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Dipole and electric quadrupole excitations in 40,48Ca

T. Hartmann, J. Enders,* P. Mohr, K. Vogt, S. Volz, and A. Zilges
Institut für Kernphysik, Technische Universita¨t Darmstadt, Schlossgartenstrasse 9, D-64289 Darmstadt, Germany

~Received 20 September 2001; published 5 February 2002!

Photon scattering experiments have been performed to investigate the structure of the two doubly magic
nuclei 40,48Ca. The method is highly selective to induce low-order multipole transitions, i.e.,E1, M1, andE2
from the ground state. We determined the energies and spins of excited states and the absolute strengths of the
g 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
(B(E2)↑5332 e2 fm4 and 407e2 fm4 for 40Ca and48Ca, 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

Nuclear resonance fluorescence~NRF! or real photon
scattering is perfectly suited to investigate low-order mu
pole excitations in atomic nuclei@1,2#. It is a method with
very high sensitivity to detectE1, M1, andE2 transitions
and provides a way of deriving the absolute strengths
these transitions model independently.

During the last few years, several experiments using N
have been carried out to study the low-lying electric dip
strength distribution in various nuclei@3#. Much interest has
been spent on the investigation of the so-called two-pho
state arising from the coupling of the 21

1 and 31
2 collective

states in the case of spherical nuclei as well as on theJ51
bandheads of octupole vibrational bands in the case o
nucleus with static quadrupole deformation. Such meas
ments have been performed mainly on nuclei in theA
.100 mass region@3–5#. Especially theN582 region was
investigated in detail@6–9#. Also theE1 distribution of sev-
eral tin isotopes has been studied systematically@10–12#.
88Sr, 90Zr, and 94Mo representing theN550 region have
also been investigated@13–15#. In the light mass region ex
periments on the nuclei48Ti, 52Cr, 56Fe, and 58,60Ni have
been performed@16–20#. The preference of mainly heav
nuclei in many previous studies is due to the fact that h
the two-phonon states can be found at very low energie
only a few MeV, whereas in light nuclei these states
situated at higher energies, which causes problems in N
experiments. With the new NRF setup at the Darmstadt
perconducting linear electron accelerator S-DALINAC w
are now able to perform such high-precision (g,g8) mea-
surements up to energies of 10 MeV for the first time
avoiding the production of neutrons@21#.

It would be very desirable to extend the systema
knowledge about the structure ofu21

1
^ 31

2 ;12& states to
light nuclei to get information about whether this collecti
excitation mode persists in the lower mass region. In ad
tion to that, it is very interesting to study48Ca because ex
perimental information about lifetimes or transition streng

*Present address: National Superconducting Cyclotron Lab
tory, Michigan State University, East Lansing, MI 48824-1321.
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is rather sparse in this nucleus.
Another reason to study these isotopes are theoretical

dictions concerning the electric dipole strength distributi
in nuclei with neutron excess@22–25#. Several models pre
dict a new excitation form—named the pygmy dipole res
nance~PDR!—which is described in a simplified picture as
collective out-of-phase oscillation of a neutron-proton co
against a skin of excess neutrons—at energies below the
ticle threshold. Experiments in very light nuclei such as6He
@26#, where it is suggested that ana-cluster is formed inside
the nucleus~as proposed by Iachello also for heavy nuc
@27#!, or 9,11Be and 13C @28,29# are prominent examples o
nuclei exhibitingE1 strength at low excitation energies.
similar spatial structure as a neutron skin can be observe
11Be where a so-called halo structure of neutrons at a
tance to the core is formed@30#. But especially in heavy
nuclei such as116,124Sn @10#, 138Ba @31–33#, 140Ce @8#, or
208Pb @34# experiments point to the possible existence o
PDR. In the mass regionA<40 measurements have bee
done on40Ar @35,36#, 16218O @37,38#, and 16222O @39#. An
inverse kinematic experiment using the Coulomb excitat
method was also performed on20O @40#. In addition the
nuclei 56Fe and 58Ni have been investigated with photo
scattering experiments in view of their electric dipole r
sponse@18#.

Obviously, within the simple picture of the oscillatin
neutron skin, the energy and strength of this excitation m
should strongly depend on theN/Z ratio. However, so far no
systematic study about the influence of theN/Z ratio on this
mode has been performed. To study the modification of
electric dipole distribution it would be very useful to com
pare measurements of isotopes with different neutron to p
ton ratiosN/Z under the same experimental conditions. T
Calcium isotopic chain suits very well to this task becau
five stable even-even isotopes exist with very differentN/Z
ratios ~from 40Ca with N/Z51.0 to 48Ca with N/Z51.4).
First results of the experiment have been published in
letter recently@41#.

II. EXPERIMENTAL SETUP

The measurements have been performed at the impro
NRF setup at the superconducting linear electron acceler
S-DALINAC at Darmstadt University of Technology. For th

a-
©2002 The American Physical Society01-1



er
c

ia

h
et
pe
tro
ur
r
tin
PG
h

t
a
re

G
up
te
ra
ge
e

d

I

3.
in
nt
e

the
ans
an-
in

wer
for

adi-

-
uo-
d in

os-

he

so-

o-

ra-
f

i-
en

y
d
t
d
in

f
c

and
ua-
the

w the

HARTMANN, ENDERS, MOHR, VOGT, VOLZ, AND ZILGES PHYSICAL REVIEW C65 034301
first time it was possible to perform photon scattering exp
ments up to excitation energies of 10 MeV without produ
ing background resulting from (g,n) and subsequent (n,g)
capture reactions in the surrounding and detector mater
Details about the setup can be found in Ref.@21#.

A detailed scheme of the setup is shown in Fig. 1. T
real photons are produced by fully stopping a monoenerg
electron beam in a 1.5 cm thick rotating, air cooled cop
target. The uncertainty measuring the energy of the elec
beam is about 150 keV. Between the bremsstrahlung so
and the scattering probe a 95.5 cm thick copper collimato
installed. The scattering target was irradiated by the resul
g beam. The scattered photons were detected by two H
~High Purity Germanium! semiconductor detectors—eac
with an efficiency of 100% relative to a 39339 standard NaI
detector—placed at angles of 90° and 130° with respec
the incoming beam. The distances of the detectors at 90°
130° from the scattering target were 230 and 267 mm,
spectively. The detector at 90° was surrounded by a B
scintillation detector which works as an active Compton s
pression shield. The detection system was comple
shielded from the very high bremsstrahlung-background
diation by thick layers of lead. Between the scattering tar
and the detectors also 25 mm lead and 30 mm copper w
installed to supress the lowest-energy photons scattere
the target.

