PHYSICAL REVIEW C 70, 064303(2004)

Development of shell closures aN=32,34. |. 8 decay of neutron-rich Sc isotopes
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Details regarding thegs-decay properties of*°>°%c¢ are reported and compared with shell model predic-
tions. The low-energy level structures of even-eV&ATi are presented, and the systematic variation of the
energy of the first excited j2state is discussed in light of proposed shell closuredlaB2,34 for the
neutron-rich Ti isotopes.
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I. INTRODUCTION growth of the single-particle energy gaph¢32 due to the

monopole migration of thefs,, orbital. The high-spin data

The low-energy structure of neutron-rich nuclei with i -0 for the even-eve? 2259 isotopes provide addi-

nucleons occupying thef,,,-vpf shell model orbitals is af- tional evidence for thé&l=32 gap[6]. In 5Ti, the significant

fected dramatically by the strong and attractive proton—spacing between the! Gtate at 2936 keV and the cluster of

neutron monopole interaction between the spin-orbit partney +
: evels §, 97, and 1GQ at ~5800 keV suggests that a substan-
orbitals 7f;;, and vfg,. As protons are added to thef,, 8 9 q 99

; : 2 : . tial energy gap must be overcome when promoting one of the
(cj)rbltal, the effec;:_lve sjtllnglel-pigrtlctle etr;]ergy of thb%’Z orlfmtal coupledvps, neutrons to either thep,,, or the vfg),.
ﬁclrle"f‘ries signi |ca|1n y re atl' ve ;)tr?g er mbe'tml ers o V‘Eb It was predicted7] that the continued monopole shift of
shell. Thé monopole migration of thefs ; oroial, in combI- vfs, orbital may also lead to the development of a shell
nation with the large spin-orbit splitting betweeps,, and

closure atN=34 and that the low-energy structure Y€a
¥Py leads to the development of &h=32 subshell gap for may show similarities to that dfCa, which is doubly magic.
nuclides in which therf,,, orbital is occupied by four or

fewer protons The shell model calculations by Honned al. employed a
Early evidence for a subshell closureNat 32 was seen in new effective shell model interaction, designated GXPF1,

the Ca isotopes, where both the mgEsand relatively high which is based on effective two-body matrix elements with

e > ) some replacement by th® matrix [7,8]. The onset of an
value of the excitation energy of the first excitetl[E(2,)] N=34 sh%ll closure W)E/lS first expecEtedSJto be evident in the Ti

in **Ca [2] suggested added stability. However, systematiGgqygneg wheré(2]) for °®Ti,, was predicted to lie at ap-
data for isotopes beyo a were unavailable, and it was proximately 1500 keV, similar in energy to its neighbor

believed that the appearance of a subshell gdp=82 was 54 .
reinforced by the proton shell closure &£ 20 [3]. Experi- *Tiz We have recently reported the energy of tis@ite in

mental evidence for a potential subshell closurdlaB2 for 3200 F
the ,,Cr isotopes was reported in R¢#], based on the sys-
tematic variation oE(2;]) in the even-even Cr isotopes. The
value E(2])=1007 keV of *°Cr,, is more than 100 keV
above that observed in neighbafs®Cr. The systematic be-
havior of E(4;)/E(2;) in the Cr isotopes is also suggestive of i
a subshell closure &i=32[5]. N=32

