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Gamma rays from neutron-rich nuclei in the vicinity 8£20, N=28 have been studied at Gammasphere
using deep-inelastic reactions induced by a 330-M&a beam on a thick*®U target. The yrasy-ray cascade
of ®Ti was identified for the first time and the location in energy of the4?, and 6 states was determined.
The low-spin®Ti yrast structure does not support the presence of a subshell clos\re34dtas suggested on
the basis of other data on nuclei in the region as well as shell model calculations with a recently proposed

interaction.
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I. INTRODUCTION spectroscopy following deep-inelastic reactionE?].
This study not only identified the first excited &tate in>*Ti

Recent investigations have shown that single-particlg, ;i 550 traced the higher-spin yrast structure&4fTi up
structure in exotic nuclei may significantly differ from that ;| _ 10t |n doing so, it provided additional evidence for

inferred from many years of studies of nuclei near the valleyhe N=32 subshell closure. For example, i, the signifi-
of stability. Drastic structural changes can occur over relaggnt energy spacing between thelével and the group of
tively small regions of the nuclear chgd—4] and, as are- g of and 1§ excitations involving the promotion of neu-
sult, some familiar magic numbers no longer apply whiletrons from thewp,,, state to thevpy,, or vfs, orbitals sig-
new ones appear. One example of such an unanticipatgghied the presence of a significant energy gap between those
structural change in neutron-rich nuclei is the appearance fingle-particle states in the titanium isotopes, as predicted by
anN=32 subshell closure in nuclei located just above doubly[heory.
magic ““Ca. This phenomenon was first suggested by The presence of thisl=32 subshell gap in neutron-rich
H+uck et _al.5£5] who tentatively identified a candidate for the nclej located in the vicinity of doubly magitiCa, has
21 levelin **Ca at an excitation energy of 2563 keV, a valuépeen attributed to a decreasetl;,-vfs, monopole interac-
significantly higher than the corresponding; 2nergy  tion occurring when protons are removed from th,, or-
[E(27)=1027 keV] in *Ca. However, the considerable un- pjtal. This reduced interaction results in a gradual migration
certainty associated with the spin and parity assignments tgf the »f, orbital towards higher energies. This feature,
this ®’Ca state did not give much emphasis to the issue at theygether with the large spin-orbit splitting for the
time. Recently, this situation changed drastically when evi-p, -1p,,, states, then gives rise to a sizable energy gap at
dence for a subshell closure lt32 came from a study of N=32 for nuclei withZ=< 24 [11]. Recently, a new effective
the systematic variation of the(2;) energies for the chro- interaction for the fullpf shell, labeled as GXPF1, was de-
mium (Z=24) [6] and titanium(Z=22) [7] isotopes, where veloped by Honmat al.[12], and full pf-shell model calcu-
E(2]) was found to reach a maximum f&fCr,, and®*Ti,,  lations with the GXPF1 Hamiltonian give a very good de-
respectively. Beta-decay measurements®finto °°Cr can  scription of the E(2}) variations in the Cr, Ti, and Ca
be found in Refs[6,8], while the original in-beam work of isotopic chains neaN=32. In addition, the high-spin states
Ref. [9] on the latter nucleus was extended further by Ap-in even-even Ti isotopes were also reproduced reasonably
pelbeet al. [10]. well by this GXPF1 interactiofi7].

The properties of*Ti were explored in our earlier study An intriguing feature of predictions based on the GXPF1
with a somewhat novel approach whegedecay data from interaction is the development of a significant energy gap
fragmentation products were combined with promptay  between the effective neutron single-particle energies associ-
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ated with thevp,,, and vfs;, orbitals in neutron-rich nuclei. 12 2 Double dates: b &
This would lead to a subshell closure Nt 34 that should 4007 < p‘;“(4§9?"‘;38'2f’14g5)
become apparent, for example, in the energy spacings ob- 1 ﬁ q €(2175, 2523, 2967)
served for the low-lying levels if°Ti. In other words, the 3001

level structures of thél=28°%Ti, N=32%*Ti, andN=34°°Ti 1 £ @
nuclei were calculated to closely mirror each other. However, 2001 3 S