The 48Ca target—which was a loan from the GS
Darmstadt—consisted of 4706 mg CaO enriched to 82.7%
48Ca which means it contained 2977 mg48Ca. The 40Ca
target consisted of 4358 mgnatCaO, containing 3014 mg
40Ca. The energy and flux calibration was done with 78
mg natB. For the 40Ca experiment we chose an endpo
energy of 9.9 MeV.48Ca was measured at three differe
endpoint energies of 5.5, 8.0, and 9.9 MeV. This was don

FIG. 1. The NRF setup at the S-DALINAC at Darmstadt Un
versity of Technology. The monoenergetic electron beam with
ergies up to 10 MeV and currents of typically 35mA is stopped in
a Cu radiator. The resultingg radiation with a continuous energ
distribution is collimated by a 95.5 cm long Cu collimator an
strikes the scattering target. The decays of the excited nuclei to
ground state or other excited levels are detected by two HPGe
tectors located at angles of 90° and 130° relative to the incom
photon beam.
03430
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be able to distinguish between direct transitions to
ground state and inelastically scattered photons that me
those that are emitted when the deexcitation occurs via
other excited state. Some of the latter could be identified
48Ca because they disappear in measurements with lo
endpoint energies, where the levels which are responsible
the feeding are no longer populated. The targets were irr
ated for 114.5 h (48Ca; 9.9 MeV!, 41.5 h (48Ca; 8.0 MeV!,
45.5 h (48Ca; 5.5 MeV!, and 97.5 h (40Ca).

III. DATA ANALYSIS

Here we give a brief introduction to the extraction of life
times and transition strengths from nuclear resonance fl
rescence experiments. A detailed description can be foun
Ref. @1,2#.

From the measured integrals of the peak areas it is p
sible to derive the integrated cross sectionI S of the ground
state transitions

I S5
Ai→0

NT•Ng~Ei !•e~Ei !•DV•We f f
0→ i→0~q,DV!

. ~3.1!

The integral of the peak arising from the transition of t
excited statei to the ground state 0 is given byAi→0. The
number of target nuclei is denoted byNT and Ng is the
absolute number of photons irradiating the target. The ab
lute detector efficiency is symbolized bye. The solid angle
covered by the detector is represented byDV. The angular
distribution function is taken into account byWeff .

To extractI S it is necessary to know the product of abs
lute detector efficiencye and integrated photon fluxNg . This
product can be extracted with the help of the boron calib
tion targets.Ng•e is shown in Fig. 2 as a function o

-

he
e-
g

FIG. 2. The product of efficiencye and absolute number o
bremsstrahlung photonsNg as a function of energy on a logarithmi
scale. The data points represent six well known transitions in11B.
The black circles show the data points for the detector at 90°
the squares for the one at 130°. The values were fitted with q
dratic polynoms represented by the solid and dashed lines for
detectors at 130° and 90°, respectively. The shaded areas sho
errors of the fits.
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DIPOLE AND ELECTRIC QUADRUPOLE EXCITATIONS . . . PHYSICAL REVIEW C 65 034301
energy. The data points represent the measured value
ground state transitions in11B and the lines are fitted to th
data points.

For a deexcitation occuring via other excited statesI S can
only be calculated if the detector efficiency itself is know
and not only the productNg•e as discussed above. T
achieve this we measured the efficiency at 20 energies u
3550 keV with several radioactive sources such as56,60Co,
137Cs, and22Na and simulated them for our geometry up
energies of 10 MeV with the Monte Carlo codeGEANT @42#
for 45 energies. The energies of the simulations were cho
to be the photon energies of the transitions in11B, 40Ca, and
48Ca detected in our experiment. The measured efficien
and a fit through the simulated efficiencies is shown in F
3. If the branching in other excited levels is known the to
and partial level widths and lifetimes can be calculated. B
cause we used relatively thick targets, nonresonant and r
nant selfabsorption in target and calibration material has
be considered. The nonresonant attenuation is handle
constructing the target as a sandwich target where the m
sured probe is enclosed between two discs of calibration
terial. The resonant absorption is considered by a correc
factor h(E) in the integral of the integrated cross section

I S5E dE s~E!•h~E!. ~3.2!

The corrections to the data are of the order of 1 to 5 %. M
details about the correction method can be found in R
@1,43#.

FIG. 3. Measured and simulated absolute efficiencies of the
tectors. The filled circles show the measured values for the ene
of transitions from the decay of137Cs, 60Co, and22Na isotopes with
known activites, the open squares show the relative values of t
sitions in the56Co decay scaled to fit the data at low energies a
the lines show simulated absolute efficiencies.
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To distinguish between dipole and quadrupole excitatio
the angular distribution of the scattered photons with resp
to the incident beam is used.

The ratio of the efficiency corrected counts of the pe
measured by the two detectors can be seen in Fig. 4
excitations in40Ca and Fig. 5 for those in48Ca. We adopted
parities from earlier experiments@44–48# if possible. Hith-
erto unobserved dipole transitions in48Ca were assumed to

e-
ies

n-
d

FIG. 4. The ratio of the measured, efficiency weighted radiat
intensities at 90° and 130°~left axis! representing the angular dis
tribution of the transitions compared to the ratios of the angu
correlation functions for elastic scattering sequences~0→1→0! and
~0→2→0! at 90° and 130°~right axis! represented by the horizonta
lines with errors marked as grey areas arising from uncertain
in the detector positions. The triangles correspond to ground s
transitions of levels withJp521 and the squares to those ofJp

512. The circles represent the excitations in11B, having almost
uniform angular distributions. The diamond at the energy of 64
keV is adopted in Ref.@44# as Jp521 state whereas we clearl
identify it as a level withJ51. For the level at 5628 keV we could
not assign a spin unambiguously. Therefore we adopted the v
given in Ref.@44#.

