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Two-proton spectroscopy of low-lying states in’Ne
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The decay of the first two excited states 'BNe (I7= %’, %’) has been studied via intermediate energy
Coulomb excitation of a radioactiv€Ne beam on a®°’Au target using a particle detector setup allowing a
kinematically complete detection of the reaction products. Despite the first excited state being bound to single
proton emission but unbound with respect to two proton emission, no evidence for a simultaneous two proton
decay competing with the knowry decay of the%’ state could be observed. Ttﬁe’ state decays via
sequential two-proton emission to the ground staté®af. The transition matrix eIemenB(EZ,%’H%’)
=66'12 e?fm* and B(E2,3 ™ — 3 ) =124(18k?fm* have been deduced. From the nonobservation of the
simultaneous two-proton emission of the state a lifetime limitr,,>26 ps could be deduced in agreement
with recent theoretical calculations.
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[. INTRODUCTION emission of one proton but unstable against the emission of
two protons. However, until recently none of these experi-
The proton dripline represents one of the fundamentaments, such as the breakup BBe [4] and %0 [5,6] or
limits for the existence of nuclei. Nuclei beyond the proton 8-delayed two-proton emissiorig], could rule out the se-
dripline are energetically unstable with respect to the emisquential decay mode via excited states in the intermediate
sion of a proton. Proton decaysr proton radioactivitycan  nuclei. Apparently in all cases where it is energetically fa-
be also observed in nuclei which are particle stable, if thevored the decay will entirely proceed via the intermediate
emission of the proton occurs from an excited or isomericstates, as illustrated by theequential 2p decay of the 2
state. Lifetime measurements of proton emitters grant accessate in*“O through the first excited state N (1/2") [8].
to detailed spectroscopic information. In contrast to the situThe first identification of the two-proton decay mode was
ation of @ emitters, the proton decay does not contain theachieved in a recently reported experiment, where evidence
complication of a preformation factor. Thus the lifetime of a for a simultaneous emission of two protons from a resonance
proton emitter depends on the spectroscopic factor togethép !®Ne was observefd].
with the nuclear potential built up by the nuclear, the Cou- The proton dripline nucleus'’/Ne represents another
lomb, and the centrifugal barrier. The centrifugal barrierPromising candidate for a simultaneous two-proton emitter.
gives a strond dependence to the lifetime and thus provides 'Ne is particle stable in the ground state, while the first
information on the single particle state occupied by the emit€xcited identified stateJ('=3",E* =1.288 MeV [10)) is
ted proton[1]. bound by 169 keV with respect t_o the emission of_one proton
The availability of radioactive beam facilities opened up aPut unbound by 344 keV relative to the emission of two
way to investigate two-proton decay modes. Already in 196(protons[11]. Therefore this s.tat_e can potentially decay via a
Goldansky[2] predicted the existence of a two-proton decaySimultaneous two-proton emission to the ground stat®of
mode which might be observable in nuclei beyond or closéince the lowest states in the intermediate nuci&#sare
to the proton dripline. The two-proton decay might proceeo?nergetmally located well above the first excited state in

via two possible mechanism8]: a sequential @ decay, Ne and their widths are too smal=@40 keV) for a se-

where two protons are emitted sequentially via an intermeduential decay via their tailsl1] (see Fig. 1. However, the
diate state, and a simultaneous @ecay, where nénarrow) tV\_/o-proton decay from the first excited ;te;te has t_o compete
intermediate state is involved in the decay process. The sWith the y decay to the ground state itfNe, while the
multaneous decay may proceed via an uncorreléemo- higher-lying excllted ste_ltes in Ne will decay sequen.nallly
cratic”) emission of two protons, or a correlatéttlipro-  through states in the intermediate nuclet¥. Thus it is
ton”) emission, where @He cluster with strong proton- Necessary to combing spectroscopic information with two-
proton correlations is emitted. The democratic decay mighProton spectroscopy to extract the excitation and decay prop-
be associated with the sequential decay through a very brodities of the low-lying states ifNe. They decay of the first
intermediate state. excited3 ~ state has been observed in Réf2] with a cross
Since its prediction, many experiments were aimed at th6ection of gex,3-=12.0"35 mb, thus exhausting only
identification of a simultaneous two-proton emission in oneabout half of the excitation cross section of,..= 28
of the rare situations, where a nucleus is stable against the 6 mb theoretically predicted using the virtual photon
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matically complete detection of all reaction products following the
FIG. 1. Level scheme of the low-lying states ifNe, °F, and  intermediate energy Coulomb excitation BNe. The!’Ne projec-
15%0. From the first excited state itfNe an open decay channel for tiles were identified via a time-of-flight measurement and tracked in
a simultaneous 2 decay exists, which is in competition with the  two cathode readout drift chambe&GRDC). The reaction products
decay back to the ground state ifNe. following the decay of the excited projectiles were detected in a
multiple stage particle telescope, consisting of fourfold segmented
method for intermediate energies following REf3]. This  PIN diodes, double sided silicon strip detectors, and an array of Csl
difference could either be due to an overprediction of thecrystals(for details see text
B(E2) values calculated within the shell model approach

[12] or be interpreted as an indication for a strong potentiaheousw identify and track heavy and light reaction products.
simultaneous @ decay branch. This served as a motivationT, fourfold segmented PIN diodggach 500 xm thick)

for the present experiment designed for a direct search of @Qere used for aAE measurement in front of a 1-mm-thick
potential two-proton decay branch. While this measurement, | 1o sided silicon strip detectédSSD used for the re-

Eﬁ]naﬁfridv:/?tfr?rtrﬂ:“og c;r;ttrgifodeC?gSETES?SSﬁZZgZHafg?rtr;]'econstruction of the patrticle trajectories. Three subsequently
. Y SP Py placed fourfold segmented PIN diodes with an integral thick-
extraction of transition probabilities.
ness of 2 mm were used to stop th® fragments. The sum
of their energy loss signals was used as an energy measure-
ment of the 0 reaction products. The use of segmented

The experiment was performed at the National SuperconPIN diodes allowed us to accept the maximum available
ducting Cyclotron Laboratory at Michigan State University. beam current. land would then be detected in a second
The radioactive'’Ne beam with 58.7 MeV/nucleon was pro- 1-mm-thick DSSD and finally stopped in an array consisting
duced in a fragmentation reaction of a 100 MeV/nucleonof 6X6 Csl crystals (1.X1.7X5 cm) read out by photo-
20Ne primary beam bombarding a 790 mgfciBe target.  diodes. The second DSSD was used for the energy loss mea-