The systematic variation oE(2;) along theN=32 iso-
tonic chain was completed for thef,, nuclides with the
determination oE(2})=1495 keV for>*Ti [6]. The increase
in E(27) from ,,Cr to ,4Ca with the removal of protons from FIG. 1. Systematic variation d£(2]) and E(47) for the N=32
the f,,, orbital, as shown in Fig. 1, parallels the expectedisotones.
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%6Ti at 1127 keV[9], which is nearly 400 keV below that rigidity settings: 1.3< 10* ®*Sc implants were collected with
derived from shell model calculations using the GXPF1 in-the A1900 set toBp;=4.042 Tm andBp,=3.755 Tm, 2.4
teraction and midway between the shell model predictions< 10° °°Sc implants with Bp;=4.126 Tm and Bp,
using GXPF1 and KB3G10]. The relatively low value of =3.842 Tm, and 1.810* °°Sc implants with Bp;
E(2}) for °°Ti suggests that a significamp,,,-vfs;, gap has  =4.239 Tm andBp,=3.944 Tm. At each A1900 rigidity set-
not yet developed aZ=22. tings, the desired Sc fragments were less than 1% of the total
The low-energy structures 8f°Ti populated in8 decay ~ composition of the secondary beam. Representative particle
were first reported in Refg6,9]. In this paper, we present identification spectra for th&">Sc ridigity settings are avail-
details of theB-decay properties of the neutron-rith®>°S¢c  able in Ref.[11].
isotopes, which populate low-energy statesir>°i, re- Fragmentg correlations were established in software by
spectively. The deduced absoli@adecay branching ratios to requiring a high-energy implant event in a single pixel of the
the even-even daughter states for the decay of the odd-oddSSD followed by a low-energy event in the same pixel.
54.565¢ are used to assign spins and parities to the grounBor the®®Sc data analysis, due to the overall low implanta-
states of the decay parents. The general trend in the montion rate (<15 s?) into the DSSD, the correlation was ex-
pole shift of thevfs,, orbital is tracked by examining the panded to also include implant events that occurred in the
ground-state spin and parity assignments for the odd-odd Viearest eight neighbors of the pixel recording3alecay
and Sc nuclides, employing the extreme single-particleevent. The differences between the absolute time stamps of
model with the assumption thdi=32 is a good subshell correlatedB and implant events were histogrammed to gen-
closure. The absence of a shell closuréNat34 for the Ti  erate a decay curve. To suppress background, implants were
isotopes as predicted by RéT] is discussed, along with the rejected if they were not followed by B8 event within a
implication these new results have on the low-energy strucspecificed time period in the same pixel or if they were fol-
ture of the neighboring Ca isotopes and other neutron-riciowed by a second implantation within the same specified
nuclides in therf;,-vpf shell region. time period, also within the same pixel. The time periods
were selected based on the decay half-life of the fragment of
interest. For the decays 6f°%Sc, the specified time period
was 10 s, while for the®Sc decay this time was reduced to
The B-decay properties of the neutron-rich®>°Sc par- 1 s. p-detection efficiencies were 30%, 40%, and 30% for
ent nuclides were deduced in two separate experiments cat>>>>Sc, respectively. The efficiencies reflect in part an im-
ried out using the experimental facilities at the National Su-proved correlation efficiency with the decrease in overall
perconducting Cyclotron LaboratorfNSCL) at Michigan  particle implant rate into the DSSD.
State University. Results from the first of these two experi- Delayedy rays were measured using Ge detectors from
ments have been published previougyll,13, and details the MSU Segmented Germanium Arrg$eGA [15] ar-
regarding the experimental methods are given in REf]. ranged around thg counting system. During the first experi-
Data were collected for the decays®8fSc during the first ment, six Ge detectors were deployed, providing a peak ef-
measurement. The decay ¥Sc was studied in a second ficiency fory-ray detection of 3.3% at 1 MeV. Six additional
experiment, where many of the methods employed in théletectors were placed around tBecounting system for the
first experiment were also utilized. The discussion below’®Sc measurement, giving a total peak detection efficiency of
provides an overview regarding the experimental technique§.3% at 1 MeV. The energy resolution for each of the Ge
applied to both measurements, highlighting specific differ-detectors was measured to be8.5 keV for the 1.3 MeV
ences between the two, which aimed mostly at enhancing thg-ray transition in°Co.
detection efficiencies for bot andy rays to counteract the
decreasing production cross section for the more neutron-
rich *°Sc. Ill. RESULTS
A 140-MeV/nucleon®Kr3** beam was produced using
the coupled cyclotrons at the NSCL. The average beam cur-
rent on target was 3 pnA in the first experiment, and 15 pnA The S-delayedy-ray spectra for“Sc in the range 0 to
during the second. Th&%r beam was fragmented in a 2 MeV, shown in Fig. 2, contaiy events that occurre@)
376-mg/cm-thick Be target located at the object position of within the first 10 s andb) within the first 1 s after a*Sc
the A1900 fragment separatfd3]. The secondary fragments implant. Three transitions at 1001, 1021, and 1495 keV per-
of interest were selected in the A1900 using a 330-md/cmsist in both spectra and have been assigned t@itiecay of
Al degrader and 1% momentum slits; both were located at*Sc. Sorlinet al. [16] had previously assigned transitions at
the intermediate image of the device. 500+50, 1000+50, and 1700+50 keV with absolute intensi-
The fully stripped fragments were implanted in a double-ties of 40+20, 50+20, and 40+ 20, respectively, to the decay
sided Si microstrip detectgDSSD) that is part of the NSCL  of >*Sc.
B counting systenfil4]. The DSSD thickness was 986n in The decay curve derived froMSc-correlateq3 decays is
the first experiment and 147@m in the second. Fragments shown in Fig. 3. The curve was fitted considering a single-
were unambiguously identified by a combination of multiple exponential decay of the parefiSc, exponential growth and
energy loss signals and time of flight. The desired Sc fragdecay of the daughte¥'Ti, and an exponential background
ments were selected using three different A1900 magneticomponent. The decay constant for the exponential back-

