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The 3%l B decays have been studied at the CERN online mass separator ISOLPBE,b$-y-y, and
B-n-y measurements in order to corroborate the low-level descriptioiSifand to obtain the first informa-
tion on the level structure of tHe= 21 isotope®Si. Earlier observed lines in **Al decay were confirmed and
new vy transitions following both3 decay andB-delayed neutron emission have been established. The first
level scheme off®Si includes three excited states at 910, 974, and 2168 keV. Indication is fourdf for
=(3/2)" and (3/2) for the first two excited states, respectively. Beta-decay half-lifé,gf=38.6(4) ms and
B-delayed neutron branching vali&,=41(13)% were measured unambiguously. The significance of the
single-particle energy determination ldt=21, Z= 14 for assessing the effective interactionsid-fp shell-
model calculations is discussed and illustrated by predictions for different neutron-rich isotopes.
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. INTRODUCTION data on the first excited states &1Si (N=21), which up to
now were unknown, we can extend the test of the evolution
Recently, several independent measurements on the stugy single-particlepz, andds, states ofN=21 isotones start-
of neutron-rich nuclei located near tié=20 andN=28  ing from Z=20 (*'Ca) down toz=14 (*°Si).
shell closures £=20) have been carried out with different  Motivated by these basic questions on the shell-model
approaches and techniquiis-5]. The vast interest for this predictions aroundN=20, we carried out a study of the
region dates back to a measurement by Thibatikl. [6] 343%\| B decay at CERN using the ISOLDE online separa-
when a region of strong deformation, unexpected by theor. The results will be discussed in the framework of a shell-
sd-shell model, was discovered aroudd=11, N=20. At model calculation performed in the fuls¢-fp) space. Pre-

the present time, more recent experimental data on massagninary results of the present work have been reported in
level structure, and transition probabilitigg-10] have in-  [22,23.

cited refined theoretical calculatiorid1-2Qq for different
configurations around the= 20 shell closure. It has already
been shown througlB-decay studies that*Si lies at the Il. EXPERIMENTAL PROCEDURES
edge of this deformed islarji@1] in the (N,Z) plane, having
a Op-Oh ground state, while its two lowest excited states Al activities were produced at the ISOLDE facility at
have a large p-shell intruder component. CERN in fragmentation reactions V\{ith_a pulsed 1 GleV pro-
Recent measurements 8{E2) and the energy of 2  ton beam from the PS-Booster impinging on a uranium car-
states performed at MS[2] for even 32-38S;j isotopes con- bide target with a thickness of 46 g crfor uranium. The
firm and extend our previous results. By assumingNan intensity of the proton beam was<@L0"* ions/pulse, the time
=20 closed shell foN>20 silicon isotopes, the experimen- interval between pulses being a multiple of 1.2 s. The aver-
tal 2] states can be reproduced. An additional source ofge beam current was above 2A. The reaction products
information on the interplay betweerh@ and i w states at Were ionized in a tungsten surface-ionization source and
N=20 would be the experimental confirmation of & - separated by mass. With this target-ion source device, the
truder state at low energies HSi as predicted by different highest yield usually corresponds to alkalis. However, in the
calculationg2,16,20,21 As much interest has been devoted mass range 33A<35, the Na isotopes give a minor contri-
recently to this question, we have searched fdransitions bution to the radioactive beam, the essential part of it being
that could be related to such a level structure. However, théhe directly produced Al isotopes. The yield for mass-
main goal of the present work was to obtain the low-energyseparated*Al isotopes was 30 atoms/s while fé?Al it was
level structure of th& =21 35Si isotope. As a matter of fact, close to 10 atoms/s. lons were collected onto a tape that was
in shell-model studies, the evolution of single-particle enerimoved periodically in order to reduce the amount of con-
gies plays an important role in determining the effective in-taminants and longer-lived daughter activities. The experi-
teractions between valence particles. With the experimentahental setup, which was assembled around the collection
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point, was designed to dete@ particles, y rays, and
B-delayed neutrons. A thin cylindrical plastic detector, cov-
ering a large fraction of the total solid angle around the col-
lection point, was used for triggering-y coincidences and
provided a start signal for neutron time-of-flight measure-
ments. Two large-volume Ge detectors recorglesdys both o
as B-y and B-y-y coincidences. FoiB-delayed neutron ] ’m % lg
time-of-flight measurements, eight low-threshold neutron de- ] | | o ‘ M
ST
K

124

10000 +

— 511
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1000 -

tectors were located around the collection point each with the | = %
same flight path of 50.8 cm. These detectors were small plas- i | | WJW
tic scintillators(1 cm thick, 10 cm in diametgreach viewed 100 E WM‘O M )‘
by two XP2020/URQ phototubes operating in coincidence as
described in Ref[24]. Their intrinsic efficiency was about
12% and the variation of the efficiency with the neutron
energy was evaluated during the same run by measuring the
delayed-neutron spectrum &fNa for which the relative in-
tensity of the neutron branches have been measured previ- ]
ously[25,26. ] \
For both masse#A=34 and 35, twoy spectra were cre- ] ’
ated during acquisition, corresponding to two consecutive ‘
time windows of the separator beam-pulsing cycle. The 1004

lengths of the time windows were adjusted according to the ?M‘“'MWW .WNW MWMW WW WMW
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half-life of the first generation under study. This provided a VWMM
clear identification by lifetime differences of rays follow-
ing the B decay of 3%Al and 3°Al from those of the precur- 1%000' T g0 4000 4200
sors(Na or Mg, the descendantsSi and B and multiply Energy [keV]
charged iongfor example,**%e, 4" for A=35). Half-lives
were determined fron® andy intensities taken in 5 ms time FIG. 1. Partialy spectra taken in coincidence wighparticles at
bins during the beam-off part of the radioactive beam cycleA=34. Peaks identified by their energy in keV are from #al