The secondary beam was selected using the A1200 fraggurement and for the tracking of the outgoing protons. In
ment separatof14]. In the second dispersive intermediate addition the signal of the first DSSD was split and fed into
focus an achromatic plastic wedge equivalent tobranches with two different gain settings. The low gain set-
233 mg/cm Al was used to further purify the beam. The ting was used to detect th€O reaction products, while the
purity of the 2’Ne beam achieved at the focal plane washigh gain setting allowed for a second position measurement
limited to 7.5% with 1°0 as the dominant contamination of the protons. The first DSSD was placed 12.5 cm, the sec-
(85%). Thus the largest beam contamination was identicabnd one 18.3 cm behind the target. Since the Csl array had a
with the reaction product to be identified. By using the Wiendistance of 53 cm from the target, the individual Csl crystals
filter of the Reaction Product Mass Separat@PMS [15]  were covering an opening angle 6&1.7°. Thus three po-
the secondary beam was further purified=t®0% of 1’Ne.  sition measurements behind the target could be used to de-
The available beam intensity was up to 20 000 particles/s. Itermine the interaction point in the target complementary to
order to reconstruct the decay energy spectrum in the centete tracking of the incoming beam with the CRDC detectors.
of mass system it was necessary to measure the energies ahae “backward tracking” of the protons could also be used
the trajectories of all reaction products. to determine the breakup position of the projectiles along the

Figure 2 shows a schematic drawing of the detector setugbeam axis as will be discussed later.

The *'Ne particles were identified event by event by time of  The particle telescope was calibrated using secondary
flight measurements with respect to a plastic scintillatoroeams at several energies produced by the same primary
=40 m upstream of the target. Two position sensitive cathbeam ?°Ne that was used for the production of tHé&Ne

ode readout drift chambe(€RDC[16]) were placed in front beam. The degrader wedge between the dipoles of the frag-
of the target to track the incoming/Ne beam, which then ment separator was removed providing a variety of isotopes
impinged on a 112-mg/cfrthick 1°’Au target. The reaction for the energy calibration of the fragment detectors, spanning
products(predominantly*®0 and protonswere identified in  the whole energy range of interest. The calibration of the

a multiple stack particle telescope, designed to simultaproton detectors was performed using protons produced in

Il. EXPERIMENTAL SETUP AND PROCEDURE
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FIG. 3. Time-of-flight spectra: In pane{a) and(b) the time-of- le e
flight spectrum is shown gated on events in the first PIN diode 20 100 200 300 400 500 600 700
(PIN2). Part(a) shows the spectrum gated on down-scaled single Egyw (PIN1,PIN2,DSSD1) [MeV]

events still containing a remaining contaminant'é®, while part

(b) displays the same spectrum gated on coincidences between frag- FIG. 4. Identification of the®O reaction products. The energy

ments and protons. For each trigger ty@mincidences, down- loss in the first PIN diodé€PIN1) is plotted versus the sum of the

scaled singlesthe time-of-flight gate on incoming’Ne projectiles ~ energy deposited in the first three detectd?8N1, PIN2, DSSD1

was derived from the corresponding spectra. The component corresponding to theD reaction products origi-

nating from the target could be identified at the expected position

the same way with different magnet settings for the fragmentmarked by the dashed rectangléhe dotted rectangle corresponds

separator. to events, where thé7|\_le_ breaks up in the first PIN diode. The
A maximum current of 60 pnA for théNe primary beam dominant strl_Jctur_e visible around\E_~ 105 MeV repres_ents

resulted in a maximunt’Ne beam intensity of  1* pps. breakupt_realc;ﬂlons |n_th$|detector material and the contribution from

Data were taken for about 85 h and a total of X2%' nonreacting™ive projecties.

events were recorded. Trigger conditions required either a ) ) ) . )

coincidence between a signal in the first PIN diode and in thd°!lowing Sec. 1l B) allowing us to identify the event signa-

Csl array or a singles signal in the first PIN diode, scaledUré originating from target reactions.
down by a factor of 300. In order to identify the protons emitted after the breakup

of 'Ne, the energy loss of the light ejectiles was measured
in the second DSSIMDSSD2, while their total energy was

ll. DATA ANALYSIS registered in the Csl array. Figure 5 demonstrates the identi-
fication of two-proton hits. The figure shows the sum of the

A. Identification of the reaction channel - .
energy loss signals in the second DSSYE(,,) versus the

The 'Ne projectiles were identified by time-of-flight
measurements between the timing scintillator and the first
PIN diode(PIN1) as described above. FiguréaBshows the
measured time-of-flight spectrum for singles events regis-
tered with PIN1. The!’Ne projectiles can easily be separated
from the remaining®®O contamination. Figure (B) shows
the time-of-flight spectrum for fragment-proton coincidence
events, thus suppressing theO contribution.

The identification of the*>0 reaction products is demon-
strated in Fig. 4, via a\E-E measurement. The dominant
structure visible around E~105 MeV represents breakup
reactions in the detector material as well as the contribution
from nonreacting'Ne projectiles.*®O fragments originating iy
from reactions in the target can be identified according to miii e e Sl
their energy loss as indicated by the small dashed rectangle. 50 100 150 200 250

However, this condition alone cannot serve as a clean Eg,u(Csl) [MeV]
identification of reactions in the target, since breakup reac-
tions in the first PIN diode produce a large backgroundA
within the area surro_unded by the doFted rectangle, _W_h'd?:idence with'’Ne projectiles in the entrance channel and with the
overlaps with the region wher€0 reaction products origi- igentification of 1°0 reaction products. Three bands can be identi-
nating from the target are expected. The extension of th@eq the most intense one corresponding to single proton events. At
AE-E conditions is determined by the momentum spread ofyice the values forAEs,y and Eguy the 2p band is visible,
the beam oA P/P=3% and by the straggling of the energy marked by the dashed polygon. A third band located in between the
loss in the target and in PIN1, respectively. Only due to theirst two corresponds to events in which two protons were detected
tracking capabilities of the present experimental setup an ada the DSSD, but only one in the Csl array, which was covering a
ditional selection criterion can be derivéas discussed in the narrower opening angle.