II. EXPERIMENTAL TECHNIQUE

A. %sc
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FIG. 2. B-delayedy-ray spectra foPSc in the range 0—2 MeV.
The spectra include events within the fifaf 10 s andb) 1 s after

a®*sc implant. The peaks labeled by energy have been identified as

transitions in®*Ti following the decay of“Sc.

ground of 0.144 & was deduced by fitting the decay curves
for all nuclides implanted along witA*Sc as described in
Ref. [11]. The deduced half-life for the decay 6fSc is
360+£60 ms, which is in disagreement with a previous mea
surement of 225+40 ms by Sorliet al. [16]. The uncer-
tainty of the known half-life of the daughte¥Ti [17],
1.5+0.4 s, contributed significantly to the uncertainty of the
half-life of °*Sc reported here. The presence @-decaying
isomer in®*Sc cannot be ruled out experimentally. The lim-

ited statistics of the experiment did not permit gating of the

decay curve on individuaj-ray transitions assigned f8Sc
decay. However, the existence ofua isomeric transition in

%4Sc[18] and the expected ordering of the low-energy stated

as predicted by the shell modgee Discussion sectipare
not supportive of g-decaying isomer in“Sc.

The proposed decay scheme for levelsfhi populated
following the B decay of **Sc is shown in Fig. 4. The
B-decayQ value was derived from the measured mass ex
cess of both parent and daughter as compiled in R&\.

Absolute y-ray intensities were deduced from the number of

observed®*Sc B-delayedy rays, the simulatedy-ray effi-
ciency curve[11], and the number of*Sc implants corre-
lated with 8 decays. The last term was derived from the fit of

Counts/160 ms

Time (s)
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FIG. 4. Proposed level scheme fSfTi populated following the
B decay of*Sc. The number in brackets following theray-decay

energy is the absolutg-ray intensity in percent. ThQ,; value was
deduced from data in Ref19].

the decay curve in Fig. 3. The 1495-keV transition has the
largest absolute intensity and was tentatively identified as the
2; — 0] transition in>*Ti [6]. It was not possible to derive
information regardingyy coincidences due to the marginal
statistics observed in thg-ray spectrum for*Sc. However,
based on the derived absolute intensities, the 1001- and
1021-keV y-ray transitions were placed so as to feed the
oposed 2 state at 1495 keV.

Assignment of the 1495-keV ray to a transition irP*Ti
permitted a detailed evaluation @fy matrices derived from
prompt vy rays observed following the deep-inelastic colli-
sions of*®Ca projectiles with £°%Pb target[6]. As a result,
yrast transitions up td”=10" have been identified iA*Ti.

The 1495- and 1001-ke\y rays were confirmed as the 2
—0; and 4 — 2] transitions, respectively. The 1021-keV
transition was not observed in the promptay spectrum
recorded following the deep-inelastic reaction. Therefore, we
assume that the 1021-keV transition is not part of the yrast
cascade and have tentatively assignd@=2" to the
2516-keV level in>*Ti.

Apparentg feedings and lodt values to levels in*Ti are
reported in Fig. 4 and were deduced from the absojdtay
intensities. Direct feeding to the # level would limit the
spin and parity of the ground state ¥Sc toJ"=3",4", or
5*. The appareng feeding to the**Ti ground state includes
zero within experimental errors, supportig=2 for the
ground state of“Sc. Absence of the known; 6+ 4; transi-
tion at 439 keV[6] in the B-delayedy-ray spectrum reduces
the range of possiblé™ values to 3 or 4" for the ground
state of**Sc.

The B counting system, as deployed, could also be used to
identify microsecond isomers in the nuclides which com-
posed the secondary beamrays occuring within a 2Qts
window after a fragment implant into the DSSD were re-

FIG. 3. Decay curve for*Sc. Data were fitted with a single- corded in the data stream. The isomeyicay spectrum in
exponential decay and the exponential growth and decay of theoincidence with**Sc implants is shown in Fig. 5. Assign-
short-lived daughte?*Ti. An exponential background is also con- ment of a 110-keV isomeric transition #8Sc was first pro-
sidered in the fit. See text for details. posed by Grzywacet al. [18]. The 110-keV transition was
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FIG. 5. y-ray spectrum collected within a 20s time window
after a®*Sc implant. The 110-keV isomeric transition was previ-
ously reported in Ref{18].

