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High-spin states irf*®Ti have been investigated with the reactiéisi(**Mg,a2p) at 100 MeV, using the
GASPy-ray array and the charged-particle detector ISIS. The positive parity yrast sequence has been observed
up to the 14 terminating state and several high-energy transitions have been established above the termination
state. Both the signatures of a negative parity band have been observed up to thedl67 terminating
states, plus one more transition from an IRate at 19.086 MeV excitation. The observed states are interpreted
within the frame of large scale shell model calculations in the fillspace(positive parity and as particle-
hole excitations from thés, shell (negative parity.
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. INTRODUCTION was a self-supported 0.4 mg/énfoil of 99.99% enriched
283j and the beam wad*Mg at 100 MeV[12], with *CTi
The nuclei in the 17/, shell have become a recognized peing populated by the2p channel.

laboratory source in which our understanding of the interplay  The peam was delivered by the XTU Tandem accelerator
between collective behavior and shell model effects can bgs the National Laboratories of Legnaro. Therays were
studied in great detail. Theoretically, this has become posgetected with the GASP arrdg?] that consists of 40 HP Ge
sible due to large scale shel! model calculatipns perfqrmed iIaietectors of high efficiency, with anti-Compton shields, and
the full pf shell [1]. Experimentally, the highly efficient o inner balmuttiplicity filter) of 80 BGO elements. Detec-

y-ray detector arrays made it possible to study these nuclei ?itOn and identification of light charged particles from the

relatlvely.hlgh SpIns, up to conﬁgurauon terminating Sta.tesreactions were made with the ISIS silicon HdlB] that con-
or even higher, where the structure is dominated by the align-;

ment of all the valence nucleons, as well as excitations of th ists of 40AE-E Si telescopes with a geometry similar to
core. Many band terminations have been observed in the§ at of the GASP Ge detectors. Events were collected on tape

nuclei for the natural parity statd€], while for the non- if at least two Ge detectors and two BGO elements of the

natural bands, they have been observed only in a few casd§ner ball fired in coincidence. A total of 7010° twofold
447§ [3], “5Sc[4], “ov [5], “'V [6]. and 7.3< 10" threefold events were collected. Therays

This paper presents new experimental results on high-spi¥ere recorded up to an energy of 6.5 MeV.
states for the*®Ti nucleus. This nucleus is close t&Cr,
which is thef,,-shell nucleus with the largest valence par-
ticle number and therefore the most collective. Low-spin B. Data analysis and the level scheme
. 4 . .
states in“’Ti have been studied by means fdecay and The average recoil velocity of th#Ti nuclei was about

different light particle induced reaction¥,8]. High-spin . . . .
states have been observed through heavy-ion fusion0.044: and a simple Doppler correction with this value led to

evaporation reactions up to the termination of the positiverathe_Er broa? 1pgall\l/l<ée.g., at;foutt 12 _kfvdfu"tw,lﬁth at half
parity yrast sequend®-11]. maximum at 1.5 MeV, an effect mainly due to the evapora-

In the present work, we follow both the positigeatura) tion of high-energya particles. By using the information
parity and negative(non-natural parity state sequences from the ISIS detector on the geometry of th(_a evap_orated
above their terminations. In total, 20 new levels with spinParticles, one could apply an event-by-event kinematic cor-
above 1@ and excitation energy higher than 8 MeV have rection[14], thus improving by 25% the resolution of the
been established in this nucleus. These experimental resultsray spectréi.e., about 9 keV at 1.5 MeV

are compared with fulpf shell model calculations, as well ~ The data were sorted in symmetrizgey and y-y-y co-
as calculations which allow for particle-hole excitations in-incidence matrices, both with or without conditions on the
volving the 1d,,, orbital. ISIS data. By observing the coincidence relationships and
relative intensities of the transitions, we have built the level
Il. EXPERIMENTS AND RESULTS scheme shown in Fig. 1. Several examples of double-gated

spectra related to this level scheme are shown in Fig. 2.
Table | contains information concerning the intensities
The data containing information on the high-spin states oind multipolarities of all the transitions in Fig. 1. The tran-

“¢Ti have been obtained from an experiment where the targedition multipolarities have been deduced on the basis of di-

A. Experimental details
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FIG. 1. The level scheme of tH&Ti nucleus as resulted from the present experiments. The widths of the arrows are proportional to the
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100 F tion is a stretched quadrupole, er0.5 if it is a stretched
(a) Band n1=-, . = 1

3 Gatod 2655 ov? pure dipole one. By gating on a stretched pure dipole transi-
N {sum ofin-band ransitons) tion, one should get-2.0 for a quadrupole ane 1.0 for a
pure dipole transition. For mixed dipole/quadrupgigtran-
sitions, Rpco depends on thé value.