FIG. 5. Same caption as in Fig. 4. For the level at 8518 k
which is symbolized by the diamond, no spin assignment was p
sible as for the level at 8027 keV. For the latter we adopted
value given in Ref.@44# while the other was observed in this ex
periment for the first time and therefore can only be restricted
to our experimental method toJ51,2.
1-3
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TABLE I. Ground state transitions in40Ca. Given are excitation energyEx , spin and parityJp, ground
state transition widthG0, the corresponding transition strengthB(s l ), the lifetimet, and the values forG0

from Ref. @44#. Decay branches into low-lying known states have not been detected, andG05G has been
assumed. All parities are adopted from Ref.@44#.

This work Adopted values in Ref.@44#

Ex Jp G0 B(s l )↑ a t G0

@keV# @\# @meV# @fs# @meV#

3904.0~1!
b

21 15.7~43! 107.6~292! 41.9~115! 19.4~11!

5249.6~3! 21c 4.6~5! 7.1~8! 143.1~156! 6.0~16!

5628.9~2! 21d 14.0~13! 15.4~14! 47.0~44! 12.4~28!

5902.5~2! 12 33.0~39! 0.46~5! 20.0~24! 36.6~61!

6421.2~9! 1e 27.1~70! 0.29~8! 24.3~63! 72.3~87!

6908.2~1! 21 220.8~358! 87.4~141! 3.0~5! 274.3~343!
6949.9~7! 12 489.3~710! 4.18~61! 1.3~2! 692.9~292!
7871.9~1! 21 176.1~321! 36.3~66! 3.7~7! 329.1~329!
8091.5~2! 21 166.2~160! 29.8~29! 4.0~4! 212.3~137!
8110.9~6! 1f 24.7~88! 0.13~5! 26.6~95! 17.3~77!

8578.7~2! 21 161.2~133! 21.6~18! 4.1~4! 134.3~164!
8749.4~2! 21 88.3~105! 10.7~13! 7.5~9! 94.0~269!
8982.5~5! 21 148.0~149! 15.8~16! 4.5~5! 73.1~163!

aE1 strength in 1023 e2 fm2, E2 strength ine2 fm4.
bAnalyzed with the48Ca 5.5 MeV spectrum.
cTransition only observed in one detector. Therefore no spin deduced~adopted from Ref.@44#!.
dSpin assignment ambiguous, adopted from Ref.@44#.
eSpin and parity have been labeled as 21 in previous (g,g8) experiment@53#.
fParity unknown.
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be of electric nature because an earlier (e,e8) experiment on
this nucleus at backward angles did not detect anyM1
strength withB(M1)↑.0.15mK

2 below 10 MeV@49#. This
corresponds to a limit ofB(E1)↑<1.6631023e2 fm2.
Therefore only three transitions could possibly have m
netic character as can be seen in Table I. Due to the s
strengths their contribution to the total strengths is ne
gible.

With the simulated efficiencies and the measured prod
Ng•eabs it is possible to calculate the absolute number
photons irradiating the scattering target at the discrete e
gies of the boron transitions. These data can be comp
with a direct flux simulation up to 10 MeV. The latter one
less reliable than the simulation of the efficiencies especi
at higher energies because interpolations between theore
models are used to calculate the bremsstrahlung proce
these energies. In contrast, the mass absorption coeffic
for g radiation needed to simulate the efficiencies are w
known.

The extracted integrated photon flux can be seen in Fig
The gray line shows the simulation which fails at high en
gies. This was considered with an energy dependent cor
tion factor applied for energies above 0.83E0 of the follow-
ing form:

F512531024
•S E20.8E0

keV D 3/4

. ~3.3!

This factor was chosen empirically to take into account
good agreement of the simulation up to energies below 8
03430
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of the endpoint energy and to take care of the fact that
photon flux has to become zero at the endpoint energy.
cause the simulations showed the same discrepancies fo
ferent endpoint energies the starting point of the factor
be chosen to lie generally at 80% of the endpoint energy.
details of the correction procedure see Refs.@50,51#.

The product of the functions for the number of photo
and the detector efficiencies should lead to the same re

FIG. 6. The absolute number of photons as a function of ene
The triangles and circles show the11B data calculated from the
measured peak areas and the simulated efficiencies. The grey
shows a first GEANT simulation of the absolute photon flux and
solid line is the corrected version of this simulation. The correct
method is explained in detail in Refs.@50,51#.
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in our analysis as the fit through the extracted produ
Within the error bars this statement is true for all transitio

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The spectra of the measurements on the two calcium
topes are shown in Figs. 7 and 8 for an endpoint energ
the bremsstrahlung of 9.9 MeV and an average electron
rent of 35mA for 97.5 h and 114.5 h, respectively. Th
corresponds to a photon flux of about 106 photons/(keV s) at
energies of about 7 MeV. The shaded areas in the upper p
are shown enlarged in the lower parts of the figures, to d
onstrate the energy resolution and the high peak
background ratio.

All lines could be identified unambiguously~in their en-
ergetic position as known background, transitions in the
get material, or systematic appearances as single- or dou
escape peaks!. The integrals of the peaks were extracted w
the computer program VS@52#. The energy calibration wa
done with three well knowng transitions in11B at 2124.5,
5019.8, and 8916.3 keV.

The spectra—as shown in the enlarged parts—show
very good energy resolution of the detectors~2.3 at 1332 keV
g energy for both detectors and 6.4 and 6.8 keV at 8 MeV
the single crystal detector and segmented detector, res

FIG. 7. Photon spectrum of40Ca ~g,g8! with an endpoint energy
of 9.9 MeV measured at 90° with respect to the incoming be
The levels at 5020 and 4444 keV exceeding the scale are transi
in 11B. The lower part shows an enlarged view of the energy reg
between 6.8 and 7.2 MeV to demonstrate the energy resolution
the excellent peak-to-background ratio. Shown are singles spe
No background was subtracted.
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tively! and the very high peak to total ratio especially due
the use of an active anti-Compton BGO shield for the det
tor at 90°.