The decay schemes were extended witly coincidences beta decay. Those labeled by a letter are from the decég) défsi,
for the strongesty transitions, and for some weaker transi- (b) At (6" in A=34), (c) **Mg, (d) *%n (4" in A=29), and(e)
tions from singles spectra not in contradiction with the coin-"°Al.
cident spectra. Finally, some limits for level lifetimes could

be determined from the8-y coincidences measured with (rig. 1) that can be assigned to tiéal 8 decay by half-life
plastic and Ge detectors. This enabled restricting the m“ménalysis. One of these transitions at 1053 keV was placed in

po]arity of the corr esponding trans!tions and accordin_glythe 34si level scheme because of the energy difference of the
spin and parity assignments of certain levels. In the particu-,

35, . ; 4379 and 3326 keV levels. A new transition with an en-
lar case of the®Si level scheme, we investigated tjgey : - .

e S . X ergy of 591 keV was found in coincidence with the 124 keV
coincidences with improved time resolution. In a separate i traillustrating the 124. 929 and 3326 keV
experiment, we employed the delayed-coincidence techniqu@ Ine. -y-y spectral ;IJS rating the 5 'h ,ank (I:
with the thin plastic scintillator and a small BaEounter that y-ray sequence are shown in Fig. 2. The Weaker 291 keV
has a conical shape, 2.5 and 2.0 cm diameters and 2.5 clige is found in coincidence with the 124 keV line only due

height, optically coupled to an XP2020/Q phototube. to the high detection efficiency of the 124 keV energy. We
place the 591 keV transition above the 4379 keV level as no

other interpretation was found. The transitions and their in-

ll. RESULTS tensities are listed in Table I.

The 1435 keV transition can be placed in tFiSi level
scheme resulting fronB-delayed neutron emission on the

By comparison with the first study of*Al [21] employ-  basis of two observations. First, a weak 1435 keV line was
ing the SC beam at 600 MeV, the improvement of the pro-seen in coincidence with neutrons and second, this line is not
duction yield by a factor of 3 with the pulsed 1 GeV beam inobserved in coincidence with high-energy betas denoting a
this experiment allowed a better description of &l de-  low Q value (S,=7.54 MeV in the case of*Si). An addi-
cay. The half-life is T,,=56.3(5) ms, which is the tional indication is found in the literature, as in heavy-ion
weighted average of 5585.3) ms from the strongesy tran-  induced reaction studies this energy has been attributed to a
sitions, and 56.46) ms from 8 multiscaling. Based or#*Si  1435-0 keV transition in33Si [27,28. In these previous
coincidences, the previously reported foutransitions fol-  works, J7=(7/2)" has been proposed for the 1435 keV
lowing the B8 decay of **Al were confirmed together with level. The population of a (7/2) state in the8 decay of>*Al
spin and parity assignments in tHéSi level schemd21]. (J7™=47) very likely results from the deexcitation of the
Four newy transitions were found in the singles spectra (3,4)” states populated by Gamow-Tell6@BT) transitions

A. Beta decay of **Al
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FIG. 2. B-gatedy-y spectra alA=34. Coincidences with 929
keV (upper part and 3326 keMlower par} y rays.

through anl =0 neutron emission.
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FIG. 3. %Al B-decay scheme.

We observe a line at 1010 keV that was too weak to besnd Mayeret al. [29] [104020) keV]. Shell-model calcula-
seen in coincidence with neutrons. A state with a nearbyjons in thesd space[30] set the first excited state i#Si,

energy has been reported HiSi by Fornalet al. [27] in
deep-inelastic reaction studi€k010 ke\j and also in heavy-
ion transfer reactions by Fifieldt al. [28] [106020) keV]

TABLE |. Energy and intensity ofy rays attributed to thé“Al
decay.

Energy(keV) Intensity? (relative Transition
from to

124.2140) 51.94.3 4379 4255
590.8530) 7.700.9 4970 4379
928.9830) 103.99.7) 4255 3326
1009.6940) 2.7(0.4) b

1052.7640) 3.90.6) 4379 3326
1193.3420) 6.4(0.9 c

1434.8650) 13.91.4) b

1715.4280) 2.4(0.4) d

2696.431.2) 4.8(1.0) d

3326.241.6) 100 3326 0
42573) 24.03.9 4255 0

4ntensities are relative to the 3326 ke\ray. The intensity per 100
B decays is obtained by multiplying by a factor of 0.55.
bCorresponding to transitions in th&Si level scheme following
neutron emission.

‘Unplaced, see text and the Appendix for discussion.
dUnplaced in the decay scheme.

J7™=1/2" at this energy. If the line observed in our experi-
ment corresponds to this state, it cannot result from a direct
population byB-delayed neutrons with thd™ value pro-
posed for the®**Al ground state(g.s) (J™=4"). However,
this state can be fed by many weak transitions'8i from
(3/2)" or (5/2)" states resulting from the deexcitation of the
(3,4) states, populated by GT transitions, throughl ari
neutron emission.

