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38(1*C,xnypzay) reactions were used to extend our knowledge of the high-spin states of *’Ti,
4Sc, **Ca, *Ca, and ®*Ti. The decay schemes were constructed from yy-coincidence data and y-ray
angular distributions and excitation functions. The angular distributions also provided information
on spin-parity assignments and multipole mixing ratios. Lifetime information was extracted from
analysis of the y-ray Doppler shifts observed in both the angular distribution and yy-coincidence
data. Assuming the probable J™ assignments are correct, the yrast schemes for all five nuclei extend
to the highest spin allowed for (f;,,)4~*. Results are compared to shell-model predictions generat-
ed in three different configuration spaces: (f7,,), (d3,2,f7,2), and the full (f, p) shell.

I. INTRODUCTION

In the mass region where the first f5,, shell is being
filled by both protons and neutrons the yrast and near-
yrast states appear to be largely explained by shell-model
calculations'-? involving the (f;,,)" configurational space
alone.> It thus appears that in the middle of the shell the
possibility exists for testing our knowledge of nuclear
structure to quite high excitations and angular momentum
with a comparatively simple model. Indeed, such a com-
parison has been made for “*Ti by Glatz ez al.* who stud-
ied the high-spin states of **Ti via the *Sc(a,py)**Ti re-
action. They populated even-parity states up to a (very)
probable J” of 12* at an excitation energy of 8091 keV
and made a detailed comparison of their results to the
(f7,2)® predictions of Kutschera, Brown, and Ogawa.> A
sgin of 12 is the highest allowed by a simple f-,, model in
“*Ti. By contrast, previous experiments on *’Ti have pop-
ulated states only up to a known ‘2—9— state at 4494 keV
(and a possible 4~ state at 5197 keV), whereas the
(f7,2)" model allows a high-spin state of 5~ at ~8.6-
MeV excitation. The present study was undertaken in or-
der to extend our knowledge of yrast states in *’Ti to
higher spin and excitation. At the same time similar in-
formation was also obtained for *'Sc, “*Ca, 4Ca, and **Ti.

As reviewed in the lastest compilation,’ previous studies
which extended our knowledge of high-spin states
in *'Ti include the “*Ca(a,ny)*'Ti work of Sawa, Blom-
qvist, and Guillholmer;® the *Sc(a,npy)*'Ti study of
Meyer-Schiitzmeister, Hardie, and Sjoreen;’ and the
“cCa(’Li,p3ny)*'Ti results of Fortuna, Lunardi, Morando,
and Singorini.® Our study utilizes the *S(!4C,3ny )*'Ti re-
action. A fusion-evaporation reaction with 4 =14 and 36
is the most symmetric (i.e., most nearly equal masses of
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target and projectile) that one can use to form *'Ti with a
three-nucleon emission channel. As such, it constitutes
the most nearly ideal reaction for forming high spins in
“'Ti. It also forms “’Ti with a good signal to background
ratio. This point is illustrated in Table I which compares
fusion-evaporation calculations using CASCADE (Ref. 9)
with the observed population of nuclei in the present
study.

As summarized in Table I, the nuclei *’Sc, **Ca, *°Ca,
and “*Ti were all formed with cross sections about an or-
der of magnitude less than that of ’Ti. Nevertheless, new
information was also obtained on the yrast schemes of
41Sc and *°Ca, as well as information on *Ca and **Ti
which corroborates and extends previous studies. These
data are also presented here.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A. General

The *C beam was provided by the Brookhaven Nation-
al Laboratory (BNL) tandem Van de Graaff facility. The
target'® was a silver foil, 1.27x 10~ cm thick, sulfided
on one side with 300 pug/cm? of enriched sulfur (81.1%
33, 18.8% 3*S). It was assumed that the sulfur is con-
fined to that surface depth necessary to combine 300
pg/cm? of sulfur with silver in the stoichiometric propor-
tion of the stable compound Ag,S. This gives an Ag,S
target thickness of 2.12 mg/cm? and an energy loss for
34-MeV C ions of ~4.3 MeV. Because of the **S in the
target, some measurements were also made with a similar
Ag,S target fabricated from 3*S alone.