The measurement of40Ca enabled to separate the lin
stemming fromg decays in the two different isotopes in th
48Ca experiment which was nessessary because the48Ca tar-
get material contained a 15.8% contamination of40Ca. In
addition we could check whether our results are consis
with an earlier experiment on40Ca by Morehet al. @53#
which mainly supplies the adopted values of Ref.@44#. The
comparison of our results with Ref.@44# is given in Table I.

We assigned spin to the measured levels if the other p
sibility could be excluded by two standard deviations.
other cases we adopted the values from Ref.@44#.

In the following we will discuss excited states in the tw
measured calcium isotopes in detail. The data are sum
rized in Tables I and II for40Ca and48Ca, respectively.

A. Excitations in 40Ca

The level structure in40Ca is much better known than i
48Ca. We found generally good agreement with data of e
lier experiments@44#.

The lowest 21 state in40Ca is the well established quad
rupole vibrational state at 3904 keV. This level is strong
fed from other states, but we could deduce its lifetime fro

.
ns
n
nd
ra.

FIG. 8. Photon spectrum of48Ca ~g,g8! with an endpoint energy
of 9.9 MeV taken at 90° with respect to the incoming beam. T
peaks at 5020, 4444, and 7282 keV exceeding the scale are tr
tions in 11B. The lower part shows an enlarged view of the ene
region between 7.1 and 7.4 MeV to demonstrate the energy res
tion and the excellent peak-to-background ratio.
1-5
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TABLE II. Ground state transitions in48Ca. Given are excitation energyEx , spin and parityJp, branch-
ing ratio G0 /G, the ground state level widthG0, the corresponding transition strengthB(s l ), the lifetimet,
and the values forG0 from Ref. @44#. Decay branches into low-lying known states have not been dete
andG05G has been assumed. All parities are adopted from Ref.@44#.

This work Adopted values in Ref.@44#

Ex Jp G0 /G G0 B(s l )↑a t G0

@keV# @\# @eV# @fs# @eV#

3831.5~2! 21 1.0 0.013~1! 96.8~105! 50.6~55! 0.0109~7!

4695.4~3! 1b 1.0 0.014~1! 0.38~3! 48.2~43!

6612.2~1! 1(2) 1.0 0.24~1! 2.4~2! 2.7~2!

7298.5~2! 1b, c 1.0 2.24~13! 16.5~10! 0.29~2! .0.0665
7655.7~2! 1b, d 1.0 0.21~1! 1.4~1! 2.7~1!

7915.4~9! 2b, d 1.0 0.021~3! 4.2~7! 31.3~45!

8027.6~4! 21e 1.0 0.040~4! 7.5~8! 16.5~17!

8386.1~5! 12 0.91~8! 2.82~25! 12.5~8! 0.23~3!

8517.9~8! f 1b, d 1.0 0.098~17! 0.45~8! 6.7~12!

2b, d 1.0 0.04~1! 5.6~14! 16.5~41!

8883.5~5! 21 0.96~31! 1.16~1! 123.9~94! 0.6~2!

9033.9~4! 12 0.98~40! 1.85~24! 7.0~9! 0.35~2!

9295.3~2! 2b, c 1.0 1.95~12! 174.4~110! 0.34~2!

9472.8~8! 12 1.0 1.81~15! 6.1~5! 0.36~3!

9545.7~2! 12 1.0 3.27~21! 10.8~7! 0.20~1!

aE1 strength in 1023 e2 fm2, E2 strength ine2 fm4.
bParity unknown.
cSpin adopted in Ref.@44# differs from our value.
dExisting 32 state with energy differing less than 4 keV adopted in Ref.@44#.
eSpin assignment ambiguous, adopted from Ref.@44#.
fNo spin assignment possible.
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the 48Ca measurement at 5.5 MeV endpoint energy, wh
this state is still observed.

The ground state transitions of the levels at 5250 k
(Jp521) and 8111 keV (J51) were only observed in the
detector at 90°. Therefore their spins could not be de
mined in this experiment and were adopted from Ref.@44#.
This is due to the different peak-to-background ratios of
two detection systems because the segmented detector a
is shielded with an additional BGO-scintillation detector. T
ratio of the peak-to-background ratios of the 90° and 13
detectors shows a linear behavior with a slope of appro
mately 0.719/MeV@54#. At 8 MeV the peak-to-background
ratio of the detector at 90° is a factor of 5.7 higher than t
of the detector at 130°.

A state which earns special attention is the one at 6
keV. For this state we measured a value
W(90°)/W(130°)50.9260.15 that corresponds definitely t
spin J51. In contrast to that one other former NRF expe
ment performed by Morehet al. @53# deduced the spin to b
J52. Assuming the level to haveJ52, the width of this
state were in agreement with the value of Morehet al.

B. Excitations in 48Ca

We found fiveJ52 states in the energy region up to 9
MeV. The lowest level at 3832 keV was analyzed in t
spectrum at 5.5 MeV excitation energy to exclude feed
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from higher-lying levels. A newly identified level is the on
at 7915 keV, whereas the one at 8027 keV is quite w
known.

Our spectra showed another ground state transition fro
level at 8884 keV. The corresponding state is the origin o
inelastic transition to the 21

1 state which was observed at th
energy of 5050 keV. The branching ratio to the ground st
is G0/G50.96.

At 9295 keV the next state appears which has cleaJ
52 character. Near in energy literature gives a 9292 k
state withJp512. The nuclear spin was deduced from
DWBA analysis of momentum transfer reactions as (p,p8)
and (a,a8) data. Natural parity was assigned because of
presence of the peak in (a,a8) spectra.

Eight J51 states below 9.9 MeV were found in the spe
trum. The multipole order for the deexcitation from a level
8518 keV cannot be deduced clearly. Table II therefore c
tains the results for the two possible angular distributions

For the levels at 6612 keV, 9473 keV, and 9546 keV, t
lifetime could be extracted for the first time. In addition w
extracted their spin to beJ51. We observe a ground stat
transition at the energy of 7298 keV with spinJ51 which is
proposed in literature to haveJ52.