In our B-y spectrum one sees lines corresponding to the
335j B decay consecutive to the-delayed neutron emission
of 3*Al. Assuming theB branch from®3Si[J7=(3/2)"] to
the 3P ground stat€J™=(1/2)"] to be negligible(see Ref.
[13]), we can determine thE,,, value from the relative in-
tensity of the 33Si and 34Al filiations. This leads to &P,
value of 264)%, which is in good agreement with the one
obtained by Baumanat al. [27(5)%] [21] in a previous ex-
periment using the same technique. However, the discrep-
ancy is large compared to the valilg=54(12)% reported
by Bazinet al. [31] and by Reedeet al. [ P,=12.5(25)%]

[3] using different techniques. In our data, there areyno
lines belonging to the*’Si level scheme and therefore no
indication for 8-delayed 2 emission.

According to our data and using i@, value given in
Ref.[10], a revised decay scheme #Al is established and
reported in Fig. 3. In the previoy8-decay measurement of
34Al [21], the first excited state at 3326 keV was assigned
J7=2" from the characteristics of th@ and y decay. This
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TABLE Il. 8 intensities and lodt values in the**Al 8 decay to
bound levels in**Si. 1000
Ey 5 (%) log ft Jm \
0 o+ _ T,,(°Al) = 38(1) ms
>
3326.43) <12 >5.5 2" 2
4255.45) 44(4) 4.906) 3" 3
4379.55) 26(3) 4.905) (3,4,5) 3
4970.47) 4.2(4) 5.707) (3,4,5) s 1907
(2]
=
5
assignment has been confirmed by Coulomb excitation mea- <
surement$2]. For the 4255 keV level)J”=3" are the only
spin and parity values compatible with an allowg@dranch -
from the 3#Al g.s. and a strongy transition to the®*Si g.s. 104 .
We note that from shell-model calculations, the g.s3%f

50 100 150 200 250 300 350
t [ms]

; ; - + - FIG. 4. Decay-time spectrum of the 64 and 910 keV lines. The
<1 us) differentiates betwee&3(3 —0") and M4(4 result of the fit, which is indicated, has been combined with inde-

i )
—07) and estagtzhshes?)for the 4255 keV level and there- pendent3 measurements to get the adopted valuét half-life:
fore 4 for the *“Al g.s. For the 4379 keV state the assign- T,,=38.6(4) ms.

mentis 3, 47, or 5 due to the allowed nature of the decay
of the J”=4" g.s. of **Al. The new logft values andg . . . . .
branchings are shown in Table Il. They confirm the afore-lmes In two time bins are presented. In addition, three more

X . . : transitions were observed in th&gatedy-ray spectra and

mentioned spin and parity assignments. Also, the new statceould be assianed t8°Al decay on the basis of their deca
at 4970 keV can be considered as only, 3", or 5. g y y

) rate. The 974 keV line corresponds to a crossover transition
As mentioned before, we have made a search of a transi-

tion to the first excited 0 state (). This level is predicted

could be 3 as well as 4 [32]. The observation of the 4255
keV transition in 34Si with its lifetime properties £

below the first 2 state (2°) in the most recent calculations 40 910 (@)
[2,16,18,20, and in this experiment we foresee no dirgct

feeding to the § level but only ay population from the 2 20

level. The 2 —0, branching is expected to be only a few

percent as the competing, 2+0; transition is favored by 0

energy. In they spectra gated by transitions leading to the

2] level, we did not reach an adequate level of sensitivity 1000

and no candidates could be found in the spectra with our
statistics. Therefore, in order to locate thg-20, transition

we can only consider the lines in th2gatedy spectra de-
caying with a rate compatible with th&Al half-life. This
approach results in two candidates: 1193 and 1715 keV.
These lines would correspond, respectively, to transitions

Counts

from the 2/ level to levels at 2133 or 1611 keV. 1000 ()
c
B. Beta decay of°A| 100
So far no indications were available on th@&decay 10
branches of°Al. The half-life has been reported as 150)
ms[34] and later as 3@) ms[3] but no y transitions have 1
been observed. In the present experiment, the half-life could 0 500 1000 1500 2000 2500
be measured from thg-counting rate as well as from the Energy [keV]

decay of the strongest transitions, as represented in Fig. 4. £ 5. partialy spectra taken in coincidence wighparticles at

Taking the average of three independ@nand oney mea-  A=35. In the upper parta), the y spectrum in coincidence wits

surements, we obtain a weighted meand adoptedvalue  getection gated by the 64 keV line. (b) and(c), the y spectrum in

of 38.64) ms. coincidence withg detection and registered in two time bins:
The two strongest lines, with energies of 64 and 910 keVp-300 and 301-600 ms, respectively, after collection. All peaks in

were clearly detected in coincidence as can be seen in Fig. Spectrum(c) have been identified and belong to daughter activities

where their coincidence spectra and the evolution of theser long half-life contaminants.
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TABLE IlI. Energy and intensity ofy rays attributed to thé°Al
decay. ®Na B-delayed neutrons
o Pn = 26(2)%
Energy(keV) Intensity? (relative Transition 300 i
from to
64.0530) 100 974 910 ‘% 200 |
124.2G30) 2.51.9 b 8
910.1%30) 99.711.9 910 0
929.1240) 5.81.3 b 100
973.7820) 11.82.4) 974 0
1130.2840) 3.2(0.9 ¢
1194.2040) 5.31.2 2168 974 100
2168.2460) 15.23.1) 2168 0 -
3326.9670) 18.03.6) b ol SR
56293) 2.41.2 ¢
4ntensities are relative to the 64 key}/ray. The intensity per 108 60 -
decays is obtained by multiplying by a factor of 0.45. £
®Corresponding to transitions in th¥Si level scheme following § sl
neutron emission.
‘Unplaced in the decay scheme. sol
of the cascade 64—910 keV and the 2168 keV transition is

attributed to a branch to the g.s. from a level at this energy. 0 400 800 1200 1600 2000

Finally, the energy difference between the 2168 and 974 keV Channel number
I_evels Corresponds o _the third t!’anSItIOn, 1194 keV. This FIG. 6. Neutron time-of-flight spectra taken under identical con-
line, measured in thé\=35 experiment at 11943) keV, ditions, with the?®Na sourcegupper part and with the3%Al nuclei

should be distinguished from the line we reported atqyer par. The time scale is 78 psichannel. Neutron energies are
1193.32) keV in the A=34 study(Table . The transitions  |gpeled in MeV.

assigned to the®®Al decay and their intensity are listed in
Table 11l together with three transitions belonging to tH8i
level scheme following3-delayed neutron emission.

