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An exotic beam of''Be at 57-60 MeV/nucleon has been used for a study of the excitation cross section of
the 320 keV first excited state in collisions with targets of Pb, Au, C, and Be. The deexcijatiys were
observed in an array of position-sensitive N&] detectors in coincidence with the scattered fragment. The
reduced transition strengtf&E1) extracted for the heavy targets suggest a predominantly electric excitation
mechanism. Although thB(E1) value is marginally in agreement with that obtained from the lifetime of the
state, the deviation is of the size expected from higher-order Coulomb and nuclear effects. Excitations on the
lighter targets have sizable nuclear contributidi®0556-281®7)50307-4

PACS numbd(s): 27.20+n, 25.60-t, 25.70.De

The nucleus!!Be has only two bound states, the 1/2 nuclear excitation even beyond distances normally consid-
ground state and the I72excited statd1,2], both neutron ered “safe” in Coulomb excitation experiments. However,
halo states with root-mean-square radii of approximately %he first such experimer8] in which a 'Be beam bom-
fm. Millener et al.[1], who were the first to realize the spe- barded a lead target produced an excitation cross section of
cial character of this system, measured the lifetime of thel91(26) mb at 43 MeV/nucleon, only 40% of the expected
excited state with a Doppler-shift technique and found it tovalue for pure Coulomb excitation at this energy. This reduc-
be 16615) fs corresponding to 8(E1) value of 0.11612) tion is well beyond what could be expected from higher-
e? fm2. This makes it the fastest knowll transition be- order effects that are predicted to be on the order of 10—20 %
tween bound states in nuclei and suggedBe as an attrac- [3—6]. We report here a new experiment in which both heavy
tive test case for Coulomb excitation with a radioactiveand light targetslead, gold, carbon, and berylliynwere
beam. There is also the possibility that more subtle effectstudied in order to obtain additional information on the vari-
will appear when reduced transition matrix elements fromous contributions to the cross section that scale differently
lifetime measurements are compared with the ones deducedth Z and A. Our measured cross sections for the heavy
from cross sections for inelastic scattering. The Coulomhargets agree with a very recent experiment with a lead target
transition amplitude approaches unity at small impact paramearried out at the same energy by Nakameiral. [7].
eters so that first-order perturbation theory may no longer be An 80 MeV/nucleon'®0 beam from the K1200 cyclotron
valid, and the extended halo wave functions may lead tat the National Superconducting Cyclotron Laboratory irra-

diated a 884 mgl/chtarget of °Be located at the mid-
acceptance target position of the A1200 fragment separator
*Present address: Department of Physics, Florida State Univef8]. The energy spread of the resultifgBe fragments was

sity, Tallahassee, FL 32306. limited to =1% with an aperture and separation of the beam
"Present address: Ludwig Maximilians Universitdliinchen,  fragments was obtained by placing an achromatic wedge
D-85748 Garching, Germany. (*"Al, 425 mgl/cn?) at the second dispersive image of the
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FIG. 1. Gamma energy spectra for 60 MeV/nuclédBe beams incident on four different targets. The events have been corrected for the
Doppler shift. The 320 keV gamma ray corresponding to%ﬁe#—zL+ transition in 1'Be is clearly seen in all cases. The bin size for the
beryllium target is 10 keV, whereas that for the other spectra is 5 keV.

A1200. Three different fragment species were observed anergy and time resolution in the zero-degree detector al-
the focal plane of the A1200Li, 'Be, and'®B with rela- lowed an unambiguous isotopic identification of the frag-
tive intensities of 1%, 20%, and 79%, respectively. The threenents. The secondary target was surrounded by an array of
groups were spatially well separated, and a very pdBe 38 position sensitive N&T1) detectors arranged in three con-
secondary beam could have been produced with the moveentric rings around the target and shielded from background
able slits located at the exit of the A1200 fragment separatohotons by 16.5 cm thick walls of low-background lead. In
However, the counting rate was not a limiting factor, and thethjs series of measurements four different secondary targets
fragment identification was unambiguous allowing us to[ 208 (g0 mg/cnd), ¥Au (533 mg/cnd), "C (411 mg/
study two other reactions in parallel. The average energy m?), °Be (195 mg/cmi)] were used to excite the projectiles.
the incoming *'Be particles was 59.7 MeV/nucleon. The A more detailed description of the experimental setup and
time-of-flight was measured on an event-by-event basis ovegnalysis procedures can be found in Réf0—13, which

the approximately 30 m long flight path from a thin fast 3|50 illustrate the Doppler-shift correction technique.