These three states have counterparts in literature tha
viate only a few keV in excitation energy and have equ
spin assignment. The states at 4694 keV and 7656 keV h
not been observed before. Their lifetimes and spins could
1-6
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extracted from our data. Two other states withJ51 were
measured at 8386 keV and 9034 keV and have been
served in proton scattering experiments before. Both lev
deexcite not only to the ground state but also to the fi
excited 21 state at 3832 keV. The energies of the inelas
transitions are 4554 keV and 5201 keV with a branch
ratio of G0 /G50.91 and 0.98, respectively. All inelastic tra
sitions are listed in Table III.

C. E1 strength distribution

1. Comparison of40Ca and 48Ca

TheB(E1)↑ strength distributions of the two calcium iso
topes are shown in Fig. 9. In the upper part the data colle
previously in Ref.@44# are included for comparison. Th
lower part shows our data on48Ca where no comparison wa
possible because almost no strength information existed
fore. The dotted lines represent the sensitivity limit of o
measurements with the specific setup and geometry.

In the lines 1–4 of Table IV the measured summ
B(E1)↑ strengths are listed. Below 10 MeV the su
amounts to 55.7(41)31023 e2 fm2 in 48Ca which is
one order of magnitude higher than in40Ca @5.1(8)
31023 e2 fm2#.

The summed energy-weighted dipole strength below
MeV is ~467.0635.0! keVe2 fm2 and~34.765.5! keVe2 fm2

TABLE III. Photon energies from inelastic transitions in48Ca.
The final level in all cases is the one at 3831.5 keV withJp521.
For all transitions the mixing parameterd was assumed to be zero

Eg

@keV#
Ei

@keV#

G i

G
@meV#

G i

4554.2~92! 8386.1~5! 0.090~3! 261~18!

5050.6~9! 8883.5~5! 0.040~10! 48~13!

5200.9~15! 9033.9~4! 0.022~9! 43~18!

FIG. 9. Electric dipole strength distributions for40Ca ~upper
part! and 48Ca ~lower part!. The strengths of40Ca are compared to
NNDC data@44# which are mainly based on the results of Mor
et al. @53#. Please note the different scales. The dotted line sh
the sensitivity limit of the measurements.
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for 48Ca and 40Ca, respectively. Since the classical ener
weighted sum rule~EWSR! for electric dipole strength@55#
is given by

S~E1!class5
9

4p

\2e2

2M

NZ

A
514.8

NZ

A
MeV e2 fm2

we find for theE1 strength up to 10 MeV in40Ca an ex-
haustion of 0.023~4!% of the EWSR, while in48Ca this
value is 0.27~2!%.

Finally, another thing to look at is the electric polar
zability of the two isotopes. It is given by( iB(E1)i /Ei
and presents information about how easy the center of ch
can be separated from the center of mass in the nucl
The values for the two calcium isotopes are 0.74(1
31023 e2 fm2/MeV and 6.93(52)31023 e2 fm2/MeV for
40Ca and 48Ca, respectively. That means that in the ene
region between 5 and 10 MeV it is approximately 7 tim
easier to induce an electric dipole moment in48Ca due to the
separation of the center of charge from the center of m
than it is the case in40Ca.

One can see that there exists a dramatic difference in
B(E1)↑ strength distributions of the two isotopes. From t
strength distribution of48Ca no clear resonance structure c
be assigned. Unfortunately we are not able to continue
(g,g8) measurement to higher excitation energies.

2. Comparison with previous experiments

Another experimental comparison of the electric dipo
strength distributions of the two calcium isotopes was p
formed recently@56#. Here, 40Ca and 48Ca were studied in
40,48Ca(86Kr,86Kr8)40,48Ca heavy ion scattering reaction
The results for the summedE1 strength below 10 MeV from
this study is 7.5~18!% and 6.7~33!% for the EWSR in40Ca
and 48Ca, respectively. This is in sharp contrast to our
sults.

Heavy-ion scattering, however, does not allow the el
tromagnetic transition strength to be determined model in
pendently. Our experiments are model independent, exh
high resolution resolving single excitations and are char
terized by a low detection limit. Therefore our results e
clude those from Ref.@56# clearly.
s

TABLE IV. Summed electric dipole and quadrupole strengths
40Ca and48Ca between 5 and 10 MeV.

40Ca 48Ca

(B(E1)↑ @1023 e2 fm2# 5.1~8! 55.7~41!

(B(E1) @m W.u.# 6.8~11! 21.8~16!

(EB(E1)↑ @keV e2 fm2# 34.7~55! 467.0~350!
(EB(E1)↑ @%EWSR# 0.023~4! 0.27~2!

(B(E2)↑ @e2 fm4# 332~60! 407~32!

(B(E2) @W.u.# 8.2~15! 7.9~6!

(B(E2) @%EWSR# 20.3~31! 34.0~33!
1-7
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3. Excitations above the particle threshold

Comparing the two calcium isotopes, one possible exp
nation for missingE1 strength in40Ca may be the differen
particle emission thresholds. The energy required to em
neutron is uncritical in our case for both isotopes (Sn
515.641 MeV for 40Ca and 9.946 MeV for48Ca). The en-
ergy for proton emission is much lower in40Ca than in48Ca
(Sp58.329 MeV for 40Ca and 15.807 MeV for48Ca) and
below the endpoint energy of our bremsstrahlung. Sta
above 8.4 MeV in40Ca can thus in principle decay also v
proton emission which would not be detected in our exp
ments. However, such a decay channel would contribut
the ground state transition strength because the photon
tering cross section is given bys0;G0

2/G, whereG is the
total width including also particle channels. With the simp
fied assumption that40Ca is a pure system39K1p one can
derive an upper limit for this effect. The proton decay widt
can be estimated with the help of the Wigner limit whi
takes into account the hindrance effect caused by the C
lomb barrier and is given by

G~E!52ukW uRNS 3\2

2mRN
2 D Pl~E,RN! ~4.1!

with kW symbolizing the propagation vector of the wave fun
tion, RN being the nuclear radius,Pl the penetration factor o
the Coulomb wave function, andm the reduced mass. An
approximation of the width of the proton channel~assuming
a nuclear radius for40Ca of 4 fm! shows that one gets sig
nificant values of the order of eV from energies of 0.6 Me
above the proton threshold~8.4 MeV!. Therefore below 9
MeV no significant proton decay width exists, and our resu
do not need to undergo any correction. To get informat
about the possible additional electric dipole strength abov
MeV one has to consider states withJp512 which have
been seen in the reaction39K( p,g)40Ca @57#. In Table V all
states withJ51 are listed together with the values ofS(p,g)
given by

S~p,g!5~2J11!
Gp•Gg

G
~4.2!

with

G5Gp1Gg

and

Gp@Gg

follows

S~p,g!