-
o

A Eg,, (DSSD2) [MeV]

- N W A~ 1O N O ©

FIG. 5. Plotted is the sum of the energy loss in the second DSSD
Esum versus the energy deposited in the Csl affay, in coin-
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FIG. 7. This sketch demonstrates the principle of the drift ellip-
soid method used to determine the interaction point in the target as
L T described in the main text. In order to determine the properties of

20 40 60 80 100 120 140 20 40 60 80 100 120 140 the incoming'’Ne singles events were used, where the projectiles
Esuu(Csl) [MeV] Esuu(Csl) [MeV] did not react in the target and followed a straight path as indicated

FIG. 6. The two panels show theE-E spectra for each of the bY the solid line. The knowledge about the beam propefiies the
two protons detected in one event, revealing bands comparable {§/ation between projectile position and slppeuld then be used to
the proton band marked in Fig. 5. The dashed polygons mark théecgpstruct the target pgsnlon of the deflected particle with only one
analysis conditions used for the identification of the individual pro-POSition measurement in front of the target.
tons in one event.

from nonreacting!’Ne were used for the determination of

sum energy deposited in the Csl arrd(y,) for events in the beam properties,_represente_d_ by the straight !ine in Fig. 7.
coincidence with identified®O fragments. It is possible to For thgse events th_ewandy positions measured in t_he two
identify an intense band corresponding to proton sigtials CRDCTQ' were consldered together with thandy positions
beled withp). Two-proton events should appear at twice thedetermmed'm the first .DSSD' Separately for each CRDC gnd
values for sum energy and energy loss of the single protoﬁaCh coordinate the_dlyergence of the beam was dete_rmlned,
band. Indeed, the area labeled withg™2enclosed by the le., the angular de_zwatlon between the measured particle tra-
dashed polygon in Fig. 5 shows evidence fgr @vents. A Jectory and the axis fqrmgd by the centers of.the CRDC and
third band located in between the previous ones can be seetrtf,e DSSD'. Plottmg_ t_h|s divergence as a funcuon of the mea-
corresponding to events where both protons were identiﬁeaurecj paf“c'e. position at the C.RDC resulted in the phase
in the DSSD, but only one of them was registered in the cspPace ellipsoid as shown in Fig(z for the_ case where
array due to the smaller solid angle coverage of the Csl arr RDC1 anq DSSDl_were used fo_r the_ trackmg prpcedgre. A
compared to the DSSD. near function was fltt(_ad to the ellipsoid resulting in a fixed
Having identified the two-proton events, the position mea_relatlon between the divergence anglg and the_posmon of the
surement in the second DSSDSSD2 could be correlated beam that could ?e useq fo_r the paruc!e tracking. For those
with the position measurement in the Csl array in order tevents where thé'Ne prOJ_ecnle r_eacted m_the_target and the
assign a trajectory and a sum energy value to each of th%'ec.tlle was Qeflgcted prior to its detection in DSSDL, the
protons. Figures @) and Gb) show theAE-E spectra for pgrtlcle position in the CRDC had to be mea_sured gnd the
each of the two protons together with the analysis Conditior{j.'vergence angl_e had to be taken f_rom the fit function _de-
used for the proton identificatioimarked by the dashed fived f_rom the 5'”9'_65 events, allowing for an ex_trap(_)latlc_)n
polygons. to the interaction point in the_ target. Hence th!s d_r|ft eII|_p30|d
The main challenge remained in the discrimination be_methqd enabled the determmat_pn qf the pr(_)Jectlle trajectory
tween background events from breakup reactions in the g&venin those cases where position mformathn was available
tector materiali.e., ’Ne projectiles breaking up in the de- only from one of the two CRDC detectors in front of the
tector material either due to Coulomb or nuclear excitation target.. . .
and valid events originating from the target. This dominant _An_|mpre55|o_n of th? achl_evable accuracy fo_r_the deter-
source of background events shows almost the same ener nation of the Interaction point at the target position can be
loss and sum energy signals compared to reactions in th tained from the comparison of the difference between ex-
target. Thus the reconstruction of the particle trajectories rep-
resents the crucial prerequisite allowing us to determine theg (a)
location of the reaction point on the beam axis.

0.02r

L ()

o
&
Ay[m]

B. Reconstruction of the particle trajectories

(CRDC1 - DSSD1) [
o
-]
—

Due to efficiency losses in the tracking detectors
(CRDC1/2 in front of the target for a large fraction of the g
events no direct extrapolation of the projectile trajectories S’.ﬂ-os
could be applied in order to determine the interaction point§

. . . + -0.02 L L ;
on the target. However, nonreactifdNe projectiles could 50 0 50 002 001 0 o001 002

) N _Positi Ax[m]
be used to determine the propagation of the phase space ei- Y-Position (CRDC1) [mm]

lipsoid between the two CRDC detectors and the first strip  F|G. 8. Result of the “drift ellipsoid” method. Part) shows a
detector after the target, thus requiring just one position meaypical phase space ellipsoid measured with the first CRDC and
surement in front of the target. Figure 7 demonstrates th®SsSD1. Partb) displays the difference between the extrapolated
principle for this “drift ellipsoid method.” Singles events and measured particle position in DSSD1.
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- FIG. 10. Measured breakup position of the excitéde projec-
[ tiles along the beam axis. Pgd) is gated on energy loss signals
H | corresponding to events originating from the first PIN diode, part

-0-930‘2' o '0.'| R 061 0,02 (b) from reactions in the target. P4H) still shows a large remain-
A x[m] ing contribution from reactions in the first PIN diode. The solid
curve is a fit using Gaussian line shapes. The arrows indicate the
FIG. 9. Difference in each dimension between the position OprSitiOﬂ of the target, the first PIN diode, and the first DSSD, re-
the interaction point on the target as determined via “forward track-Spectively.
ing” in front of the target and “backward tracking” with the posi-
tion sensitive detectors behind the targiie latter averaged over
the three available tracking combinatipns

reactions in the first PIN diode, the resulting peak centers
aroundz=10 cm[Fig. 10@)], in agreement with the dis-
tance of the first detector from the target. If alternatively
energy loss values corresponding to breakup reactions in the
trapolated and measured position at the first DSSD as detetarget were selected, the spectrum in Fig(blGhows two
mined using nonreacting’Ne projectiles, illustrated in Fig. components, one arouze=0 cm originating from reactions
8(b). The uncertainties of the andy position as determined in the target, but still with a strong admixture from breakup
from a Gaussian fit werax~3.6 mm andAy~2.6 mm, reactions in the first PIN diodez&10 cm) as discussed
respectively. before. Hence neither the energy loss condition nor the con-