plaStiC scintillator located after the exit of the A1200 to the The Doppler-corrected_ray energy Spectra, recorded un-
zero-degree detector. After passing through swyp position  der the condition that &'Be fragment was detected in the
sensitive parallel-plate avalanche counté?®AQ [9], the  zero degree detector, are shown in Fig. 1. The photopeaks
beam impinged on the secondary target. The scattered ioRgntered around g-ray energy of 320 keV in the projectile
then passed through a thixdy position sensitive PPAC be- frame (B~0.34—corresponding to thé ~—1* transition

fore they were stopped in the zero-degree detector, whicly, the 11Be projectile—are clearly visible for all targets. The
consisted.of a fast-slow plastic phoswich detector. This depgyy energy of they ray leads to a substantial absorption in
tector defines a half-cone opening angletgf,<3.8°. The  the thick gold target, which was calculated using the absorp-
) ) ) tion coefficients of Ref[14] taking the energy dependence
TABLE |. Measured cross sections féiBe with a scattering o the ahsorption coefficient caused by the Doppler shift into

angle of less than 3.8° in the laboratory frame, with statistical and, .. ,nt The angular distribution is isotropic in the projectile
systematic errors, the latter arising mainly from the efficiency call-rest frame for %7_>;+ transition. The calculated transmis-
5 .

bratlon and the absorption corrections. The beam energy refers tsoIon probabilities are for the gold target 57%, for #8Pb
the midplane of the target.

target 87%, for the carbon target 84%, and for the beryllium
target 92% .

Target Thickness Beam energy o(60,,p<3.8°) B(E1) Ty 1o o . . .
[mg/cn?]  [MeV/nucleor [mb] [e2fm?] The 3 —3 excitation cross sections given in Table |
were obtained from the efficiency-corrected gamma-ray
208pp 80 59.4 30410+33 0.09411) yields normalized to the number of beam particles detected
S/ 533 57.6 2447+24  0.0798) in the zero-degree detector. These, in principle, reflect the
naic 411 56.7 4.60.2+0.5 acceptance of the experiment, but are most likely close to the
%Be 195 58.4 1.70.2+0.4 total cross sections for this channel. Noting that a description

in terms of a classical impact parameter is valid at the ener-
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and nuclear contributions scale approximately Zts and
adopted A3, respectively. TheB(E1) values found from the heavy
e target data lead to Coulomb cross sections of 0.9(Inipyl-
I % % Pb 4w lium) and 1.9 mb(carbon. An estimate of the nuclear cross
o010 — % sections was obtained with an eikonal model similar to that
} of Ref.[16], which used Woods-Saxon single-particle wave
{ functions to obtain the transition amplitude from thg, to
i the p4/, state. With an additional factor of 0.7 to correct for
0.05|— @ the single-particle occupancy of the two states, we arrive at
i an estimate of approximately 2.5 mb for the two nuclear
MSU RIKEN CANIL cross sections(This method is not valid for the heavy tar-
Lifetime Coulomb Excitation gets, which have a diameter much larger than the decay
0.00 length of the halo wave functionThus, with possible inter-
FIG. 2. Comparison oB(E1) values obtained from three mea- ference effects neglected, the total estimates for the excita-
surements of the lifetime of the 320 keV excited stite?] and tion cross sections on carbon and beryllium come out to be

from the three Coulomb excitation experiments carried out aS-4 Mb and 4.4 mb, respectively, in qualitative agreement

57-60 (this experiment 64 MeV/nucleon[7], and 43 Mev/ With the measured values of 1.7 mb and 4.0 mb.

nucleon[3], respectively, from left to right. The solid symbols rep- ~ As an aside one can compare the relative sizes of the

resent the present data and the error bars include both statistical af@ulomb and nuclear cross sections for excitations to the

systematic errors. bound state discussed here with the excitation't&e to
continuum states ofi+'%Be in reactions with a Be target.

