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Giant isoscalar monopole resonance strength if°Ca from (e,e’ @) angular correlations
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The giant resonance region fiCa has been studied with inelastic electron scattering at the Mainz microton
MAMI and the superconducting Darmstadt linear accelerator S-DALINAC for a momentum transfergange
=0.25-0.66 fm . Complete angular correlation functions for the coinciderdecay into the ground state
() and first excited statea(;) of °Ar have been measured. A model-independent multipole decomposition
is presented for they channel under the assumption of a mixtureE8fE1/E2 strengths. It is demonstrated
that this method can be extended to thg 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 is&@atard E2
strengths for thexg and @, channels are tested against microscopic calculations including coupling to the
continuum and complex configurations of the 1pgihonon type. Assuming statistical decay the total iso-
scalarEO response can be reconstructed. An exhaustion of8.&% of the energy-weighted sum rule for the
isoscalar giant monopole resonance is found in the excitation energy interval91MeV. The B(EO)
strength distribution is in fair agreement with recent,¢’') measurements under extreme forward angles
suggesting a centroid energy of about-1/8 MeV. [S0556-281®8)02906-9

PACS numbes): 25.30.Fj, 24.30.Cz, 23.20.Js, 27 4@.

I. INTRODUCTION GMR is inelastica scattering at extreme forward angles be-
cause of its selectivity to isoscalar excitations and the domi-
Among the giant resonances the isoscalar giant monopoleance of the monopole cross section at angles close to 0°.
resonancéGMR) plays a special role because it provides aRecently, results have become available from the Texas
measure of a fundamental quantity of nuclear matter—thé&M group for 5®Ni [14] and “°Ca[15] obtained with an
compressibility. The relation is usually expressed by themproved experimental setup allowing for excellent peak-to-
nuclear matter compression modukig,, which is a function  background ratios and studying a wide excitation energy
of the frequency of the mode and the moments of its energyange up to 30 MeV. Surprisingly, the experimental findings
distribution [1]. The compressibility exhibits a strong mass differ appreciably. While an exhaustion of less than 50% of
dependence. Thus, experimental information on the GMRhe EWSR is found ir®Ni, close to 100% is extracted for
from a wide range of nuclei is important. The GMR has been*®Ca. However, the latter value contains a large contribution
established in heavy nucleA&90) where it forms a com- from a multipole analysis of the background underlying the
pact resonance with a Lorentzian shdpee[2], and refer-  resonance structure which has considerable ambiguities in
ences therein However, in light nuclei the isoscald&O  the fit to the datd15].
strength was found to be very fragmented and only in a few Theoretically, such a large difference in the fragmentation
cases a significant fraction of the energy-weighted sum rulef the GMR strength for nuclei reasonably close in mass
(EWSR has been detectd®,4]. number and studied under comparable experimental condi-
Recently a controversy arose on the valueKgf, which  tions is hard to understand in microscopic modgl$].
can be extracted from the data. Based on microscopic calcd-here is a basic uncertainty of all giant resonance studies
lations[1,5,6] K,,~210(30) MeV was generally accepted. with hadronic probes with respect to the conversion of mea-
However, Sharmeaet al. [7] claimed a much higher value sured cross sections to transition strengths. It depends on the
K,m=300(20) MeV. Their analysis, based on an approactoptical potentials which can be derived with different as-
similar to the semiempirical mass formula, was questionegumptions about the interactiddeformed potential, single,
by Pearson8] and Shlomo and Youngbloof®]. On the and double folding etg,. and for the monopole case also on
other hand, calculations within the relativistic mean-fieldthe assumed form of the transition density, where typically
theory [10,11] using density-dependent interactions with the breathing mode of Satchlgt7] is used. The impact of
nuclear matter compressibilities varying approximately be-different choices on the resulting exhaustion of the isoscalar
tweenK,,=200 and 600 obtain the best description of theEO EWSR can be quite largsee, €.9.[18,19)).
GMR energy in heavy nuclei for values between 250 and Electron-scattering coincidence experiments provide a po-
270. tentially very attractive alternative for the investigation of
While the predictions of different mode|6,10-13 tend the GMR not hampered by the limitations described above.
to agree for heavier nuclei, differences are more pronounceBxperimental studies of giant resonances with this method
for nuclei with smaller mass numbers. Thus, to shed light of20-29, which have become possible with a new generation
this problem further experimental information on the GMR of continuous-wave electron accelerators, should provide the
in light and medium-massA<70) nuclei would be helpful. most reliable information on the transition strengths because
The most successful experimental approgghto study the the response of the nucleus is measured essentially
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background free and the nature of reactions with electromaglarmstadt electron linear accelerator S-DALINAC at a
netic probes is well understood. However, investigations ofower q of 0.25 fm ! (with E,=78 MeV and 6,=40.0°).

