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Dipole and electric quadrupole excitations in4%4%Ca
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Photon scattering experiments have been performed to investigate the structure of the two doubly magic
nuclei “>#%Ca. The method is highly selective to induce low-order multipole transitionsEile.M 1, andE2
from the ground state. We determined the energies and spins of excited states and the absolute strengths of the
vy decays in a model independent way. We find the summed electric dipole strengths below 10 MeV to exhaust
the energy weighted sum rule by 0.023 and 0.27 %, respectively. The summed electric quadrupole strengths are
SB(E2)]=332¢e?fm* and 407e? fm* for “°Ca and*Ca, respectively. In order to explain the difference in
the E1 strengths of the two isotopes several theoretical models are discussed.
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I. INTRODUCTION is rather sparse in this nucleus.
Another reason to study these isotopes are theoretical pre-
Nuclear resonance fluorescen@dRF) or real photon dictions concerning the electric dipole strength distribution
scattering is perfectly suited to investigate low-order multi-in nuclei with neutron exceg®2-295. Several models pre-
pole excitations in atomic nucléiL,2]. It is a method with ~ dict a new excitation form—named the pygmy dipole reso-
very high sensitivity to detedE1l, M1, andE2 transitons hancePDR—which is described in a simplified picture as a
and provides a way of deriving the absolute strengths ofollective out-of-phase oscillation of a neutron-proton core
these transitions model independently. against a skin of excess neutrons—at energies below the par-

During the last few years, several experiments using NRACle thresho_ld_. Experiments in very light n_uclei such%i_;a
have been carried out to study the low-lying electric dipole[26]’ where it is suggested that ancluster is formed inside

strength distribution in various nuclg8]. Much interest has the nucleus(as proposed by lachello also for heavy nuclei

9,1 1 H
been spent on the investigation of the so-called two—phonohzljcjl)(’aiOéxhi:)‘?’tienag?lL ictjrgﬁ&tiqa?rke)vergzli?aet?;ne)é%rgflsass o;\
state arising from the coupling of the/ 2and 3 collective g 9 gies.

. . ; similar spatial structure as a neutron skin can be observed in
states in the case of spherical nuclei as well as onlthé

i X - 1Be where a so-called halo structure of neutrons at a dis-
bandheads of octupole vibrational bands in the case of apce to the core is formefB0]. But especially in heavy

nucleus with static quadrupole deformation. Such measurg; clei such asl!6125n [10], 1*8Ba [31-33, “%Ce[8], or
ments have been performed mainly on nuclei in ¥e 208y [34] experiments point to the possible existence of a
>100 mass regiofi3—5]. Especially theN=82 region was ppR. In the mass regioA<40 measurements have been
investigated in deta{l6—9]. Also theE1 distribution of sev-  done on%Ar [35,36, 17180 [37,38, and 620 [39]. An
eral tin isotopes has been studied systematicdlly-13.  inverse kinematic experiment using the Coulomb excitation
83y, %%zr, and “Mo representing thel=50 region have method was also performed offO [40]. In addition the
also been investigatgd 3—15. In the light mass region ex- nuclei *Fe and %®Ni have been investigated with photon
periments on the nuclet®Ti, *Cr, *°Fe, and**°Ni have  scattering experiments in view of their electric dipole re-
been performed16-20. The preference of mainly heavy spons€g18].
nuclei in many previous studies is due to the fact that here Obviously, within the simple picture of the oscillating
the two-phonon states can be found at very low energies afeutron skin, the energy and strength of this excitation mode
only a few MeV, whereas in light nuclei these states areshould strongly depend on ti/Z ratio. However, so far no
situated at higher energies, which causes problems in NREystematic study about the influence of §Z ratio on this
experiments. With the new NRF setup at the Darmstadt sunode has been performed. To study the modification of the
perconducting linear electron accelerator S-DALINAC weelectric dipole distribution it would be very useful to com-
are now able to perform such high-precisiop, ') mea- pare measurements of isotopes with different neutron to pro-
surements up to energies of 10 MeV for the first time byton ratiosN/Z under the same experimental conditions. The
avoiding the production of neutroi1]. Calcium isotopic chain suits very well to this task because
It would be very desirable to extend the systematicfive stable even-even isotopes exist with very differdihf
knowledge about the structure ¢2{ ®3; ;1) states to ratios (from 4°Ca with N/Z=1.0 to *3Ca with N/Z=1.4).
light nuclei to get information about whether this collective First results of the experiment have been published in our
excitation mode persists in the lower mass region. In additetter recently{41].
tion to that, it is very interesting to studiCa because ex-
perimental information about lifetimes or transition strengths Il EXPERIMENTAL SETUP
The measurements have been performed at the improved
*Present address: National Superconducting Cyclotron LaboraNRF setup at the superconducting linear electron accelerator
tory, Michigan State University, East Lansing, Ml 48824-1321.  S-DALINAC at Darmstadt University of Technology. For the
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FIG. 2. The product of efficiency and absolute number of
FIG. 1. The NRF setup at the S-DALINAC at Darmstadt Uni- Premsstrahlung photom, as a function of energy on a logarithmic
versity of Technology. The monoenergetic electron beam with ensScale. The data points represent six well known transitionSBn
ergies up to 10 MeV and currents of typically 3@\ is stopped in The black circles show the data points for the detector at 90° and
a Cu radiator. The resulting radiation with a continuous energy the squares for the one at 130°. The values were fitted with qua-
distribution is collimated by a 95.5 cm long Cu collimator and dratic polynoms represented by the solid and dashed lines for the
strikes the scattering target. The decays of the excited nuclei to thidetectors at 130° and 90°, respectively. The shaded areas show the
ground state or other excited levels are detected by two HPGe dé&rors of the fits.
tectors located at angles of 90° and 130° relative to the incoming
photon beam. be able to distinguish between direct transitions to the
ground state and inelastically scattered photons that means

first time it was p'os§|ble to pgrform photon sca}ttermg EXPETli0se that are emitted when the deexcitation occurs via an-
ments up to excitation energies of 10 MeV without produc-

) . other excited state. Some of the latter could be identified in
ng backgrour_ld re;ultlng from;(n). and subsequenn(y) . %8Ca because they disappear in measurements with lower
capture reactions in the surrounding and detector material

