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Detailed experimental study on intermediate-energy Coulomb excitation of46Ar
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Intermediate-energy Coulomb excitation is a key method to investigate collectivity in exotic nuclei far from
b stability. We report on the measurement of the absoluteB(E2;01

1→21
1) excitation strength in46Ar for five

different minimum impact parameters. Our findings underline the validity, feasibility, and perspective of this
technique for the study of exotic nuclei also in the regime of higher beam energy.

DOI: 10.1103/PhysRevC.68.014302 PACS number~s!: 25.70.De, 27.40.1z
e
p
n
et
le
as

Th
e

ve
i

in

t
r
te
th
r

te
r t
th
ro

ion

u-
m
on
ry

re
ed
t the

ith

t
900
e
the

t

for
en

ral
igh
-by-

nd
cy

the
r in-
ing

the

ted
ty

a

I. INTRODUCTION

Coulomb excitation is a well established and widely us
experimental technique to explore nuclear structure es
cially under the aspect of quadrupole collectivity in eve
even nuclei@1–3#. In the dawn of this method stable targ
nuclei were excited in the Coulomb field of impinging stab
heavy-ion beams at ‘‘safe’’ sub-barrier energies. In the l
decade properties of nuclei beyond the valley ofb stability
merged into the focus of nuclear structure research.
availability of high-energy exotic beams prompted the dev
opment of intermediate-energy Coulomb excitation as
probe to investigate hardly accessible nuclear species
far from stability @4,5#. In inverse kinematics exotic nucle
are scattered off stable high-Z targets and are detected
coincidence with the deexcitationg rays tagging the inelastic
process~see, for example, Refs.@5–7#!.

While beam energiesbelow the Coulomb barrier preven
nuclear contributions to the excitation process, periphe
collisions have to be selected in the regime of intermedia
energy Coulomb excitation to ensure the dominance of
electromagnetic interaction. This can be accomplished by
stricting the analysis to events at extremely forward scat
ing angles, corresponding to large impact parameters. Fo
first time we present a detailed experimental study of
interplay between impact parameters, angle-integrated c
sections and resultingB(E2;01

1→21
1) excitation strengths

in the framework of intermediate-energy Coulomb excitat
of 46Ar.

The B(E2↑) value of the short-lived (T1/257.8 s)
nucleus46Ar was first studied via intermediate-energy Co
lomb excitation46Ar1 197Au at an average mid-target bea
energy of 35 MeV/nucleon provided by the K1200 cyclotr
at the National Superconducting Cyclotron Laborato
~NSCL! at the Michigan State University in 1996@8#. A
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position-sensitive NaI~Tl! detector array@4,9# was used for
the detection of theg rays while the scattered particles we
measured using a phoswich plastic scintillator with fix
opening angle. The present experiment was performed a
NSCL’s new Coupled Cyclotron Facility~CCF! at higher
beam energy~73 MeV/nucleon midtarget! using an array of
highly segmented germanium detectors in combination w
a high-resolution magnetic spectrograph.

II. EXPERIMENT

The 76.4 MeV/nucleon secondary beam46Ar was ob-
tained by fragmentation of 110 MeV/nucleon48Ca primary
beam impinging on a 376 mg/cm2 9Be fragmentation targe
located at the midacceptance target position of the A1
fragment separator@10#. The total momentum acceptanc
was reduced to 0.5% to provide a good separation of
46Ar fragments resulting in a purity of about 99%.