the GMR in medium-mass nuclei, where it strongly overlapsSelf-supporting natural calcium foils of about 1 mgfcm
with the isoscalar giant quadrupole resonalG®R), are  \ere used as targets. Typical electron currents wergAO
limited by the similarity of theEO andE2 form factors in  at MAMI and up to 5uA at the S-DALINAC. The scattered
electron scattering. Nevertheless, a separation of the differegiectrons were detected by a 180° double-focusing magnetic
multipolarities can be achieved from measurements of th‘%pectrometer with a solid angle of 4 msr in the Mainz ex-

angular correlations of the decay particles populating res eriment[35] and with a QCLAM magnetic spectrometer
solved final states. This method has been successfully ag

plied, e.g., to é,e’a) reactions in*?C, %0, and *®Mg for
the decay to thd™=0" ground state of the daughter nucleus

[25—-27. For nucleon(proton or neutrondecay, unless for .
the particularly simple case of one dominating multipoles'“con counter backed by a second 1 mm detector used as

[20,30, a model-independent analysis is not possible, an@nticoincidence. The telescopes were placed on a goniometer

information can only be extracted from the comparison to?Ut Of Plane at an azimuthal angle, =135° (in the conven-

model calculation§28,29. tion of [36]). Dfita were typically taken fqr emigsion angles
The present work reports an investigation of the GMR%=0°—230° in 10° steps, where, is defined with respect
strength in“°Ca with the €,e’«) reaction to resolved final t0 the momentum transfer axis.
states for excitation energies up to 20 MeV. It is clear that N the excitation range if°Ca considered hereE(=10
only a fraction of the total isoscald&0 strength present in —20 MeV) only proton anda emission contribute to the
this energy range is extracted, but in nuclei where it is reacharged particle decay. The target thickness was limited such
sonable to assume statistical decay of the GMR—whichhat losses of ther particle flux due to straggling could be
seems to be the ca$28,31] in “)Ca—the total strength can avoided. Thus, the low-energy thresholdcoparticle spectra
be reconstructed. The analysis of giant multipole strength invas always determined by the Coulomb barrier. The detector
40ca is complicated by the presence of three overlappinghicknesses were chosen for easy distinction of protonaand
resonances: the GMR, the GQR and the isovector giant dparticles, since the latter were always stopped in the first
pole resonancéGDR) which contribute with comparable counter. For low energy protons, which could not traverse
magnitude to the electron-scattering cross sections. Howthe AE detector, separation was achieved by a time-of-flight
ever, it has been shown by R¢B2] that an analytical de- technique. It utilized the range-dependent charge collection
composition of angular correlation of the,e’ @) reaction times when theAE detectors are mounted reverse to the
leading to the ground stafg.s) of the daughter nucleusy normal operation mode.
channel is still possible for three multipolarities. Such an  The ability to resolve specific final states in the
analysis has been presented for ﬂ"?@a(e,e’ao)?’GArg_s_ re- (ee'x;x=p,a) reaction is limited by the energy straggling
action in[33] which provided clear evidence for the presencein the target which amounts to typical values of about 250
of appreciable amounts of low-energy isoscdifr andE2 keV for the protons and 700 keV for the particles; the
strength in contrast to random-phase approximati®RA) resolution of the electron spectra of about 120 keV in Mainz
predictions. This shift of strength to low energies can beand 506-70 keV in Darmstadt can be neglected. The level
traced back to g.s. correlations allowing fok @ transitions  scheme of*°Ar populated in the®°Ca(e,e’ «) reaction thus
forbidden in the independent particle moda#]. Here, we allows us to extract angular correlations for decay to the g.s.
give a full account of the results and furthermore show thatnd the first excited state at 1.98 MeV. The top part of Fig. 1
an extension of the method proposed &2] is possible for presents the excitation energy spectrunfa measured at
the decay into the first excited™=2" state in %®Ar (a; E,=183.5 MeV, 6,=31.4° and extracted under the condi-
channel with the additional assumptions that the weight oftion of coincident emission of an particle. Below, a sepa-
the different decay angular momenta of a given resonance igtion into the parts corresponding to the coincidegtand
determined by transmission coefficients and for a particulakw, decays and the remaining contribution due to decay into
choice of phases between the various multipole amplitudeligher-lying states irf°Ar (ages) is presented. The popula-
suggested by the data. tion ratio is largely independent of the momentum transfer
The experiments are described in Sec. Il, while Sec. IllbecauseEO and E2 excitations dominate which exhibit
presents the basic ideas of the angular correlation analysigsughly the same dependence. Contributions of the GDR
The resultingeO strength distributions are discussed in Secare very small in thex decay because of isospin selection
IV, and concluding remarks are given in Sec. V. The mathrules. The centroids of the separated cross section parts in
ematical details of the angular correlation analysis are preFig. 1 rise fromE,~ 14 MeV for coincidentx, emission to
sented in the Appendix. E,~16 MeV for a; andE,>18 MeV for ages. The cross
sections are comparable for all three channels, but one
should keep in mind that decay represents only a rather
small fraction of the total*°Ca(e,e’x) cross sectionap-
The experiments were performed at the Mainz microtorproximately 10—35 % in the measured momentum transfer
MAMI A at an incident energyE,=183.5 MeV and three rangg. The overall error of the cross sections is estimated to
scattering angles,=22.0°, 31.4°, and 43.0° corresponding be less than: 20% in all cases, including statistics: (0%,
to momentum transferg=0.35, 0.49, and 0.66 i, re-  uncertainty of the target thickness<(0%), charge collec-
spectively. Further data were taken at the superconductingion (<5-—10%), and geometrical uncertaintiess@ %).