One of the essential features of the experimenta| Setup |§|t|0n on the !‘eaction coordinate can |nd|V|dua”y prOVide a
the redundancy in the tracking capabilities for reaction prod<lear separation between the two reaction types, however,
ucts using position measurements in the two double-side@omMbined in a two-dimensional matrix an analysis condition
strip detectors and, although with reduced accuracy, with thg°uld be derived that clearly selected valid events originating
Csl array. This offered the opportunity to use all three comATOM reactions in the target, as can be seen in Fig. 11. The
binations of these detectors for independent trajectory reco @gﬁdtaegla%g?gaiﬁgﬁ)sunsvshifgetrzzglggsr?; devr(::r(]:tth%rllgmrﬁgPI?s
o et e muence Sreakup reatons it rstPIN diodeIN. The ocaton

" ! -0f the target and PIN1 on theaxis is additionally indicated.

the position measurement of one or both protons, it was stil
possible to reconstruct their trajectories using the second
DSSD and the Csl array. C. Decay energy spectrum

Figure 9 gives a comparison of the tracking methods be- After the identification of the reaction channel the mea-
fore and behind the target. For each coordinate the differencsured four-momenta of the reaction product¥ two pro-
of the calculated positions of the interaction points obtainedons had to be transformed into the center-of-mass system,
by the two methods was plotted. The distribution is centeredesulting in the decay energy spectrum with respect to the
around a position located atx,)=[0.80(46) mm, mass of'®0(g.s) and two protons as shown by the histogram
0.10(42) mm. For the final determination of the interaction in the upper part of Fig. 12. It reveals a prominent peak at
point on the target the weighed average of all backwardaround 900 keV, while no evidence for a peak around a de-
tracking and forward-tracking results was taken. cay energy of 344 keV could be found, which would be the

Finally the discrimination between the background contri-expected transition energy for a simultaneopsi2cay. With
bution from breakup reactions in the detector material andhe complete and redundant tracking capabilities of the
valid events from target reactions had to be performed. Thipresent experimental setup previously reported intensity in
was achieved by exploiting the trajectory information of thethis energy regioh17] could be identified with background
protons allowing us to determine the breakup position alongeactions in the detector material. The lower part of Fig. 12
the z axis. The crossing point of the two-proton trajectoriesagain displays the decay energy spectrum, but this time ac-
was calculated for thez and theyz plane and the average of cumulated only for those events where the particle tracking
the two z coordinates was identified with the interaction information from both DSSD’s could be used to derive the
point. breakup position, resulting in a much more restrictive analy-

Figure 10 shows the spectrum of the breakup positiorsis condition. Here no contribution around 300 keV remains
along the beam axis determined from the measured protoat all.
coordinates in the second DSSD and in the Csl array. By The peak arountge.,= 900 keV can be attributed to
applying a gate on energy losses corresponding to breakupansitions from the excitedl™ state in'’Ne at an excitation
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FIG. 11. Determination of the analysis gate for breakup reac- 20
tions in the target. Plotted is the measured breakup position of the
excited Ne projectiles along the axis versus the energy loss of 10
the heavy fragment in the first PIN diodkmited to 80 MeV for
presentation purposedn intensity enhancement around the target 0
position (0 cm) and energy loss values corresponding'® frag-
ments originating from target reactions can be seen. Two-
dimensional conditions for the selection of reactions in the target FIG. 12. Upper panel: reconstructed decay energy spectrum for
(dotted polygon and for reactions in the first PIN diodelashed  the breakup of Coulomb-excite§’Ne projectiles relative to the
rectangle were derived from the known positions and respectivemass of1°0 and two protons. The histogram represents the mea-
energy loss values. sured decay energy spectrum. The dashed histogram corresponds to

the simulated spectrum as discussed in the main text. Bottom panel:
energy of 176412) keV. Transitions from higher-lying ex- Same spectrum as in the upper part, but accumulated only for events
cited states may also be present, but either they cannot phere the tracking information from both DSSD’s could be used,
resolved or suffer from the decreasing detection efficiency afesulting in a more restrictive analysis condition for the breakup
higher decay energies. position compared to the upper part.

Figures 18a) and 13b) depict the individual decay step ) o . .
energies for events with a decay energy between 620 ar@f the extraction of the excitation cross sections for the_: first
1220 keV. The decay step energy was obtained by adding trahd second excned_ stgte |_t is necessary to ensure that in each
decay energy of an individual proton to the correspondingf@se Coulomb excitation is the dominant excitation mecha-
recoil energy. The decay step energies were sorted in a wdysm- o _
that panel@) contains the larger decay energy and pahgl While in a typical intermediate energyspectroscopy ex-
the smaller one. With a Gaussian fit values of 609 and Periment after Coulomb excitation it is sufficient to limit the
301+5 keV for the individual decay energies of the two @ngular acceptance for the detection of the Coulomb-
protons were obtained. Thus the decay from hestate in ~ deflected projectiles, thus selecting a minimum impact pa-
"Ne shows clear evidence of a sequentipld&cay. This is

[L'Ju—l:l-n-..mml.ﬂ'l T

4 5 6 7 8
Edacay [MeV]

supported by the opening angle distribution of the two pro-£ @ £ E®

tons in the center-of-mass system as displayed in Figh)14 8 eo 8 eof

It reveals an isotropic distribution as expected for a sequen: jg jg

tial decay. In addition, Fig. 14) shows the measured Cou- 30 a0k

lomb deflection angle in the center-of-mass system for the 20 20¢

same event class, clearly indicating that Coulomb excitation, 12 . 12_ s

dominant at small deflection angles, prevailed over potential 0s Eoppe MOV} o8 o po MOV
nuclear excitations, which would have led to larger deflec-

tion angles. FIG. 13. Energies of the two decay steps of the sequenpal 2

decay derived from the individually measured proton energies lead-
ing to the 900-keV decay energy peak of Fig. 12. Plotted is the
decay energy attributed to the emission of each proton corrected for

In order to be able to compare the previously measureghe recoil energy of thé°0 fragment. Panela) shows the energy
v-ray strength for the decay of the first excited stel&]  for the proton with the higher energy, while parb) contains the
with the observed @-strength of this experiment and aiming protons with the lower decay energies.