. . %hdpoint energies, where the levels which are responsible for
Details about the setup can be found in Retl]. the feeding are no longer populated. The targets were irradi-

A detailed scheme of the setup is shown in Fig. 1. Theated for 114.5 h€Ca; 9.9 MeVj, 41.5 h (%Ca; 8.0 MeV}
real photons are produced by fully stopping a monoenergetiﬁs 5h (‘8Ca'. 5.5 Me\;) a.md 97 5 h ‘(IOCa) T ’
electron beam in a 1.5 cm thick rotating, air cooled copper ™ T ' ' '

target. The uncertainty measuring the energy of the electron

beam is about 150 keV. Between the bremsstrahlung source Ill. DATA ANALYSIS

and the scattering probe a 95.5 cm thick copper collimator is . L . . .

installed. The scattering target was irradiated by the resuling Heré we give a brief introduction to the extraction of life-

y beam. The scattered photons were detected by two HPGENES and transition strengths from nut_:le_ar resonance quc_)—

(High Purity Germanium semiconductor detectors—each r€scence experiments. A detailed description can be found in

with an efficiency of 100% relative to & 83" standard Nal Ref.[1,2]. . o

detector—placed at angles of 90° and 130° with respect to. From thg measqred integrals of the peak areas it is pos-

the incoming beam. The distances of the detectors at 90° artiP!€ 0 derive the integrated cross sectlGrof the ground

130° from the scattering target were 230 and 267 mm, reState transitions

spectively. The detector at 90° was surrounded by a BGO

scintil_lation rc]i_etlzcto_lt r\]/vhi((:jh ;NO[!(S as ant active Comptonlstlpl- s A o 3.0

pression shield. e detection system was completely = T N

shielded from the very high bremsstrahlung-background ra- NN, (Ej)- e(Ej)-AQ - Weyf! °(9,00)

diation by thick layers of lead. Between the scattering target

and the detectors also 25 mm lead and 30 mm copper wefEhe integral of the peak arising from the transition of the

installed to supress the lowest-energy photons scattered kexcited stateé to the ground state O is given ;_o. The

the target. number of target nuclei is denoted By and N, is the
The “Ca target—which was a loan from the GSI absolute number of photons irradiating the target. The abso-

Darmstadt—consisted of 4706 mg CaO enriched to 82.7% iiute detector efficiency is symbolized key The solid angle

48Ca which means it contained 2977 nf§Ca. The““Ca  covered by the detector is representedAfy. The angular

target consisted of 4358 mffCaO, containing 3014 mg distribution function is taken into account W .

40Ca. The energy and flux calibration was done with 783.3 To extractl S it is necessary to know the product of abso-

mg "¥B. For the “°Ca experiment we chose an endpointlute detector efficiency and integrated photon fluX,, . This

energy of 9.9 MeV.*Ca was measured at three different product can be extracted with the help of the boron calibra-

endpoint energies of 5.5, 8.0, and 9.9 MeV. This was done ttion targets.N,-€ is shown in Fig. 2 as a function of
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° 4 g _ intensities at 90° and 13Qfeft axis) representing the angular dis-
I i tribution of the transitions compared to the ratios of the angular
5L B i correlation functions for elastic scattering sequer(@es1—0) and
| e | (0—2—0) at 90° and 130¢right axig represented by the horizontal
0 . { ) { . | . | . lines with errors marked as grey areas arising from uncertainties
0 2000 4000 6000 8000 10000 in the detector positions. The triangles correspond to ground state
E [keV] transitions of levels with)™=2" and the squares to those &f

=1". The circles represent the excitations itB, having almost
FIG. 3. Measured and simulated absolute efficiencies of the degniform angular distributions. The diamond at the energy of 6421
tectors. The filled circles show the measured values for the energig&yV is adopted in Ref[44] asJ"=2" state whereas we clearly
of transitions from the decay df'Cs, ®®Co, and®’Na isotopes with  identify it as a level withi=1. For the level at 5628 keV we could
known activites, the open squares show the relative values of tramot assign a spin unambiguously. Therefore we adopted the value
sitions in the®*Co decay scaled to fit the data at low energies andgiven in Ref.[44].
the lines show simulated absolute efficiencies.

energy. The data points represent the measured values for T0 distinguish between dipole and quadrupole excitations
ground state transitions it'B and the lines are fitted to the the angulgr dlstrlbutlo_n of the scattered photons with respect
data points. to the incident beam is used.

For a deexcitation occuring via other excited stafésan The ratio of the efficiency corrected counts of the peak

only be calculated if the detector efficiency itself is known Mmeasured t_)y40the two detectors can b% seen in Fig. 4 for

and not only the produch,-e as discussed above. To excitations in Ca_ and Flg._5for those |f_¥ Ca. V\_/e adopted

achieve this we measured the efficiency at 20 energies up ffities from earlier experimenfg4—49 if possible. Hith-

3550 keV with several radioactive sources sucl®&Co, erto unobserved dipole transitions fiCa were assumed to

137Cs, and?Na and simulated them for our geometry up to

energies of 10 MeV with the Monte Carlo codeANT [42]

for 45 energies. The energies of the simulations were choseﬁ

to be the photon energies of the transitionsiB, *°Ca,and &

48Ca detected in our experiment. The measured efficiencie<l ar } % l 12
w

4 T T T 4

o
[=3
[se}

and a fit through the simulated efficiencies is shown in Fig.
3. If the branching in other excited levels is known the total § ———22 :
and partial level widths and lifetimes can be calculated. Be-%20 7 I* 2
cause we used relatively thick targets, nonresonant and resc= | % %

W(90°)/W(130°)

nant selfabsorption in target and calibration material has to%
be considered. The nonresonant attenuation is handled b *[ T [ ¢ .l
constructing the target as a sandwich target where the mee2 [ ., o~ | | f?ﬁ """" L ]
sured probe is enclosed between two discs of calibration ma= ‘ ‘ ‘ ‘ ‘
terial. The resonant absorption is considered by a correctior © 500 200 SO0 00 rom |
factor »(E) in the integral of the integrated cross section Energy [keV]

s FIG. 5. Same caption as in Fig. 4. For the level at 8518 keV,
1= f dEo(E)- 7(E). B2 whichis symbolized by the diamond, no spin assignment was pos-
sible as for the level at 8027 keV. For the latter we adopted the
The corrections to the data are of the order of 1 to 5%. Morevalue given in Ref[44] while the other was observed in this ex-
details about the correction method can be found in Refsperiment for the first time and therefore can only be restricted due
[1,43. to our experimental method tb=1,2.
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TABLE I. Ground state transitions if’Ca. Given are excitation enerd,, spin and parity™, ground
state transition widtl', the corresponding transition strendiol), the lifetime r, and the values fof
from Ref.[44]. Decay branches into low-lying known states have not been detected, @l has been
assumed. All parities are adopted from Ré&#4|.