Gamma-ray spectra were collected with four Ge detec-
tors: (1) an intrinsic Ge low-energy photon spectrometer
(LEPS), (2) a Compton suppression spectrometer (CSS)
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TABLE L. Relative production cross sections in 8 4 “C for E('*C)=32 MeV.

Outgoing Residual Transition Cross section (mb)?
channel nucleus (keV) CASCADE Observed
2n BT 984 31 47
3n Ti 159 440 (440)
pn “Sc 131 8 7
p2n IS¢ 1147 100 42
an Ca 174° 4 1554¢ 21 25
a2n #“Ca 1157 62 52

2The prediction of CASCADE (Ref. 9) is in mb, the observed relative cross section is normalized to that of

CASCADE for *'Ti.
*The 3 —+  174—0 transition.

°This previously unobserved transition we identify as the ground state decay of an (171—) state at

1554.36(8) keV (see Sec. III C).

consisting of an intrinsic coaxial Ge detector and a Nal
anticoincidence shield, (3) a second Compton suppression
spectrometer (designated BGO) utilizing an intrinsic coax-
ial Ge detector and a bismuth germanate anticoincidence
shield, and (4) a bare intrinsic coaxial Ge detector.

The y-ray measurements included excitation functions,
angular distributions, and yy coincidences. The excita-
tion function consisted of y spectra at E (1*C)=18, 22, 26,
30, 34, and 38 MeV. At each energy LEPS and coaxial
Ge spectra were recorded with detectors located at 90° to
the beam and ~ 10 cm from the target. The angular dis-
tributions were taken with the LEPS and CSS simultane-
ously at angles to the beam for each of 0°, 15°, 30°, 60°,
75°, and 90°. The y¥ coincidences were recorded with the
CSS at 90°, the BGO at 130°, and the bare Ge detector at
40°. Twofold coincidences were event-mode-recorded
(EMR) onto tape and subsequentially analyzed for all
three pairs of detectors. Both the angular distribution and
yv-coincidence data provided useful Doppler shift at-
tenuation (DSA) data which was analyzed to provide life-
time information. All procedures are similar to those
used at BNL previously and explained in detail else-
where.!!

The excitation functions indicated that at E ('*C)=34
MeV useful information could be obtained on several
channels (see Table I). All subsequent measurements were
made at this energy.

B. 'Ti

The experimental results for *'Ti are summarized in
Table II and Fig. 1. Figures 2 and 3 illustrate the yy-
coincidence data upon which the decay scheme was based.
The Doppler-shift lifetime information provided by these
data is also apparent in these figures. Figure 4 illustrates
the type of Doppler shift lifetime information which was
obtainable from the angular distribution data.

The Doppler shift attenuation factor, F(7), was extract-
ed from the data and analyzed to determine the meanlife,
7, by procedures described in Ref. 11. In particular, al-
lowance was made for feeding via higher levels. The
alignment coefficients a, and a, necessary'! for extracting
the y-ray multipole mixing ratio, x(L +1/L), were

evaluated from the 1285- and 1305-keV transitions assum-
ing them both to be pure E2. Then, for each transition,
proper account was taken of the attenuation due to the ob-
served cascades into the initial state. In doing so, all were
assumed to be pure multipoles of the lowest allowed mul-
tipolarity (i.e., the dominant multipole of Table II).
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FIG. 1. Level scheme for *'Ti showing excitation energies
and y-transition energies (in keV) for levels populated in the
%S('C,3ny)*"'Ti reaction only. The ¥ intensities are roughly
proportional to the width of the arrows. Above the 1252-keV
level there appear to be two groupings of levels; odd parity to
the right and unknown (but tentatively assumed to be even) pari-
ty to the left. All transitions and levels are definitely placed ex-
cept the somewhat uncertain 1693-keV transition and thus the
6366-keV level.
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A1+4,P5(6,)) only, i.e., X* was

TABLE II. (Continued).
is corrected for the relative y-ray efficiency and is in arbitrary units. The numbers in square brackets under I, are the uncertainties in %. Results were ex-

8Mean life. Present results are derived from the F(r) values as explained in the text. The previous results are from Ref. 5. In the case of asymmetric errors, the upper limit is given

tracted for unresolved multiplets using auxiliary information (excitation functions, coincidence data, etc.). An entry of O for 4, means the fit was to /
first.

bCorrected for recoil. The uncertainty in the least significant figure is given in parentheses.
not significantly improved by the inclusion of an 4, term.