We have built also seven asymmetfiey matrices corre-
ponding to the coincidence of the detectors from each ring of
GASP (35°, 60°, 72°, 90°, 108°, 120°, and 145°) with the
rest of all the other detectors; these matrices were also coin-
cident with charged particles. Cleanray spectra were ob-
tained from these matrices by gating on the all-detector axis,
on a number of*Ti transitions, and they were corrected for
the efficiency of the corresponding ring of detectors. Since
the GASP array has many detectors, placed at many different
angles, the angular correlation effects between any fwo
(6) Gated 1345/ (2607 +1327) ke rays are washed out, so that the intensity of amay in the
seven rings does not depend on the character of the gating
transitior(s), but follows the regular angular distribution of
rays from oriented nucldil6].

The experimental values, /Ay andA, /A, resulting from
a Legendre polynomial analysis of the angular distributions,
and/or theRpco value are given in Table | for most of the
(d) Gatod 1820 / (5360  5542) koV observed transitions. These two sets of data are rather con-
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20 | g sistent with each other and support the assignments shown in
Fig. 1 and on the last column of Table I. In some cases, the
transitions consistent with a dipole or quadrupole type have
been assumed as M1 or E2 mutipolarity, respectively, as

0 suggested by the observed decay patterns, while in some

zéo 5(‘)0 75‘)0 10‘00 12‘50 500 others'no parity assignmgnt was madg. o
CHANNEL As in a recent heavy-ion in-beam investigatidri], we

FIG. 2. Double-gatedy-ray coincidence spectra cut from a 2SSign to the 1820 keV ray in the positive parity yrast
y-y- coincidence cube. The two gatés sum of gatesare indi-  Sedquence a quadrupole character, and therefore assume that it
cated in each case. Spectru@ illustrates one of the negative IS a 14" —12" transition. The 14 state is actually the ter-
parity bandsib) highlights one of the connections of the negative minating state having the maximum spin availablé'%®i in
parity band with the yrast positive parity ban@) shows the cas- a puref,,-shell configuration. The yrast sequence continues
cade of three transitions feeding the*1fvel; (d) the feeding of  apove the 1% terminating state with one transition of high
the yrast pos_,i_tive parity band above the"1dtate by the highest- energy(3.6 MeV), which is of dipole typeTable |), and it is
energy transitions observed, of about 5.5 MeV. therefore assigned to the decay of a'1&ate. Above the
12" state atE,=8.214 MeV [7,8,11], the observed level
scheme is rather complex and presents many levels which
deexcite mainly by high-energy transitions. Most of the tran-
sitions feeding the 12 and 14" yrast states are of dipole
character. Exception are two very high-energy transitions
(5.36 and 5.54 MeYwhich feed the 14 state and appear to
Ivl( 6,; gated by vy, at 6,) be Qf quadrupole charact€fable |), therefore likely to de-
excite 16" states.

The states with excitation energies of 10.320 MeV and
13.081 MeV have been assigned positive parity on the basis
of their connections with the positive parity yrast band. For
gate is set on the, transition. They have been determined the states at 9.146, 10.473, 11.547, 12.077, and 12.488 MeV,
from asymmetricy-y matrices which had on one axis the tentative spin assignments have been maee Fig. 1, but
rays from the 90° ring of detectors and on the other onesince they also have connections with negative parity states
those from the 35° and 145° rings of detectors. Such matri¢see below, no definite parity assignment is proposed.
ces have been obtained in coincidence either with one pro- Two regular band structures built on the states(3.058
ton, or with onew particle. In our case, fop;=90° and MeV) and 4 (3.441 Me\j and interpreted as the signature
0,=35° and 145°, gating on a stretched quadrupole transipartners of a rotational negative parity band were previous-
tion y,, one gets folRpco a value of~1.0 if the y; transi-  lyknown up to the spins 9 and 8", respectivelyf7,8]. Such

rectional correlation from oriented statd3CO) ratios[15]
and on the angular distributions of therays[16]. The DCO
ratios were calculated as

RDCO:Iyl( 6,; gatedbyy, at 6;)’
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TABLE I. vy-ray intensities, DCO ratios, Legendre polynomial coefficients of the angular distributions,

and the tentative spin-parity assignments 46Fi levels and transitions.

