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Abstract : 

The states of ^Ti have been studied using the ^Cafa.n-y) 

reaction. The level and decay scheue of '•'Ti was deduced from 

Y-Y coincidence, y-ray energy and intensity Measurements. Spins 

are suggested on the basis of the Y-ray angular distribution, 

supported by relative excitation functions. The ground state 

band has been extended to spin 10 , and about 20 new states 

are observed. Some of these can be grouped into rotational-like 

bands based on the 3" state at 3.059 MeV and other excited 

states. 

NUCLEAR REACTIONS l , 3Ca(o,nY), E « 8-15 MeV, measured E^, 

o(E,E ) YY coincidence DSAM, T, 

*»6Ti deduced levels, J, ir. Enriched target, 

Ge(Li) detectors. 
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I. INTRODUCTION 

The ( f ? / 2 ) Model (McCullen, Bayman and Zaaick 1964, Kutschera, Brown 

and Ogawa 1977) has had mixed success in describing the low-lying even 

parity states of l , 6Ti. The large density of states above 3 NeV excitation, 

and the low-lying 0 ? and 2 2 stales, as well as the transition rates between 

members of the ground state "band" requires an extension of the configuration 

space. Skouras (1975) has recently used an augmented basis of 6 particle, 

and 8 particle - 2 hole configurations, but in a deforced scheme, and 

obtained good agreement for both energy levels and transition rates of the 

even parity states. However, negative parity states are known in l*6Ti (for 

example J = 3~ at 3.0S9 MeV) an«! these cannot be explained without further 

extension of the configuration space. A deformed basis is suggested by the 

experimental static quadrupole moments, and by the calculated potential 

energy surface for **6Ti which indicates an axially symmetric prolate de

formation (Rebel and Habs 1973). In this context, the recent proposal of 

rotational bands based on excited states (including negative parity states) 

in the neighbouring isotope '•'•Ti is of relevance (Simpson, Dixon and Storey 

1973). 

To further understand the structure of **6Ti, we have studied the y-decay 

following the l*3Ca(a,n) reaction using high resolution y-ray techniques. 

Previous studies of the level scheme were summarized by Auble (1970) and 

since that review, lifetime measurements using the Doppler shift attenuation 

method (Assimakopoulos et al 1972, Durell, Dracoulis and Gelletly 1974) and 

the recoil distance method (Dehnhardt et al 1973) have been reported as well 

as studies of the l , 8Ti(p,t) , , 6Ti reaction (Rapaport, Ball and Auble 1973). 

The only work to report the y-decay of new levels in l*6Ti has been the y-ray 

study of yrast levels populated in the reaction l , 0Ca( 1 2C,o2p) l , 6Ti recently 

reported by Fortuna et al (1976). They proposed the 8* and 10* members of 

the ground state band which was previously only known up to the 6 member, 
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but our results «re in partial disagreeaent with their assignments. 

As well as extending the ground state band to a spin of 10 , we have 

identified many new states in H 6 T i , and observed the 7-decay of soae states 

previously only seen in particle transfer reactions. The properties of 

these states, and the grouping of soae of the new states into rotational 

bands will be discussed. 

2. EXPERIMENTAL DETAIL 

This study of **6Ti has been carried out as a collaborative project 

between the A.N.U. and Auckland using a beams from the EN tandem and the 

folded tandem accelerators at those universities. The "*3Ca target (with 

an isotopic composition of 13, P.65, 81 and 4.5% of the Ca isotopes 40, 

42, 43 and 44), which was about 1 mg/cm2 thick Ca evaporated on to a 0.25 

mm Au backing, had oxidised in air and therefore was of somewhat uncertain 

chemical composition. In addition to the measurements discussed below we 

have studied the y-rays in coincidence with protons to identify transitions 

in the odd-odd nucleus **6Sc as well as other Y-rays from (a,p) reactions on 

the contaminant Ca isotopes. 

2.1 Singles Y-ray measurements 

The spectrum of Y-rays from a-bombardment of .he U 3Ca target is dominated 

by the transitions in 1 , 6Ti because of the favourable Q value for the (o,n) 

reaction (+0.08 MeV). Excitation functions were measured with a 10% 

efficient Ge(Li) detector, at 90 s to the beam direction, from 8 to IS MeV 

a-particle energy Although the angular distributions of the y-rays may 

affect the relative yields at this angle as the beam energy is changed, 90° 

was chosen (rather than say 55°), to avoid the substantial Doppler shifts, 

particularly in the high energy Y-rays. Since the Q value is low, the 
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alignment of particular states should not change markedly over the energy 