This work Adopted values in Ref44]
E, J” Iy B(o 1)1 2 T Iy

[keV] [#] [meV] [fs] [meV]
3904.G1)° 2+ 15.743) 107.6292) 41.9115 19.411)
5249.63) 2+t¢ 4.6(5) 7.1(8) 143.1156) 6.0(16)
5628.92) 2+d 14.013) 15.414) 47.044) 12.428)
5902.52) 1~ 33.039 0.465) 20.024) 36.661)
6421.29) 1° 27.1(70) 0.298) 24.363) 72.387)
6908.21) 2+ 220.8358 87.414) 3.05) 274.3343
6949.97) 1~ 489.3710 4.1861) 1.32) 692.9292
7871.91) 27 176.1321) 36.366) 3.717) 329.1329
8091.52) 2+ 166.2160) 29.829) 4.0(4) 212.3137)
8110.96) 1f 24.7(89) 0.135) 26.695) 17.377)
8578.12) 2+ 161.4133 21.618 4.1(4) 134.3164)
8749.42) 2+ 88.3105 10.7113) 7.59) 94.0269
8982.55) 2+ 148.q149 15.916) 4.5(5) 73.1163

%1 strength in 10% e? fm?, E2 strength ine? fm?.

bAnalyzed with the*®Ca 5.5 MeV spectrum.

“Transition only observed in one detector. Therefore no spin dedackgpted from Ref[44]).
dSpin assignment ambiguous, adopted from Rée4].

€Spin and parity have been labeled &S in previous y,y') experimen{53].

fParity unknown.

be of electric nature because an earlige() experiment on  of the endpoint energy and to take care of the fact that the
this nucleus at backward angles did not detect &hg  photon flux has to become zero at the endpoint energy. Be-
strength withB(M 1)1 >0.15 u% below 10 MeV[49]. This  cause the simulations showed the same discrepancies for dif-
corresponds to a limit ofB(E1)1<1.66x10 %e’fm?.  ferent endpoint energies the starting point of the factor can
Therefore only three transitions could possibly have magbe chosen to lie generally at 80% of the endpoint energy. For
netic character as can be seen in Table I. Due to the smafletails of the correction procedure see Rg5,51].
strengths their contribution to the total strengths is negli- The product of the functions for the number of photons
gible. and the detector efficiencies should lead to the same results
With the simulated efficiencies and the measured product
N, €aps it is possible to calculate the absolute number of B
photons irradiating the scattering target at the discrete ener ;
gies of the boron transitions. These data can be compare
with a direct flux simulation up to 10 MeV. The latter one is _
less reliable than the simulation of the efficiencies especially '«
at higher energies because interpolations between theoreticr.f 10t
models are used to calculate the bremsstrahlung process =
these energies. In contrast, the mass absorption coefficient g °
for y radiation needed to simulate the efficiencies are well =~
known. 2
The extracted integrated photon flux can be seen in Fig. 6 \
The gray line shows the simulation which fails at high ener-  '°
gies. This was considered with an energy dependent correc .
tion factor applied for energies above 8.8, of the follow- 2000 4000
ing form:

o) "'B, 6=90°

A "B, 0= 130°
— simulation
—— corrected simulation

Ey=9.9 MeV

6000 8000 10000
E [keV]

FIG. 6. The absolute number of photons as a function of energy.
The triangles and circles show thHéB data calculated from the
measured peak areas and the simulated efficiencies. The grey line
shows a first GEANT simulation of the absolute photon flux and the
This factor was chosen empirically to take into account thesolid line is the corrected version of this simulation. The correction
good agreement of the simulation up to energies below 80%nethod is explained in detail in Ref50,51].

E—0.85,\%*

keV 3.3

F:1—5><10—4-(
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FIG. 7. Photon spectrum dfCa(y,y') with an endpoint energy FIG. 8. Photon spectzum_ dfCa(y.y) with an endpomt energy
of 9.9 MeV measured at 90° with respect to the incomin beamOf 9.9 MeV taken at 90° with respect to the incoming beam. The
’ P Y peaks at 5020, 4444, and 7282 keV exceeding the scale are transi-

The levels at 5020 and 4444 keV exceeding the scale are transitior?s

T :
in ¥B. The lower part shows an enlarged view of the energy regiontlons in “'B. The lower part shows an enlarged view of the energy

between 6.8 and 7.2 MeV to demonstrate the energy resolution ar{(% %o;ngimaeg)?cglle StnSeglf-t'\c/)lﬁa\;éEgdrgumno dni;rt?ct)e the energy resolu-
the excellent peak-to-background ratio. Shown are singles spectra. '
No background was subtracted.

tively) and the very high peak to total ratio especially due to
in our analysis as the fit through the extracted productthe use of an active anti-Compton BGO shield for the detec-
Within the error bars this statement is true for all transitionsfor at 90°.