FIG. 7. B-delayed y-ray spectrum for®Sc in the range
0—2 MeV. This spectrum includes events within the first second
after a®%Sc implant.

assignedE2 multipolarity, based on Weisskopf estimates that
considered the deduced lifetime and transition energy.
Grzywaczet al. tentatively assigned™=5" to the isomeric
state in®*Sc; however, based on the transition multipolarity
and the possibld™ assignments for th&Sc ground state, the
J assignment for the isomer could be as lowJasl or as 5
high asJ=6. C.7Sc

The B-delayedy-ray spectrum foP°Sc in the range of O
to 2 MeV, shown in Fig. 7, contain8y events that occurred
within the first second after ®Sc implant. A total of seven

The decay curve derived frofSc-correlated3 decays is tr_ans_itions have begn identifi.ed in this spec_:trum. The analy-
shown in Fig. €a). The curve was fitted considering a single- SiS differs from that in Reff9] in two ways. First, as a result
exponential decay for the parefiSc, exponential growth ©f the small mismatch between the energy of theé daugh-
and decay of the daught&fTi with half-life 1.3+0.1 s[12],  ter reported in Ref[9] and that in Ref[11], the Ge energy
and an exponential background component. The decay Coﬁallbratlon was improved. Second, in the work reported hgre,
stant for the exponential background of 0.0815was de- Multiple 8 particles, due to daughter decays along the iso-
duced by fitting the decay curves for all nuclides implanted®@ric chain, were correlated with a single implant if they
along with%sc. again as described in RgF1]. The deduced occurred within the 1-s fragmem_i-corre_latlon time. 'I_'hese
half-life for the decay of°Sc was 115+15 ms, which com- two changes to the data analysis routine resulted in both a

pares well with the value of 120+ 40 ms reported by Scetin better match with previously reported energies and an in-
al. [16]. crease in the observed daughter and granddaughter activities

compared to the results reported in Rf]. This is evident
from the increased peak areas for theays assigned to the
granddaughtet’V at 668.2+0.6 and 1006.4+0.4 keV in Fig.
7. As the decay of°Ti has no knowny-ray transitiong12],
the five remaining transitions have been assigned togthe
decay of®Sc and are listed in Table I. The transitions located
at 690.2+0.4, 1128.2+0.4, and 1160.0+£0.5 keV compare fa-
vorably with the energies of 690.0+0.5, 1128.8+0.5, and
55T, [ ] bked 1161.0+0.5 keV found in deep-inelastic work reported in the
500 1000 1500 2000 2500 accompanying papef20]. The weighted averages of the
Time (ms) B-decay and in-beam results, 690.1+0.4, 1128.5+0.4, and
(b) 1160.5+0.5 keV, have been adopted as the energies for these
" 593 threey-ray transitions irP°Ti. The most intense transition in
the By spectrum is located at 1129 keV and has been tenta-

L tively identified as the 2— 0] transition[9]. The y-ray tran-
LML G T L LA 0
0 200 400 800

A single transition at 593+1 keV was observed in the
-delayedy-ray spectrum for°Sc shown in Fig. ). The
absolute intensity of this single transition, assigned to the
decay of°°Sc, was deduced to Hd0+20%.

B. %5s¢

100 |

Counts/160 ms

10

Orv

Counts/1 keV

3
2
1
0 sition with energy 592.3+0.5 falls within the error of the
Enongy (Eg\‘/’) single y-ray transition observed itrTi and could be due to a

B-delayed neutron branch froMiSc to levels irP°Ti. Such a

FIG. 6. () Decay curve foP°Sc. Data were fitted with a single- branch is feasible considering that the 13.7+0.8 M@V

exponential decay and the exponential growth and decay of th¥alue for the®>’Sc 3 decay is ponsiderably .Iarger than the
short-lived daughtef®Ti. An exponential background is also con- 5.3%0.3 MeV neutron separation energy’fi.

sidered in the fit(b) B-delayedy-ray spectrum foP°Sc in the range The decay curve derived froMiSc-correlateq decays is
0-1.0 MeV. A gate was placed on the decay curve to include onlygiven in Fig. &a). The decay curves obtained by requiring an
events within the first second of®8Sc implant. additional coincidence with the 1129-, 690-, or
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TABLE I. y-ray transitions irP®Ti identified following theB decay of°®Sc. The adopted energies are a
weighted average of results frofrdecay and in-beam experimenX)]. See text for details.