range covered, and the distribution effects were minimised by using close 

geometry, at the expense of Doppler broadening. The purpose of the excita

tion functions was to establish whether the (a,n) reaction was favoured over 

the competing (ot,p) reaction since' a parallel study on l , 6Sc is being carried 

out, to identify contaminant y-rays, and to gain information on the relative 

angular momentum of the decaying states. As in (heavy ion.xn) reactions, 

the population of high spin .states will be preferred at high energies. This 

can be seen from some representative examples of relative excitation functions, 

normalised to the yield of the 889 keV 2 -»• 0 transition, in figure 1. The 

population of many of the low spin states, most of which decay by high energy 

transitions to ground, or to the first excited,state is very weak at the 

higher energies. A singles y-ray spectrum is shown in figure 2, and a 

comparison of the high energy region at 8 *'-?V and 15 MeV a-particle energy 

in figure 3. 

The energies of the strong transitions in "*6Ti were established by 

simultaneous measurement of standard y-ray sources and the reaction y-rays. 

The energies of the lines determined in this way were later used to provide 

internal calibrations for the coincidence data. The accuracy of these 

measurements ranged from about ±0.25 keV for the strong low energy lines 

up to fbout +1.5 keV for the weak, Doppler broadened lines in the 3 MeV 

region. 

To assist in making spin assignments, the angular distributions of 

the y-rays were measured at 6 angles between 0° and 90° with respect to 

the beam axis, at an a-particle energy of 11 MeV. 

The spin assignments made here are tentative since we assume an 

approximately Gaussian substate population, and a degree of alignment 

which depends only on the magnitude of the spin of the state, as is usually 

done in heavy ion, evaporation reactions (Yamazaki 1967, der Mnteosian and 

Sunyar 1974). Where we can make comparisons, the angular distributions of 
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the transitions between states of known spins, support these assumptions. 

The attenuated Doppler shifts determined in the angular distribution 

Measurements, which were carried out at Auckland, were used to give an 

estimate of the lifetimes of the decaying states. Further measurements 

on the Doppler shifts were carried out at the A.N.U. at bombarding energies 

of 8 and IS MeV, to clarify several problems îrising from the 11 MeV results. 

These problems will be discussed in more detail in sections 3.1 and 3.2. 

The measurements were specifically to measure the small shift in the 1843 

keV transition depopulating the 3853 keV level, and to obtain estimates of 

the Doppler shifts in the two components of the 1346 keV doublet by using 

extreme bean energies to enhance in one case the low spin component, in 

the other the high spin component. The small shift in the 1843 keV transi

tion was measured by simultaneously recording the reaction -y-rays, and the 

Y-rays from an Y source which has lines at 898 and 1836 keV. By measuring 

the centroid shift of the 1843 keV Y-ray relative to the 1836 keV source 

Y-ray, the effects of small gain shifts were accounted for. The results 

for the 1843 keV line for three pairs of 0°,120° measurements are shown in 

figure 4(a), while the results for the 1346 keV transition are in figure 

4(b). 

2.2 Gamma-gamma coincidences 

Three coincidence experiments were carried out under different conditions. 

The first was intended to search for low energy transitions and to give 

superior resolution in the low energy region, and used a small volume 

x-ray Ge(Li) detector and a 10% efficient Ge(Li) detector, both at 90° to 

the beam direction, about 6 cm apart. As in all these measurements, coinci

dence data were recorded event-by-event on magnetic tapes for later off

line analysis. The beam energy was 11 MeV. A second measurement at the 
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sane energy was made in a similar geometry with two Ge(Li) detectors of 31 

and 10* efficiency. The third Measurement was made at a beaa energy of 

8 MeV to enhance the population of the non-yrast states, with two 10* 

efficient Go(Li) detectors, one at 90* to the beaa direction, the other at 

5S°. This last geometry was chosen mainly to avoid 

collecting coincidence events fron the annihilation process, but had the 

added advantage of separating several doublets, previously only partially 

resolved, because of different Doppler shifts in the 55* detector. 

These data were analysed by setting digital gates on each Y-ray in 

the sum coincidence spectra, and on a featureless part of the background 

close to the y-ray of interest, as well as on the "proapt" and randon 

regions of the tine spectra. The coincidence spectra constructed in this 

way were then used to establish the decay scheme for l , 6Ti, using the 

coincidence relationships, coincidence intensities, and energy summations. 

ixamples of these coincidence spectra are shown in figure S. 

3. RESULTS AND DISCUSSION 

The angular distribution coefficients A and A of some of the strong 

y-rays in 1 , 6Ti are listed in table 1. A number of the y-rays observed 

in singles are either unresolved or partially resolved doublets of ^ T i 

and contaminant y-rays, consequently reliable results could not be extracted. 