The measurement of°Ca enabled to separate the lines
stemming fromy decays in the two different isotopes in the
48Ca experiment which was nessessary becausé®@e tar-

The spectra of the measurements on the two calcium isgdet material contained a 15.8% contamination“@Ca. In
topes are shown in Figs. 7 and 8 for an endpoint energy oftddition we could check whether our results are consistent
the bremsstrahlung of 9.9 MeV and an average electron cubith an earlier experiment of®Ca by Morehet al. [53]
rent of 35uA for 97.5 h and 114.5 h, respectively. This Which mainly supplies the adopted values of Ré#]. The
corresponds to a photon flux of abouf Jhotons/(keV's) at comparison of our results with Re#4] is given in Table 1.
energies of about 7 MeV. The shaded areas in the upper parts Ve assigned spin to the measured levels if the other pos-
are shown enlarged in the lower parts of the figures, to demSiPility could be excluded by two standard deviations. In
onstrate the energy resolution and the high peak-toother cases we adopted the values from Re4].
background ratio. In the following we will discuss excited states in the two

All'lines could be identified unambiguousfin their en- ~ Measured calcium isotopes in detail. The data are summa-
ergetic position as known background, transitions in the tarfized in Tables I and Il for*®Ca and“’Ca, respectively.
get material, or systematic appearances as single- or double-
escape peaksThe integrals of the peaks were extracted with

IV. EXPERIMENTAL RESULTS AND DISCUSSION

the computer program V§2]. The energy calibration was A. Excitations in *Ca

done with three well knowry transitions in''B at 2124.5, The level structure if°Ca is much better known than in

5019.8, and 8916.3 keV. 48Ca. We found generally good agreement with data of ear-
The spectra—as shown in the enlarged parts—show thker experimentg44].

very good energy resolution of the detect®@s3 at 1332 keV The lowest 2 state in“°Ca is the well established quad-

v energy for both detectors and 6.4 and 6.8 keV at 8 MeV forupole vibrational state at 3904 keV. This level is strongly
the single crystal detector and segmented detector, respefed from other states, but we could deduce its lifetime from
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TABLE Il. Ground state transitions iifCa. Given are excitation enerdg, spin and parity)™, branch-
ing ratiol'y/T", the ground state level width,, the corresponding transition strendgiol), the lifetime r,
and the values fof', from Ref.[44]. Decay branches into low-lying known states have not been detected,
andT'y=T" has been assumed. All parities are adopted from [Rdi.

This work Adopted values in Ref44]
E, Jm Lo/T Iy B(o )12 T Iy

[keV] [A] [eV] [fs] [eV]
3831.52) 2 1.0 0.0131)  96.94105 50.655) 0.01097)
4695.43) 1° 1.0 0.0141) 0.383) 48.243)
6612.21) 1) 1.0 0.241) 2.4(2) 2.72)
7298.52) 1° ¢ 1.0 2.2413) 16.510) 0.292) >0.0665
7655.72) 1°.d 1.0 0.211) 1.4(1) 2.7(1)
7915.49) 20 d 1.0 0.0213) 4.2(7) 31.345)
8027.64) 2%e 1.0 0.0404) 7.5(8) 16.517)

8386.15) 1- 0.91(8) 2.8225) 12.58) 0.233)
8517.98)f  1°.d 1.0 0.09817) 0.458) 6.7(12)

20, d 1.0 0.041) 5.6(14) 16.541)
8883.55) 2% 0.9631)  1.161) 123.994) 0.6(2)
9033.94) 1~ 0.9840) 1.8524) 7.009) 0.352)
9295.32) ¢ 1.0 1.9512) 174.4110  0.342)
9472.88) 1- 1.0 1.8115) 6.1(5) 0.363)
9545.72) 1- 1.0 3.2721) 10.97) 0.201)

31 strength in 10° e? fm?, E2 strength ine? fm®.

bParity unknown.

°Spin adopted in Ref44] differs from our value.

dExisting 3~ state with energy differing less than 4 keV adopted in [Ré4].
®Spin assignment ambiguous, adopted from RéA].

fNo spin assignment possible.

the 48Ca measurement at 5.5 MeV endpoint energy, wherdrom higher-lying levels. A newly identified level is the one
this state is still observed. at 7915 keV, whereas the one at 8027 keV is quite well
The ground state transitions of the levels at 5250 ke\Known. -
(J7=2%) and 8111 keV J=1) were only observed in the Our spectra showed another ground state transition from a
detector at 90°. Therefore their spins could not be deterl€Vvel at 8884 keV. The corresponding state is the origin of a
mined in this experiment and were adopted from Ré#]. inelastic transition to the 2 state which was observed at the

This is due to the different peak-to-background ratios of the_energyi)f 5050 keV. The branching ratio to the ground state
two detection systems because the segmented detector at déi‘)/ 255595 'V h hich h b
is shielded with an additional BGO-scintillation detector. The t ev the ’?eXt state appears which has ctear
ratio of the peak-to-background ratios of the 90° and 130":2 cha}racter. I\iear In energy Ilte_rature gives a 9292 kev
detectors shows a linear behavior with a slope of approxi-State with J :.1 . The nuclear spin was de.dUCEd from a
mately 0.719/MeV[54]. At 8 MeV the peak-to-background DWBA apalyS'S of momentum transfer_reacnons asp()
ratio of the detector at 90° is a factor of 5.7 higher than thaf"d (@) data. Natural parity was assigned because of the
of the detector at 130°. presence of the peak inv(a’) spectra.

21 Eight J=1 states below 9.9 MeV were found in the spec-

A state which earns special attention is the one at 64 1 Th itinole order for the d itation f level at
keV. For this state we measured a value ofum. INémuitipole orderforthe deexcitation from a level a

W(90°)/W(130°)=0.92+0.15 that corresponds definitely to ?5.18 tl:}ev CanITOtf betge(:uced cle%rlly. Tabl? Iléh?(%fotre con-
spinJ=1. In contrast to that one other former NRF experi- ains the results for the two possible anguiar cistrioutions.

: For the levels at 6612 keV, 9473 keV, and 9546 keV, the
ment performed by Morebt al.[53] deduced the spin to be ., .. ’ NN S
J=2. Assuming the level to hava=2, the width of this lifetime could be extracted for the first time. In addition we

- : extracted their spin to bd=1. We observe a ground state
state were in agreement with the value of Mostfal transition at the energy of 7298 keV with spls-1 which is
proposed in literature to havk=2.