the energy of thé®Ti 2 state, measured very recently in the
B decay of the®®Sc parent produced in a fragmentation re-
action, was reported to be only 1127 ke\3], almost
400 keV below the GXPF1 expectation. This observation
seems to indicate that the degree of separation between the 6
vpy» andvfg), states is not sufficient to create the anticipated
N=34 subshell gap, at least in Ti isotopes. To explore the
issue further, we performegray spectroscopic studies using
a deep-inelastic reaction with the aim to delineate higher
yrast excitations ir®Ti. 21
In a series of earlier experiments, it has been shown that
the yrast spectroscopy of hard-to-reach, neutron-rich nuclei,
populated in heavy-ion-induced multinucleon transfer reac-
tions, can be carried out successfully at energies 15—25% 200 300 400 500 600 700 800
above the Coulomb barrier, when usingy coincidence E, (keV)
measurements and thick targgtd—16. From a broader per-
spective,y-ray intensity measurements from these _reactions FIG. 1. Representative coincidengeray spectra foP*Ti illus-
(as extracted from the-y coincidence dajehave provided @  trating the quality of data collected with Gammasphere for the re-
mapp|ng of theA andZ distributions of pI‘OdUCt yle|dS In all acti0n48Ca+238|J: (a) sum of double gates on Selecl%h’i y tran-
cases, multinucleon transfers were shown to lead mostly tgitions using theyyy coincidence cubeb) sum of triple gates on
less neutron-rich nuclei in the region close in mass to theelectedy rays using theyyyy fourfold histogram. The&*Ti tran-
heavy colliding partner. Conversely, species on the neutrorsitions, labeled by their energy in keV, are given in the level
rich side of the light reaction partner were found to be fa-scheme of Fig. 3.
vored as well. It is possible to understand these vyield distri-

bution patterns in terms of a general tendency towdt® 800 ns of the trigger signal. A total of 2310° three- and
equilibration of the dinuclear systems formed in deep-higher-fold coincidence events were recorded for off-line
inelastic reactions. analysis. The beam, with an intrinsic bunch width of
As already indicated above, valuable data on new yrast g 3 ns, was pulsed with @420 ns repetition time, provid-
excitations in the52_54Ti iSOtOpeS were obtained fO”OWing |ng an Opportunity for clean Separation of prompt and iso-
deep-inelastic reactions between a thitkPb target and a meric decays. In the analysis, conditions placed on the time
305-MeV “Ca beam[7]. However, no information of°Ti  parameters were used to increment a number of prompt and
could be derived from this data set. It was then decided t(@{e|ayed'y’y coincidence matrices aanl'}/’}/ cubes Co\/ering a
investigate th648C3+238U system instead, in order to take y-ray energy range of up te4 MeV. Furthermore, a four-
advantage of the larger neutron reservoir provided by thgold histogrami.e., yyyy) was updated as well, but only for
4 target. The largeN/Z ratio of 1.59 for the latter target prompty rays, within a time window of~40 ns.
compared to the corresponding value of 1.54°f6Pb should At first, it should be recognized that, in the case of the
extend the product distribution significantly towards morez%y target, the target-like products of deep-inelastic pro-
neutron-rich nuclei, including thé°Ti isotope of interest cesses mostly undergo fission. Thus, an identification based
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Il. EXPERIMENTAL PROCEDURE system reported earlidi7], is very difficult, if not impos-

AND ANALYSIS RESULTS sible. Instead, new transitions in neutron-righnuclei iden-

tified by other means have to be taken as starting points for

The experiment was performed at Argonne Nationalmore detailed investigations of the associated level struc-
Laboratory using Gammasphéte], which consisted of 101 tures. In the case of the light&>*Ti isotopes, coincidence
Compton-suppressed Ge spectrometers. A 330-M&a  spectra with gates placed on the known transitions confirmed
beam from the ATLAS superconducting linear acceleratothe level structures established previougf or even ex-
was focused on a 50-mg/énisotopically enriched®®U tar-  panded them in some instancgk8]. The present data set
get placed in the center of the array. Gamma-ray coincidencgirned out to be of sufficient statistical accuracy that it was
events were collected with a trigger condition requiring threereadily possible, for example, to confirm the transitions lo-
or more Compton-suppressedays to be present in prompt cated at the top of th&Ti level scheme in such an analysis.
coincidence. For each event, the energy and timing informaThis is illustrated in Fig. 1 with double- and triple-gated
tion was stored for all suppressed Ge detectors firing withircoincidence spectra.
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690-keV vy rays their mutual-coincidence relationships were
Gate: 1129 & 1161 confirmed. It is worth noting also that from these coinci-
dence spectra the energy of the-20* transition was remea-
20 sured and determined to be 1128)8keV, in fair agreement
with the 11271) keV energy measured in th®@decay mea-
suremenf13].