The attenuated Doppler shifts F(t) are listed in tables 2(a) and 2(b). 

The lifetimes in table 2 were deduced from the observed shifts using a 

theoretical F(T) curve calculated using the formalism of Blaugrund (1966) 

and the stopping power theory of Lindhard, Scharff and Schiott (1963). 

Because of uncertainties in the target chemical composition, large 

errors have been quoted in table 2 although the agreement with the work 

of Dure 11 et al (1974) and Dehnhardt et al (1973) is reasonable. The errors 
also cover the uncertainty because of the assumption of isotropy for the 
emitted neutrons. If the neutron angular distribution effect was large it 
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would have been evident in significant differences in the extracted lifetimes 

at the different bean energies used. 

The l*6Ti level sehen« i s shown in figure 6. The branching ratios of 

sone of the I , 6 Ti states are given in table 3. 

3.1 The ground-state band 

The 1598 and 1346 keV transitions are in cascade with the previously 

assisted transitions fro« the 6 and lower states of the ground-state band. 

The 1346 keV Y-ray i s an unresolved doublet in singles with the other 

component assigned as a transition in the negative parity band discussed 

below. The angular distribution of the 1346 keV Y-ray is consistent with 

a stretched quadrupole transition. Similarly, the 1S98 keV y-ray has a 

positive A , and a snail negative A coefficient. The ordering of these 

transitions is determined by their singles intensities in which the 1598 

transition i s about 30* more intense than the 1346 doublet, and by the 

coincidence measurements in which the 1598 keV transition i s observed in 

all the appropriate coincidence windows, to be «ore intense than the 1346 

transition. This i s demonstrated in figure 7 which shows a partial spectrum 

of y-rays in coincidence with the 1598 keV Y-ray, at the 8 MeV a-bombarding 

energy. The 1346 keV transition i s not evident in this spectrum although 

the detection efficiency will be close to that for the 1289 6 -» 4 transi

tion which is clearly seen. This result i s consistent with the very weak 

population of the spin 10 state at this low beam energy. Further, the 

excitation functions for the 1598 transition and the 1346 keV doublet shown 

in figure 1 support the association of the 1346 keV transition with a higher 

spin state than the 1598 keV transition, especially as the other component 

of the 1346 keV doublet is assigned to a relatively low spin state (6 or 7) . 

The 8 and 10 states of the ground-state band are therefore placed at 

4897 and 6244 keV. This result i s in disagreement with the work of Fortuna 

et al (1976) which places these two transitions in the reverse order. Those 

authors also noted that the 1598 keV transition was more intense than the 
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1346 keV transition in singles, but attributed part of the 1S98 keV 

intensity to a contaminant froa l , ,Cr populated in their heavy-ion reaction. 

This nucleus cannot be formed in the present study. Further, their published 

coincidence spectra are consistent with tW? present interpretation. 

The lifetimes of the 10* state of the gsb and the (7~) state of the 3~ 

band were extracted fro« the F(T) values for the 1346 keV doublet by 

estimating the component intensities at the different bean energies. For 

example, the S MeV coincidence data show the 1843 keV transition (fron the 

5~ state) and the 1S98 keV transition (fron the ft* state) in the 1346 keV 

coincidence spectrum, in the proportion (0.88 • .07) to (0.12 ±.07) in 

favour of the 1843 keV transition. This indicates that »ore than 80\ of 

the doublet at this low bean energy is fro« the low spin state. A similar 

result can be obtained by comparing the relative intensity of the 1598 keV 

(8>6) and 1346 keV (10-» 8) transitions in the 1289 keV (6-* 4) coincidence 

window, since these transitions will appear approximately in the proportion 

of their singles intensities. In a related way, it can be shown that most 

of the intensity in the doublet at 15 MeV a energy is due to the decay of 

the 10 state, as is expected from the excitation function. As the observed 

I:(T) values .ir<-comparable at 8 KeV and 15 MeV, the component lifetimes are 

similar. The lifetimes extracted for the 10 and 7~ states, and the 8 

state after correction for feeding from the 10 are given in table 2(b). 

The E2 transition strengths derived from the lifetimes are compared 

with the empirical ( f _ / 2 ) 6 model (Kutschera, Brown and Ogawa 1977) (using 

the 1 , 2Sc interaction) in table 4. The enhancement of these transitions is 

approximately given by the model, but with the use of an effective range of 

0.9 for both proton and neutrons. The relative strengths (column 5) are 

in good agreement within the large experimental errors. The deformed scheme 

of Skouras (1975) which uses an effective charge of +0.5 gains similar 
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agreement for the 4*-»2* and 6* + 4* transitions, but Skouras does not quote 

results for the higher spin states. 