E,.B-decaykeV) E, adoptedkeV) If‘/bs(%) Initial state(keV) Final state(keV)
592.3+0.5 592.3+0.5 7+2

690.2+0.4 690.1+0.4 19+4 2980 2290
751.5+£0.5 751.5+£0.5 9+3

1128.2+0.4 1128.5+0.4 48+11 1129 0
1160.0+0.5 1160.5+0.5 21+5 2290 1129

1161-keVpB-delayedy rays are given in Figs.(B)-8(d). The
(@) Tz (B) =35 £ 5ms half-life deduced from the 1129-keYy-gated decay curve is
VO #Sc(11)  Tinerr (B)=60 2 7 ms statistically different from those deduced from the 690- and
5e (6%,7°) 1161-keV v-gated decay curves, suggesting that two
B-decaying states were populated in the productio”°8€.
A weighted average of the half-lives extracted from the 690-
s and 1161-keV+y-gated decay curves results in a value of
60+7 ms, which is adopted for the higher-sggrdecaying
/ \ bkgd N state in the’®Sc parent. Since the 1129-kej'ray has been
10 : L : L tentatively assigned to the 2+ 0] transition, it appears that
£ (b) T, (3-1129) = 36 + 6 ms the lower-spin°°Sc state has a shorter half-life and that the
i 1129-keV y-gated decay curve is then a mixture reflecting
both the low- and high-spin state half-lives. The percentages
| 1 l of B decays due to the low- and high-spin states are

Counts/20ms

(83+11)% and (20+4)%, respectively, based on absolute
y-ray intensities and the deduce@l feeding to the®°Ti

\ okgd ground state.

Counts/20ms

The *°Sc-correlatedB decay curve, Fig. @), was first
fited using a single-exponential decay component>f&c
with daughter and granddaughter generations. The resulting
half-life is consistent with the previous determinatif#j.
However, evidence for twg-decaying states itffSc resulted
N in a reexamination of the overall fragmeBtdecay curve.

\\ Since the half-life of the high-spiB-decaying state was ex-
\\‘-k tracted from the decay curves gated on the 690- and
56,

T, (3-690) = 58 + 9 ms

Counts/20ms

S N bkod 1161-keV vy-ray transitions, the value for the low-spin half-

. life can be deduced from the tot@ decay half-life curve.
Ti (B-1161) =64 = 11 ms The decay curve in Fig.(8) was fitted to a function that
considered the high-spin state half-life, along with the per-
l centage of decays attributed to the high- and low-spin
states, the exponential growth and decay of the daughter and
granddaughter isotope¥’Ti [12] and*%V [11], and a linear

Counts/20ms
L o)

o001 Brkod background component. In this way, a half-life of 35+5 ms
|J 556 was deduced for the lower-spin state*fiSc. The isotopes
0001 - - %859 57Tj, and ®°Cr, which have previously measured half-
° 200 400 600 800 1000 lives, were implanted along witfSc. The decay curves for
Time (ms) these four isotopes were also fitted and used to verify the

linear background.
The isomericy-ray spectrum collected within a 2@s
me window following a®*Sc implant is shown in Fig. 9.

FIG. 8. Decay curves fot’Sc, showinga) fragmentg correla-
tions only, where the data were fitted with an exponential de(:a){i

from the®®Sc ground state and isomeric state, with weights of 83% "
and 20%, respectively, arfiTi and %V growth and decay with a hree transitions were observed at 140+2, 188+2, and

linear background(b) fragmentg correlations with an additional 587+2 keV with absolutey-ray |nteQS|t|es O_f(l'A'ﬂ_)':D%'
requirement of a 1129-keV ray in coincidencec) fragmentg (1.8+£0.3%, and(2.2+0.6%, respectively. It is possible that
correlations with an additional requirement of a 690-keV coincidenthe 587-keV line observed in Fig. 9 is doublet. Unfortu-
v ray; and(d) fragmentg correlations with an additional require- nately, the errors in the absolute intensities and the lack of
ment of the presence of a 1161-keMay. The curves shown ifp), ~ coincidence data do not permit the placement of any of the
(c), and (d) were fitted with a single exponential and constant three isomeric transitions in the low-energy structuré®st
background. at the present time.
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X
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Energy (keV) 8
FIG. 9. y-ray spectrum collected within a 20s time window 1
following a %°Sc implant. The 587-keV transition is a possible
doublet. 0 \ \ \
0 500 1000 1500 2000
The proposed decay scheme for levelhi populated Energy (keV)

following the B8 decay of°®Sc is shown in Fig. 10. Details of
the y-ray placements and spin and parity assignments Were gig 11, 4 rays in coincidence with théa) 690-keV and(b)
aided by a complementary experiment carried out at the AT1129-keV y-ray transitions following®®Sc 8 decay.