D. Monte Carlo simulations
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will be discussed in Sec. IV A.
The simulated decay energy spectrum is represented by
the dotted line overlaying the histogram in Fig. 12.

(a)

E. Lifetime limit for the simultaneous 2p decay

YT 20 4050 80 100 120140 160 180 From the energy spectrum in Fig. 12 it can be concluded
o0 [deg] Oe.m, prrz [deg] that less than one simultaneous two-proton transition from
, the first excited3 ~ state in*’Ne could be observed in the
_FIG. 14. (@ Measured Coulomb deflection angles for events, ogent experiment. The comparison of this experiment with
originating from the peak_ around 900 keV_ in the center-of-mass the y spectroscopy experiment of REL2] results in an up-
decay energy spectruifiFig. 12. (b) Opening angles of the two o . . .

L . : .. per limit for the branching ratid’,,/I", and thus in a lower
protons contributing to the 900-keV peak, showing an isotropic dls_lifetime limit for the simultaneouspa décay for the%f state
tribution characteristic for a sequentiab 2lecay. . ) 2 )

Taking into account the different numbers of registetéde
rameter, in order to restrict potential nuclear excitations to @roiectiles and virtual photons in the Coulomb excitation
negligible amount, the breakup of the excit&tNe projec- process as _vveII.as the respective target thicknesses and de-
tiles in the present experiment requires a more quantitativiECtion efficiencies leads to a factor of 1.73 that has to be
understanding. This includes the determination of the deted?_umpl'ed V‘{)'sth the number of observed transitions from the
tion and analysis efficiency, which was achieved via Montez  State N>*=86+22 in the y experiment. Hence<1 si-
Carlo simulations. Ingredients to the simulation code werdnultaneous P transitions measured in the present experi-
the reaction mechanisrtsequential or simultaneous two- Ment correspond to the observation of 148y transitions
proton decay; excitation energies and widths of the first ex- that would be observable withadetector setup of the same
cited states, and the Coulomb deflection process in the targegfficiency and opening as the actually used particle tele-
Also included in the simulation procedure were the angulascope. Here the errors include the uncertainty of the effi-
straggling of the reaction products in the detectors, the measiency in both experiments and the statistical error of the
sured detector responses, the measured beam properties &Rgervedy transitions. Since no counts were observed in the
the geometric efficiency of the setufor details see Ref. 2p branch, the upper one-sigma limit for the branching ratio
[18]). Figure 1%a) shows the simulated efficiency for detect- has to be given. For the case, where one branch contains zero
ing events with a given Coulomb deflection angle, startingand the othen counts, the branching ratio according to Ref.
from an isotropic distribution. The efficiency for detecting [20] is given by
events with Coulomb deflection angles@f;°*'>6°, corre-
sponding to impact parameters of smaller than 14(¢om- 1-(0.32*"

. T, <————. 1)

pared to 11.2 fm for the “touching spheres” geometiyd]) ity (0.3
is smaller than 10%.

In addition Fig. 1%b) shows the measuretl$°"' distribu-
tion, allowing us to conclude that Coulomb excitation is theWith n=148 the branching ratio results In,,/I" ,<0.0077
dominant excitation process. with a 1o confidence level. Thus the simultaneoys @ecay

In order to reproduce the decay energy spectrum shown iffom the 2~ state in*’Ne is at least a factor of 130 slower
Fig. 12, decays from thé ~ and from the2™ state were compared to thes decay, which is dominated byl 1 decay.
included in the simulation. While thé* state (with its So far no direct measurement of thel lifetime has been
known excitation energy of 2651 keMO]) was included performed. The value needed here was calculated within the
only to reproduce the tail of thé ~ state correctly, ay>  shell model using the WBP interaction by Warburton and
minimization procedure was used to determine the measurdgrown [21] and an effectiveM1 operator derived from
excitation energy of thé ~ state, resulting in 19q@8) keV.  sd-shell M1 transition datg22]. The calculated value for the
Implications of the difference of this finding with the level 3~ —3~ M1 transition in *’Ne results to 0.260.05 ps,
energy for the3 ~ state given by Ref{10] as 176412) keV  where the error was estimated by comparison of the experi-
mental values for otheM1 transitions in’N, using the

g 160 @ g 160 © same Hamiltonian_anM 1 operator. V\I_ith this_ value, the ex-

g 1o g perimental lower limit on the branching ratio can be trans-
120 120 lated into a lower two-sigma limit for the lifetime of the
100 100 simultaneous @ decay of the first excited state afy,

80 80 >26 ps. This limit was derived from the strictly gated decay
60 & energy spectrum shown in Fig. (. However, if the few

“ “ counts around=300 keV in the less restrictive spectrum in
o by ST Fig. 12a) would be interpreted as background from breakup
0246 81012 14@}3;}0 0 2 46 81012 14;2%,1?(’:3] reactions in the detectors and accordingly concluded that al-

ready less than onep2decay from the first excited state in
FIG. 15. Coulomb deflection angle) simulated for an isotropic  *'Ne was observed in Fig. 1@, the lower limit on the life-
angular starting distribution an@) measured distribution. time could be increased by a factor of five.
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TABLE I. Calculated virtual photon numbers for the transitions , (¢) is the density of states which in the present case is
relevant for the extraction of experimen®(E2) values. The level i3ken to be a5 function at the excitation energy of tfﬁe’
energies have been taken from Rl and the3~ state andk is the wave number. Since in the
present case the two relevant final states are treated sepa-

Transition E* [kev] Nev Ne2 M1 rately, no summation over final states is needed.