Several other transitions feed the high spin states of the ground-state 

band. The 1298, (1726) and 1225 keV transitions feed the 8*. 6* and 6* 

states establishing levels at 619$, (S02S) and 4524 keV which do not 

decay to the lower spin states of the ground-state band, and which have 

excitation functions which suggest high spin. Unfor*jnately most of these 

transitions are too weak or only partially resolved in singles and we do not 

have reliable angular distribution information. The 1225 keV transition is 

substantially Doppler shifted, indicating a short lifetime for the 4524 keV 

state (see table 2). These levels are candidates for the yrast 9 and 7 

states predicted by the (f-.^) 6 nodel which are shown, together with the 

ground-state band and the experimental levels in figure 8. More spectros

copic information on both spin assignments and mixing ratios is required to 

allow a good comparison to be made, but these unfavoured yrast states may 

provide a further test of the ( f 7 # 2 ) 6 "odel-

3.2 The negative parity band 

The states at 3059 and 3442 keV are established as having J* - 3" and 

4'. Ne have observed a series of states which y-decay through these negative 

parity states, suggestive of band structure. Before describing these bands, 

we will comment on some details of the decay of the lowest states. 

Durell, Dracoulis and Gelletly (1974) assigned a lifetime of about 15 ps 

to the decay of the 3442 keV 4" state, determined from the attenuated Doppler 

shift of the 1432 keV El branch to the 4* state, and noted that this was in 

disagreement with the 83+9 ps quoted by Dehnhardt et al (1973). Dehnhardt 

et al however, assigned the lifetime of this state from their recoil distance 

measurements on the other main decay branch, the 383 transition to the 3059 keV 
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S' state. He note in passing that our energy Measurement of 382.8 ±0.2 keV 

for this transition is in disagreement Mith the 378.9* O.S keV quoted by 

ttehnhardt et al. The source of the lifetiae discrepancy however, is seen 

fro« the present level scheme which includes a 1427 keV transition from the 

5280 keV state. This t-ray is only partially resolved in singles from the 

1431.8± O.S keV branch fron the 4~ state and the relative singles intens

ities in the "*3Ca • a reaction at 8 MeV (approximately the condition of the 

experiment by Dure 11 et al) is about 3:1 in favour of the higher energy 

transition. The observed attenuated Doppler shift can be attributed, at 

least in part, to the 1427 keV transition, which may be fron a short-lived 

state and from the effect on the cent roi d of the different angular distribu

tion of each component. Further evidence in support of this explanation can 

be seen from the excitation functions in figure 3 where the yield of the 

1430 keV doublet is seen to increase rapidly with a energy in contrast to 

the 383 keV transition, consistent with our assignment of one component of 

the doublet to a relatively high spin state. 

The mixing ratio of the 383 keV transition has been measured by Lewis 
• 42 ct al (1968) to be 6 = -1.0 ' (in the phase convention of Rose and Brink 

(l-t>7))and an anisotropic angular distribution is observed for this Y-ray 

in the present study. The alignment of the 3442 keV 4~ state was assumed 

to be similar to that of the states of similar spin which decayed by 

stretched transitions (e.g. the 4 + 2 and 5"-» 3" transitions). With these 

estimates of the alignment the deduced mixing ratio of the 383 keV transi

tion is 5 = -0.42 \ ' 0 7 ' The error includes a contribution for the align

ment uncertainty, and the result is in agreement with that of Lewis et al 

(1968). This mixing ratio together with the lifetime of 83 1 9 ps, and 

the observed branching ratio of 74 ± 4% gives an enhanced E2 component of 

13.5 t 4.0 W.u., similar to the strengths observed in the ground-state band. 

The sequence of states with spins 3", 4", (5~), (6"), (7") and (8") at 
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5059, 3442. 3SS3. 4663. SIM and 61SO keV is suggestive of a rotational 

band because of the energy spacing, the cascade and crossover transitions, and 

as Kill be discussed, the enhanced E2 transitions. As most of the in-band 

transitions are weak in intensity, because of the competition Kith the higher 

energy out-of-band dipole transitions, the assignment of the spins of the higher 

states are tentative. The preference for including the S198 keV state 

rather rhan the 5280 keV state as the suggested spin 7 amber of the band 

is because the fomer state is populated nore strongly (as indicated by 

the relative intensity of the 1346 and 1427 keV transitions in coincidence 

with the 1S43 keV transition) at the higher energies. Th states are clearly 

of related configurations, and the regularity of the bard in the plot of 

excitation energy against 1(1*1) is shown in figure 9. 