These three states have counterparts in literature that de-
We found fiveJ=2 states in the energy region up to 9.9 viate only a few keV in excitation energy and have equal
MeV. The lowest level at 3832 keV was analyzed in thespin assignment. The states at 4694 keV and 7656 keV have
spectrum at 5.5 MeV excitation energy to exclude feedinghot been observed before. Their lifetimes and spins could be

B. Excitations in *®Ca
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TABLE Ill. Photon energies from inelastic transitions 1fCa. TABLE IV. Summed electric dipole and quadrupole strengths in
The final level in all cases is the one at 3831.5 keV wifh=2". 40Ca and*®Ca between 5 and 10 MeV.
For all transitions the mixing parametérwas assumed to be zero.

“ca 8Ca
E, E, % r, SB(E1)1 [10 2 e? fm?] 5.1(8) 55.741)
[keV] [keV] [meV] 2B(E1) [m W.ul] 6.8(11) 21.916)
SEB(E1)] [keVe? fm?] 34.755) 467.0350
5050.89) 8883.55) 0.04010) 48(13)
5200.915) 9033.94) 0.0229) 43(18) 2B(E2)1 [e*fm*] 33260) 407(32)
SB(E2) [W.ul] 8.2(15) 7.96)
SB(E2) [%EWSR 20.331) 34.033

extracted from our data. Two other states witek 1 were
measured at 8386 keV and 9034 keV and have been ob-

served in proton scattering experiments before. Both levelgyy 48cy and4°Ca, respectively. Since the classical energy

deexcite not only to the ground state but also to the firstyeighted sum ruldEWSR) for electric dipole strength55]
excited 2" state at 3832 keV. The energies of the inelasticjg given by

transitions are 4554 keV and 5201 keV with a branching

ratio of I'g/I"=0.91 and 0.98, respectively. All inelastic tran-

sitions are listed in Table III. E1) 9 #h2e? NZ_14 8NZ VeV o fm2
S(EDciass™ - oy A~ 1484 Mevetim

C. E1 strength distribution
1. Comparison of®Ca and “Ca we find for theE1 strength up to 10 MeV irfCa an ex-
TheB(E1)1 strength distributions of the two calcium iso- haustion of 0.02@)% of the EWSR, while in“*®Ca this
topes are shown in Fig. 9. In the upper part the data collectedalue is 0.272)%.
previously in Ref.[44] are included for comparison. The  Finally, another thing to look at is the electric polari-
lower part shows our data dffCa where no comparison was zability of the two isotopes. It is given b¥;B(E1);/E;
possible because almost no strength information existed bend presents information about how easy the center of charge
fore. The dotted lines represent the sensitivity limit of ourcan be separated from the center of mass in the nucleus.
measurements with the specific setup and geometry. The values for the two calcium isotopes are 0.74(12)
In the lines 1-4 of Table IV the measured summedx10 3e?fm?/MeV and 6.93(52x 10 3e?fm?/MeV for
B(E1)] strengths are listed. Below 10 MeV the sum “Ca and“Ca, respectively. That means that in the energy
amounts to 55.7(4®¥10 %e?fm? in “%Ca which is region between 5 and 10 MeV it is approximately 7 times
one order of magnitude higher than if°Ca [5.1(8) easier to induce an electric dipole moment#ta due to the

x 10 3 e? fm?]. separation of the center of charge from the center of mass
The summed energy-weighted dipole strength below 1@han it is the case if°Ca.
MeV is (467.0=35.0 keV e? fm? and(34.7+5.5) keV e? fm? One can see that there exists a dramatic difference in the

B(E1)1 strength distributions of the two isotopes. From the
. — strength distribution of¥Ca no clear resonance structure can
Ca = our data ] be assigned. Unfortunately we are not able to continue our

o0

L 40

£
:;3 or — NNDC '] (v,y") measurement to higher excitation energies.

= 4+ -

g . _ 2. Comparison with previous experiments

a 0 Fe oo, T WP S ] Another experimental comparison of the electric dipole
220 |- *ca i strength distributions of the two calcium isotopes was per-
o formed recently[56]. Here, *°Ca and“®Ca were studied in
5 4048CaB%Kr,88Kr")4%4%Ca heavy ion scattering reactions.
=10 § The results for the summégtl strength below 10 MeV from
o I i 1 this study is 7.618)% and 6.733% for the EWSR in“°Ca

= 0 Lo 1 T | B and “8Ca, respectively. This is in sharp contrast to our re-

4 6 8 10 sults.

Ex [MeV . .
o L Heavy-ion scattering, however, does not allow the elec-

FIG. 9. Electric dipole strength distributions fdPCa (upper ~ tromagnetic transition strength to be determined model inde-
part and “®Ca (lower parl. The strengths of®a are compared to pendently. Our experiments are model independent, exhibit
NNDC data[44] which are mainly based on the results of Moreh high resolution resolving single excitations and are charac-
et al. [53]. Please note the different scales. The dotted line showserized by a low detection limit. Therefore our results ex-
the sensitivity limit of the measurements. clude those from Ref56] clearly.
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3. Excitations above the particle threshold TABLE V. Upper limit of the y level width of electric dipole

in 40
Comparing the two calcium isotopes, one possible explaSttes N "Ca above 9 MeV. The values fd?, were calculated

! . 9 +
nation for missinge1 strength in*®Ca may be the different under the assumption dfCa being a puré™ + p system. Where

ticl ission thresholds. Th ired t it the branching ratio of the photon channel is unknown—as in most
particle emission thresholds. The energy required 1o emit a,q 5 e assumdd, /I",,=1. This makes an upper limit of the

neutron is uncriti%;ll in our case for both isotopeS, ( summed level width above 9 MeV of §119) eV. The branching
=15.641 MeV for*®Ca and 9.946 MeV fof°Ca). The en-  ratios were taken from Ref57]. The S(p,y) values are adopted

ergy for proton emission is much lower fiCa than in**Ca  from Ref. [46].
(S,=8.329 MeV for “%Ca and 15.807 MeV for*®Ca) and
below the endpoint energy of our bremsstrahlung. States E, S(p,y) To/T Lo B(E1)1
above 8.4 MeV in**Ca can thus in principle decay also via  [keV] [eV] [eV] [103 e fm?]
proton emission which would not be detected in our experi-
ments. However, such a decay channel would contribute to 9226.7  0.28l1) 0.11810) 1.1(4)-10 > 4.0(15) 10
the ground state transition strength because the photon scat-9227.4