ubtending 34 msr solid ang[@8] in Darmstadt. The decay
of charged particles was measured with up to 10 particle
telescopes consisting of a #2400 xm AE and 1 mmE

Il. EXPERIMENTS
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FIG. 1. Excitation spectrum of th&°Ca(e,e’) reaction atE,
=183.5 MeV, §,=31.4° coincident with emission of am patrticle

the parts populating the g.sa{), the first excited statea(;) and
higher-lying states dres) Of ®Ar, respectively.

Angular correlations for they, and «; reaction channels
have been measured at angRsrelative to the axis defined
by the momentum transferimparted onto*’Ca by the elec-
tron. Typical examples are depicted t65=183.5 MeV and
0,=43.0° in Figs. 2 and 3, respectively. TH&Ca energy
bins have been chosen to roughly follow prominent struc-
tures in the excitation spectrum. The solid lines are fits with
a Legendre polynomial up to fourth order. All angular cor-
relations show strong maxima &t,=0° and 180° and a
weaker one at 90°. The shapes are reminiscemt-of de-
cay, but pronounced differences of the maximum cross sec-
tions are observed between 0° and 180° indicating admix-
ture of an odd angular momentum componéng.,L=1).

In Figs. 2 ad 3 a systematic difference between thgand

a4 channels can be clearly seen. While the largest cross sec-
tion in the (g,e’ ap) angular correlation is always found at
angles around ,~0°, it is just the reverse fore(e’ a4),
where it is peaked aP ,~180°. This feature is also present

in all angular correlations ofr decay measured at the other
momentum transfers.

Ill. ANALYSIS OF (e,e’a@) ANGULAR CORRELATIONS
A. Model-independent method

The general form of the electron cross section withean
particle detected in coincidence can be expressed as the Mott
Cross sectionry, times bilinear products of kinematic fac-
tors V and corresponding structure functiowé describing
the nuclear dynamick36]. Explicitly,

d3c

30 deod. mott VLWL + VWV 1 W rsin®
e 2%
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FIG. 2. Angular correlations of thé°Ca(e,e’ a) reaction at
and integrated over the emission angle, and decomposition into E,=183.5 MeV, §,=43.0° in the excitation energy rangg =11
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where the indices, T, LT, andTT refer to the interaction of
the exchanged virtual photon with the longitudinal and trans-
verse currents in the nucleus, and the interference terms, re-

FIG. 3. Angular correlations of thé’Ca(e,e’ «;) reaction at

E,=183.5 MeV, §,=43.0° in the excitation energy rangg=11
—20 MeV.
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spectively. The structure functions can be expanded in mul- TABLE I. Possible orbital angular momenitaand total spin$s
tipoles using Legendre polynomials farand T, and first-  in the exit channel of ther decay of a resonance with spininto
and second-order associated Legendre polynomiald Tor theJ™=07 g.s. (ao) or theJ"=2" first excited state 4;) of the
and TT, respectively. daughter nucleus.

For the present experiment tAd interference term van-

ishes exactly because the andle was chosen to be 135°. Channel J 5 L
The LT interference term mainly results in a rotation of the 0 0
symmetry axis which for the present data is generally smaller @ 1 0 1
than 2° and can thus be negleci{&¥,38. Applying Sieg- 2 2
ert's theorem one can estimate the transverse part of the

cross section in the chosen kinematics to be less than 5% of 0 >
the total cross sectiofless than 10% for the S-DALINAC N 1 2 13
measuremept and it can thus also be neglected. The three- ! 2 0 2 4

fold differential cross section is therefore assumed to be
purely longitudinal and is proportional to an angular correla-
tion function (ACF) calledW

the multipole decomposition based on E8) is unique for
d3s the highest multipolarityfg2, there are three mathematically
mocW( 0,)= EI AP|(cosd,). (2 equivalent solutions foEO, E1 and the two relative phases,

e e respectively. As already noted [82] one solution is never
realized by physical data, whereas the two other solutions are
characterized by either a large or a snm&0/E1 ratio, re-
spectively. Physical argumen(isospin forbiddance of de-
cay from the GDR to isospif=0 states in*®Ar, q depen-
(9 9 s dence of the form factors, and comparison to other work as
A= 2 A(SLIL'I)(CH eu)*(Cd), ei). discussed belowfavor the solution with a largEO/E1 ratio.

LL", 33
S

In the static limit of resonance approximati@6] for the
case ofJ7=0" targets the angular correlation coefficients
can be written as

)

The factorsA| contain the information of angular mo-  The varioud.J combinations in ther,; channelsee Table
mentum coupling and are described in the Appendix. The) lead to six additional parameters which cannot be uniquely

quantityC(S & %3 is the complex amplitude of the product determined by the data. One has to introduce model assump-

between the longitudinal matrix element and the overlap ofions to fix them in order to be able to proceed with the
the intermediate resonandeand the decay channeL§).  analysis in analogy to the, case.