The transition strengths deduced fro* the lifetimes (and the linits on 

the lifetimes) are given in table S. The El decays out of band are all 

retarded by factors of 10 s and this feature will be discussed in nore 

detail below. The F.2 strengths vary considerably and in particular the 

enhancement of the 5" -*• 3" transition is considerably less than that of the 

F.2 component of the 4" -»3" transition. This is just the effect expected 

for a K = 3 band because of the difference in the Clebsch-Gordan co

efficients as is indicated in the penultimate column of the table. The 

remaining comparisons in the table are consistent with the features 

of a K = 3 band but more accurate lifetimes and mixing ratio determina

tions would add considerably to the evidence. The configuration of the 

3" hand may be related to the rotational bands based on the d- / 2 proton 

hole states which have been well studied in the odd-A and odd-edd nuclei in 

this region as reviewed by Maurenzig (1971) and Signorini (1976). In a 

deformed scheme, **6Ti will have a proton pair in the a » 1/2" orbital 

of the f_.y (spherical) state, and a neutron pair in each of the 1/2" and 

3/2" orbitals. The promotion of a d- / ? proton to the empty 3/2" orbital 
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will leave a hole in the 3/2 orbital of the d,.- configuration and allow 

a 2-particle configuration with K = 0 and 3". The moment of inertia of 

the present 3" band in "*6Ti is similar to the band tentatively proposed 

i-* l*'4Ti (Simpson, Dixon and Storey 1973) and to that of the 3/2 (d. / 2 hole? 

band in the neighbouring nucleus l*5Ti at high spin (Blasi et al 1971). The 

average rotational constant «• * s approximately 50 keV. 

Further evidence for the proposed configuration comes from the observed 

retardation of the out of band El transitions which are about 10 W.u. 

Similar retardations can be deduced from the lifetimes observed in the bands 

based on the d, ._ proton hole configuration in l*3Sc (Forster et al 1970) 

'•'•Sc (Dracoulis, Durell and Gelletly 1973(a), 1973(b); Chevallier et al 

1975), l t 5Sc (Toulemonde et al 1976), ^ T i (Simpson, Dixon and Storey 1973), 

"*5Ti (Blasi et al 1971) and 1 , 8V (Taras et al 1974; Brown et al 1975). This 

is apparently a general feature of the bands and is consistent with the 

j-forbidden nature of the transition which changes a (à,/2) proton hole to 

an f_ / 2 proton. 

All of these bands have irregularities in the spacing which indicates 

mixing with other bands. In **6Ti, as well as the 2 proton configuration 

described, excitation of a proton to the higher ß,f_._ orbitals, and from 

the 1/2 ,à,,~ orbital will give a series of bands with K = l", 2" etc. 

which may mix through the Coriolis interaction with the 0" and 3* bands. 

We note that a l" state is known at 3168 keV in **6Ti, and we have observed 

at least 4 states which may have negative parity and are close in energy 

to the 3" band states. 

This sequence of states which decays to the 3~ band is evident in 

figure 6. The cascade transition between the 4416 and 3827 keV states 

is weak,anu higher transitions are below our sensitivity. The 768 and 974 

keV transitions to the 3* band are relatively strong, and the angular 

distribution of the 768 keV transition suggests a spin of 4 for the 3827 

keV state. The 974 keV transition is apparently of mixed multipolarity, and 
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this, together with the short lifetiae of 0.65 ± 0.25 ps for the 4416 keV 

state, suggests an M1/E2 transition rather than E1/M2, to the 4~ state of 

the 3~ band. The sequence of states at 3827, 4416, 5280 and 6027 keV 

with suggested spins of 4, (5~), (6) and (7) is also shown in figure 9. 

The energies are remarkably linear against 1(1*1) but the known 0 and 2 

states at 2613 and 2962 keV also fall on the sane straight line. Obviously, 

all these states cannot be members of a 0 band (which would only have even 

spin members), and this illustrates the pitfall inherent in working with 

this large density of states. By judicious choice, most of the observed 

states could be arranged into bands on the basis of excitation energy and 

probable spins, however without »ore evidence such as cascade transitions, 

as in the 3~ band, and firm spin assignments, postulation of other band 

structures in l , 6Ti is premature. 

The likelihood of observing cascade transitions, especially between 

states of positive parity bands is small because of the dominance of the 

out-of-band transitions, and the difficulty in populating these non-yrast 

states. 