The P, value for 3°Al was obtained by measuring the
relative intensities of thé*P and**P activities, as we know
that these isotopes are only present as daughter products(g)ﬁj
the 3°Al decay. The resultind?,, value [41(13)%] is larger
than that reported previously by Reedetal. [3] [P,

The 8 branch to the®Si ground state has been evaluated
by comparing the totay intensity due to the deexcitation of
excited states of°Si with the decay of3°Si activity and
suming no direct®Si production. The value deduced from
r experimen{3%) isfound compatible with the first for-
bidden character of this transition. Taking into account the
=26(4)%] but in excellent agreement with the result of Le- nﬁt—at\;\:apr:c\é?rl]%e\753523&?22?0%?;2? a?w?j[%gg),olftg;t iarllngli'able
witowicz et al, P,=40(10)% [33,34. No evidence was | aiso, the conversion coefficientd.04 of the 64 keV
found for anyA=33 activity and & emission was thus »nsition can be neglected. The total intensity obtained from
found negligible(the 2n emission energy window is equal to topia v is compatible with the,, value of 4113)%.

4.3 MeV). . From systematics in the Al isotopes we have adoptéd

The energy spectrum of the delayed-neutron emission of:(5/2)+ for the 35Al (Z=13, N=22) g.s. According to the
35Al measured by the time of flight over 50.8 cm is given in log ft values, a decay brar;ch from tB€=(5/2)" g.s. of
Fig. 6 together with the*Na delayed-neutron spectrum 3sx; o the 974 keV level in®5Si can be considered as an
taken in the same experiment and used for the detection efy 04 GT decay. From general shell-model considerations,

ficiency check. Despite the small solid angle covered by th‘?he first positive parity state in thé=21 3Si nucleus results
neutron detectors in this experiment, two maxima can be

observed around 3.0 and 0.98 MeV in the spectrum other- TABLE IV. 8 intensiti dql lues in the®Al 3 d
wise dominated by promp8-y coincidences. The quantita- - B |n5e_n3| les and logt values in the™Al § decay
) ; ; ; A7 to bound levels irf®Si.

tive evaluation of the absolute intensity of these distributions

is imprecise since we have to make an assumption for th .
fraction of the neutron spectrum located below the threshold > (keV) 's 0 log ft J
Nevertheless, if we take into account the large fraction of the 3.010 6.0414) (7/2)~
7y rays consecutive to the neutron emission, the neutron erg10.1G30) <0.9 >5.15 (3125
ergy spectrum reveals that the range of excited levels ing73.8q30) 48(9) 4.708) (3/2)*
volved in this process can approximately be traced up t®168.1G60) 9.2(19) 5.2209) (5/2)*
9 MeV.
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from a 1p-1h configuration with ads, neutron hole. We 10*
propose then)™=(3/2)" for the 974 keV level that will be
discussed in more detail in the next section. From previous &
calculations(see, for example, Ref§35,36)) and also from 5
systematical trends in neighboring nuclides according to Ref. 8
[10], we takeJ™=(7/2)" for the °°Si g.s. that allows also a 10°
good description of thé>Si—3°P decay, Ref[36]. We pro- }
poseJ™=(3/2)" for the first excited state as expected from 10" bl
the N=21 isotone systematics and from the wegakeeding. — % : L Thi
We have then the sequence (7/2)(3/2)", (3/2)" for the p gl
first three levels corresponding to a cascade with the 64 and
910 keV transitions in an order that has to be determined.
Since the intensities of the 64 and 910 keV enengy 107
transitions are equal within error limits, their order has to be 90 100 110 120 130
deduced from level lifetime considerations. As the lowest Channel

transition implies a quadrupole characEéB/Z)’f(?IZ)’.], FIG. 7. Delayed coincidences taken in the decay’#f with

an energy of 64 keV would correspond to a lifetime in thegne plastic scintillator recording the particles and a BaFdetector

microsecond range. Such a lifetime was not observed angr the y rays around 900 keV. After background subtraction, the

therefore the 64 keV transition was placed above the 91@xperimental curve was fitted by a single de¢dgrk squares, ch.

keV transition. This fixes the first excited state at 910 keV.106—-127. Time scale: 2.03 ns/channéfNa spectrum normalized

An additional argument for the assignments proposed for thi area to theA=35 delayed component.

low levels of ¥Si is the lifetime of the 974 keV[J”

=(3/2)"] level. With the energies and multipolarities in- typical for similar transitions in light nucleisee, for ex-

volved, this lifetime was estimated to be in the range of theample,[37]).