~2J11!
5Gg . ~4.3!

The parities of the states are unknown in almost all cases
are looking for an upper limit of the proton decay channel,
we assume that allJ51 states between 9 and 10 MeV ha
negative parity.
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The values ofS(p,g) are proportional to the total deca
width Gg of the level which is the sum of all partial deca
widths. We are interested in the electromagnetic excitat
strength from the ground state of the nucleus which is o
related to the ground state decay widthG0. Therefore we had
to take into account the branching of the excited states. S
the branching of 9 of the 13 states with spinJ51 is un-
known, we assumedG0 /Gg51 in those cases—which agai
is the most limiting hypothesis. The adopted values
S(p,g) together with the deduced values forG i→0 and
B(E1)↑ are listed in Table V. As can be seen the upper lim
of the summed ground state decay width of states withJ
51 in 40Ca above 9 MeV isG i→0

est 55.1(19) eV. Together
with our measured values below 9 MeV@~0.5760.09! eV,
see Table IV# this gives an upper limit of G i→0
55.7(20) eV below 10 MeV. In summary, the ratio of th
summedB(E1) strengths in48Ca and 40Ca based on an
upper limit for the proton decay branch in40Ca is still
greater than 2.8, i.e., there is a significant difference in
E1 strength between the two isotopes. Please note that th
the most conservative estimate. Because of the fact tha
doubly magic nucleus40Ca is not at all the pure system
39K1p and branchings to other excited states are very lik
a much higher ratio seems to be more realistic.

4. Possible sources of E1 strength

To explain the difference in the electric dipole streng
distribution is a challenging and interesting task. One qu

TABLE V. Upper limit of the g level width of electric dipole
states in40Ca above 9 MeV. The values forG0 were calculated
under the assumption of40Ca being a pure39K1p system. Where
the branching ratio of the photon channel is unknown—as in m
cases—we assumedG0 /Gg51. This makes an upper limit of the
summed level width above 9 MeV of 5.1~19! eV. The branching
ratios were taken from Ref.@57#. The S(p,g) values are adopted
from Ref. @46#.

Ex S(p,g) G0/G G0 B(E1)↑
@keV# @eV# @eV# @1023 e2 fm2#

9226.7 0.28~11! 0.118~10! 1.1(4)•1022 4.0(15)•1022

9227.4
9429.1 2.8~11! 0 0 0
9432.5
9537.9 0.24~10! <0.08(3) <0.26(10)
9604.6 5~2! <1.67(67) <5.4(22)
9655.6 0.22~9! <0.07(3) <0.22(10)
9785.3 1.0~4! <0.33(13) <1.0(4)
9802.2 0.37~15! <0.12(5) <0.37(15)
9811.1 0.27~11! <0.09(4) <0.27(12)
9829.5 0.8~3! <0.27(10) <0.82(30)
9854.5 1.1~4! <0.37(13) <1.11(39)
9865.2 6~2! 0.73 1.46~49! 4.36~146!
9869.3 3.1~12! 0.45 0.47~18! 1.4~5!

9921.4 0.43~17! <0.14(6) <0.41(18)

( <5.08(191) <19.6(52)
1-8
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DIPOLE AND ELECTRIC QUADRUPOLE EXCITATIONS . . . PHYSICAL REVIEW C 65 034301
tion is if the E1 strength is collective or if the excitation
have a dominant noncoherent particle-hole character. Sev
theoretical studies have been published recently dealing
the low-lying electric dipole strength in neutron-rich nucle
For this low-lying electric dipole strength the notion ‘‘pygm
dipole resonance’’~PDR! has been introduced. Here we u
that name as the picture of an oscillation of a neutron s
against a core built of neutrons and protons for the PDR.
main conclusions of the models are presented here.

One requirement for the oscillation of the neutron sk
against a core that produces the electric dipole strength in
hydrodynamical model is that such a skin indeed builds
This is the case for the neutron-rich calcium isotopes as
been shown with the help of elastic proton scattering@58# in
combination with electron scattering@59#. The data show
that the proton rms-radii vary unsystematically between 3
and 3.42 fm while the extracted neutron rms-radii incre
systematically from 3.42 fm for40Ca to 3.67 fm for48Ca. In
conclusion the thickness of the neutron skin grows fr
about 0.03 fm for40Ca to 0.29 fm for48Ca. The results of an
increasing difference in neutron and proton radii have
cently been confirmed in experiments with antiprotonic
oms @60#.

Speaking in terms of proton and neutron densities
et al. have calculated the thickness of pure neutron matte
calcium isotopes fromA540 to A570 within the Skyrme-
Hartree-Fock model@61#. Their results show that while th
matter density in the exterior region increases with m
number, the proton density in the exterior region decrea
so that the matter density at the surface is more and m
determined by the neutron density. In addition to the gen
trend of growing skin thickness it is argued that shell effe
are not negligible ecspecially in the exterior region of t
neutron density.