It was soon realized that the 1160- and 689-keV lines
observed in they-ray spectrum obtained following thg
decay of°°Sc [13] may be identical with the 1161- and
690-keV transitions found in coincidence with the
1129-keVy ray seen in the present experiment. An updated
Gate: 690 & 1129 energy calibration for transitions fiTi populated following
| the B decay of°®Sc is reported in the preceding paga#).

20 The revised energies of 690024), 1128.20.4), and
1160.300.5 keV compare favorably with those of 690005),
1128.80.5), and 1161.00.5) keV deduced in the present
work. Energy values of 690(Q.4), 1128.%0.4), and
1160.50.5) keV, which correspond to weighted averages of
the results from the independegitdecay and in-beam mea-
1180 1220 1260 surements, have been adopted for these thremy transi-
tions in °°Ti.

Gate: 690 & 1161 As in the known even-even titanium isotop8s2°Ti, the

4* and 6 levels in®°Ti are expected to correspond to proton
excitations of wf%,z character with energy spacings
E(4"-2")>E(6"-4"). Keeping in mind that deep-inelastic
reactions preferentially populate yrast states, an assignment
of the 1161- and 690-ke\ rays to the 4—2" and 6

— 4" transitions is then straightforward. These two transi-
tions locate the 4 and 6 levels at excitation energies of
2290 and 2980 keV, respectively, as indicated in the level
scheme of Fig. 3.

The coincidence relationships between the three main
transitions in®°Ti were first observed in the deep-inelastic
01 experiment under discussion here. In turn, these observations
actually lead to the suggestion that the presence of the 1161-
and 690-keV lines in thé®Sc B-decay spectrum, with an
-40 1 intensity lower by a factor of 2 than the yield of thé 2
— 0" transition[13], might be due to the presence of two

1080 1100 1140 1180 1220 1250 ,B-decaying igomers in°Sc: one of I(_)W spin feeding mostly
E, (keV) the 2 ex0|.tat|o_n and a second pf higher ar]gular momer)tum
feeding primarily the 6 state. This hypothesis has been since
FIG. 2. Gamma-ray coincidence spectra for different doublefully confirmed by the more detailed analysis of thisc

gates on specified transitions 3fTi. B-decay data presented in the preceding p&p@lr, different
half-lives have now been associated with the 1129-keV