The secondary 209(4) mg/cm2 197Au target was placed a
the target position of the S800 spectrograph@11# and sur-
rounded by SeGA~segmented germanium array!, the largest
operational highly-segmented germanium detector array
in-beamg-ray spectroscopy with fast exotic beams. Fifte
32-fold segmented HPGe detectors@12# were arranged at a
distance of 20 cm from the target in two rings with cent
angles of 90° and 37° relative to the beam axis. The h
degree of segmentation allowed for an accurate event
event Doppler reconstruction of theg rays emitted in flight.
The configuration with eight detectors in the 90° ring a
seven in the 37° ring provided a total photo-peak efficien
of 2.0% at 1.33 MeVg-ray energy.GEANT3 @13# simulations
successfully modeled the efficiency determined with
sources at rest and provided the detector response fo
beam data by taking into account the Doppler shifts aris
from the velocity of the recoils at the moment of theg-ray
emission. The detector efficiency was also folded with
g-ray angular distribution@3,19# in the projectile frame to
determine the photopeak efficiency for a photon emit
from the Coulomb-excited projectile. In total, an uncertain
of 5% is assumed for theg-ray efficiency. Figure 1 shows
theg spectrum detected with SeGA in coincidence with46Ar
fragments. The energy of the 21

1 E(21
1)51555(9) keV state
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is, by significantly reduced uncertainty, in good agreem
with the value determined in the previous Coulom
excitation measurementE(21

1)51554(26) keV@8#, and also
agrees withE(21

1)51550 keV observed following the frag
mentation of48Ca@14#. However, there is a discrepancy wi
E(21

1)51577(1) keV quoted for46Ar in a heavy-ion multi-
nucleon transfer experiment@15#.

The particle identification and the determination of t
scattering angle off the Au target were performed with
focal plane detector system of the high-resolution S800 sp
trograph@11,16#. The energy loss in the S800 ion chamb
and time-of-flight information taken between a bea
monitoring scintillator located in the A1900 extended foc
plane and the scintillators in the spectrograph’s focal pl
were employed to unambiguously identify the reaction re
dues behind the gold target. The spectrograph was oper
in focus mode, where the46Ar radioactive beam was mo
mentum focused onto the reaction target. The two positi
sensitive cathode readout drift counters of the S800 fo
plane detector system in conjunction with the optics co
COSY @17# served to reconstruct the scattering angle on
event-by-event basis. In Fig. 2 the scattering angle spect
the laboratory system are displayed. Given is the numbe
particles scattered into the annual solid angle segm
DV(u)52p sinuDu, whereDu is the width of the angle bin
~see Fig. 2 inset, upper panel!.

Applying gates$0°,umax% on the scattering angle spe
trum enabled the determination of angle-integrated cross
tions s for different maximum scattering anglesumax. We
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FIG. 1. Background-subtractedg-ray spectra observed in th
laboratory system~lower panel! and event by event Doppler recon
structed in the projectile frame~upper panel!. The two Doppler-
broadened bumps in the laboratory system correspond to the d
tion of the 21

1→01
1 1555 keV transition of46Ar in the 90° ring and

the 37° ring of SeGA, respectively.
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used five differentu lab
max: 1.9°, 2.2°, 2.5°, 2.7°, and 2.9°

Our choice ofumax led to integrated cross sections betwe
32 and 68 mb~see the upper panel of Fig. 3!. The accuracy
of the reconstructed scattering angle is assumed to be 0
in the laboratory system limited by the angle resolution

ec-
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FIG. 2. Number of particles scattered into the annular so
angle segmentDV(u)52p sinuDu with bin width Du50.004°
~upper panel! and 0.19°~lower panel!. The scattering angle of46Ar
is event-by-event reconstructed in the S800 spectrograph. In
lower panel, an additional gate is applied on the 21

1→01
1 g-ray

transition of 46Ar ~background subtracted!.
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FIG. 3. Measured angle-integrated Coulomb excitation cr
sections and deduced absoluteB(E2↑) excitation strengths deter
mined following the Winther/Alder theory of relativistic Coulom
excitation@19#.
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TABLE I. Experimental parameters and results.