tering cross section is given by,~T3/T, whereT is the 9429.1  2.811) 0 0 0
total width including also particle channels. With the simpli- 94325
fied assumption that’Ca is a pure system®k+p one can 9537.9  0.2410 <0.08(3)  =0.26(10)
derive an upper limit for this effect. The proton decay widths 9604.6 %2) <167(67)  <54(22)
can be estimated with the help of the Wigner limit which 9655.6  0.229) =<0.07(3) =<0.22(10)
takes into account the hindrance effect caused by the Cou- 9785.3 1.8 <0.33(13) <1.0(4)
lomb barrier and is given by 9802.2 0.3715 <0.12(5) <0.37(15)
9811.1 0.271) <0.09(4) <0.27(12)
R 342 98295  0.83) <0.27(10)  =0.82(30)
['(E)=2kIRy 2uR2 Pi(E.Rn) 4. 98545  1.14) <0.37(13) =1.11(39)
9865.2 62) 0.73 1.4649) 4.36146)
with k symbolizing the propagation vector of the wave func- 9869.3  3.112)  0.45 0.4718) 1.45)
tion, Ry being the nuclear radiu®, the penetration factor of ~ 9921.4  0.48L7) =0.14(6)  <0.41(18)
the Coulomb wave function, and the reduced mass. An s <5.08(191) <=19.6(52)

approximation of the width of the proton chanrfassuming

a nuclear radius fof°Ca of 4 fm) shows that one gets sig-
nificant values of the order of eV from energies of 0.6 MeV
above the proton threshol@.4 MeV). Therefore below 9 width I",, of the level which is the sum of all partial decay

(I;/IeV nto 5|g3|f;cantgroton decay W'dtth ex'?_ts’ antd_ofur restl_”t%Nidths. We are interested in the electromagnetic excitation
0 hot need 1o undergo any correction. 10 get informatio trength from the ground state of the nucleus which is only
about the possible additional electric dipole strength above elated to the ground state decay widlth Therefore we had

MeV one has to consider states wilfi=1" which have ; . . .
) . to take into account the branching of the excited states. Since
40,
been seen in the reactioiK(p, y)**Ca[57]. In Table V all the branching of 9 of the 13 states with spls1 is un-

states with]J=1 are listed together with the valuesS(fp, y) known, we assumeH,/T", = 1 in those cases—which again

given by is the most limiting hypothesis. The adopted values for
r..T S(p,vy) together with the deduced values fbr_, and
P_7 (4.2 B(E1)7 are listed in Table V. As can be seen the upper limit
r of the summed ground state decay width of states \ith
=1 in “%Ca above 9 MeV idf*;=5.1(19) eV. Together
with our measured values below 9 Mg¥0.57+0.09 eV,
r=T,+T, see Table IV this gives an upper limit ofI';_,
=5.7(20) eV below 10 MeV. In summary, the ratio of the
and summedB(E1) strengths in“®Ca and “°Ca based on an
upper limit for the proton decay branch iffCa is still
p= Ly greater than 2.8, i.e., there is a significant difference in the
E1 strength between the two isotopes. Please note that this is
the most conservative estimate. Because of the fact that the
s( doubly magic nucleus’®Ca is not at all the pure system
=T,. (4.3 K+ p and branchings to other excited states are very likely
(23+1) a much higher ratio seems to be more realistic.

The values ofS(p, y) are proportional to the total decay

S(p,y)=(23+1)

with

follows

The parities of the states are unknown in almost all cases. We
are looking for an upper limit of the proton decay channel, so
we assume that all=1 states between 9 and 10 MeV have To explain the difference in the electric dipole strength
negative parity. distribution is a challenging and interesting task. One ques-

4. Possible sources of E1 strength
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tion is if the E1 strength is collective or if the excitations attempts to describe experimental dateEdf strengths with
have a dominant noncoherent particle-hole character. Severaiodified Lorentzian functions introducing an energy depen-
theoretical studies have been published recently dealing witdent damping width or a low-enerdy,— 0 limit. There an
the low-lying electric dipole strength in neutron-rich nuclei. additional Lorentzian function was added incoherently at
For this low-lying electric dipole strength the notion “pygmy lower energies to account for the PDR. Down to approxi-
dipole resonance!PDR) has been introduced. Here we use mately 6 MeV the latter attempts seem to describe experi-
that name as the picture of an oscillation of a neutron skifnental data in higher mass nuclei quite W&18].
against a core built of neutrons and protons for the PDR. The A more microscopic view is given within the relativistic
main conclusions of the models are presented here. random phase approximatiofRRPA) to low-lying dipole

One requirement for the oscillation of the neutron skinstrength in neutron rich oxygen and calcium isotopeés].
against a core that produces the electric dipole strength in tHescpecially for calcium the calculations predict no dipole
hydrodynamical model is that such a skin indeed builds upstrength below 10 MeV for all isotopes witk< 54, which is
This is the case for the neutron-rich calcium isotopes as ha® contrast to our experimental findings. Analyzing the struc-
been shown with the help of elastic proton scattefs@] in  ture of the peaks in both the oxygen and #e 54 calcium
combination with electron scattering9]. The data show isotopes the authors conclude that all states are dominated by
that the proton rms-radii vary unsystematically between 3.38ingle-particle transitions which are almost exclusively
and 3.42 fm while the extracted neutron rms-radii increasgaused by the neutrons in contrast to a coherent superposi-
systematically from 3.42 fm fof°Ca to 3.67 fm for*Ca. In  tion of particle-hole configurations characterizing collective
conclusion the thickness of the neutron skin grows fromexcitations.
about 0.03 fm for*°Ca to 0.29 fm for*®Ca. The results of an ~ Another approach to the low-lying electric dipole strength
increasing difference in neutron and proton radii have reis given by Moharet al. [22]. Their calculations within the
cently been confirmed in experiments with antiprotonic at-three-fluid hydrodynamical model predict an excitation mode
oms[60]. whose nature is very similar to that of the GDR but decou-