°Not corrected for recoil. Energies enclosed in parentheses are calculated from E; —Ey.

9The relative intensity I v
“Relative side feeding of the level in question in units of 1007,.

“See the text for spin parity assignments.
"The Doppler shift attenuation factor (see the text).
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We first discuss the spin-parity assignments of Table IT
and Fig. 1. The lifetime results simplify discussion of the
assignments. We assume that the recommended upper
limits (RUL’s) of Endt!* for 4 =6—44 also pertain to
A =47. These are 100 W.u. (Weisskopf units) for E2 and
3 W.u. for M2 transitions. Invoking the partial meanlifes
inferred from Table II, we find that all transitions with
E, <1000 keV are dipole as are the 1093- and very prob-
ably the 1693-keV transitions. The 1693-, 1843-, and
1916-keV transitions are dipole or E2. If now we invoke
the high selectivity for yrast states of the fusion-
evaporation mechanism and the restrictions!! on 4, and
Ay for given J;, Jg, and 7, we are led to the spin assign-
ments of Table II and Fig. 1. We note that our experi-
mental results as summarized in Table II are in excellent
accord with those of previous workers.

The spin-parity assignments for the levels below 5-MeV
excitation and to the right in Fig. 1 were made previously’
and we adopt them without additional discussion except
to note that our results are in complete agreement and
support these assignments. The levels above 5-MeV exci-
tation are newly assigned in this study. The angular dis-
tributions of the 703- and 891-keV transitions fix them as
J+1—J and we invoke the reaction mechanism to decide
on J +1—J. From the RUL, the 1629-keV transition is
too fast to be M2 and so the 5198-keV level is assigned
J™=2". The probable odd-parity assignment for the
6089-keV level is based on predictions'? of the (f;,,)"
shell model and thus is model dependent. The positive
anisotropy and the rather long meanlife of the 1916-keV
transition lead us to suggest E2 character and 5~ for the
8005-keV level.

The levels above 3.3-MeV excitation and to the left in
Fig. 1 result from this study. Systematics of neighboring
nuclei favor even parity for the levels above 2.5 MeV in
this group. In addition, Meyer-Schiitzmeister et al’
demonstrated very poor agreement with shell-model pre-
dictions if the 2682-keV level has odd parity. These sug-
gested even-parity assignments are at variance with the
odd parity suggested by Sawa et al.® for the 2682- and
3288-keV levels. We stress that there is no experimental
evidence from either Ref. 6 or the present results to favor
either parity for these two levels. Sawa et al.® observed a
1228-keV J+1—J transition from a 2672-keV level to the
417 1444-keV transition and gave the 2672-keV level a
probable =~ assignment. We can see no reason to prefer
odd parity over even. In addition, the nonappearance of
this transition in the present study strongly suggests

=3 rather than %

C. ¥Sc

The only previous significant study of the yrast spec-
trum of “’Sc is that of Toulemonde et al.'* who observed
levels up to 2644-keV excitation via the *Ca(a,py )*'Sc re-
action. As summarized in Fig. 5 and Table III the
368(14C,2npy )*'Sc reaction is highly selective but two ad-
ditional levels were observed at 3303 and 3867 keV. An
example of the yy-coincidence data for this nucleus is
shown in Fig. 6. Analysis of the data summarized in
Table IIT was complicated because of complexities in the

iThe phase convention is that of Rose and Brink (Ref. 12). The J values of the first column are assumed. Values in square brackets are assumed.

iThere is a small (unknown) contribution from T, =3.42d *Sc(8~)*'Ti.

kObscured by the 159- + 1093-keV sum peak.

'From Ref. 5.
°Unresolved in singles from *Sc 127—0. The intensity is estimated from the yy-coincidence data.

"Average of the values quoted in Refs. 6 and 8.