gies discussed here, we find for the two heavy tar(gatd There (albeit at a slightly different energy of 41 MeV/
and lead that the Rutherford trajectories correspond to dis-nucleon the calculated Coulomb cross sectid7] is about
tances of closest approach of approximately 11.5 fm. Thig mb to the continuump states and the corresponding
distance is about 2 fm larger than the sum of the target—corBuclear cross section is relatively much larger, about 180 mb
nuclear interaction radii and hence corresponds to a situatioifi agreement with the experimefit7].
where nuclear contributions are normally considered to be The question is now whether the cross sections for the
small. (This, of course, is the rationale behind the chosertwo heavy targets are influenced by mechanisms other than
dimension of the zero-degree detecdtddowever, since the the first-order Coulomb excitation used for translating the
halo wave function of''Be extends beyond the nuclear sur- cross sections into the reducdgll transition probability
face with a characteristic decay length of 7 fm, appreciabl@iven in Table I. This problem has been considered by sev-
nuclear contributions are possible. Thisaidortiori true for  eral authorg3,4,6] in connection with the GANIL experi-
the light targets, beryllium and carbon, for which there is noment with the small reported cross section at 43 MeV/
direct selection of the impact parameter and for which scathucleon[3]. One possible contribution would be higher-
tering through larger angles cannot be excluded directly. Werder electromagnetic effects that couple the excited state to
assume in the following that this effect is small because colthe continuum. A coupled-channels calculation by Bertulani
lisions between the light targets and tHBe core, both frag- et al.[6] found that this leads to a 4% reduction in the cross
ile systems, will lead to fragmentation at distances smallesection. Another method is to evaluate the transition prob-
than the sum of the two interaction radii. ability in the sudden approximation, which allows the exci-
We discuss the results of Table I by proceeding from theation amplitude to be evaluated to all orders. Comparison of
main effects towards the smaller and more uncertain contrithis result with that obtained with the corresponding first-
butions. For the heavy targetgold and leajithe dominant order term gives the magnitudes of the reduction of the cross
contribution clearly is Coulomb excitation. The relativistic section, which were found to be 6—11 % by Typel and Baur
theory of Winther and Aldef15], leading to theB(E1) val-  [4] and 8% by Anneet al. [3]. The effects should decrease
ues given in Table I, is based on first-order perturbatiorwith increasing beam energy. Nuclear interactions were
theory in a semiclassical model which includes a lowestfound to be very small in a modgb] that considered collec-
order correction for the deviation from a straight-line trajec-tive monopole and quadrupole excitation modes, but the
tory. This correction amounts to less than 2% of the crossnain effect is presumably the nuclear interaction of the halo
section for the heavy targets, so the calculation should bwith the target, which has a strong dipole component. An
very reliable. In Fig. 2 thé8(E1) values are compared with evaluation in a mod€l3] based on the interaction of a black
those from previous measurements of the lifeti@gl] and  disc with the halo wave function suggested another reduction
of inelastic excitation cross sectiof3,7]. Our results con- by 8%. All the estimates are consistent with a 10—20 % re-
firm the recent RIKEN result and agree, at least marginallyduction in the effectivé3(E1) value at 43 MeV/nucleon. The
with the lifetime measurements and seem to exclude thbigher-order Coulomb corrections are expected to decrease
small B(E1) value from the GANIL experiment. Below we with increasing beam energy.
shall return to the question of whether Coulomb contribu- At the larger energy of this experiment the ratio of the
tions beyond perturbation theory and nuclear interactionsveighted average dB(E1) values from the three Coulomb
might affect the measured cross sections. excitation measurements carried out at the same erfargy
The nuclear interaction becomes much more important foleaving out the result df3]) to the average obtained from the
the two light targetgberyllium and carbonas the Coulomb lifetime measurements is 0.Z0.09. Although this is sug-

0.15—

B(E1) (e*tm®)
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gestive of a larger reduction in cross section than calculatedihe results for the light targets help to assess the non-
the experimental data available are consistent with theoretiCoulomb contributions to the cross section.
cal predictions. More precise experiments that can differen-

tiate between first-order Coulomb effects and other contribu- This work was supported by the National Science Foun-
tions are required to elucidate the importance of the latterdation under Grant No. PHY-95-28844.
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