de|ayed-coincidence technique and enables us to test our hy- We conclude that the different observables obtained in the

pothesis for the multipolarities of the two transitions depopu--Al decay give supporting evidence for the proposed decay

lating this level, namelyM2 in competition with a low en- schemgFig. 8). 8- and y-transition intensities are in accor-

ergy E1. dance with the proposed™ values of the Si levels.
The lifetime of thed™=(3/2)* was measured in a sepa- Stongly fed in thes decay, the (3/2) level decays to the

rate experiment. The coincidences detected with the thiground state by a2 transition In competition with the

plastic 8 counter and the BaFscintillator were registered as presumedEl transition[(3/2)"—(3/2)", 64 keV]. The

two parameter events,-t. The time spectrum corresponding

to prompt events was determined with?@Na source. With BEWMS i
the 3°Al beam, it was found that the 64 keV line as well as Bl
the 910 plus 974 linefot resolved with the BaFcountej Q =143MeV

gave delayed events in the time spectra. This result revealed pp- 41 (13)%

the order of the cascade, with the measurable lifetime as-

signed to the 974 keV level, delaying all consecutive transi- \

tions with regard to thg8 detection. The analysis of the time 4379 (3,45

spectrum was made by selecting events in time and energy [ 4255 3T

ranges as follows(i) The energy range excluded the lowest

part of the spectrum, for which timing properties were found

poorly definedjii) the time range excluded the portion cor-

responding to prompt events as defined with tfi¢a source.

After a determination of the background of the time spec-

trum in the selected interval, the analysis of the delayed

events of the coincidence curve led to the value

=8.5(9) ns for the lifetime of the 974 keV level. I'% logft
In Fig. 7 we have represented the prompt and delayed i

time spectra and indicated the range of the analysis. The :

prompt events in thé\=35 spectrum can be interpreted as <

events corresponding to large-energy betas firing both detec- 48 47 T 914 (2

tors. Taking into account the branching rafie74 keV >52 ol el

(11%), 64 keV (89%)], we can express the result for the 30 6.0 ey

partial widths in Weisskopf units, which yield§'/T"yy, 35g;

=0.35(4)x 102 for the 64 keVE1 transition andl'/T'\y

=0.061(7) for the 974 ke 2 transition. These values are FIG. 8. %Al B-decay scheme.

3326 2%

8-~ - - SN = 2474(43) ——t— ot
92 52 St 2168 (512 34§
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relative intensities of these two radiative decays were found @ @ @ @

to be in good agreement with the typical widths\® and

E1 transitions. From the corresponding ltgalue, the spin - -
value of the 2168 keV level is limited td7=(3/2-7/2)". [

The valueJ™=(5/2)" reported in Fig. 8 resulted from a 1d3/2/ """""" ——— / """""""
comparison with theB(GT) calculation given in the next 2si2 [E} [E] 312 [E] [E]
section. The relative intensities of the two decay branches o

the (5/2)" level at 2168 keV are compatible witB1 and 39 47

M1 radiations for the 2168 and 1194 keV transitions, respec- K K

tively.

IV. DISCUSSION
A. Derivation of sd-fp shell model interaction @ @ @ @

In the framework of the shell model we use thd-fp
configuration space for the description of the nuclei under
study. It was demonstrated {120] and then confimed in ~  » ~ 7% / ___________
[38,39, that protons remain in thed shell. On the other 43 1d3R
hand, for neutrons there will be a competititon betwegw0 212 — —
configurations filling thesd-shell forN<20 and thefp-shell 1952 [ ——] [ ] 152 [—— | [—}
for N>20 and intruder configurationsfilv and Ziw (sd M 35 .

—fp excitations.

In a previous worK19], an effective interaction was built
for this valence space. It contained three parts: the USD ma
trix elements[30] from the proton-proton interaction, the
KB’ matrix element$40] for the neutron-neutron interaction FIG. 9. In the upper part, proton-hole evolution with neutron
and theG matrix of Kahana, Lee, and Scdi#l] for the filling in K isotopes. In the lower part, neutron-particle evolution
proton-neutron matrix elements. In this mass region, foumith the decrease of proton numberhh=21 isotones.
key nuclei having a simple structure of one particle or one
hole in a d(_)ub!y closed-sh_ell nucI_eus play a major role forink in the experimental shape of Fig. 10.
the determination of the interaction: these af#, /K,
#Ca, and®si. From the comparison of their spectroscopy
with the calculations, strong constraints are provided on
some specific monopole parts of the interaction. Between The location of the newly observed single-particle states
3% and *’K, the K isotopes can be described to the firstin 3°Si can be interpreted as a reduction of the neutron gap
order as a one-proton hole in tlsel shell and an increasing between thd ;;, andps, shells or an erosion of the spin-orbit
number of neutrons filling thé,, orbital. Therefore, from force far from stability. This erosion is moderate but it is of
the spectroscopy of°K—*’K we obtain the difference be- interest to analyze its consequences, in particular going from
tween thef 03, and f7,,8,, monopoles. These terms were the N= 20 region to theN= 28 shell gap.
fixed in our previous work19] to reproduce the evolution of With this intention, a new calculation fa< 20, N> 20
the (3/2)", (1/2)" doublet along the K isotopes and the nyclej was made for comparison with our previous estimates
position of (5/2) in “’K. We will leave them unchanged. [19]. In Table VI we give results for even-even neutron-rich