"Entries in parentheses are assumed.
™For the side feeding component only.
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FIG. 2. Portions of a 2048-channel spectrum in coincidence with the 159-keV + — 3~ ground-state transition in *'Ti. The

CHANNEL NUMBER

displayed spectrum is that of the bare Ge detector at 40° to the beam. The spectrum was gated by the CSS detector (90° to beam).

“ITi y transitions are identified by their energies in keV. The transitions with energies in parentheses labeled below the data are either

unidentified or known contaminants [e.g., the 843- and 1014-keV lines are in 2’Al and are presumed to arise from (n,n’) events associ-
ated with the 3ny channel]. The y transitions of 605 and 703—706 keV are on backgrounds due to the well-known Ge neutron edges
at 596 and 691 keV, respectively. The only identified *'Ti transition not shown is that of 192 keV. Most of the *’Ti lines have obvi-
ous Doppler shapes. The expected extent of the Doppler line shapes is indicated by the double vertical lines above the peaks: these
data were used to obtain some of the F(7) values of Table II.
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FIG. 3. A yy-coincidence spectrum similar to that illustrated in Fig. 2 but gated by the 679-keV transition in *’Ti.
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FIG. 4. Portions of 90° and 0° angular distribution spectra
displaying the Doppler line shape of the *’Ti 926-keV transition.

spectra. For instance, the 47Sc 2148—> 1147 transition was
degenerate with the ““Ca 32852283 transition (see Fig.
7) and the Doppler shifting *’Sc 3303—2148 transition
moved across the 1147-keV transition and the *Ca 1157-
keV transition (see Fig. 7) as a function of 6,. An upper
limit of 10% can be placed on the crossover 3867—2148
transition. As summarized in Table III, F(7) values were
obtained as well as some useful angular distribution data,
in spite of the complexities encountered.

D. *Ca

The *Ca yrast scheme constructed from the present re-
sults on the **S('*C,2nay )*Ca reaction is shown in Fig. 7.
The data upon which this scheme is based are summa-
rized in Table IV. All the transitions shown were ob-
served previously. The levels up to the 6 level at 3285
keV have been formed in many reactions.!> The decay of
the J"=5" 3913-keV state was first observed in the
Ca(n,y)*Ca reaction.!® All the *Ca transitions ob-
served in the present study were also observed in the

34 HIGH-SPIN (f,,,)4~* STATES IN “'Ti, 'Sc, “Ca, . . .
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FIG. 5. Level scheme for “’Sc showing excitation energies
and y-transition energies (in keV) for levels populated in the
365(14C,2npy )*'Sc reaction only. The spin-parity assignment for
the 1147-keV level is from Ref. 5. The other assignments are
discussed in the text.

288i(1°F,3py )**Ca reaction although the decays from the
(8%) and 5~ states were unidentified in the report!”"!® of
that work. The 5088— 3285 transition was also observed
in the °Si('%0,2py)*Ca reaction?”® but no angular distri-
bution or lifetime results were reported from that study.
Upper limits of 10% can be placed on decays of the 3285-
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FIG. 6. A yy-coincidence spectrum gated by the 1147- and
1154-keV *'Sc transitions (see Fig. 5).
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FIG. 7. Level scheme for “Ca showing excitation energies
and y-transition energies (in keV) for levels populated in the
3g(14C,2nay )*Ca reaction.

and 3913-keV levels to the 3044-keV level.

The spin-parity assignments for all levels save the 3285-
and 5088-keV levels are from Endt and van der Leun."
For the 3285-keV level, J™=5% or 6% were allowed by
that evaluation. The present data for the 32852283
transition is not very useful because there are two nearly
equal contributions to the 1002-keV y-ray peak, the other
being from “’Sc (Table III). However, the data from
28i + 19F taken previously'”!® at the BNL tandem facility
includes y-ray linear polarization data and when those an-
gular distribution and linear polarization data are
analyzed simultaneously by conventional methods,!' the
J7™=5% alternative for the 3285-keV level is rejected at
the 0.1% probability level while the 6 alternative gives a
good solution for x(M3/E2)=+0.00(8) as shown in
Table IV.