-3 1288 47357 30 The3 — 3~ excitation can proceed only V&2 photons.
1-_.8- 1764 24990 However, a contribution. from the neighborigg state to the
1-_ 1+ 1908 184 decay energy peak of Fig. 12_ cannot be echLmi@u_ilorl due
13- 1288 34881 20 to the limited energy resolution. Since no experimental data

on theB(E1'Ne, :~—317) is available, the upper limit for
the B(EL'N,:  —3%)=<1.1x10 % e?fm? from Ref.[23]
F. Extraction of B(E2) values was used to calculate the excitation cross section. The num-
ber of virtual photons isig; =184 (see Table)l which leads
to an excitation cross section of;<0.1 mb, which is neg-
ligible. The mirror asymmetry in thB(E1) values for those
Ngp nuclei should be similar to the asymmetry in the first-
Texpop=—————— (2)  forbidden decay rates to the",T=3 state which is mea-
€2p° N7- Nirge sured to be'’Ne/*’'N=1.6[24]. Thusog;<0.2 mb can be
assumed fort’Ne, and the measured cross Sectn s
with Nt=3.42<10"° nuclei in the target per ffnand =29.9+4.4 mb observed in the peak in Fig. 12 can be in-
Ni7e=2.05x 10° detected!’Ne projectiles. The efficiency terpreted as the result of a Coulomb excitation exclusively to
for detecting D decays from thé ~ and from the3 ~ state is  the 3~ state followed by a sequential two-proton emission.
€2p,32-=1.3(2)% ande,, 5/, =5.7(8) %, respectively. In From the virtual photon numbeng,=24990 a value of
the decay energy peak originating from decays of }he B(E2'Ne,: ~—$7)=124(18k?fm* can be derived.
state 1196 35"%=34" counts were observed, and less The 3~ state in’Ne can be excited b2 or M1 tran-
than one count from thé ~ state. Thus we measured an stions, the virtual photon numbers for the present experi-
excitation cross section @feyp 2,5, =29.9+4.4 mb forthe  ment areny,; =20 andng,= 34 881(Table ). Since no ex-
2p decays from the3 ™ state and a limit Ofveq 332~  perimental data on thit1 lifetime in 'Ne is available, the
<0..011(2) mb;‘or the simultaneoup2lecay from the first value of B(M1Ne,t~—3-=0.29 42 has been calcu-
excited state int’Ne. lated within the shell model h di din Sec. Il E
In order to extract the reduced transition probabilities for ate within the shell mode approach discussed In ec.l '
This leads to arM1 photoabsorption cross section @TY"

the excitation of the ~ and the3 ~ states of!’Ne, the virtual . o _
photon method waf used in thze intermediate energy approach(l.Zi 0.49)x10 3 mb, which finally results in a1 ex-
by Baur and Bertulan[13]. This approach is similar to a CItalion Cross sectiore,qy1=0.24+0.1 mb.gogmpared_ to
fully relativistic treatment, except that the Rutherford bend-IN€ measured Cross section @, 3~ =11.9-35 mb this
ing of the projectile trajectory is taken into account. This contr_lbutlon is small and thus_ will be neglected for the cal-
leads in the present case t85% smaller virtual photon CU'%‘S” of Ehle('?(Ez) value. Withng,=34 881 Eq(3) leads
numbers compared to the relativistic approach. The virtual® o =3.4713X 10 * mb. Using the energy of the first ex-
photon numbers relevant for the excitation process ofthe Cited state of 1288 keV, Eq(4) results in a value of
and the} ~ state as well as for thg" state are given in Table B(E2,'Ne, —37)=66'2% e2fm*.
I. Due to their smaller uncertainties the level energies from
Ref.[10] have been used. IV. DISCUSSION

The excitation cross section of a nuclear level via Cou-
lomb excitation can be expressed as the product of the pho- Figure 16 summarizes the nuclear excitation and decay
toabsorption cross sectier* (X denoting the electrical or Properties of*/Ne measured in the present work. Individual
magnetic radiation characteristics of multipolarity witn ~ features will be discussed in the following sections.
the numbem ., of respective virtual photons. The total ex-
citation cross sectionr,,. can be obtained by summing over A. Assignment of the 190078)-keV transition

all allowed transition$13J: The dominant peak in the decay energy spectrum shown
in Fig. 12 was attributed to decays from a state with a level
N energy ofE* =1900(78) keV and a width that could be well
Texc= 2 Ny Ty - 3 reproduced by simulationgsee Fig. 12 assuming two-
proton decays originating from a single state'iiNe. In this
energy region the level scheme tNe, as measured by Ref.
[10], shows two neighboring levels, tBe state at 1764.2)
(23 +1) keV and the%.+ state at 19_0(15) kg\/, respectively. o
o= T TN (K TIB(mN). (4) In the previous section it was discussed that contributions
YN[+ DNTE T from decays of the;* state should be negligible due to its

The measured cross section for the @ecay of 1'Ne is
given by

Here the photoabsorption cross sectinﬁ is given by

TN _
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1908(15)
1764(12)

12
f 5127 1900(78)

12888) 32 1275(2) FIG. 16. Summary of the properties for the
2 f excitation and deexcitation processes for the low-
E E2 est excited states if’Ne as determined in the
present work.
: 1480 keV Ml “E N
| 944 keV oy -
25| &
e | &
....... N A PG A A 4 Py
O+p+p 16F+p 17Ne

small excitation cross section. Thus the peak in Fig. 12 was In summary, the present experimental results do not nec-

assigned to originate exclusively from decays of 3hestate essarily disagree with the level ordering for th& (3 ")

in 1’Ne. Nevertheless it remains unsatisfying that the meagoyplet as derived by Reff10] and supported by the IMME
sured value for the excitation energy of the state in the calculations which also reproduce the other level energies.
present work agrees only within therdimit with the value  However, the uncertainties given for those level energies by
measured by Ref10]. One possible source of a systematic Ref.[10] do not take into account the influence of the widths,
error in the present experiment could be an unresolved corchosen for the fit of the decay energy peak that corresponds

tribution from decays of thé © state. However, even if the tg the ¢~,%1%) doublet. Hence the quoted values seem to
3" state would be populated by a factor &f30 stronger underestimate the realistic uncertainties for the energetic po-

than expected, the peak in Fig. 12 would still contain only asjtion of the3~ and% ™ state.
=10% contribution from decays of this state, reducing the
value for E*(5/27) only by about=10-20 keV. Other B. Excitation and decay properties of the B2~ state
sources of potential system_anc errors are no_t ewdent._ Thus A B(E2) value for thel 3~ excitation could be ex-
the measured level energy in combination with the spin as- T7ny 1
. . ) . tracted from the decay energy spectrumB(E2,"'Ne;

signment derived in the present work could be considered ai§_): 124(18)2 fm?. This value will be discussed in Sec
questioning the spin assignment from the ickup reaction IVZD together with théB(EZ) value for the excitation of the.
experiment by Ref10]. 3 state

5 .