As already mentioned at that time, these experimentgciej where comparison with experiment is available. Most
data are not sufﬂmenF to determine aII_the monopole paramas the effect is quite moderate. We report the examples of
eters and the theoretical spectrum $8i was (partially ar- 49Ar and %S where the electromagnetic-transition properties

bitrarily) aqjllJCSted 1o the*'Ca one. Again, theN=21 iso- oain ynchanged. For thd=28 isotones, Table VI indi-
tones from“*Ca to *°Si can be to the first order described by cates minor changes again except in the cas®®if where

one neutron in thé,,, (or py;,) shell and an increasing num-
ber of proton holes in ths,,, andds, orbitals (see Fig. 9. o ) )
Taking into account our’®Si data, we will act only on TABLE V. Monopole mOdIfIC&tIOﬂS relative _to the previous yal-
P35Sy and pajdsg, terms to reproduce the evolution of the ues fro_m Ref.[19] resulting from the determination of th&Si
(3/2)” state. In Table V we give the exact monopole modi-ProPertes.

fications relative to the previous valugkd]. The attraction

Vizro-sd ~ Vpar2-sd

B. Influence on the physics osd-fp nuclei

put on the isovector part was balanced with isoscalar repul- AV (MeV)

sion so as to leavé’Ca unmodified. The position of the =0 =1
(3/2)” state in theN=21 isotones is shown in Fig. 10 drawn P3/5S1/2 +1.35 —0.45
from experiments and calculations. A differential attraction P +0.21 —0.07

was put on thes,S1, and psds s terms to fit the observed
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3 Spherical Prolate
— 940 keV
s e 924 keV
< 575 keV
x =20 XEY 7/3-
2 -
i 515 ke 174(69) 0.521 \ 117
0.517(52)
\ 3/2-
! I s Experiment s shell Model
i _II’_'I_::EV INT.
! FIG. 11. First excited states it¥S. Shell-model predictions are
0 ¥ t compared to experimental valuéRefs.[4,5]); numbers next to the
12 14 16 18 20 22

Z transitions ardB(E2) values in units o&? fm?.

FIG. 10. Evolution of the (3/2) excitation energy iN=21 We have given in Fig. 12eft par) the theoretical distri-

Isotones. The e.Xpe“memal valueguareare compared W'.th WO hution of the Gamow-Teller strength corresponding to three
calculations using the set of parameters used for the interaction

prior to this experimenttriangles, and the single-particle energy possible values 03?2(3’.4’5)._ for the final states.lr?“Sl.
for Z=14 obtained in this workcircles. The total strength is similar in the three cases, with a broad
distribution above th& ; window peaking around 23 MeV

] excitation energy. The low-energy part reveals interesting
the doubly closed shell character from the stit§] is much  features. Twal™=3" levels between 4 and 5 MeV are pre-

less pronounced. This nucleus is very unstable with respegficted to be populated by strong GT transitions. Comparison
to the choice of the interaction. The reason is that it lies inwith the decay scheme of Fig. 3 shows an excellent agree-
the transition region between thd=28 gap persistence ment for the distribution of the allowed transitions.
(“Ar,%4S) and the vanishing of the shell closure “4Mg A further test of the calculations would be given by the
[20]. properties of the first two 0 and 2" states as already dis-
One aspect not emphasized[it9] is the occurrence of cussed in Ref{20]. This would allow a detailed description
shape coexistencéspherical/prolate at N=28. This has of normal and intruder g-2h states. Of these four levels
been recently observed and analyzed in the two experimentmly two (0; and 2) are known. A second 2 has been
where the observation of an isomeric staté"is [5] and the  tentatively associated with a level at 5.3 ME&8]. From the
Coulomb excitation measurement $1S [4] sign the coex- present work, two candidates have been found for the 2
istence of spherical and deformed shapes in this nucleus. As,0; transition: either 1193 or 1715 keV. Taking into ac-
explained in Ref[5], the deformation effect is essentially count Coulomb excitation resulfg] and y-branching esti-

due to protons, but it is enhanced by the reduction of thenates, we are led to select the 1193 keV line as the only
f71-Pa/2 neutron gap observed iffSi. Figure 11 presents the candidate for a (2, E,=3326 keV0;) transition in

observed properties df*S [4,5] compared with calculations competition with the £ 0 decay, which can be observed

using the interaction deduced from the present study. in our spectra with an energy and intensity compatible with
recent theoretical calculations. Along this line, we compare
C. GT transitions and intruder states in *'Si the relative intensity of the 1193 and 3326 keMays with
The 8 decay scheme of“Al resulting from the present the expected value for the/2-0, and 2/ —0; transitions.
work confirms and completes the first stu®1]. We have If the 3326 and 1193 keV transitions correspond to the
reported 8 branches to three excited states that are intertwo decay branches (2-0; and 2/ —0;) of the 2 level,
preted as negative parity particle-hole statesS%®i. we can estimate thB(E271) (0, —2;) value using the cor-

TABLE VI. Excitation energies of 2 (experimental and theoretigah several nuclei and correspondifg transitions to the ground
state. Values from Ref19] are given for comparison.

Nucleus E(2") (MeV) B(E2) (27 —0") e?fm*
Theoretical(this work) Ref.[19] Experimental Theoreticdthis work) Ref.[19] Experimental

40Ar 1.37 1.37 1.461 43 43 182
405 0.98 1.05 0.8913)° 77 75 677)°
425 1.02 1.07 0.89a5)° 94 93 7912)°
4SAr 1.53 1.65 1.55@6) © 80 91 398)°
44g 1.22 1.64 1.2918) ¢ 93 79 6318) ¢
425j 1.49 2.56 71 49

3See Refl44].
bSee Ref[42].
‘See Ref[43].
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rected value of 3.®) for the branching ratigsee the Appen- level at 1611 keV. Using the intensity measurement and the
dix) and the experimental resylB(E21)=85(33*fm*]  B(E21)(0f —2;) value as described for the 1193 keV tran-
given previously by Ibbotsoat al.[2] for the Oy —2; tran-  sjtion, one would geB(E21) (0} —27)=27(12) e*fm?,
sition. After correction by the energy factor, we @4E27)  which is well below the expected value. This result is not

