumann-Cosel, H. Diesener, U. Helm, G. Herbert,
.

.

s.

.

.
l.

s.

-

-
-
v.

.

.

.

Huck, C. Rangacharyulu, A. Richter, G. Schrieder, A. S
ascheck, A. Stiller, J. Ryckebusch, J. Carter, A. A. Cowley,
W. Fearick, J. J. Lawrie, S. J. Mills, R. T. Newman, J. V
Pilcher, F. D. Smit, Z. Z. Vilakazi, and D. M. Whittal, Nucl
Phys.A569, 373c~1994!.

@32# M. Spahn, T. Kihm, and K. T. Kno¨pfle, Z. Phys. A330, 345
~1988!.

@33# H. Diesener, U. Helm, P. von Neumann-Cosel, A. Richter,
Schrieder, and S. Strauch, Phys. Lett. B352, 201 ~1995!.

@34# S. Kamerdzhiev, J. Speth, and G. Tertychny, Phys. Rev. L
74, 3943~1995!.

@35# H. Ehrenberg, M. Averdung, B. Dreher, G. Fricke, H. He
minghaus, R. Herr, H. Hultzsch, G. Lu¨hrs, K. Mehrle, R. Neu-
hausen, G. No¨ldeke, H. M. Stoltz, V. Walther, and H. D
Wohlfahrt, Nucl. Instrum. Methods105, 253 ~1972!.

@36# W. E. Kleppinger and J. D. Walecka, Ann. Phys.~N.Y.! 146,
349 ~1983!.

@37# U. Helm, Ph.D. thesis D17, Technische Hochschule Darm
tadt, 1990.

@38# H. Diesener, Ph.D. thesis D17, Technische Hochschule Da
stadt, 1995.
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