For J7=0" targets, the multipolarity of the excitation is The first assumption is as follows. The decay of an ex-
identical with the angular momentugh of the resonance, Cited resonance of total angular momentiirshows branch-
The quantityL is identified with the relative orbital angular NS into all decay channels allowed by conservation of the
momentum of the emitted particle with respect to the remain®Pital angular momenturh. Their relative magnitude is as-
ing nucleus, ands represents the total spin of the final state SUMed to be determined by the transmission coefficiépts
determined by the particle spin and state of the residual NS can be expressed as

nucleus. The expansion paramdtean be understood as the T

angular momentum resulting from the coupling of two inter- CEJ:BLC\%a with gL:—L_ (4)
fering resonance$,J’. Because ther particle has spin zero, 2 T

the decay to the ground state far (J"=0") givesS=0 allowedL L

(ao channel, whereas the first excited state 8fAr (J™

[ 1 —
=2") yields S=2. . The transmission coefficients are determined for the reaction
Because of the low experimental momentum transfers  40c5_.36ar+ 4 and are calculated by the program code

contributions due to the excitation &3 or highgr multipole CASCADE [39] as a function of excitation energy taking the
strength should be smdR8]. Thus, the expansion in EQ)  gtandard optical potential parameter set for the system

is restricted td =4, i.e., onlyEQ, E1, andE2 transitions are | 365, RestrictingJ to values of 0,1,2as for thea, case
assumed in the description of the ACF. Due3s0 in the  iyree parameters are fixed.

ag channel, only one partial wave occurs for each resonance Furthermore, there are three phases to be determined.
(J=L). In the a4 channel, however, the situation becomeSConsidering the relative phasés,— 4,5, i.e., the modifi-
more complicated. Applying parity selection rules, one ob-cafion of the phase of a resonance with spidue to differ-
tains various LJ) combinations in ther; channel as shown o decay channels,L’ there are two possible extremes. For

in Table . _ _ , a value of zero, the partial wavésL ' interfere totally con-
The ACF expansion up tb=4 gives five angular corre- structively, whereas a totally destructive interference is
lation coefficientsA; determined by a fit to the experimental 5chieved by the choice

data. Choosing one overall phase arbitrarily, there are three
amplitudes and two phases left undetermined indpehan- _ ,
nel, which can be related to the five paramet&rs While el(GLam o) =jb=L"), (5)

B. Additional assumptions for the a; channel
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FIG. 4. Cross section of thé%Ca(e,e’a,) reaction atE, FIG. 5. Cross section of thé°Ca(e,e’a;) reaction atE,
=183.5 MeV, §,=43.0° and its decomposition int&0, E1, and =183.5 MeV, §,=31.4°, and its decomposition inte0, E1, and
E2 parts using the method described in the Appendix. E2 parts using the method described in the Appendix. The open

histograms correspond to relative phases of 180° and the hatched

Two neighboringL channels for a fixed (which differ by ~ histograms to 0° between the amplitudes for a given resonance spin
AL=2 because of parity conservatipmould thus be char- J @nd neighboring 4L =2) decay angular momenta
acterized bye'(°a= 99 = —1 resulting in a phase difference
of 180°. =31.4°. In both cases the0 andE2 cross sections are of
Detailed tests show that the first choi@nstructive in- comparable magnitude while tfl cross sections are a fac-
terferencg yields only nonphysical solutions for thféﬁ’s in tor of about 10 smaller. The parts corresponding to the dif-
the whole excitation energy range, i.e., the solution for aferent multipolarities exhibit considerable fine structure in
least oneC3 always becomes negative. Only the second althe «o decay for excitation energies up to 15 MeV. The
ternative (destructive interferengeleads to physically pos- predominance oE2 cross sections at the energies below 14
sible values of the&C3 amplitudes. It is pointed out that with MeV in the a; decay reflects the possible decay angular
the assumption of Ed5) the structure of the system of equa- momenta. WhileEQ strength requiret =2 decay,L=0 is
tions[Eq. (A8)] described in the Appendix becomes exactlyalso possible foE2 strength and dominates the region close
the same as for the, channel[Eq. (A3)]. The only differ-  to the threshold.
ence is a reversal of the signs/bf andAg, respective|y' The As discussed in Sec. Ill A theO/E1/E2 decomposition is
coefficients A; and A; measure the interference of the unique for thea, channel(except for the unphysical solu-
EO/E1 andE1/E2 resonances, which result in an asymmetrytion) whereas the analysis in the, channel depends on the
of the angular distribution with respect to 90°. Such a sysassumption of the relation between the relative phases of
tematic change of the signs, going frarg to a4, is clearly ~ decay angular momenta expressed in . For the case of
Supported by the data for the whole excitation energy ranggz Strength its influence can be estimated. The hatched area
investigatedsee Figs. 2, 8 in Fig. 5 shows the cross section resulting for phase differ-
ences equal to zero which represents an upper limit for the
E2 contribution. As pointed out above no meaningful solu-
tions are obtained fdEO andE1 with this assumption, but to
For the decomposition of the multipole parts, the angulaillustrate the effects the additional cross section found in the
correlations of the“OCa(e,e’aO,J) reactions have been ana- E2 part is subtracted fror&0. The result, which represents
lyzed for energy bins of 100 keV in #Ca excitation range the minimum cross section due EO excitations, is again
E,=11-19 MeV. At higher energies the experimental crossshown as hatched area in the corresponding part of Fig. 5.
sections become too small. Figures 4 and 5 display as exrhe main effect is at the lowest energies where the popula-
amples the total and the decompode@E1/E2 cross sec- tion is governed by the difference of the transmission coef-
tions for the @y, channel measured &,=183.5 MeV, 6, ficients for the possible angular momenta. The total effect of
=43.0° and for thea; channel atE;=183.5 MeV, 6,  different phase relations on the multipole decomposition is