E, (keV) Intensities DCO ratids A, 1AL A lAL Assignment
275.2 13.51) 0.705) —0.38(13) —0.57(21) 12/ —10;
279.3 0.405) 13, —(12)
286.2 0.306) 0.60(15) 13/ —14;
382.9 8.51) 1.384) 0.224) —0.18(10) 4, —-3;
407.2 ~0.6 15, —(14)
410.9 1.12) 0.9413) —-0.18(7) —-0.32(12) 5, —4;
535.9 0.81) 0.92) 7, —67
553.6 0.61) 5, —6;
560.5 0.305) 0.5720) —0.43(10) —0.09(16) 157 —(14))
678.5 1.01) 9, —8;
753.0 0.51) 11, —10;
793.8 1.92) 0.9517) 0.2413) —0.09(23) 5, —3]
809.8 2.91) 1.32) 0.638) 0.2015) 6, —5;
889.2 100.010) 0.0910) —0.15(14) 27 —0]
940.0 1.61) 0.7612) —0.54(9) 0.0619) (14)—(13)
952.1 0.41) 8, —7;
998.0 0.184) 13, —12;

1040.7 0.1(5) 12, —11;
1048.7 10.04) 0.974) —0.08(8) —0.05(13) 3, —4]
1120.4 97.®5) 0.973) 47 —27
1220.6 9.2 0.91(5) 0.188) —-0.11(12) 6, —4;
(12549 8, —87
1289.0 68.012) 1.034) 0.1912) —0.15(15) 65 —4,
1327.0 1.21) 0.308) —0.48(11) —0.20(24) (12)-(11)
1345.0 57.15) 0.974) 0.227) —0.16(14) 10 -8
1345.5 8.62) 1.034) 0.1715) —0.21(25) 7, —5]
1363.1 1.61) 1.12) 6, —6;
1431.7 4.%3) 0.909) —0.08(6) —0.02(13) 47 —a4f
1487.5 10.83) 0.998) 0.1998) —0.18(16) 8, —67
1512.7 1.61) 0.3912) —-0.28(8) —0.07(10) (13)—14;
1596.5 68.415) 0.992) 0.1998) —0.15(13) 87 —6;
1630.6 8.04) 1.194) 0.127) —0.15(14) 9, 77
1699.5 20.88) 0.502) —0.40(5) —0.06(12) 11, — 10/
1719.0 2.82) 0.506) —0.05(11) 0.0220) 14, —13/
1794.0 3.8 0.8711) 0.28911) —0.06(19) 12, —10;
1811.2 7.14) 0.959) 0.2609) —0.14(15) 10, —8;
1820.1 25.26) 0.954) 0.21(8) —0.14(13) 14 —12]
1842.6 15.0) 0.7(5) —-0.27(7) —0.04(11) 5, —4;
1885.6 5.13) 1.066) 0.177) —0.16(13) 11, —9;
1974.2 23.%) 1.044) 0.2209) —-0.12(14) 12 —10;
2014.7 1.106) 0.9715) 0.3915) —0.14(32) (14)-(12)
2038.4 4.31) 1.045) 0.2312) —0.25(22) 13, —11;
2106.2 7.0 0.60(15) —0.26(6) —-0.07(12) 13/ —12]
2142.7 2.91) 0.996) 0.225) —0.12(9) 15, —13;
2169.0 0.264) 3,27
2285.0 1.01) 0.7716) 0.3916) —0.31(26) 14, —»12;
2452.3 1.41) 1.2423) 0.349) —0.36(9) (14)— 14
2474.0 1.82) 0.31(10) 11; — 107
2490.2 1.91) 0.8223) 0.1813) —-0.37(21) 16, —14;
2537.7 4.08) 0.427) —0.36(9) 0.0814) 13, —127
2654.5 1.61) 0.8312) 0.099) —0.17(15) 17, —15;
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TABLE I. (Continued.