In Ref.[10] the (3,3 ") doublet could not be resolved. A

_ e TESHIVE FromB(E2,'Ne,3 " —32") a lifetime for theE2 deexci-
peak was observed at1850 keV with a width indicating  tation of r.,=1.1(2) ps could be determined. Since no evi-

about equal contributions from two states. Two states afjance for this transition was found in theexperimen{12],
176412) keV and at 190@L5) keV were fitted to the mea- 4 ypper limit for the lifetime of the first decay step of the

sured peak. The quoted uncertainties correspond to the St@équential P decay of thes~ state in Y’Ne could be ex-

tistical errors obtained by the fit procedure as can be seen Ry, teq. Considering the excitation-energy scheme given by

comparing the error margins of individual states present ifgas [10] the sequential decay of the™ state in‘Ne can
the same energy spectrum. The spin assignment by R&f. 1, hroceed through the Dor the 1~ state in°F. Since the
was derived by measurements of the angular distribution anfl <t o protons in*’Ne occupy either ans(d) or a (d?)

qould be confirmgd by calculations within the isobaric mu"configuration and considering parity arguments, the decay
tiplet mass equation approadMME, Refs.[25,26). through the I state in °F would only be possible for a

However, a careful reanalysis of the excitation energy G : _ :
. ) ; . proton withl =2. With theQ value ofQ,=94 keV for this
sper:]ctl;um given in Ref10] Shov‘és th?t ﬂ;]e W'dtiﬁfunfw'd[h decay path a simple barrier penetration calculation results in
at half maximum(FWHM)] used to fit the peaks of the™, a lifetime of =300 ps, while similar calculations yield a

83— 5- 1+ 5+ :
> .3 .3 ,and;" states were approximately 180, 195, \ o6 of=1.4 fs for the decay through the Ostate in'°F

1.95’ 225, and 250 keV, with their corresponding Ieyel enerby the emission of a proton with=2. Thus the decay of the
gies O.f 0, 1288, 1764, 1908, and 26.51 "?V' respectively. The{ state has to proceed via thé @tate. A decay through the
experimental energy resolution is given as 180 keVO‘ state in *F would also be in agreement with the mea-
(F.WHM)' For some peaks above the p'artlcle threshold sured single proton energies in the center-of-mass system
slightly broader widths were usgd0]. A slightly broader Figs. 13a), and 13b)]

width used to fit the doublet in order to generate a smoothe[r ' ' '

excitation energy dependence of the peak width would bring

the two states closer together, resulting in a higher level en- C. Lifetime for the 2p decay from the 32~ state

ergy for the3 ~ state and a lower one for tHe" state. Thus In combination with the previoug experiment[12] a
the discrepancy in th&*(5/27) value between the present branching ratio of",,/I",<0.0077 for the two possible de-
measurement and RdfL0] could be reduced. cay modes of thg ~ state in*’Ne could be derived from the
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present experiment, allowing it to be converted into a life-tracted. These values can be interpreted in the context of
time limit of 7,,>26 ps for the simultaneousp2decay of calculations within the shell model approach. Earlier calcu-
the first excited state. The experimental lower lifetime limit lations (partly published in Ref.[12]) overestimate the
obtained with the presented significantly improved experi-B(E2) values obtained in the present work. In this earlier
mental technique and analysis forces us to revise the intepyplication theB(E2) values in'®Ne and ’Ne were dis-
pretation of a previous [2decay experimen{17,27 in  cyssed in a configuration space ofgd)? for the ®Ne and
which some p decay events were suggested. (vp) ~Y(arsd)? for Ne. The results obtained with the WBP
This lifetime limit can now be compared to various theo-jneraction[21] are close to those expected in the approach

retical predictions. ; ;
: of a weak coupling of gy, neutron hole to the states in
Theoretical models for the two-proton decay have beemsNe_ In the weak coupling approactiescribed, e.g., in Ref.

recently improved 3,28,29. But we start with the simplest [ :
: . . : 31]) the angular momentumd of the proton hole is coupled
model[30] which was used in previous calculatiofi?] of to a vibrational excitation with the angular momentu®n

the two-proton decay of the first-excited state’dfle. This e ; ;
scenario assumes the penetration of a pointfike cluster giving rise to a multiplet of states with total angular momen-
m [:

through a Coulomb barrier for a particle of cha@e 2 and
a core with charg& =8. We obtain the width by calculating |=|J-R[,|J-R|+1,--J+R. (5)

the phase shift for the scattering of a diproton from a poten-

tial of radius 3.0 fm and diffuseness of 0.6 fm with a well In the limit of weak coupling, the various nuclear moments
depth constrained to give a resonance peak at 0.344 Me¥an be expressed as a sum of contributions from the vibra-
The total orbital angular momentum for t§€ — 3~ decay tional and intrinsic degrees of freedom. In this situation, only
must beL ,x=2. In the cluster mod€l30], the diproton is the vibrational moment contributes to such transitions and
described as as-state (=0) and the relative angular mo- the B(E\N) value is directly related to the vibrational transi-
mentum between the diproton and tAe-15 core isL=2. tion rate:

The calculated decay width B=1.6x10"12 MeV, trans-
lating into a lifetime ofr=0.4 ns. The decay width depends
also on the spectroscopic factor associated with the simulta-
neous J decay, which can be obtained from thesd shell-
model wave function$21]. The two-nucleon decay ampli- XB(EN;R—R’). (6)

tudes obtained with the WBP and WBT wave functions are " - .
dominated by (@)2 and Qg,— 1s,, components which The sum of the transition probabilities to the different mem-
are near unity. bersl’ of the final multiplet is equal td(EX;R—R’") [31].