C. Results
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over both channels amounts to 1@.8)% and 11.02.2%
for the isoscalar GMR and GQR, respectively.

IV. DISCUSSION

W
o

X

dB(EO)/ dE
(e%m*/MeV)
)
o

A special feature of the GQR and GMR fiCa, which is
also found infp-shell nuclei, is a large concentration of re-
duced transition strength at energies belgy<15 MeV
[28,33,40,4] This observation is in sharp contrast to RPA
theory, which predicts only one strong peak around 18 MeV
for both multipolaritied 42,43, but can be explained by ad-
E2 E2 vanced calculations including the continuum and complex
configurations beyond 1p-1h of the 1lpsiphonon type
[16]. As demonstrated ifi34], such calculations very satis-
factorily account for the strong fragmentation of the isoscalar
I 1 EO andE2 strengths, and a quantitative description of their

m sum experimentally extracted with a multipole decomposi-
. . : . : tion of 4m-integrated €,e’x) spectrd 28] could be achieved.

12 14 16 18 12 14 16 18 Here, we present a more detailed comparison of the resolved
. EO andE2 parts for the investigated decay channels.
Excitation Energy (MeV) The calculated strength distributions are taken from Ref.
[16]. There is little difference foE2 compared to the previ-
ous calculation within the same approach reporte3ii,
but theEO results are considerably modifigd4] by varia-
tions of single-particle energies in an attempt to optimize the
reproduction of the new GMR data shown[itb]. Because
electroexcitation of isovector strength is suppressed irnthe

rather small. Even for the most extreme example discussegh@nnels as discussed above, the theoretical results for the
here cross sections would change by less than 20% and tfeocalar response rather than for the total eleg:troma'gn'etic
influence on the EWSR would be even smaller, since thétrength are compared to the data. The branching ratio into
main differences are at lower energies. the final states as a function dfCa excitation energy is
duced transition strengths, energy-integrated form factor§ASCADE [39] modified to allow for a proper treatment of

Fe,(q) for the different multipolarities are calculated for 1SOSPIN[45].

3

X

(e%fm*/MeV)

N
o

oS

dB(E2)/ dE

FIG. 6. ExperimentaB(EOQ) andB(E2) strength distributions
in 4°Ca for y and «; decay. The solid lines correspond to the
calculations of the isoscalar excitation strengths from Ref| mul-
tiplied with branching ratios for the decay channels taken from
statistical model calculations with the codescApe [39].

each measured momentum transfer according to The solid lines in Fig. 6 display the resultii(E0) and
B(EZ2) distributions for decay into they and «; channels.

) 1 19Mev %0 Very satisfying agreement is found for the GMR and GQR
[Fes(a)] :UMOH(Q)fll MededEx(q'EX)dEX' () strength decaying to the g.s. fAr. However, while the

energy dependence of tl€) part in thea; channel is rea-

An extrapolation to the photon poikt=E,/#c is achieved Sonably accounted for, the totBI(EQ) strength is grossly
by a fit of theoretical form factors to the experimental values Underestimated by a factor of 2.5. TR@ contribution in the -
The form factors are obtained from transition densities cal¢1 channelis only poorly described with a shift of the maxi-
culated in the approach ¢1.6,34 which has been demon- Mum of about 3 MeV with respect to experiment. This _defl-
strated to allow for a quantitative description of the GMR Ciency is largely independent from the phase problem in the
and GQR in“°Ca. The transition strength is related to the@nalysis of thea; decay discussed the previous section,

form factor at the photon point by where the main effect would be arouiig~14—15 MeV,
but little additionalE2 strength would be added at higher
[(23+1)11] Z? energies. The excess of experimef&E?2) strength around
B(EJ)= T E|F(EJ,q=k)|2. (7) 14 MeV may result from nonstatistical decay contributions.