(05 —2;)=444(210)e* fm*. This latter result is consistent ¢, nqistant with predictions for ai2» state, even with mix-

with the hypothesis of af2w character for a D state at 2133 ing assumed '

keV as well as for the 2 state. '
In Table VII, we have reported energy aBdE2) values

calculated for the first three levels 8fSi. For comparison

we have indicated experimental results. The overall agree- The allowed transitions reported in tReAl decay scheme

ment between the experimental results and those calculatéBig. 7) can be compared with the results of thefp shell-
seems satisfying but a further confirmation by a coincidencenodel calculations reported in the right part of Fig. 12. In the
experiment of the D level is still needed. three GT-strength distributions corresponding to final spin
How does the 1715 keV transition compare to the 1193alues of (3/2), (5/2)*, and (7/2)", only the low-energy
keV transition as a 2—0, candidate? It would imply ap  part is relevant for this comparison. A marked feature is that

D. GT transitions in 3°Sj
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TABLE VII. %Si excitation energieén MeV) and transition probabilities ie? fm*.

J7 Ey Transition B(E271)
Theoretical(this work) Experimental Theoreticdthis work) Experimental

(ol 0.0 0.0 0/ —2; 118 8533 @

05 2.6 (2.0 0 —2; 310 444210 °

27 33 33 0, -2, 104 <1042

25 5.4 5.3

3From Ref.[2].
bindirect estimate, see text.
°From Ref.[28].

only two transitions are predicted in the bound range>si ACKNOWLEDGMENTS
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associated with it. Between 6 and 8 MeV excitation energyResearch and in part by the IN2R8stitut National de Phy-
in 3°Si, a complex set of levels given by the calculationsique Nuclaire et de Physique des Particile®ne of the
allows understanding the main features of tBedelayed authors(S.N) would also like to acknowledge the financial
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predicted by the calculation are the best initial-state candi-

dates for transitions to the;2final state of*Si. For these APPENDIX: EXTRACTION OF y INTENSITY FOR A

neutrons, an orbital angular momentum transfe# is re- TRANSITION POPULATING A 0 * EXCITED STATE
quired for the emitted neutron populating ti&si g.s. and In the following, we describe the procedure adopted in the
only =2 is required for the 2 state of**Si. Therefore most case of the 1193 keV/3326 keV intensity ratio to extract
neutron branches are expected to populate thestate. gamma-branching ratios from thg vy coincidence data. An
excited 0" state postulated at 2133 keV will decay predomi-
V. CONCLUSION nantly bye*e™ pair emission with a probability o? .. We

calculate from Wilkinsor45] thatP ./P.= 49, P, being the

A reinvestigation of the neutron-rickfAl isotope and the probability of atomic electron emission. In this case, Buy
next logical step, the study 6PAl, was successful with the detection device, used for the intensity measurements re-
1-GeV pulsed-proton beam on a thitktarget at CERN. A ported in Table I, can be triggered by any of the two elec-
detailed analysis of th@ decays leading ttN=20 and 21 trons emitted as well as by the first beta particle. If the beta-
nuclei, 3*Si and %°Si, was made to get a better understandingdetection probability for a single event is call&y it will
of the sd-fp shell interfaces. Thé®Si results have allowed amount to (1— P)+ P? for the higher multiplicity event
the location of single-particl@,, anddg, states, giving an corresponding to a pair emission consecutive to a beta tran-
important reference point for extrapolation in shell-modelsition. In our conditions, we estimate an increase of the de-
calculations. From comparison of the experimental data withiection efficiency by a factor of 2.0®5) for the 8-y event
calculated GT distributions, it is concluded that all predictedassociated with the pair emission. The relative intensity of
transitions to bound levels have been observed. Additionathe 1193 keV transition, reported as @yin Table |, should
information on levels of opposite parity to the emitting  be 3.26) if this transition populates the,Dlevel. A similar
level, revealing the binding energy of thigiw excitation, correction can be made in the case of the 1715/3326 ratio.

was also obtained. For 1715 keV, we calculatP . /P.=9.5.
[1] T. Motobayashiet al,, Phys. Lett. B346, 9 (1995. Winter Meeting on Nuclear PhysicBormio, 1999, edited by
[2] R.W. Ibbotsoret al, Phys. Rev. Lett80, 2081(1998. I. lori and A. Moroni (University of Milan, Milan, 1999; F.
[3] P.L. Reeder, Y. Kim, W.K. Hensley, H.S. Miley, R.A. Warner, Sarazinet al, Phys. Rev. Lett84, 5062 (2000.

Z.Y. Zhou, D.J. Vieira, J.M. Wouters, and H.L. Siefert, in [6] C. Thibault, R. Klapisch, C. Rigaud, A.M. Poskanzer, R.
Proceedings of the International Conference on Exotic Nuclei Prieels, L. Lessard, and W. Reisdorf, Phys. RevlZ; 644
and Atomic Masse®#\rles, France, 1995, edited by M. de Saint (1975.

Simon and O. Sorlin(Editions Frontieres, Gif-sur-Yvette, [7] C. Detraz, D. Guillemaud, G. Huber, R. Klapisch, M. Lange-

France, 1995 p. 587. vin, F. Naulin, C. Thibault, L.C. Carraz, and F. Touchard,
[4] R.W. Ibbotson, T. Glasmacher, P.F. Mantica, and H. Scheit, Phys. Rev. C19, 164 (1979.