Eqgq (keV) Intensities DCO ratids AlAP AdAL Assignment
2760.5 1.02) 0.6012) 0.14(16) 0.2639) (145)—13]
2906.2 1.91) 0.559) —0.49(9) —0.28(16) (11)—10;
(3046 (14;)—14;
3321 1.02) 1.44) 15; —(13])
3537 0.245) -0.83(13) 0.020) 18, —17;
3607 2.21) 0.287) —0.67(14) 0.582) 15/ —14f
3863 0.61) —0.14(19) —0.42(30) (13,14)-12f
4044 ~0.8 0.3115) -0.17(18) 0.0832) (14,15)-147
4866 0.41) 1.95)° (145)—12;
5360 ~0.5 0.9136) (16)— 14,
5542 ~0.5 1.1233 (16)— 14,

3 rom gate set on a quadrupole transition.
®Angular distribution Legendre polynomial coefficients.
°From gate set on the dipole transitions 275 and 1700 keV.

20

48T — 18" —18
18
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FIG. 3. Comparison between the experimental level schenf€Tofand the one calculated with the shell modebdeANTOINE), in the
full pf shell. For the experimental levels without parity assignment, no possible theoretical counterparts are shown.
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TABLE Il. Comparison between experimental and shell model
values for branching ratios if®Ti. The calculated values take in
account the predicte1+E2 admixture for theAJ=1 transi-
tions.

E, Assign- Ey Branch
(keV) ment Transition (keV) Expt. Calc.
Positive parity levels
8214 127 127 117 275 57412 51.49
127 —»10f 1974 1002) 100.00
10320 137 137 — 147 286 4.28) 8.03
137 —127 2106 1003) 100.00
13081 145 145 —14] 3046 30.76
145 —137 2761 10018) 100.00
145 —12] 4866 3611)  30.95
13641 157 157 —14 3607 1005 100.00
157 —137 3321 469) 25.73
Negative parity levels
3852 5 57 —4~ 411 588)  100.00
5 —3~ 794 10Q@10) 79.28
4662 6 6~ —5" 810  31.513 90.25
6 —4~ 1221 1002) 100.00
5198 T 77 —6" 536 9.312) 13.20
7" —5" 1346 1002) 100.00
6149 8 8 -7~ 952 3.810) 44.50
8™ —6~ 1488 1003) 100.00
6828 9 9~ -8~ 679  12.514) 9.39
9”7~ 1631 1005 100.00
7960 10 10 -9~ 1132 12.48
10 —8~ 1811 100 100.00
8714 1T 11" —10" 753 8.818 2.03
11 —9° 1886 1005) 100.00
9754 1z 127 —11" 1041 2.613) 4.77
127 —-10° 1794 10011) 100.00
10752 13 137 =127 998 3.q9) 11.49
137 —11" 2038 1002) 100.00
12039 14 14 —13° 1287 100.00
14 —12° 2285 100 29.16
12895 15 15" — 14~ 856 100.00
15 —13° 2143 100 43.49
14530 16 16 —15 1635 10.25
16 —14~ 2490 100 100.00
15549 17 17 —16° 1019 0.39
17 —15 2655 100 100.00
19086 18 18 —17° 3537 100 100.00
18 —16 4556 17.08

a non-natural parity band can be described within the she
model, as a particle-hole excitation from the closgg,
shell. The terminating states of the=0 anda=1 signature
bands are, in this picture, 16and 17, respectively. We
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FIG. 4. Comparison of the positive parity yrast band and the
negative parity bands with a rotor formula(J)=32.322°33(J
+1).

IIl. COMPARISON WITH SHELL MODEL:
CALCULATIONS AND DISCUSSION

As stated in the Introduction, shell model calculations in
the full pf space give a very good description of the structure
of f4-shell nuclei. We have therefore compared the present
experimental data to predictions of such calculations. To ac-
count for negative parity states, a particle-hole excitation
from the d3), shell has been considered. These calculations
have been performed with the codeTOINE [17], using the
KB3 interaction and experimental single-particle energies
from “'Ca[1]. The results for**Ti are shown in Fig. 3.