One explanation for the difference in the electric dipo
strength of the two calcium isotopes is given within the ph
non damping model~PDM!. Here, the additional strength i
48Ca is caused by noncollective particle-hole transitio
which gain strength from the giant dipole resonance~GDR!
phonon. The GDR is situated at almost the same energ
19.0 MeV in both isotopes with widths ofG55.0 MeV for
40Ca andG56.98 MeV for 48Ca @62,63#. Because of the
different widths the influence on the low energy region m
be different, too. Calculations within the phonon dampi
model~PDM! @64–67# agree quite well with our experimen
tal data for 48Ca. The PDM predicts an exhaustion of th
EWSR of 0.52%@68#, which overestimates our extracte
value by 60%. For40Ca the results show an exhaustion of t
EWSR of 0.2%@69# which is of the same order of magnitud
as the calculation for48Ca, but one order of magnitud
higher than our experimentally extracted value for40Ca. The
significant experimental difference in theE1 strengths, is
therefore not reproduced. It is important to note that the
rameters of the PDM are adjusted to reproduce the g
structure of the GDR while investigations ofg-ray strength
function models show that the extrapolation of the stren
distribution down to energies below the particle thresh
leads to unrealistic high dipole strengths and overestim
the experimental data@70–72#. Because of this fact there ar
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attempts to describe experimental data ofE1 strengths with
modified Lorentzian functions introducing an energy dep
dent damping width or a low-energyEg→0 limit. There an
additional Lorentzian function was added incoherently
lower energies to account for the PDR. Down to appro
mately 6 MeV the latter attempts seem to describe exp
mental data in higher mass nuclei quite well@73#.

A more microscopic view is given within the relativisti
random phase approximation~RRPA! to low-lying dipole
strength in neutron rich oxygen and calcium isotopes@74#.
Escpecially for calcium the calculations predict no dipo
strength below 10 MeV for all isotopes withA,54, which is
in contrast to our experimental findings. Analyzing the stru
ture of the peaks in both the oxygen and theA>54 calcium
isotopes the authors conclude that all states are dominate
single-particle transitions which are almost exclusive
caused by the neutrons in contrast to a coherent superp
tion of particle-hole configurations characterizing collecti
excitations.

Another approach to the low-lying electric dipole streng
is given by Mohanet al. @22#. Their calculations within the
three-fluid hydrodynamical model predict an excitation mo
whose nature is very similar to that of the GDR but deco
pled completely. This predicted excitation form should
observable in nuclei with a high neutron excess, i.e., h
N/Z ratio. The model predicts a shift of the centroid ener
down to lower energies with increasing mass and an incre
ing strength with increasingN/Z ratio. For the Ca isotopes
however, no quantitative prediction exists, and for the cas
208Pb presented in Ref.@22# there is no quantitative agree
ment.

Calculations for the even-even calcium isotopes fro
40Ca to 48Ca using the density functional theory were pe
formed by Chamberset al. @24#. The calculations show ad
ditional broad resonances at low energiesEx,10 MeV in
neutron-rich nuclei. Their nucleonic density variation
found to be an oscillation of the surface neutrons against
inert 40Ca core. The calculations lead to energies of the P
falling from approx. 9.1 MeV for42Ca to 7.6 MeV for48Ca
with low-lying strength for48Ca of about 2% of the EWSR

These examples show that the hydrodynamical mod
describe the behavior of theE1 strength distribution qualita
tively, but differ among each other in the absolute values
the exhaustion of the EWSR. However, the microscopic
proaches fail to describe the differences in the low-lying
pole strength distribution presented here.

D. Candidates for a z2¿‹3À;1À
‹ two phonon state

Up to now, theu21
^ 32;12& two-phonon state is fairly

well established in nuclei withA>100 @3,7,11#. One ques-
tion is whether this state can be observed in the med
mass nuclei40,48Ca at theZ520 shell closure as well. It
could be expected that with the decrease of collectivity of
vibrational phonons the collectivity of the multiphonon exc
tation ceases. From empirical systematics for nuclei w
massA>52 it is possible to point out candidates for th
u21

^ 32;12& two-phonon states in the investigated nucl
At first the excitation energy of the level should be close
1-9
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HARTMANN, ENDERS, MOHR, VOGT, VOLZ, AND ZILGES PHYSICAL REVIEW C65 034301
sum of the two single phonons, which is obvious in the h
monic picture. The second criterion arises from calculatio
of the strength of the two-phonon excitation. In a pure
collective picture the coupling of the two single phono
should induce a dynamic dipole moment proportional to
dynamic quadrupole and octupole deformation parame
b2 andb3 @27, 75–77# via

D520.0065
e2

RN

A

C1
Zb2b3eRN ~4.4!

with RN being the nuclear radius,C1 the asymmetry energy
of the Weizsa¨cker formula, andb2 and b3 symbolizing the
quadrupole and octupole deformation parameters, res
tively. These values are tabulated in the compliations of
man@78# and Spears@79#. Although the properties discusse
above are indicators of a possible two-phonon structure
state, a proof can only be given by observing its decay p
tern. TheB(E1) transition strength of the level is then pr
portional to the square of the dipole moment and the va
B(E1)/D2 is constant. We have to mention here that we u
a newer parameter for the asymmetry energy@80# than @27#
for our calculations of the dipole moments which cause
difference of about 25% in the results.

Turning to the calcium isotopes the situation is as follow
In 40Ca the first 21

1 and 31
2 states can be found at 3904 an

3737 keV, respectively. Therefore with harmonic coupling
the phonons theu21

^ 32;12& state would be expected at a
energy of 7641 keV. We find a 12 state at 6950 keV. Since
this state is the only one with considerable strength~as can
be seen in Fig. 9! we suppose this one to be the candidate
the coupledu21

^ 32;12& two-phonon state.
In 48Ca the first excited states lie at energies ofE(21

1)
53832 keV andE(31

2)54507 keV so that the two-phono
state would be expected at an energy of 8339 keV. O
analysis shows two 12 states that serve as candidates for
two phonon state, one at 7656 keV and another at 7299
Since theE1 level-density is relatively high in this energ
region, mixing between the states is very likely and a stat
pure two-phonon character is not likely to persist.

For the strength-systematics we have the following sit
tion: in 40Ca the quadrupole and octupole deformation
rameters of the first excited vibrational states are given
b250.122(10) andb350.433(36). From this the expecte
dipole moment of the coupled state is calculated to be w
Eq. ~4.4! to 0.023(4)e fm. From the empirical systematic
taking an average value ofB(E1)/D2'5 @81# one would
expect an induced electric dipole strength of about
31023 e2 fm2. We find for the 12 state at 6950 keV a
strength ofB(E1)↑54.2(6)31023 e2 fm2.