In this simplest approach all of the ener@iyvo-proton In the 'present ciase tI}ml,? neytrlc;n hole_is coupled, to the
decayQ value available for the decay is in the relative mo- CO"fC“Ve OF_’f exclltate!on n 5Ne. With R=0, R :52_
tion of the 2He and *°0. This model has recently been im- 9=2, A=2,1=3 andl’=3 or|’=3 for the "~ and the;
proved by Barker28] within the R-matrix formalism by State, respectn./e%/, the w&ak—couplmg rela_tlonsh|p for the
adding the effects of the interaction of the two protons duringB(!EZ) values in“'Ne and “*Ne can be obtained from Eq.
the decay. In this model the energy for the decay is sharee?’
between the two protons artdO. The calculated = 2 decay 1 3
width is I'~5x10"'* MeV, translating into a lifetime of B(E2,18Ne,0+—>2+)=B(E2,17Ne,—‘—>—‘)

130 ns. The reduction in the rate can be understood in terms 2 2

of an effectiveQ value for the relative motion ofHe and 1 5

150 which is reduced from the actu@ value for the decay. + B( E2,17Ne,§_—) §_>’ (7)
The interaction between the two protons is also included in

the three-body breakup model of Grigorenkbal. [3,29]. _ _ -
X X e 15 " where theB(E2) values to the ~ and the ~ states exhibit
The result given in Ref29] isI'=1.4(3)x 10" MeV cor- .\ a0 of 2:3[12]. Thus 'Ne could be interpreted in terms

responding to a lifetime of 47000 ns. of the knownB(E2) value from*®Ne. Using a Woods-Saxon

. The m‘?a$“red lifetime !|m|t IS In agreement with the life- Rotential it was also demonstrated in R¢L2] that the
time predictions as described in the previous paragraph. Ismaller single-particle separation energies iNe compared
order to further investigate the simultaneoys decay of the 9P P 9 P

first excited state in*’Ne it would be necessary to increase to those in"*Ne led to about a 50% increase in BEE2)
y “ values in’Ne compared to th@&(E2) values expected in

the sensitivity _towards larger Ilfet!mes by orders of magm;lfhe oscillator model.
tudes. This will require much higher beam currents an . . .

. . . . . The results obtained in the above described model space
newly designed experimental setups allowing a kinematical . ) . .

i using Woods-Saxon single particle wave functi¢hg] are
complete reconstruction of the decay accommodated to the: in th d col f Table I Th deduced
expected longer lifetimes. given in the second column of Table II. They were deduce

with effective charges oé,=1.50 ande,=0.65 chosen to
reproduce theB(E2) value of *¥Ne. In addition the corre-
sponding picture in the mirror systent’Ke and %0) is
As described in Sec. Ill B(E2) values for the excitation listed. The predictedd(E2) values for!’Ne were about a

of the two lowest-lying excited states iHNe could be ex- factor of two larger than the values obtained in the present

R J 1)2
B(EX;RJII—R'JI")=(21'+1)(2R+1) oy R

D. Reduced transition probabilities
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TABLE II. Comparison of calculated and experimenB{E2) values within the experimental uncertainties. The overall
values. The calculated values are given for two shell model calcuagreement between the experimental and theorefi¢taR)

lations using different configuration spadage text values for A=17 and A=18B(E2) are much improved
when these core excited states are taken into account. These

Transition Earlier theory This work  Experiment results illustrate the limitations of the weak coupling ap-

(e? fm*) (e? fm*) (e? fm*) proach, stressing the necessity of a careful consideration of

the configuration space.

B(E2®Ne,0" —27) 256 256 26625) [34]

B(E2Ne,t —37) 151 105 66" 30 V. CONCLUSION

B(E2,"Ne,; ™ —3") 235 155 12418 In conclusion we studied the excitation and decay of the

B(E2,%0,0"—2%) 46 46 452) [34] low-lying 2~ and ™ states in'’Ne using the intermediate

B(E2'N,3 =37 33 7.1 energy Coulomb excitation combined witlp Zpectroscopy.

B(E21N, 335~ 42 10.3 6.71.2) [11] The results were analyzed in combination with a previously

performedy spectroscopy experimefit2], where an excita-
tion Cross Section ofrey, 3~ =12.0"33 mb was derived.

In the decay energy spectrum ofNe obtained in the
present experiment sequential two-proton decays from the
second excited state inNe (J7=5/2" ,E*=1.764 MeV)

a . .
were observed, but no evidence for a simultaneous two-

the 0" and 2" states in®Ne have large admixtures of . :
s 2 2 ' : ; proton decay of the first excited 3/2state could be found.
(vp) “(vsd)*(msd)” configurations, which have a strong A lower limit on the lifetime of the two-proton decay of

influence on 'theB(EZ) valugs. The rather large effective the 3/2° state of r,,>26 ps was obtained, in agreement
charges required in the earlier calculations were related to

the influence of these core-excited configuratipd®|. The with theoretlc_al pred|_ct|ons. Combining thy and 2 .
admixture of pp) 3(vsd)2(wsd)2 in Ne may not be as spectroscopy information allowed to extract reduced transi-

large, since the third neutron-hole has to go into the deepe}'-pn probabiliies B(E2). The B(E2) values for the ex-

i in 17
lying pg, orbital (the respective discussion fd#0 and !'N citation of the 3/217and the 5/2° st_ate+|1r; 2N € 4COUId
follows an analog pattern except that the role of protons anfl® delr;ved toB(E2, 'Ne,1/2 —3/2 2)_'436*25 e”fm" and
neutrons is reversedThe difference of the influence of the _B(E2, N_e,l/Z—>5/2 )=124+18 eim”, respectively, us-
(vp) " 2(vsd)?(rsd)? and the ¢p)~3(vsd)?(msd)? admix- ing the virtual photon method. The megsuﬁ?tEZ) values
tures for 8Ne and Ne, respectively, shows up in the dis- WVere compared to shell model calculations in the context of

agreement of the present experimerB4E2) values with the weak couplling' model as well as a mpdel which incorpo-
the theoretical values listed in the second column in Table ||/&I€S core excitations, the latter being in better agreement
Together with the discrepancy in the mirror system this car’(\”th experiment.
be interpreted as a breakdown of the weak coupling model

applied to the restricted configuration space.

In order to quantify this effect, the fullp(,, dss, Si/2)" We acknowledge the contribution of H. Scheit in the de-
model space was used with the REWIL Hamiltonig#me F  velopment of the drift ellipsoid particle tracking method.
interaction in Ref[33]). In this model space the core excited One of us(M.J.C) acknowledges the support and hospitality
states discussed above are explicitly included. This new thesf the NSCL and the support of the “Studienstiftung des
oretical approach results in the values listed in the third colDeutschen Volkes.” We thank M. Steiner for producing the
umn of Table Il. For these calculations effective charges ofadioactive!’Ne beam. This work was supported by the Na-
ep,=1.40 ande,=0.40 are chosen to reproduce tAe=18 tional Science Foundation under Grants No. PHY-007911.

experiment, and th&(E2) values for!’N were almost an
order of magnitude larger compared to the experiment.
The earlier shell model approach disregarded the fact th
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