These have been shown to play a role in lighter Z nuclei
[46]. However, this does not offer an explanation for the
derestimate of thEO and overestimate of thHe2 parts in

e aq decay by the calculations.
The B(EO) strength distribution from the electron-
2 scattering experiment shown in the upper part of Fig. 7 is
dB(EJ) - B(EJ) 1 d°e (q,E) (8)  compared to thed,a") results of Ref[15], middle part, and
dEx  |Fey(q)|2 Omon(@) dQAE, Ref.[40], lower part. For excitation energies up to 15 MeV,
the main structures agree quite well with the data of Ref.
combining Egs(6) and(7). The resultingB(EQ) andB(E2) [40], although the latter data show a small systematic upward
distributions are depicted in Fig. 6 for the; and thea;  shift of about 100 keV. The comparison with the results of
channel, respectively. The exhaustion of the EWSR summe¥oungblood etal. [15] is less clear. At energies

The distribution of transition strength as a function of exci-
tation energy is then obtained as an error-weighted mean
all measured momentum transfers
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T This number seems surprisingly large considering the strong
] drop of the cross sections in Fig. 7 above 15 MeV.
40 7 The GMR energy centroieE, cannot be determined un-
I 1 ambiguously from the present data because of the missing
information at higher energies. However, if one adopts the
1 B(EO) distribution measured by Youngbloed al. [15] for
——t the energy regiok,>19 MeV, a valueEy~17.5(1.0) MeV
] is suggested. This would be in slightly better agreement with
the prediction of Blaizoet al. [6] of E,=16.2 MeV based
on a compressibilityk ,, =210 MeV. Such a result would
also be in favor of the interaction NL(torresponding again
| to K,=210 MeV in the relativistic mean-field calculations
Ly I [10,17] rather than the higher valu&s,,,= 250—- 270 favored
“ca(a,a’) by them from the comparison to heavier nuclei. Finally, it is
Groningen noted that the extracted energy centroid would also reason-
l ably agree with the calculations of Kamerdzhiewal. [16]
. which yield Ey=18.4 MeV.

T T T T
L 4"Ccu(e,e’o(o")

X

—
| 4%Caa,a)
| Texas A&M

dB(EO)/dE_ (e*m*/MeV)

X

[+3
(arb. units)
3
T

d%e/d0 dE

V. CONCLUSIONS

12 14 16 13
Excitation Energy (MeV) We have reported a study of the electroinducedecay

in 4%Ca from the giant resonance region. The momentum

FIG. 7. Top: GMR strength irf°Ca from the presente(e’@)  transfer range ofj=0.25-0.66 fm ! allowed for a simul-
experiment. The histogram represents the summed strengths of thgneous excitation of the GMR, GDR, and GQR. It was pos-
excitation corresponding to decay into thg and «; channels. sible to separate the excitations corresponding to the decay
Middle: GMR strength distribution if°Ca from the @, ') experi-  into the g.s. §"=0%) and first excited stateJf=2") of
ment of Ref.[lS]._Bottom: GMR strength distribution iA°Ca from 3Ar and detailed angular correlations have been measured
the (@, @) experiment of Ref[40]. covering anglesd,=0°—230° relative to the momentum

transfer axis. It was shown that the formaligd2] developed

around 12 MeV the agreement of the distributions is not todor a decomposition oEO, E1, andE2 strengths from mea-
good, while the gross structure of the bump visible atsured g,e’«) angular correlations populatingld=0* g.s.
E, ~14—16 corresponds to the electron-scattering resultsn the daughter nucleus can be extended to the decay into a
which, however, display more pronounced fine structure. AU™=2" final state under two assumptions: the cross section
excitation energieg€,>16 MeV contributions from thex ratio of different allowed decay angular momenta for a spe-
decay to higher-lying states itfAr become increasingly im- cific multipole is determined by the transmission coefficients
portant leading to the decreaseBfEO) strength visible in  and the relative phase difference between amplitudes for a
Fig. 7 extracted from theg(e’ aq ;) results.(The large dif- given resonancé, but neighboring decay angular momenta
ference at higheE, between the twax-scattering experi- L, is 180°.
ments is discussed in detail ji5].) The multipole unfolding of theay and a; channels