3.3 Other states 

Apart from the levels already discussed, 19 other states are observed, 

7 of which have not been previously observed in Y-ray work, together with 

several new branches from previously known states. We did not observe the 

proposed 97 keV branch from the 3059 keV state (Horoshko,Hinrichsen G Scott 1968). 

We have not attempted to correlate these observed states with levels 

assigned in particle transfer studies because the high level density above 

3 MeV excitation and the comparatively poor resolution in these reactions 

makes the apparent correlations ambiguous. 

The coincidence results do indicate a problem with the decay of the 

0* state at 2613 keV. The decay of this state by a 1724 keV transition 

to the 2 state at 889 keV is known, and the attenuated Doppler shift of 
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that Y-ray was used by Durell, Dracoulis and Gelletly (1974) to estimate 

the lifetime as 0.11 ± 0.03 ps. This corresponded to a strongly enhanced 

(SO t 14 N.u.) E2 transition, which is 2.5 tines larger than that predicted 

by Skouras (1975). However the present results suggest that a significant 

component of the 1724 keV transition observed in singles, is due to a 1726 

keV transition which feeds the 6 state of the ground-state band. Such a 

contaminant may therefore be partly responsible for the apparent short 

lifetime (by being both Doppler shifted, and by having a different angular 

distribution to the other component), and therefore to the apparent dis

crepancy between theory and experiment. 

4. CONCLUSION 

The y-decay of about 20 new states in **6Ti has been observed. The 

ground-state band has been extended to spin 10 , and the energies and 

transition strengths of these states are in reasonable agreement with the 

prediction of the (f-.-) 6 model. A sequence of states based on the 3~ 

state at 3059 keV can be characterised as rotational band members, possibly 

based on the d,.. 1 ^-in t w o proton configuration. A number of other states 

suggest further band structures but more experimental information is 

required before these can be defined. 

We would like to thank Dr. J.L. Durell of Manchester University for 

the loan of the **3Ca target. 
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TABLE 1. Angular distribution coefficients A 2 and A^ of soae -y-rays 

in ̂ Ti, observed in the l,3Ca(a,n)l,6Ti reaction at 11 MeV. 

A 2/A 0 A„/A0 

382.8 0.337 + .006 0.014 + .006 

768.0 -0.151 + .027 C.006 • .029 

793.9 0.34 + .OS -0.13 ± .06 
889.3 0.167 + .002 0.002 + .002 

974.1 0.006 + .028 -0.024 • .029 

1049.0 -0.023 + .006 -0.004 • .006 

1120.6 0.201 + .003 -0.008 + .003 

1289.1 0.295 + .005 -0.033 + .006 

1346 Double 0.403 + .017 -0.124 + .019 

1430 Double 0.061 • .026 0.052 + .027 

1573.0 0.124 • .028 -0.109 + .031 

1598.3 0.381 i .016 -0.071 • .018 

1842.8 -0.168 + .013 0.049 + .013 

1932.1 0.06 + .04 -0.03 ± .05 



- 19 -

TABLE 2(a) Lifetimes in > > 6Ti Measured fraa the attenuated Doppler 

shift in the l , 3 Ca(a,n) , * 6 Ti reaction at a boabarding 

energy of 11 MeV. 

State 
Energy 
(keV) 

J¥ Transition 
Energy 
(keV) 

F(T) 
(observed) 

F(T) 
(corrected 
for feeding) 

T ps Previous 
Measurements 

2010 4 1121 0.05010.011 0.13910.035 1.910.8 2.610.3 ( 1 ) 

3299 6* 1289 0.13110.009 0.16710.013 1.510.5 1.6!0.2<2> 

1.5*0.7<» 

3442 4" 383 

1430 
(doublet) 

«v o.O 

< 0.038 

* 7 , 5 • 10 (2) 
" - 5 

83 l 9 < " 

3582 1573 0.81510.015 0.1010.04 

3827 (4) 768 0.05210.015 5.313.0 

3853 5" 794 

1843 

< 0.051 

<\. 0 
* 7 * 

* 

3941 1932 0.99210.018 < 0.03 

4416 (5") 974 0.29810.017 0.6510.25 

4897 8* 1598 0.25610.011 0.4010.15 0.510.3* 

5198 1 | 

6244 J| 
i 

1346 

(doublet) 

0.15810.011 1.610.6* 

(1) Dehnhardt et a l (1973) 

(2) Dure11 et al (1974) 

See table 2(b). 
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TABLE 2(b) Lifetimes in H b T i aeasured fro» the attenuated Doppler 

shift in the l , 3Ca(o,n) ,* 6Ti reaction at a energies of 

8 and 15 NeV. 