Speaking in terms of proton and neutron densities Impled completely. This predicted excitation form should be
et al. have calculated the thickness of pure neutron matter i®bservable in nuclei with a high neutron excess, i.e., high
calcium isotopes fromA=40 to A=70 within the Skyrme- N/Z ratio. The model predicts a shift of the centroid energy
Hartree-Fock modell61]. Their results show that while the down to lower energies with increasing mass and an increas-
matter density in the exterior region increases with mas#ng strength with increasindl/Z ratio. For the Ca isotopes,
number, the proton density in the exterior region decreasedowever, no quantitative prediction exists, and for the case of
so that the matter density at the surface is more and mor& Pb presented in Ref22] there is no quantitative agree-
determined by the neutron density. In addition to the generanent.
trend of growing skin thickness it is argued that shell effects Calculations for the even-even calcium isotopes from
are not negligible ecspecially in the exterior region of the *°Ca to **Ca using the density functional theory were per-
neutron density. formed by Chamberst al. [24]. The calculations show ad-

One explanation for the difference in the electric dipoleditional broad resonances at low energigg<10 MeV in
strength of the two calcium isotopes is given within the pho-neutron-rich nuclei. Their nucleonic density variation is
non damping modelPDM). Here, the additional strength in found to be an oscillation of the surface neutrons against the
“8Ca is caused by noncollective particle-hole transitionsnert 40Ca core. The calculations lead to energies of the PDR
which gain strength from the giant dipole resonaf@®R)  falling from approx. 9.1 MeV for*“Ca to 7.6 MeV for*Ca
phonon. The GDR is situated at almost the same energy ofith low-lying strength for*®Ca of about 2% of the EWSR.
19.0 MeV in both isotopes with widths df=5.0 MeV for These examples show that the hydrodynamical models
40Ca andI'=6.98 MeV for *8Ca [62,63. Because of the describe the behavior of tHel strength distribution qualita-
different widths the influence on the low energy region maytively, but differ among each other in the absolute values for
be different, too. Calculations within the phonon dampingthe exhaustion of the EWSR. However, the microscopic ap-
model(PDM) [64—67] agree quite well with our experimen- proaches fail to describe the differences in the low-lying di-
tal data for “®Ca. The PDM predicts an exhaustion of the pole strength distribution presented here.
EWSR of 0.52%[68], which overestimates our extracted
value by 60%. Fof°Ca the results show an exhaustion of the
EWSR of 0.29469] which is of the same order of magnitude
as the calculation for*®Ca, but one order of magnitude  Up to now, the|2*®37;17) two-phonon state is fairly
higher than our experimentally extracted value f8€a. The  well established in nuclei wit®=100[3,7,11. One ques-
significant experimental difference in tHel strengths, is tion is whether this state can be observed in the medium
therefore not reproduced. It is important to note that the pamass nuclei*®**®Ca at thez=20 shell closure as well. It
rameters of the PDM are adjusted to reproduce the grossould be expected that with the decrease of collectivity of the
structure of the GDR while investigations gfray strength  vibrational phonons the collectivity of the multiphonon exci-
function models show that the extrapolation of the strengthation ceases. From empirical systematics for nuclei with
distribution down to energies below the particle thresholdmassA=52 it is possible to point out candidates for the
leads to unrealistic high dipole strengths and overestimatd® " ®37;17) two-phonon states in the investigated nuclei.
the experimental daf&0—72. Because of this fact there are At first the excitation energy of the level should be close the

D. Candidates for a|]2*®37;17) two phonon state
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sum of the two single phonons, which is obvious in the har- 00— 1 1

monic picture. The second criterion arises from calculations Ca = ourdata |
of the strength of the two-phonon excitation. In a purely — NNDC
collective picture the coupling of the two single phonons
should induce a dynamic dipole moment proportional to the
dynamic quadrupole and octupole deformation parameters
B, and B3 [27, 7571 via

B(E2) | [¢’fm”]
S
T
1

— Ca
e’ A ~“§
D=- O.OOGEh—N C—1232,83eRN (4.9 ;:_ 100 | -
with Ry being the nuclear radiu§;; the asymmetry energy 0— 4 """""" o g """"" ] g """"""" io
of the Weizsaker formula, and3, and 85 symbolizing the Ex [MeV]

quadrupole and octupole deformation parameters, respec- _ o
tively. These values are tabulated in the compliations of Ra- /G- 10 Eéectrlc quadrupole strength d'St”E”t'O”S teca (up-
man[78] and Spear79]. Although the properties discussed Pe' Pant and “Ca(lower pan). The strengths of*Ca are compared
above are indicators of a possible two-phonon structure of § NNDC datd44] which are mainly based on the results by Moreh
state, a proof can only be given by observing its decay pa et "’.1" [53]'4(? nly one dlsagreem_ent can be seen inBiE2) d's"."
tern. TheB(E1) transition strength of the level is then pro- ution Of. ca, Wh.ere. a transition at 64.21 keV has—according to
portional to the square of the dipole moment and the valuiur experimental findingsE1 character instead of tHe2 charac-

2 . er adopted from earlier measurements. The sum of the strengths
B(E1)/D” is constant. We have to mention here that we use elow 10 MeV is of the same order of magnitude in both nuclei.

a newer parameter for the asymmetry en€i@] than[27]  1e dotted line shows the sensitivity limit of the measurements on
for our calculations of the dipole moments which causes aoa4g-4 assuming ,=T.

difference of about 25% in the results.

Turning to the calcium isotopes the situation is as follows:This makes the former state the best candidate forta 2
In “°Ca the first 2 and 3 states can be found at 3904 and 3~ structure. However, as has been pointed out above,
3737 keV, respectively. Therefore with harmonic coupling ofmixing with the state at 7299 keV and other levels
the phonons thg2"®37;1") state would be expected at an |ying closely has to be taken into account. Detailed knowl-
energy of 7641 keV. We find a’1state at 6950 keV. Since edge about the decay pattern are needed to give a definit
this state is the only one with considerable stren@hcan  conclusion[7].
be seen in Fig. Pwe suppose this one to be the candidate for
the coupled2®™®37;17) two-phonon state.