0°2u lab
max 0°21.9° 0°22.2° 0°22.5° 0°22.7° 0°22.9°

E(46Ar) midtarget~MeV/nucleon! 73.2
46Ar beam purity~%! >99
Target 197Au (mg/cm2) 209
Typical intensity on target~kHz! 13
Total run time~h! '9
Integrated cross sections ~mb! 32~5! 43~6! 53~7! 60~8! 68~8!

bmin ~fm! 18.8 16.2 14.3 13.2 12.3
Rint ~fm! 13.3
B(E2;01

1→21
1)(e2 fm4) 226~43!a 227~39! 220~35! 218~31! 212~30!

AdoptedB(E2↑)(e2 fm4) 218~31!

B(E2↑)(e2 fm4) from Ref. @8# 196~39!

aB(E2) at bmin5Rint .
s
nt

m
in
-
e

on

i-
g

the

-

s-
for

in-

ad

he

eg-
eri-

cita-
if-
dif-

ted
in
am
of
y-
x-
e
.S.

L
ty

by
Y-
the focal plane of60.06° @16# and systematic uncertaintie
attributed to the reconstruction procedure. The experime
parameters and results are summarized in Table I.

III. DISCUSSION

The Coulomb interaction is generally assumed to do
nate in heavy-ion scattering processes whenever the m
mum impact parameterbmin is larger than the electromag
netic interaction radiusRint . For the present discussion w
refer to the definition ofRint following Wilcke et al. @18#:

Rint5Ct1Cp14.492
Cp1Ct

6.35
~ fm!, ~1!

Ci5Ri~121/Ri
2!, i 5t,p, ~2!

Ri51.28Ai
1/320.7610.8Ai

21/3, ~3!

with the nuclear radiusRi for a homogeneous~sharp! mass
distribution, the nuclear radiusCi for a diffuse Fermi mass
distribution, and the mass numberAi for the targett and
projectile p, respectively. For the beam-target combinati
employed in the present experiment,Rint equals 13.3 fm. In
the framework of relativistic Coulomb excitation the min
mum impact parameterbmin and the maximum scatterin
angle in the center-of-mass system,uc.m.

max are related by@19,4#

bmin5
a

g
cot~uc.m.

max/2!, ~4!

with

a5
ZprojZtare

2

m0c2b2
, ~5!

g51/A12b2, b5v/c, ~6!

andm0 the reduced mass of the projectile-target system.
01430
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The experimentally accessible observable to pinpoint
minimum impact parameterbmin is obviously the maximum
scattering angleumax. Using the theory of relativistic Cou
lomb excitation@19#, we determined absoluteB(E2↑) values
from the measured angle-integrated cross sections~see lower
panel of Fig. 3!. The uncertainty in the scattering angle tran
lates into a systematic error of 10%, 9%, 8%, 7%, and 7%
the B(E2↑) values determined foru lab

max:1.9°, 2.2°, 2.5°,
2.7°, and 2.9°, respectively, and is included in the uncerta
ties quoted in Fig. 3 and Table I.

We found theB(E2) strength to be constant over a bro
range of impact parameters, 18.8 fm> bmin >12.3 fm with
Rint513.3 fm. Coupled channel calculations employing t
codeECIS @20# ~optical model potential from Ref.@21#! veri-
fied that the nuclear contribution to the cross sections is n
ligible in the angular range covered by the present exp
ment.

IV. SUMMARY

The absoluteB(E2;01
1→21

1) excitation strength in46Ar
has been measured in intermediate-energy Coulomb ex
tion at 73 MeV/nucleon mid-target beam energy for five d
ferent maximum scattering angles corresponding to five
ferent minimum impact parameters.

For all selected maximum scattering angles, we extrac
B(E2) values which are consistent with each other and
agreement with a previous result obtained at a lower be
energy @8#. This proves the robustness of the analysis
intermediate-energy Coulomb excitation, making it a ke
method for the investigation of exotic isotopes. Coulomb e
citation will be particularly interesting for experiments at th
rare-isotope facilities planned in Europe, Japan, and the U
in their quest to further reach out towards the drip lines.
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