LAS accelerator at Argonne National Laboratory with the

Gammasphere multidetector array to study the yrast StrUCtur,E-decayQ value was derived from the mass excess of both

of neutron-rich Ti isotopes as described in detail in the ac- P
companying papef20]. Note that the placement of the parent and daughter as compiled in R&B]. Absolutey-ray

690-keV y-ray feeding the 1129-keV state HSc was also intensities were deduced from the number of obseP¥&iy

. e 8 rays, the simulateg-ray efficiency curve, and the number of
confirmed by fragmengyy coincidencegsee Fig. 11 The 56%/0 implants corgalat)(/ad witl d)!acays. The last term was

56 derived from a fit of the decay curve in Fig(a.
Sc Apparent 8-decay branching ratios are not presented in
Ty, =35%5ms Ty, =60+7ms Fig. 10 due to the possible presence gg-delayed neutron
branch following the decay 6fSc. An apparent ground-state
(1) o+x (627) o4y B-decay branch was deduced from the difference between
\ the total number of3 decays and the observedray inten-
Q; =13.7 £ 0.8 Mev

sity depopulating the 2state.s-decay branching to theTi
ground and first excited*2state of*°Ti led to the tentative
assignment of L to the spin and parity of the parerfiSc
low-spin isomer. Apparent direct feeding to the*, 6
2980-keV level in°°Ti from the high-spirr®Sc isomer limits
the spin of the high-spin isomeric state to values of 5, 6, or 7.
The absence of dire@ feeding to the 4 state(the absolute
intensities of the 690- and 1161-keV transitions are equiva-
lent within experimental erroysfurther restricts the spin of
the °°Sc high-sping-decaying isomer td=(6, 7).

IV. DISCUSSION
A. Comparison with shell model results

The low-energy structures of the even-evgar, ,,Ti and
soCa isotopes beyond thi¢=28 shell closure have previously
been compare] to the results of shell model calculations
employing the GXPF17,8] and KB3G [10] interactions.
Both calculations were shown to reproduce the observed in-
crease in theE(2]) values atN=32 for the Cr, Ti, and Ca

FIG. 10. Proposed level scheme f8Ti populated following the ~ 1SOtOP€s. The presence of a subshell closufé=82 can be

B decay of*®Sc. The decay energies are the adopted values takedltributed to a gap in the effective single-particle energies
from a weighted average of thé-decay and in-beam experiments P€tweenwps, and vfs), states created by the monopole mi-
discussed in the text. The number in brackets following thegration of thevfs; as protons are removed from the,
y-ray-decay energy is the absolujeray intensity in percent. The Orbital. Such dramatic changes in effective single-particle en-
Qg value was deduced from data in REF9]. A possibleg-delayed ~ ergies due to strongly attractive interactions between spin-
neutron branch precludes the determinatiopdfranching ratios to ~ orbit coupling partners have been discussed by Otstild.

%6Tj excited states. [21] in the context of the disappearimg=8,20magic num-
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56 2+ 2053 3+ sible spin assignments. Considering only dirgalecays to
189 4+ states irP*Ti below 3 MeV, the potential 3 4* ground states
1745 o+ of the >*Sc parent both preferentially populate tHestate in
o >*Ti, with calculated branches of 12% and 17%, respectively.
1509z 3+ 1522 3+ It is, therefore, difficult to make any assumptions on the spin
1444 4+ and parity of the®*Sc ground state based on a comparison
1275 4+ between the shell model results with the GXPF1 interaction
and the experimental data.
1070 1+ The presence of aB2 isomeric transition at 110 keV in

%S¢ provides additional insight into the low-energy structure
of the®*Sc parent. The calculated position of the firsidvel
in %¥Sc, which has a(7f;,)(vps)*(vfs,)! composition,

ﬁg:gi compared to the ground-state doublet, which is most likely
(7f 70 (vps)*(vpyjp)t, furthers the understanding of the
relative position and energy separation of g, and vpy),
123 3+ single-particle orbitals. If the monopole migration of the
Q 4+ 0 1+ vfs, is overestimated with the GXPFL1 interaction, as sug-
54g, 565¢ gested in Ref[9], the 1" state may reside much closer to the

ground state and could give rise to the obseriZ2dsomeric

FIG. 12. Low-energy levels of*®%Sc calculated in the full trages't'on_- 5 .

pf-shell model space using the GXPF1 interaction. Sc differs from>'Sc by two neutrons, and the unpaired
neutron is expected to occupy thé;, orbital. A 1" ground

bers for neutron-rich exotic nuclei. The effective single-state is predicted fot°Sc from the shell model calculations
particle energies calculated using GXPF1 also indicated @mploying the GXPF1 interaction. Similar to the situation in
significant energy gap between thp,;, and vfs;, orbitals, Sc, the separation between thé., and vp;, single-
and a new magic number &=34 was predicted for the Ti particle states is expected to be smaller than that reflected in
and Ca isotopes. The systematic variationEi2;) for the  the GXPF1 results given in Fig. 12. A condensed low-energy
even-even Ti isotopes does not bear out this possibility; irspectrum for’®*Sc may produce several isomers; both high-
fact, the experimentaE(2;) value in 5“’ri34 falls midway and low-sping-decaying states have been observed®8t.
between the GXPF1 and KB3G predictiofg. The low-spin isomer decays primarily to the ground state of