In order to extract the total EWSR strength from theshowed a dominance &0 andE2 strengths and littl&E1
(e,e’agy) data, we assume a statistical decay of the GMRcontributions. Because of isospin selection rules the mono-
which allows for a correction of the nonobservegD pole and quadrupole strength is of isoscalar nature. The re-
strength due to proton and neutron decayaodecay into  sulting EO andE2 strength distributions in an excitation en-
higher-lying states. This correction factor was taken from theergy range E,=11-19 MeV were compared to the
CASCADE calculations described above. An exhaustion ofmicroscopic calculations for the GMR and GQR of Kamer-
44.28.9% is extracted for the isoscal&0 EWSR in the dzhievet al.[16] by weighting with statistical model branch-
energy range&,=11—-19 MeV from electron scattering us- ing ratios. Impressive agreement is observed forathehan-
ing the aq , statistical model branching ratios, thus roughly nel, but theEQ strength is underestimated in thg channel,
doubling the values for the summéECa(e,e’aoyl) reactions while the calculation of thee2 part shows a shift of the
given in Sec. lll. The result may be compared to 83.9%  maximum by several MeV with respect to the data.
for the same energy interval obtained in Rd6]. A number Assuming statistical decay the isoscal&il0 EWSR
of uncertainties enter into the extraction of these numbersstrength was reconstructed from the electron-scattering data.
For the E,e’ @) data it is dominated by the described modelAn EWSR exhaustion of 44(2.8% is obtained for the
assumptions, while for thea(,¢’) data one has to deal with GMR, somewhat larger than what is found wittscattering.
strong background from different reaction types and the genSystematic uncertainties have to be considered in both ex-
eral model dependence of the conversion of cross sectioperiments, dominated in the case of electron scattering by the
into transition strength which can have drastic effdéts a  assumption of completely statistical decay, and for hadron
recent example ir*%Ca, see[47]). With this in mind the scattering experiments by the model dependence of the
agreement between both experiments can be regarded as retrength extraction. The present results provide a further ex-
sonably good. An EWSR value of @)% in an energy re- ample that only a fraction of the isoscalar GMR is found in
gion E,=10.5-20 MeV is given for the data of Ref40]. medium-mass nuclei at energies below 20 MeV. Adopting
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the EO strength distribution of Ref{15] for energiesE,  with [j]=+2j+ 1. The expressions with the round and curly
>19 MeV a centroid energ¥Eq,~17.5(1.0) MeV of the brackets are Wignerj3and § symbols, respectively. The
GMR could be extracted. Good agreement with recent miguantity
croscopic studies is obtained for interactions with a nuclear 0
matter compression modul =210 MeV. L (S) . (I y/27) A

Further iﬁvestigations ofﬁg GMR in a variety of nuclei CL3 €' :(_')J<LS|J>m(J\\MJHO) (A2)
with (e,e’x) experiments are clearly of interest for a number
of reasons. For example, in R¢L4] a (@, @) study of *Ni  is the product between the longitudinal matrix element and
with the same experimental techniques as reported%08  the overlap of the intermediate resonarkcand the decay
[15] has revealed only a fraction of at most 50% of @  channel (S). In contrast to the definitions if86] the am-
EWSR up to an excitation energy as high as 25 MeV. Th'SpIitudes defined in Eq.(A2) are multiplied with [J]

finding represents a puzzle which might be addressed in an J2J+1, while the coefficients in EqAL) are divided by
electron-scattering coincidence experiment, sincedthte- 1o factor[J][J'].

cay branching ratios should still be large enough for a mean-
ingful analysis along the ways described here.

Furthermore, electron-scattering coincidence experiments
might provide a new access to resolve the strong model de- From the multipole expansion by Legendre polynomials
pendencies of the conversion of cross sections to transitiofEq. (2)] up tol =4 one obtains an equation system by evalu-
strengths inherent to hadron-induced experiments as disting Eq. (3) which relates the angular correlation coeffi-
cussed, e.g., il18,19 for « scattering. In lighter nucleEO cientsA, to the amplitude€, ; and phases, ;, respectively.
strength distributions and EWSR exhaustions derived fromFor the o, channel §=0,L=J) the system of equations
(e,e' ag) experiments could serve as benchmarks for correbecomes
sponding @,a’ ag) measurements. In heavier nuclei, where

1. a( channel

the GMR and GQR are energetically well separated, the in- Ao=C5+Ci+C3,

formation can be gained ine(e’'n) experiments from the

multipole decomposition of #-integrated spectrésee, e.g., A;= k,CC,c085 %+ k,C,C,cog 62°— 510),

[22] for an examplg Such an experimental setup for

(e,e’n) measurements has recently been installed at the S- A2=K3C§+K4C§+K5Coczcosazo, (A3)

DALINAC accelerator and first experiments have been per-

formed on“8Ca with very promising result8]. A= kgC1C,C08 629~ 519),
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with 61%= 8, — 8, and 6°°= 6,— 5,. The constant factors;

APPENDIX: DETERMINATION OF EO, E1, AND E2

STRENGTH CONTRIBUTIONS AND RELATIVE Bi=—A;—

PHASES FROM (e,e’ @) ANGULAR CORRELATION K1 K1Ke
COEFFICIENTS

The coefficientsA| from Eq. (3) contain the information B,=—A,—
of angular momentum coupling and account for selection
rules. They are given by

Ks 20
A4: C1+ _C()CZCOg y (A4)
7 K3

1
By=-—A3=C;Cpc0g 62~ 619,
6

J J I
A.'(S:LJ:L’J')=[|]2[J1[J'1[L][L']<—1>S[L, ) S]

B—lA—02

L L 1\(J J I AT
X

0 0 0ol0o 0 O

and

1 | 1 L+J
X[+ (=D) mymy J5[1+(=1)" ] ky=—3By+2B,— y?By,

1 L _aRp2_ 2, .2 — ~2R2
XE[1+(_1)L +J ], (Al) k2 3BO 4BOBZ+BZ+7 BoB4+2’yBlB3 ’)’B3,(A5)
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ks=—B3+2B3B,—BB5— y?B{B,+2yB,B,B; and
—2yByB;B B,—Ci
0B1Bs, 8%%=arccos—~——. (A7)
. N . 2 . . ¥CoC>
with y=ksg/ k3, one obtainC; by solving the cubic equa- _ ) ] ]
tion While the equation system EGA3) provides unique results
for the highest multipolarityJ=2), there are generally three
CS+k,Cg+koC3+ky=0. (A6)  solutions of Eq.(A6). The criteria to identify the physically

correct solution have been discussed in Sec. lll.
The remaining unknown quantities are determined by