State 
Energy 
(keV) 

J* Transition 
Energy 
(keV) 

Beaa 
Energy 
(MeV) 

F(T) 
(observed) 

F ( T ) 
(corrected 
for feeding) 

T ( P $ ) 

3853 5 ' 1843 8 O.016±0.O02 »:i 
4524 

4663 (6~) 

1225 

1221 

8 

8 

0.8040.04 

S 0.06 

0.1010.04 

* 4 

4897 8* 1598 8 

15 

0.3110.02 

0.2510.02 

0.3610.04 

0.3710.09 

0.5410.21 

0.6 10 .3 

5198 

6244 

(7 ' ) 

(10*) 

1346 
(doublet) 

8 

15 

0.1910.02 

0.2110.02 

1.210.4* 

1.210.5* 

See sections 3.2 and 3 .3 . 
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TABLE 5 Branching ratios of soae states in **6ri. 

State Final Transition Branching 
Energy State Energy Ratio 

3167.6 g 3167.0 ± 1.5 3 9 + 6 

889.3 2278.8 ± 1.0 61 ± 6 

3441.7 3058.9 382.8 ± 0.1 74 i 4 

2009.9 1431.8 ± 0.4 26 ± 4 

->723.2 889.3 2834.2 ± 0.8 76 ± 7 

2009.9 1713.0 ± 1.0 24 ± 7 

3852.8 3441.7 411.1 ±0.2 4 ± 3 

3058.9 793.9 ± 0.3 12 ± 5 

2009.9 1842.8 ±0.15 8 4 + 5 

4178.7 2009.9 2168.0 ± 1.0 74 ± 7 

889.3 3290.3 ± 1.5 26 ± 7 

4191.S 2009.9 2182.0 ± 10 16 ± 8 

889.3 3301.8 ±1.5 84 ± 8 

4415.9 3827.1 588.3 ±0.9 < 5 

3441.7 974.2 ± 0.2 > 95 

4663.0 3852.8 810.5 ± 0.4 12+4 

3441.7 1221.1 ± 0.4 6 4 + 6 

3299.0 1364.0 ± 0.8 24 t 6 



TABLE 4 Transition strengths in the ground-state band of **Ti 
compared with the (f, / 2) »odel. 

Energy 
(kcV) 

Transit ion Strengths [W.u.] 
Transition 

J i - J f 

Energy 
(kcV) 

Exp. t f -»6 ») 
i r 7 / 2 j (noraal i sed) 

to exp. 4-*2 
Deforaed b } 

basis 

4* - 2 * 1121 18* ± 2 13.0 (18) 24 
6* - 4 * 1289 15.6 ± 3.9 11.2 (15.5) 20 
8 * - ^ 1S98 14 K * 9 ° 

1 4 8 - 4.2 
12.5 (17.3) 

10* - 8 + 1346* 15.7 • I«.J - 4.h 7.0 (9.7) 

* Unresolved doublet with a component in the negative parity sideband. 
t Taking the nore accurate experimental value of Dehnhanlt (1973) 
a) Kut sehr r.i. Brown and Ogawa (1977) 
b) .Skour.is I 1975) 



TABLE 5 Transition strengths associated with the decay of states in the proposed 3" band. 

State J Transition J Transition Strengths "Rotational Model" 
Energy initial Energy final W.u. K*3 

B(E1) B(E2) <J i2K i0|j fK f> 2 normalised 

3059 3" 1049 4* < 6 * 10' 5 

3442 4" 1432 4* (0.8±0.1) * 10" 6 4" 
383 3" 13.S ± 4.0 0.350 13.5 normalisation 

38S3 5" 1843 4* • 37 -5 
(0.6.;^') * lo s 5" 

794 3" 1 9 * 1 . 1 
l ' v - 0.6 0.08S 3.2 

5" 

411 4" < 29* 0.327 12.6 

4663 (6") 1364 6* $ 1.8 * 10"5 (6") 
1221 4" S S 0.151 5.8 

(6") 

810 5" i 10* 0.267 10.3 

5198 (7') 1346 5" »•• : 1:1 0.198 7.6 

* N1/E2 nixing ratio is undetermined; upper limit assuming pure E2. 
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FIGURE: CAPTIONS 

figure 1 Excitation functions for some of the transitions in **Ti observed 

in the "•3Ca(a,n>)l*6Ti reaction. These are expressed as the yield 

relative to the 2 -> 0 transition, and normalised to unity at 8 

MeV. 

figure 2 The spectra» of Y-rays observed at 90* in a 10% efficient Ge(Li) 

detector in »he I*3Ca • a reaction at 11 MeV. The energies above 

the curves are y-rays in ***Ti (in keV) and those below are v-rays 

in 1 > 6Sc. The solid points indicate contaminant lines fro» competing 

reactions or fron Coulomb excitation of the Au backing. 

figure 3 Detail of the high energy region in singles at a energies of 8 MeV 

and 15 MeV. 

figure 4(a) The centroid shift of the 1843 keV transition for the 8 MeV 

bombarding energy. 