In the case of°Ti, a starting point for the analysis has y-gated decay curve and with that derived for the 690- and
also recently become available. As outlined in R&8] and  1161-keVy rays.
in the preceding papdf9], a 2’—0" y ray with an energy As shown in Fig. 2, one additional weak transition has
E,=1127 keV had been identified in/decay study of the - peen assigned to the level scheme’dfi. A careful exami-
°Ti parent,*Sc. As a first step towards identifying rays  nation of all the coincidence spectra revealed the presence of
feeding this 2 excitation, a search was carried out aimed aty 123q1)-keV vy ray with an intensity of~25% of the
findi4rgg a tzr?nsition in coincidence with this 1127-keV line in 90.1161-1129 keV cascade intensity. Because of its weak
the “Ca+ 8U_c0|nC|dence data set which was not presentyaqre; this transition is given in the level scheme without
(or present with a very low yieldin the earlier*Ca+2°%Pb proposing a spin assignmetfig. 3)
y-y data. Only oney ray, with an energy of 1161() keV, T
satisfied this criterion. The inspection of the double-
coincidence gate placed on the newly found 1161-keV line
together with the 1127-ke\y ray, shown in Fig. &), re- As shown in Refs[7,13], the full pf-shell model calcula-
vealed the presence of a 69@BPBkeV transition. By double tions employing the GXPF{12] Hamiltonian proved to be
gating on the different combinations of the 1127-, 1161-, andrery successful in describing thé 2nergy systematics and
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the higher-spin yrast structure in the even-e¥&tf>4i iso- vpy» and v, levels are not separated to the degree implied
topes, including features associated with g, subshell by the GXPF1 interaction and, as a result, the wave functions
closure atN=32. The GXPF1 calculations fail, however, in of excitations involving either of these two orbitals may well
the case of®Ti: the excitation energy of 1516 keV predicted be characterized by considerable admixtures with compo-
for the 2 state is significantly higher than the actual experi-nents from the companion state.
mental value of 1129 keV. The calculated high excitation As discussed in Ref.7], another measure of the energy
energy reflects the prediction of\&= 34 subshell closure that Spacing between theps, and vfs, orbitals is the location of
is clearly not borne out by the data. the I"=9" and 10 states in>*Ti, since these levels involve
The interaction labeled FPD6 is another empirical Hamil-the excitation of a neutron in thefs,, orbital. Indeed, the
tonian constructed for nuclei in thef shell [20]. Calcula- ~ energies of those two states, as predicted by the FPD6
tions with this Hamiltonian are not performing as well as Hamiltonian, are on average lower than the values from the
those with the GXPF1 interaction when it comes to repro-GXPF1 calculations by 900 keV; i.e., they are also
ducing the 2 energy systematics it?°>°qi nuclei. For ex- ~550 keV too low with respect to the dathig. 3), an ob-
ample, the FPD6 results underestimate tHig@ergy in>*Ti ~ servation in line with the discussion above.
by roughly 250 keV. However, in th&Ti case, the situation The other low-lying yrast excitations itfTi identified in
is reversed: with the FPD6 Hamiltonian, the predicted 2 the present work offer an additional test of the shell model
energy is 1117 keV, only 12 keV below the data. These feacalculations. Using the GXPF1 interaction, the computed en-
tures are illustrated further in Fig. 3, where the results of theergy of the 6 level is 3044 keV, in reasonable agreement
two shell model calculations are displayed together with thewith the experimental value of 2980 keV. However, this ob-
experimental data for botlTi and °°Ti. servation is somewhat misleading as the energy spacings be-
Differences in the predictions of the two Hamiltonians tween the 2, 4%, and 6 levels (calculated to be located at
regarding the 2 energy in the®*Ti and °°Ti nuclei can be 1516, 2529, and 3044 keV, respectivegyre quite different
associated with differences in the effective single-particle enfrom those of the experimental sequence: 1129, 2290, and
ergies of thevp,,» and vfs, orbitals with respect to theps,, 2980 keV. This can be seen by considering, for example, that
state in neutron-rich nuclei. In the FPD6 calculations aroundhe experimental energy ratio&(4")/E(2")=2.03 and
56T, the effective single-particle energy of thés, state lies  E(6")/E(2")=2.64 are much higher than the corresponding
between these of thep,,, and vp,, orbitals whereas, in the calculated GXPF1 values of 1.67 and 2.01. In contrast, the
GXPF1 Hamiltonian, the ordering is reversed; i.e., tig,  FPD6 Hamiltonian predicts the'24*, and 6 excitation en-
level is located above theps, and vp,, single-particle ergies to be 1117, 2221, and 3045 keV, respectively, and
states and, in addition, there also is sizable splitting betweethese values agree rather well with the data. In this case, the
these twop states. From this point of view, the results for energy ratios are reproduced satisfactorif(4")/E(2")
°™Ti then suggest that the separation betweenug, and  =1.99 andE(6")/E(2*)=2.72. The main difference between
the pair of thevp,, and vfs;, orbitals is well accounted for the results with the two Hamiltonians regarding the energy
by the GXPF1 Hamiltonian and that, in contrast, this gap issequence of the three lowest yrast state¥Ti arises again
too small in the FPD6 case. On the other hand, comparisorfsom differences in the location of thefs;, orbital with re-
between theory and experiment f&Ti then suggest that the spect to thevp,,, state. It is worth noticing that the calcula-
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tions with the GXPF1 Hamiltonian predict that the wave 10'
functions of the 2, 4", and 6 states are dominated by the
wf2 P3P, configuration, which is a closed neutron sub-
shell configuration. In turn, in the FPD6 calculations, the
main component of those wave functions are of the
wf3,,vp5,, 12, type—i.e., with two neutrons occupying the
vig), orbital. The experimental data GATi favor the results
of the FPD6 interaction and may indicate that e, state
is not separated from thep,,, level to the degree assumed 102 ® “Ca+™| i
by the GXPF1 Hamiltonian. Instead, these two single- O “Ca+Pb o
particle states might lie close to each other or, as implied by : ;
the FPD6 Hamiltonian, their ordering might be reversed. In ; ; i
any event, the wave functions of th&Ti states can be ex- 48 50+ 52 54 56
; . " Ti Ti Ti Ti Ti

pected to be characterized by considerable mixing between
the components of thep,,, and vfs, orbitals. FIG. 4. Distribution of the relative 6state feeding yields in the