The positions of the positive parity yrast states up to the
15" state(above the band terminatipare well reproduced.
Table Il shows the calculated and experimental branching
ratios for the higher-lying positive parity states. It is seen that
the decay of the 12, 13/, 14, , and 15 states is predicted
Heasonably well. The position of the calculated Idate fits
well with that of the observed states with possible spin 16.

For the negative parity bands, the calculations are, in gen-
eral, in good agreement with the observed features. Both the

have observed for the first time, in the present experimentsignature splitting and in-band and interband decay of these
the two signature bands up to their termination. In addition, astates are well describdéfig. 3 and Table ). Calculations

higher transition of 3.54 MeV, which feeds the terminating
state of thew=1 band is reported.

predict the first and second 14states with excitation ener-
gies that differ by less than 100 keV. The resulting wave
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FIG. 5. Wave function components for the positive parity yrast ~ FIG. 6. Same as Fig. 5, but for the negative parity states.
states.

yrast positive parity states. The wave functions are domi-

functions are thus mixed and this can explain the lack ohated, as expected, by tlig, orbital, but theps,,fs;,, and
agreement for the decay of the;14nd 15 states in Table py, orbitals play also some role. It is seen that these higher
[I. The calculations also show that td&=18" state, above orbitals have a significant contribution in the structure of the
the band terminations, which fits well the position of the states up to spin 8. This indicates a stronger collectivity of
observed one, decays preferentially towards the terminatinghese states. As proved in previous calculatid&, it is the
state of thew=1 band, as observed experimentally. mixing between thé-, andpg, orbitals which enhances the

For the experimental states without parity assignmentjuadrupole coherence and gives rise to rotational states. Af-
from Fig. 1, also shown separately in the middle of Fig. 3, itter spin 8, the contribution of all these orbitals falls practi-
was not possible to establish unambiguous correspondenceslly to zero, which means that the spin is built only by
with calculated levels. aligning f, particles. This process continues up to spin 14

Figure 4 gives a comparison of both the positive and(fully aligned, or terminating stateAt J”=15", one sees
negative parity bands ofTi with the rotor formulaE(J) that, essentially, ond,, neutron is excited into thes,
=0.05473(J+1). In the positive yrast band, the nucleus is orbital.
seen to be a reasonably good rotor up to the shirB; Figure 6 shows the occupation numbers for the negative
above that, the sudden change of the slope indicates a draspiarity band stategboth signaturgs One observes the same
change of configuration, which leads to gradually less colirend as discussed above for the positive parity states, except
lectivity. The negative parity bands have a much more reguthat here the decreageith increasing spinof the compo-
lar rotational aspedtFig. 1): the rotational character is rela- nents due to the highgxf orbitals is more gradual up to the
tively good up to spinJ=10, after that there is again a terminating states. This is the reason why the loss of collec-
change of slope indicating a different regime. Both changesvity (Fig. 4) is more gradual in this band than in the posi-
of regime show up experimentally in a back bending. Abovetive parity band. The 18 state observed above the termina-
the maximum aligned spin, the smooth behavior is brokeriion is again realized by promoting orig, neutron into the
indicating an abrupt change of configuration. p3 Orbit.

These changes of configuration can be also followed in In conclusion, in the present work, the level scheme of
the structure of the wave functions. Figure 5 shows the wavé®Ti has been greatly expanded at high spins. We have ob-
function compositiongfractional shell occupationsof the  served for the first timey-ray transitions above the termina-
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tion of both the natural and unnatural parity bands. Shelunnatural parity bands giving rise to a smoother termination
model calculations have been performed for thefdlspace in this case. After the terminating states, excitation of one
allowing also particle-hole excitations from tlag,, orbital.  f;, neutron into thgy,, orbital induces an abrupt change of
These calculations describe well the experimental featurethe smooth behavior.

and offer an insight into the microscopic origin of the ob-
served behavior with spin. The observed bands are rather
collective up to spin~8-10, where the alignment df,
particles sets in, inducing a gradual loss of collectivity up to D.B. wishes to acknowledge support within the INFN-
the terminating states. The alignment is more gradual for th&NFIN collaboration agreement.
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