In “8Ca the first excited states lie at energiesEgR;) S o
—3832 keV andE(3;)=4507 keV so that the two-phonon The measurecIEZ0 strength d.|str|but.|on is ;hown in Fig.
state would be expected at an energy of 8339 kev. Ouft0- The results fof®Ca agree nicely with previous dafia4]
analysis shows two 1 states that serve as candidates for the?S ¢an be seen from the comparison of the black and gray
two phonon state, one at 7656 keV and another at 7299 ke\?arfg'n the figure. The excitation strength of the firsts2ate
Since theE1 level-density is relatively high in this energy N "Ca is also in agreement with literature, whereas the
region, mixing between the states is very likely and a state optherB(E2) values in this isotope have been measured for
pure two-phonon character is not likely to persist. the first time. _

For the strength-systematics we have the following situa- The lower lines of Table IV contain the summéd
tion: in “%Ca the quadrupole and octupole deformation pa:Strengths measured for the two Ca isotopes up to 9.9 MeV
rameters of the first excited vibrational states are given byxpressed ire”fm”, in Weisskopf unitfW.u,), and as per-
B,=0.122(10) andB;=0.433(36). From this the expected centage of the energy-weighted isoscatar sum rule
dipole moment of the coupled state is calculated to be with ’ )
Eq. (4.4) to 0.023(4kfm. From the empirical systematics S(E2)= 23(hc)*(Ze)

41 A myc?

E. E2 strength distributions

(r?), (4.5

taking an average value @&(E1)/D?~5 [81] one would
expect an induced electric dipole strength of about 2.5
X107 3e?fm?. We find for the I state at 6950 keV a which amounts to about 103&8fm* MeV and 93662 fm*
strength ofB(E1)1=4.2(6)x 10 3 e? fm?. MeV for 4%Ca and*®Ca, respectively82]. The electric quad-
For “Ca the harmonic coupling model predicts a dipolerupole strength below 10 MeV excitation energy amounts to
moment ofD=0.012(5e fm with the deformation param- 332(60)e? fm* which corresponds to 825) W.u. for “°Ca
etersB, and B given by 0.10117) and 0.236), respectively. and to 407(32p? fm* corresponding to 7(8) W.u. in *Ca.

The same consideration as f6fCa leads to an expected While the summed strength in the two isotopes differs only
electric dipole strength of the order of X710 3 e? fm?. on a small scale, the energy-weighted sum rules up to 10
The strengths of the candidates fiCa are B(E1)] MeV are exhausted to 2B% in “°Ca as compared to
=1.4(1)x10 3e?*fm? for the one at 7656 keV and 34(3)% in “®Ca. The result fof°Ca is in agreement with the
B(E1)1=16.5(10)< 10 3e?fm? for the one at 7299 keV. results of Ref[56] where 246)% of the E2-EWSR were
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found, but the inelastic scattering observes considerably lessuclei °Ca and*®Ca with the photon scattering method. We
for *3Ca, namely, only 1&)%. found candidates for th2*®37;17) two-phonon state in
The fact that the centroid of thE2 strength in**Ca is  these two isotopes with the help of empirical systematics in
both lower and more fragmented than #Ca indicates that the energy and ground state transition strength. While the
the N=28 shell closure is more stringent than the dOUb|esummedB(E2) strength below 10 MeV is almost equal in
shell cIosurg a_N:Z=20. In addition, as has been_ngted for potn isotopes, a considerable difference in tBEE1)
the E1 excitations, a fraction of thé&2 strength in "Ca strength is found. Unfortunately—limited by our experimen-
might escape detection due to proton emission above 8-é| setup and the particle emission thresholds of the investi-
MeV. gated nuclei—we were only able to measure the strength

Continuum-RPA calculations of Kamerdzhiet al. [83] . o .
have investigated thE2 strength distribution in the energy :::é?g;ﬁli(;:ts up to 10 MeV which is a somehow arbitrary

e o B g o CATREDR DI e oot
ground-state correlations, i.e., mixing of the unperturbed 1Sthe main experimental findings about tBé strength distri-

GOQR states with complex configurations, the centroid of the?utions 'nAOQa and“Ca, and theE2 strength observed ex-
IS-GQR is predicted at about 15 MeV, and a strong fragmenpenmentally is also unaccounted for by theory so far. This
tation of the strength is expected. Rough agreement with th&hows that even doubly magic stable nuclei may pose a chal-
predictions of Ref[83] was found in recent studies using lenge for model calculations. We hope that the presented new
coincidence techniques following electron and hadron scat€sults can help to trigger refinements of the present nuclear
tering [84]. For 4°%Ca about 10 and 17 % of the EWSR have Structure models.
been detected between 11 and 15 MeV for the domipgnt A systematic investigation of the nuclear structure of all
and oy channels, respectively. Thg, channel in scattering stable even mass calcium isotopes will give more informa-
from “8Ca carries about 10% of the EWSR between 11 andion on the nature of the excitations. NRF experiments on
14 MeV with further decay channels above 12 MeV which %Ca and “‘Ca are in preparation to see if the additional
have not been taken into account. electric dipole strength increases witiZ or if there is a

Our present results, however, indicate that the EWSR igonnection between the GDR parameters and the observed
exhausted at low energies to a level comparable to the regiafipole response. In addition results from,p’y) experi-

theory. This should lead to a theoretical re-examination ofates.

the E2 strength distribution in medium-mass and light nu-
clei. The low-lying E2 strength might originate in an even
lower centroid or stronger fragmentation of the 1IS-GQR, but
it is also possible that the influence of isovector contributions
at low excitation energies has been underestimated so far. .
The precision of our results demonstrates that photon scat- Ve thank the S-DALINAC group around H.-D. Gréor
tering experiments are able to provide also valuable informatl€ Support during the photon scattering experiments. We

tion towards understanding the electric giant quadrupole reth@nk P. von Brentano, Y. Fuijita, I. Hamamoto, F. lachello,
sponse in this mass region. U. Kneissl, N. Pietralla, A. Richter, G. Schrieder, and K.

Schweda for valuable discussions and the Gesellschaft fu
Schwerionenforschun@S)) for the loan of the*®Ca isotope
material. This work was supported by the Deutsche

In conclusion we have measured the dipole and electricorschungsgemeinschaftContracts No. Zi510/2-1 and
quadrupole strength distributions of the two doubly magicFOR 272/2-2.
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