The S-decay properties of*%>°%c¢ reported herein have °°Ti, with an apparent branching ratio ¢62+15%. The
been compared to the results of shell model calculations ugesults of shell model calculations using the GXPF1 interac-
ing the GXPF1 interaction, as was done in similar investigation predict a 42%3 branch for the®®Sc 1* decay to the
tions of the neutron-rich \{11] and Ti[12] nuclides. The ground state of°Ti. Based on direct feeding to the first 6
calculations were performed using the codesAsH [22]  state in the daughtéPTi, the spin and parity of the high-spin
and cmicHsM [23]. The calculated low-energy level struc- B-decaying state ii°Sc have been tentatively assigned val-
tures for the odd-odd parert$®%Sc are presented in Fig. 12. ues of(6*,7*). The shell model calculations performed here
The ground-state of'Sc is predicted to have spin and parity predicted a 68%B-decay branching for th&Sc 6" decay to
4* and is separated by only 123 keV from the first excitedthe first excited & state in>°Ti, and this was the only direct
state, calculated to havl=3". A very different low-energy feeding to excited states fiTi below 4 MeV.
structure is expected fot°Sc. The ground state ofSc is The calculategs-decay half-lives for the land 6 states
calculated to have spin and parity, ith a doublet of states are 16 ms(35+5 mg and 110 mg60+7 mg, respectively,
with J7=2",6" calculated to lie at an energy ef500 keV  where the corresponding experimental numbers are given in
above the ground state. The following discussion focuses oparentheses. For both calculationsQgvalue of 13.7 MeV
the significant changes to the low-energy structure and thg19] was used, as the energy separation and order of the
B-decay properties of these nuclides resulting from the addihigh- and low-spin3-decaying isomers is unknown. The cal-
tion of two neutrons in going from'Sc to>°Sc. culated half-lives were again corrected by a factor of 2 to

Since the energy separation between the two lowest stategcount for the reduction in calculated Gamow-Teller
calculated i*“Sc is only 123 keV, thg8 decay properties of strength for neutron-rich nuclides in this region. The experi-
*'Sc were calculated assumidg=3* or 4* for the ground mental half-lives for the twg-decaying isomers if°Sc fall
state of this nuclide. A calculated half-life of 724 1192 9  within a factor of 2 of the shell model results.
was obtained for thgg-decay of theJ"=3" (J7=4") state. The three isomerig rays observed iR®Sc have not been
These half-lives were multiplied by a factor of 2 to accountplaced. The expected compression of the low-energy spec-
for the known reduction in calculated Gamow-Teller strengthtrum of *Sc shown in Fig. 12 may result in isomeric transi-
in the full pf-shell model space when compared to experi-tions populating either of the twg-decaying states. The low
ment[10]. For both potential spin and parity assignments tostatistics in the current experiment did not permit the analy-
the ground state o¥'Sc, the present shell model calculationssis of coincidence relationships between the thseeays.
predict a much longer half-life than the experimental valueAdditional data on the time evolution of each of the isomeric
of 360+60 ms reported here. The calculatgébranching vy rays would also help to place these transitions in the level
ratios to excited states #Ti are similar for these two pos- structure of the®®Sc parent.
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The ®°Sc ground state is predicted to have 7 fuantum 56 1457 58 14

numbers and follows the systematic trend of other Add- v VB2 Nk

7f, nuclei. The deduced half-life of 115+15 ms compares | ¥z *%t

well with the shell model result of 156 ms. The largest 0908- P32 0008~ 1Py

B-decay branch, calculated here to be 31%, is to the lowest Ti 38 - 56 7

5/2 level in the daughteP°Ti. The ground-state spin and 1) | Oy Viars

parity of °°Ti have been proposed to b&/2,5/2,7/2" 0000~ \P;;

[12], based on thes-decay branchings observed experimen- 54 (3",‘:)* 55 56 v(fl)“

tally in the decay of°Ti—°V. The suggestion of direq8 n(fs»c)l — OO—.vPSII/zz

feeding to the’™Ti ground state, even if it is only based on 7 .32.._%@ -

the limited delayedy-ray data presented here for the decay 33 32 35

of ®°Sc, would tend to support a 572r 7/2° ground state

for >°Ti. FIG. 13. Spin and parities for selectggV and ,,Sc isotopes
with schematic neutron single-particle levels. Energy spacings are
not to scale.