4(b) The centroid shift of the 1346 keV doublet at 8 MeV and IS MeV. 

figure 5 Coincidence spectra in I'6Ti with gates on (a) the 1121 keV 

4 -* 2 transition and (b) the 889 keV 2 -* 0 transition, taken 

at 11 MeV. 

figure 6 The level scheme of **6Ti as observed in the **3Ca • a reaction. 

figure 7 Detail of the spectrum in coincidence with the 1598 8 -»6 transi

tion at a beam energy of 8 MeV. The arrow indicates the position 

where a 1346 keV y-ray would appear. 
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8 The experimental (round state band, and the possible high spin 

states feeding this band, conpared with the level sehen* predicted 

by the empirical {fj/yi* aodel (Kutschers. Brown and Ogawa 1977). 

9 The energies of selected states in **Ti, plotted against 1(1*1). 



g 

UJ 

z 
UJ 
| | J «M. 

- I 
<•> = -

OC S -

2 . 
I 

- r 

« » 

o . 

\ II 
O « -O- « 

i\ ïl h / 

I I—-J 

(O CM -

I 1 1 
r 

»\1|f /* ?l! 
\ I I / a / J | 8 
o •& -o o- o o 

N — N — — — 

"i F—"T r » I 1 r 

1 

\ 

A 
* \ 
0) \ 
CO » 

IO M • i *" i i 
» N — O 0» 

• ' 
<0 M N — 

r i 

f ) o IO o 

il 
2 

/ 1 
•O- 0 

it ,1 

•o 

I 

A 
M — 

IO o 

I ! 

* il 
> 

! 

• 
M •i 
M 

-O- * 

— o 

1 ! ! 
N - M - N t ±—i «g - N - M - N -

.0-& ox aAiinau cnau 
* • ' * . , * 



. n y 500 
10 F « ' I r 

1000 1500 
1 r -i r 

43, Ca^t.HMeV.e^SO 0 

_, , ! r 

2000 

2500 3000 3500 
CHANNEL NUMBER 

4000 



tfÇ.S 



3927.01-

3926.5h 

3926.0h 

1! 
28901-

2886 

2890' 

2886|-

Fr^.q. 

j 



s 
OD 

Ol 
Lü 
m 

LU 

< 
X 

S 

8 
CM 

13NNVH0 «3d SlNflOD 
^ • 6 T 



HO I *?«« 
(•) »ISO 

Ti STATES OBSERVED IN 
Co(o,n) Ti 

IS«« I 2 M 
I4»T / 

1 3 « 

l O 

<£ |_ 
801» 

>»T1 / M S 

IT 
. . . . . , T Ä 

* -4 w»o 

4* t » 0 0 » » S i 

I IK-« i l 

i * » » • » ? i 

0* * 

7t+ 
/ i i t » i 

/ i 

»»» 
IS4S 

^ 

7 7 
* I4Ï7 4WT. 

sr«i »•• 

«41« 
«zu, 

if ?wV ! « L j s i » 7 " 
4 0 0 1 0 

I T » . 
^ , " f 

M£*S 

/ I « * » / 
' l 0 4 » 0 
7 

T«»0 »441 

7̂ / 
ao»»» >, ~ 

JE. 
»a t - J a 

4 — • • * » • * -

SÜ-.*»».»-

ITI» 
I M T 

M M I1TÏ I T » 

1 I M 4 
»*T» 

* « T 

« S M 

ton 
ITS«« 

JLJt 1 1 4 t 

M4I 
4040 «n. *r*r 

1101 
twt 

t««T 

t I M 

It»» 
SIM 

• t t • «* 

I * 

* 

'T i 



M 

Ol 

§ 

sjunoo *- fit,* 



£ 6492 

'0* *32» 
K>\ 

"*l»5 

5440 

_*SS5 _ _ — — • * • 

.5025 

•41*7 

4524 

fi! 222. 
•329» 

4* 2221 

'2010 

£ Uli. 
•889 

.6.42« ( f 7 ) ( Sc interact ion) Experiment 

f , . î 



«h 

>-
(9 
OC 
l ü 
Z 
lü 

I (!•!) 
/Vft? 