The spin parity of the 5088-keV level cannot be
rigorously determined from the present study. Acceptable
solutions to the angular distribution of the 1803-keV level
are found for J =4, 5, 6, and 8. J=7 can be rejected at
the 95% confidence level. However, the reaction mecha-
nism strongly favors J > 6 for this level since it is quite
strongly formed in this and the previous heavy-ion stud-
ies. Thus we have a strong preference for J=8. The
J=5—7 solutions are for sizable values of the
quadrupole/dipole mixing ratio such that for any J the
RUL (Ref. 13) for M2 transitions (3 W.u.) is exceeded for
odd parity. Thus, a definite even-parity assignment can
be made.

The decay of the 5~ 3913-keV level is quite surprising.
There is no evidence of a Doppler shift, hence the lifetime

limit of Table IV. The positive 4, value for the 629-keV
transition demands a sizable M2 component. This sug-
gests a highly retarded E1 transition and a lifetime in the
~1—10 ns range. We shall return to this interesting point
later.

E. ¥Ca

The decay scheme constructed for “*Ca from the
present study of **S(!*C,nay)**Ca is shown in Fig. 8 and
summarized in Table V. No yrast decays had been previ-
ously observed for this nucleus. The y transitions shown
were identified with °Ca on the basis of the excitation
function, nonappearance in 34§ 4+ 14C, and from the agree-
ment in excitation energy with the high-spin (f,,)° states
proposed at 1562(8) and 2877(8) keV by Nann, Mueller,
and Kashy.?! These authors studied the **Ca(*He,*He) re-
action and identified high-spin (f;,,)’ states from angular
distributions and relative cross sections. There is no am-
biguity in the identification of the cascade of 1324-1554
keV corresponding to these two levels. Using the align-
ment parameters determined for *’Ti and #’Sc, the angular
distributions of the two transmons are found to be in
good agreement with a stretched & —4% —7  cas-
cade. For the 1554—0 transition —Z——»—;- is excluded at

eqe 7 — ..
the 0.1% probability level. Other J— 5 transitions
© 0\ @D‘
ol ® N 3942
>
00
_____ | (sss8)
Y
(15727) > 2878
©
)
______ R usso
>
1s2” \*P 1554
N
EITHER ALTERNATIVE
772" 0

45c°

FIG. 8. Level scheme for **Ca showing excitation energies
and y-transition energies (in keV) for levels populated in the
33(!4C,nay }**Ca reaction. The 7 intensities are roughly pro-
portional to the widths of the arrows. The 386- and 2001-keV
transitions have equal intensities within the uncertainties and no
discernable Doppler shifts. Thus, two possible placings of the
intermediate level are shown for the cascade of these two transi-
tions.
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with J=7 to 3 are possible but disfavored. A similar
statement can be made for the 1324-keV transition with

=4 excluded at the 0.1% limit and J=--—1 dis-
favored, all assuming - for the 1554-keV level. Nei-
ther transition showed any Doppler effects, hence the lim-
its on 7.

The other three transitions shown were relatively weak
and two of them were plagued by experimental problems
(see Table V). Thus, the spin parity and placement of the
two levels is not determined, as indicated in Fig. 8.

F. Ti

The decay scheme constructed from the present results
for **Ti is shown in Fig. 9. The decay scheme follows (in-
dependently) the very comprehensive **Sc(a,py)*Ti re-
sults of Glatz et al.* whose spin-parity assignments and
branching ratios are shown.

A
6,8,10,12 A 8091
Vv
AV
79,11 S ©° 7374
o %0 10
6,810 & " 6906
2]
8110* e A » 6102
A o
s L& — 6034
2O N0
6535
-]
g* J, L& 5197
T T
14 83 Q ©
&
g y &8 4564
90 10
+ W)
6 1 T A 3508
6" Ty ° 3332
23\77
Q£
& S 2205
e)
2 & 983
o* 0

487

FIG. 9. Level scheme for “*Ti showing excitation energies
and y-transition energies (in keV) for levels populated in the
368(14C,2ny )**Ti reaction. The spin-parity assignments are from
the ¥Sc(a,py)®Ti results of Glatz et al. (Ref. 4). They are
from angular correlation and lifetime results only. Glatz et al.
give model dependent arguments to support the higher spin al-
ternative and even parity for all levels shown. Only transitions
observed in the present work are shown. The branching ratios
(in %) are those of Ref. 4, to which the reader is referred for
more detailed results.