As shown in Fig. 3, in®Ti both calculations predict even-everf®5°52545§j products for the two reactionCa+238
above the 6 level a sequence of states wili=6", 8", 9",  and*%ca+*°®Pb. Two data sets are normalized f8fi.
and 10. The states withl=8 are expected to be separated
from the 6 yrast excitation by more than 1.7 MeV for the it the actinide target has materialized as the yield distri-
FPD6 Hamiltonian and by more than 2.3 MeV for the p ion is extended significantly towards more neutron-rich Ti
GXPF1 |_nteract|0n. Assuming an intensity scenario in Wh'Chisotopes: the Bstate population yield iB%Ti is larger by a
the feeding of the Byrast state from the h|gher-'ly|ng yrast tactor of 4 when?38U is used as a target rather th&Pb.
levels accounts for-15% of the 8 decay intensity, s ob- s feature is currently being exploited further in ongoing
served in the case 6fTi, leads to the natural conclusion that gy,dies of other neutron-rich nuclei in neighboring isotopic
the identification of the corresponding transitions’fi us- chains of great interest such as those for the Cr and Ca nu-
ing the present data set is rather difficult due to the |°Wc|ei, for example.
production yield for this nucleus. Indeed, only one weak
transition with an energy of 1230 keV was found in the data.
It was tentatively assigned as feeding thfssate. It likely
corresponds to one of the yrast transitions from a level with  petailed y-ray coincidence measurements using Gamma-
J>6 or to a deexcitation from the secontl &ate predicted sphere with the®Ca+2%%U reaction at 330 MeV have pro-
at an energy of either 4149 keV or 4908 keV by the FPD6yjded information about the low-spin yrast excitations in
and GXPF1 Hamiltonians, respectively. We note that with56Tj The new findings include the*24*, and 6 members of
this transition added to the scheme, the level sequences ipfZ ) multiplet and an additional weak transition deexciting a

Ti and °°Ti are quite similar; i.e., the first excitations above state of higher excitation energy for which no spin and parity
the respective Byrast states are not located at an energy ofyuyantum numbers could be established. These data also
2 MeV or more, as is the case ffiTi (N=28) and>*Ti (N played a pivotal role in unraveling tH¥Sc B-decay mea-
=32). The level schemes above thé I8vel would then re-  syrements discussed in the preceding pap@rand in Ref.
flect the absence of any subshell closure at Bo##80 and  [13]. The experimental results do not support the view that a
N=34. These observations again argue against any signifsubshell closure occurs @&l=34 in neutron-rich isotopes
cantvpy>-vfs;; €nergy spacing. above®Ca, at least for the Ti isotopic chain. Thié=34

As already mentioned above, the present reaction of ghell gap had been proposed on the basis of shell model
“8Ca beam on a thick®®U target was selected to investigate calculations with the newly developed GXPF1 interaction.
Ti nuclei with a large neutron excess because, among stabfene data suggest that the energy spacings betweerptjie
isotopes, theN/Z ratio of ?*®U is the highest; i.e., this vp,,, and vfs, orbitals require further theoretical consider-
nucleus represents the largest reservoir of neutrons suscegion as does the degree of admixture between these three
tible to be transferred to a projectile-like reaction product.states in the wave functions of tAgTi yrast excitations.
The high-fold, large coincidence data set obtained here was
used together with the earli&iCa+?°%Pb data of Ref{7] to
quantify this conjecture by determining the population yield
of the yrast states in an isotopic chain of interest. For ex- The authors express their gratitude to the ATLAS opera-
ample, usingyyy coincidence relationships, a feeding pat- tion staff for the flawless operation of the accelerator and to
tern of the first 6 states in the even-even Ti isotopes wasthe ANL Physics Division technical support group for assis-
derived. Possible feedings of thes& éxcitations fromB  tance in the preparation of the experiment. This work was
decay were carefully considered and subtracted out. Figure gupported in part by the U.S. Department of Energy, Office
compares the measured distributions for the two reactions aif Nuclear Physics, under Contract No. W31-109-ENG-38,
interest. In the figure, the two distributions have been norby National Science Foundation Grants Nos. PHY-01-10253,
malized to the measured values f8i. From Fig. 4 itis  PHY-02-44453, and PHY-97-24299, and by Polish Scientific
clear that the conjecture of a more favorable transfer yieldCommittee Grant No. 2PO3B-074-18.
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