For 48Ca the harmonic coupling model predicts a dipo
moment ofD50.012(5)e fm with the deformation param
etersb2 andb3 given by 0.101~17! and 0.23~6!, respectively.
The same consideration as for40Ca leads to an expecte
electric dipole strength of the order of 0.731023 e2 fm2.

The strengths of the candidates in48Ca are B(E1)↑
51.4(1)31023 e2 fm2 for the one at 7656 keV and
B(E1)↑516.5(10)31023 e2 fm2 for the one at 7299 keV
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This makes the former state the best candidate for a1

^ 32 structure. However, as has been pointed out abo
mixing with the state at 7299 keV and other 12 levels
lying closely has to be taken into account. Detailed know
edge about the decay pattern are needed to give a de
conclusion@7#.

E. E2 strength distributions

The measuredE2 strength distribution is shown in Fig
10. The results for40Ca agree nicely with previous data@44#
as can be seen from the comparison of the black and g
bars in the figure. The excitation strength of the first 21

1 state
in 48Ca is also in agreement with literature, whereas
other B(E2) values in this isotope have been measured
the first time.

The lower lines of Table IV contain the summedE2
strengths measured for the two Ca isotopes up to 9.9 M
expressed ine2 fm4, in Weisskopf units~W.u.!, and as per-
centage of the energy-weighted isoscalarE2 sum rule

S~E2!5
25~\c!2~Ze!2

4p A mpc2
^r 2&, ~4.5!

which amounts to about 10310e2 fm4 MeV and 9366e2 fm4

MeV for 40Ca and48Ca, respectively@82#. The electric quad-
rupole strength below 10 MeV excitation energy amounts
332(60)e2 fm4 which corresponds to 8.2~15! W.u. for 40Ca
and to 407(32)e2 fm4 corresponding to 7.9~6! W.u. in 48Ca.
While the summed strength in the two isotopes differs o
on a small scale, the energy-weighted sum rules up to
MeV are exhausted to 20~3!% in 40Ca as compared to
34~3!% in 48Ca. The result for40Ca is in agreement with the
results of Ref.@56# where 24~6!% of the E2-EWSR were

FIG. 10. Electric quadrupole strength distributions for40Ca ~up-
per part! and 48Ca ~lower part!. The strengths of40Ca are compared
to NNDC data@44# which are mainly based on the results by Mor
et al. @53#. Only one disagreement can be seen in theB(E2) distri-
bution of 40Ca, where a transition at 6421 keV has—according
our experimental findings—E1 character instead of theE2 charac-
ter adopted from earlier measurements. The sum of the stren
below 10 MeV is of the same order of magnitude in both nuc
The dotted line shows the sensitivity limit of the measurements
40,48Ca assumingG05G.
1-10
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DIPOLE AND ELECTRIC QUADRUPOLE EXCITATIONS . . . PHYSICAL REVIEW C 65 034301
found, but the inelastic scattering observes considerably
for 48Ca, namely, only 13~7!%.

The fact that the centroid of theE2 strength in40Ca is
both lower and more fragmented than in48Ca indicates that
the N528 shell closure is more stringent than the dou
shell closure atN5Z520. In addition, as has been noted f
the E1 excitations, a fraction of theE2 strength in 40Ca
might escape detection due to proton emission above
MeV.

Continuum-RPA calculations of Kamerdzhievet al. @83#
have investigated theE2 strength distribution in the energ
region of the isoscalar giant quadrupole resonance~IS-GDR!
down to energies below the particle threshold. Due
ground-state correlations, i.e., mixing of the unperturbed
GQR states with complex configurations, the centroid of
IS-GQR is predicted at about 15 MeV, and a strong fragm
tation of the strength is expected. Rough agreement with
predictions of Ref.@83# was found in recent studies usin
coincidence techniques following electron and hadron s
tering @84#. For 40Ca about 10 and 17 % of the EWSR ha
been detected between 11 and 15 MeV for the dominanp0
and a0 channels, respectively. Then0 channel in scattering
from 48Ca carries about 10% of the EWSR between 11 a
14 MeV with further decay channels above 12 MeV whi
have not been taken into account.

Our present results, however, indicate that the EWSR
exhausted at low energies to a level comparable to the re
around the predicted centroid of the IS-GQR, in conflict w
theory. This should lead to a theoretical re-examination
the E2 strength distribution in medium-mass and light n
clei. The low-lyingE2 strength might originate in an eve
lower centroid or stronger fragmentation of the IS-GQR, b
it is also possible that the influence of isovector contributio
at low excitation energies has been underestimated so
The precision of our results demonstrates that photon s
tering experiments are able to provide also valuable inform
tion towards understanding the electric giant quadrupole
sponse in this mass region.

V. CONCLUSIONS AND OUTLOOK

In conclusion we have measured the dipole and elec
quadrupole strength distributions of the two doubly ma
s

er
.
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J.

sl,
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nuclei 40Ca and48Ca with the photon scattering method. W
found candidates for theu21

^ 32;12& two-phonon state in
these two isotopes with the help of empirical systematics
the energy and ground state transition strength. While
summedB(E2) strength below 10 MeV is almost equal
both isotopes, a considerable difference in theB(E1)
strength is found. Unfortunately—limited by our experime
tal setup and the particle emission thresholds of the inve
gated nuclei—we were only able to measure the stren
distributions up to 10 MeV which is a somehow arbitra
energy limit.

None of the theoretical describtions was able to pred
the main experimental findings about theE1 strength distri-
butions in 40Ca and48Ca, and theE2 strength observed ex
perimentally is also unaccounted for by theory so far. T
shows that even doubly magic stable nuclei may pose a c
lenge for model calculations. We hope that the presented
results can help to trigger refinements of the present nuc
structure models.

A systematic investigation of the nuclear structure of
stable even mass calcium isotopes will give more inform
tion on the nature of the excitations. NRF experiments
42Ca and 44Ca are in preparation to see if the addition
electric dipole strength increases withN/Z or if there is a
connection between the GDR parameters and the obse
dipole response. In addition results from (p,p8g) experi-
ments will allow to observe the exact decay pattern of
states.
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