B. Monopole migration of »fs;, based on ground-state spin
and parity assignments

Using the tentative spin and parity assignments for thed|SO suggests that the ground-state spitrbifis greater than
*45%j, °°Ti, and **°¥ isotopes, the monopole migration of 5 g g P g

the vfg), state with removal of protons from thef,, level
can be described. The spins and parities for the ground statgs

of Sc, Ti, and V nuclei around thh=32 subshell closure, 5105 of odd-od&%Sc and?®58/ isotopes, agree with shell
togethe_r W'.th schemauc_ heutron s.lngle-.pamcle levels, '%nodel calculations, the present data on the low-energy levels
shown in Fig. 13. There is substantial evidence fpr the eXisg¢ the neutron-rich Sc and Ti isotopes do not support a large
tence of a subshell closure located Mt32 as discussed energy separation between thé,, and vpy, orbitals pre-

a_bove. quking from this subshell cl_osure, the extreme icted using the GXPF1 interaction. As noted in Réf, a
single-particle model can be used to infer the proton an duction of=0.8 MeV in the single-particle energy of the

neutron .orbitals tha.t.couple to produce the observed groun ., state would account for the absence ofNwn34 shell
state spins _and parities. . . closure. To preserve calculated levels in other nuclei, a
Starting in the,, Sc Isotopes, the odd proton is Ioca_ted N \veaker monopole interaction should be considered to ac-
the fy, state, as evidenced by the ground-state spins angy,n for the slower rise in energy of thés,, state with the
parities of oddA Sc isotopes. Coupling this proton to an odd removal of protons from therf-,, orbit [8] and a location of

neutron in thevfs, orbital results in a range of spin and the first 2" state in®Ca around 4 MeV. However, the mono-

: . ; ;
parity Of,(l_G) » while coupling anfy, proton o an odd pole migration of thevfg, state is expected to continue with
neutron in thevp,, state would lead to spin and parity of 3,6 removal of the last two protons from thd-,, orbital in

or 4". The ground-state spin and parity ¥Sc have been o ,Ca isotopes. Further investigation of the low-energy
tentatively identified a3, 4)". Nordheim ruleg24,23 argue 6| structure of neutron-rich Ca nuclei is warranted to de-

against the coupling_ of a proton in thef;, to a neutron N termine if avfs,-vp;, energy gap dominates &t=34, re-
the vfy), level resulting in a(3,4)" ground state. This sug- gyjting in a shell closure.

gests that the 33rd neutron occupies ih®,, orbital. The
tentative spin and parity of*lin *°Sc in a single-particle

While the vfs, and vp,), single-particle level orderings,
erred from the spin and parity assignments to the ground

picture is only possible with the placement of the 35th neu- V. SUMMARY

tron in thevfg;, level. From the schematic neutron levels, it

is seen that thefs, level is located above thep,, state in The low-energy levels of neutron-rich®>>%Ti have been
the ,,Sc isotopes. studied through thgg decay of the parent nuclidé$>>°%Sc,

In the ,,V isotopes, the odd proton is still located in the respectively. The systematic variation in tB€7) values for
wf4, orbit. Both®**%/ have been assigned ground states, the even-even,Ti isotopes reveal a peak bit=32 indicative
placing the 33rd and 35th neutrons in thé&;,, state and of a subshell closure. This increase is similar to the increase
suggesting that thefs, orbital is lower than thep,,, level  in E(2;) at N=32 observed for thg,Ca and,,Cr isotopes.
in ,3V nuclei. Evidence for a shell closure &t=34, predicted for the Ti

The B decay of the odd-even nucle@¥i has also been isotopes by shell model calculations carried out using the
studied[12] and, while the spin and parity have not beennewpf-shell interaction GXPF1, was not observed. Based on
firmly established, the complex feeding observed in ghe p-decay branching ratios for t&°Sc decays, tentative spin
decay of°°Ti is not indicative of a dominantp,, single-  and parity assignments were proposed for the odd-odd parent
particle configuration for thé®Ti ground state. The new re- nuclei. A survey of the spin-parity assignments of the ground
sults reported here on th@ decay of°°Sc into the low- states of the odé and odd-odd nuclides in this region was
energy levels of°Ti suggest a significang-decay feeding used to analyze, in a schematic way, the monopole migration
the ground state oFTi. AssumingJ=7/2 for the®*Sc parent  of the vfg, orbital. While there is evidence that the
state, gB-decay branch directly to the daughter ground statesfg,,-vp,/, level ordering changes betweggv and ,;Sc,
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