Phys. Rev. (59, 642(1999. [8] D. Guillemaud-Mueller, C. Detraz, M. Langevin, F. Naulin,
[5] F. Sarazinet al, in Proceedings of the XXXVII International M. de Saint-Simon, C. Thibault, F. Touchard, and M. Epherre,

044316-10



SPECTROSCOPY OF*3%5j BY B DECAY: sd-fp. .. PHYSICAL REVIEW C 63 044316

Nucl. Phys.A426, 37 (1984). B.A. Brown, and the ISOLDE Collaboration, Phys. Rev5&
[9] G. Klotz, P. Baumann, M. Bounajma, A. Huck, A. Knipper, G. 1970(1998.
Walter, G. Marguier, C. Richard-Serre, A. Poves, and J. Retaf25] W. Ziegertet al, Proceedings of the fourth International Con-
mosa, Phys. Rev. @7, 2502(1993. ference on Nuclei Far from StabilitfCERN, Geneva, 1981
[10] G. Audi, O. Bersillon, J. Blachot, and A.H. Wapstra, Nucl. p. 327.
Phys.A624, 1 (1997. [26] M. Bounajma, Thesis, Strasbourg University, 1996.
[11] X. Campi, H. Flocard, A.K. Kerman, and S. Koonin, Nucl. [27] B. Fornalet al,, Phys. Rev. (49, 2413(1994).
Phys.A251, 193(1979. [28] L.K. Fifield, C.L. Woods, R.A. Bark, P.V. Drumm, and
[12] A. Watt, R.P. Singhal, M.H. Storm, and R.R. Whitehead, J. M.A.C. Hotchkis, Nucl. PhysA440, 531 (1985.
Phys. G7, L145 (1981)). [29] W.A. Mayer, W. Henning, R. Holzwarth, H.J. ieer, G. Kor-
[13] B.H. Wildenthal, M.S. Curtin, and B.A. Brown, Phys. Rev. C schinek, W.U. Mayer, G. Rosner, and H.J. Scheerer, Z. Phys.
28, 1343(1983. A 319, 287(1984.
[14] A. Poves and J. Retamosa, Phys. Lett184 311 (1987); [30] B.H. Wildenthal, Prog. Part. Nucl. Phy%1, 5 (1984).
Nucl. Phys.A571, 221 (1994. [31] D. Bazinet al, in Nuclei Far from Stability edited by I. S.
[15] E.K. Warburton, J.A. Becker, and B.A. Brown, Phys. Rev. C Towner, AIP Conf. Proc. No. 166AIP, New York, 1988, p.
41, 1147(1990. 722.
[16] K. Heyde and J.L. Wood, J. Phys. 13, 135(1991). [32] E.K. Warburton and J.A. Becker, Phys. Rev3T, 754(1988.
[17] N. Fukunishi, T. Otsuka, and T. Sebe, Phys. LetR®5, 279 [33] M. Lewitowicz et al, Nucl. Phys.A496, 477 (1989; A.C.
(1992. Mueller et al,, Z. Phys. A330, 63 (1988.
[18] T. Otsuka and N. Fukunishi, Phys. Re&l64, 297 (1996. [34] P.M. Endt, Nucl. PhysA633, 1 (1998.
[19] J. Retamosa, E. Caurier, F. Nowacki, and A. Poves, Phys. Rey35] C.L. Woods, Nucl. PhysA451, 413(1986.
C 55, 1266(1997. [36] E.K. Warburton and J.A. Becker, Phys. Rev. 35, 1851
[20] E. Caurier, F. Nowacki, A. Poves, and J. Retamosa, Phys. Rev.  (1987.
C 58, 2033(1998. [37] P.M. Endt, At. Data Nucl. Data Tabléss, 17 (1993.

[21] P. Baumann, A. Huck, G. Klotz, A. Knipper, G. Walter, G. [38] D.J. Dean, M.T. Ressel, M. Hjorth-Jensen, S.E. Koonin, K.
Marguier, H.L. Ravn, C. Richard-Serre, A. Poves, and J. Re- Langanke, and A.P. Zuker, Phys. Rev5@, 2474(1999.
tamosa, Phys. Lett. B28 458(1989. [39] Y. Utsuno, T. Otsuka, T. Mizusaki, and M. Honma, Phys. Rev.

[22] S. Nummelaet al, in Experimental Nuclear Physics in Eu- C 60, 054315(1999.
rope edited by B. Rubio, M. Lozano, and W. Gelletly, AIP [40] A. Poves and A. Zuker, Phys. Rep0, 4 (1981J).

Conf. Proc. No. 495AIP, Melville, NY, 1999, p. 55. [41] S. Kahana, H.C. Lee, and C.K. Scott, Phys. R&80, 956

[23] S. Nummelaet al, in Proceedings of the XXXVIII Interna- (1969.
tional Winter Meeting on Nuclear PhysjcBormio, 2000, ed- [42] H. Scheitet al, Phys. Rev. Lett77, 3967 (1996.
ited by I. lori and A. Moroni(University of Milan, Milan, [43] T. Glasmacheet al, Phys. Lett. B395 163(1997).

2000. [44] P.M. Endt, At. Data Nucl. Data Tablex3, 3 (1979.

[24] P. Baumann, M. Bounajma, F. Didierjean, A. Huck, A. Knip- [45] D.H. Wilkinson, Nucl. PhysA133, 1 (1969; Nucl. Instrum.

per, M. Ramdhane, G. Walter, G. Marguier, C. Richard-Serre, Methods82, 122 (1970.

044316-11