2. &y channel

C2=B,—C2, C2=B,, &"=arcco By For the a; channel, the equation system for tAgs is

oC1’ given by

2 2 2 2 2 2
Ao=Cot C1;+Cizt Copt Coit Cip,

6 6 6 6 /7
A=-2 \/;CZOCMCOS{ 011~ 020+ g\/gczocalcoi 031~ 020) —2 \[gcncozcosi do2— 011+ 5 \[gcuczzcoi O22— 011)

6 /2 2
5 \/;Ce,lczzcos( Opp— 031) +12 \/3:5C31C42C05( Oa2— 031),

1 5 6 4 5 10 15 5 24 50 5
A= 5 Cu— g\/éCnCmCOf{ 031~ 611 + 5 C5—2 7002(322003 029— 802) — 4_9C22_ 4_9022042(305( Oap— 820+ 4_9C42
10 2
+2C5C20 S~ S20) — 2 7C20022005( O9p— 820) + 6 7020042(305( Sa2— 920), (A8)

6 /3 3 6 24 |2
As= 5 7C11022005( 82— 611) —12 3_5C11C42005( 84— 619+ g\/gcslcozcosi o2~ 031) — 5 7031C22005( 822~ 631)

2
+6 \/3:,:—,031C42005( Oa— 631),

2 36 , 60 27 _,
A,=6 7C02C42C05( Oa2— 002 + 4_9C22_ E\/ECZZCMCOS( Oaz— 629+ 7 Ciy.

After introduction of the branching8, describing the weights of the possililechannel§ Eq. (4)] corresponding to the decay
of a resonance with spid, three unknown amplitudes can be removed from the equation sys@nhand one obtains

Ag=C3+C2+C3,

6 6 6
As= { -2 \[gJEcos 811~ 820 + \5VB3c08 8y a@)} CoCyt| —2 \@mCos( 80z~ 011

6 /7 6 /2 12 /10
tg \@@COS{ 22~ 1)~ g \[7\/ B2PB3cod 62 03) + & \/;\/ B3B4COK S4p— 631) } C.Cy,

2
Ci+

10 24
-2 \/;\/ BoB2C0Y 525~ Sop) — 29" B2B4COY 845~ 627)

1 6 4
Azz[gﬁl_ g\/g\/,31,33005(531_ 611+ 5,33

15

50 |
~ a9P2t 79P4|Cot

10 2
2/BoCog 8o~ 820) — 2 \/;\/B—zcos( Opp— 620) +6 \[7\//3’_4005( Oap— 520)} CoCs, (A9)
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6 /3 12 /15 6 24 |2
As=| 5\ 5VB1B2C0% 82— 011) = £\ 5 VB1BaCOS 84— 810) + 55 B0B3COS S0z~ 831) — 5\ 5B2B3C0K 8 53)
6 /10
+ g\@v B3B4COS b4~ 531)} C.Cy,

2 36 60 27
A,=|6 \[7\/ BoB4COK 845~ Sop) + 4_9,32 - E\/EV B2B4COL 845~ O2p) + 7,34} C% .

Two extreme cases are possible for the phase differeiée 'Y, For a choice of 0° one finds no physically possible
solution for the whole investigated excitation energy range, i.e., at least one of the squared am@ﬁtadimays becomes

negative. With the assumptia(®s= 200 =i(L~L') and 5,= 5,9, 8;=0511, 8,= Sy, ONe obtains an equation system with the
same structure as Eq@3). The coefficientse; are given for thew; channel by

2B 2B B

6 6 /7 6 /2 2
Kp=—2 \/;Vﬁoﬂl_ g\/;\/ﬁlﬁz_ g\/;\/,32/33_ 12\/3:5V33,34,
1 6 4
K3=g Bt g\/é\/,31,33+ 5 B3
10 15 24 50
K4=2 \/;\//30/32_4—9/32+ 29VP2Bat Zgha, (A10)
10 2
K5=2\Bo+2 7\/@“3 7\/5,
6 /3 3 6 24 |2 2
re=— £ \|7VB1B2~ 127\ 3pVB1Bs— £V5VBoBs— £\ 7VB2Ba— 6\ 3z VBB,
2 36 60 27
k7=6 \[7\/50,34"‘ Eﬂz*’ E\/g B2Bat 734-
In contrast to theyy channel, the¢; contain the weights of thie channels3, and are thus dependent on excitation energy. The
factorsk,, ks, andkg change their signs with respect to thg channel, and therefore algq andA;. Such a phase inversion

between thex, and thea; channel reflects itself in the relative ratio of the angular correlations at 0° and 180° and is indeed
visible in the data. The solutions for the remaining variables are again given by/Azt)s:(A7).
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