High-spin states of “Ti were also examined by
Fortuna et al.?? using the **Ca(’He3ny)®Ti and
“Ca("Li,2npy)*®Ti reactions. They observed the same
levels up to the 8% 4564-keV level but then proposed a

633 1538
6735 — 6102 — 4564

cascade. We agree with Glatz et al* that the 633-keV
transition should be placed instead as 5197—4564, i.e.,
there is no 6735-keV level.

Glatz et al.* followed the argument of Fortuna et al.?
that the selective nature of the heavy ion fusion evapora-
tion reaction, i.e., **Ca+'Li, favors yrast states and thus,
in this case, the 10% assignment for the 6102-keV level.
On the basis of this argument, Glatz et al.* could also el-
iminate the lower spin alternative for the levels above
6200 keV in Fig. 9 since they are predicated on 8% for the
6102-keV level. Our results strongly support this argu-
ment since the 3°S + 'C reaction is even more selective of
high spin than *Ca+"Li. To illustrate this selectivity,
note that Glatz et al.* placed 214 **Ti levels below 8100
keV via the (a,py) reaction while we observed only the 11
shown in Fig. 9. Thus, in the discussion to follow, we
confidently assume the highest spin alternatives for the

8+
(8)+ 5088 -~ 3942
60(16) 355
164 | ————=% 8

15/2-
(54) - 5+
it — | (15/2-) 2878,
6+ 3285 <7
a¥ 3044 38
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- n/z;(W—— 29.(23:
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FIG. 10. Comparison of the experimental yrast spectra with
the (f7,,)" predictions of Ref. 2. Levels marked by an asterisk
were not observed in the present study. The numbers in rec-
tangular boxes are experimental (top) and predicted (bottom) E2
transition strengths in W.u.
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levels above 6 MeV in Fig. 9.

Glatz et al.* reported Doppler shift lifetime results for
all levels of Fig. 9 except for the highest two, i.e., the
7374- and 8091-keV levels. For the decay of both of these
we observed partial Doppler shifts: F(7)=0.57(10) and
0.73(10) for the 717- and 1272-keV transitions, respective-
ly. From these we deduce lifetime estimates of 0.3(1) and
0.04(6) ps for the 8091- and 7374-keV levels, respectively.
The latter can be interpreted as a limit 7 <0.16 ps at the
90% confidence limit.

III. COMPARISON TO SHELL MODEL PREDICTIONS
A. The pure (f7,,)" model
1. The yrast spectra

We start our comparison to shell-model predictions
with a comparison to the predictions of the empirical
(f7,2)" model of Kutschera, Brown, and Ogawa.? Energy
spectra for four of the nuclei studied are shown in Fig. 10.
(A comparison for ®*Ti was made in Ref. 4.) The model
energies for the yrast spectra are matched with our experi-
mental determinations, probabilities, or speculations for

147

the lowest-lying normal-parity level of each spin. The
agreement is quite impressive.

2. E2 transitions

Also shown in Fig. 10 in the rectangular boxes are the
experimental (top) and predicted (bottom) E2 transition
strengths in Weisskopf units of most of the known E2
transitions. Here the agreement is not so impressive. The
model uses effective charges of 8,=8,=0.9 where the
proton and neutron charges are (1+4-8;)e and 8¢, respec-
tively. These were determined by comparison to known
6t*—4% and £ 17 transitions in (f;,,)" nuclei.
Thus the general trend, seen in Fig. 10, for the predictions
to underestimate the E2 strengths seems quite surprising.
We expect the (f5,,)" model calculations to be most accu-
rate for the higher spin states. Thus, the disagreement is
most surprising for the ¥Ca 8% —6* and 'Ti &~ %~
transitions for which we have described the lifetime mea-
surements.

3. M1 transitions

A comparison of our measurements of M1 transition
strengths in *'Ti, ¥’Sc and *®Ti is shown in Table VI;
Kutschera et al.? used effective g factors selected to give

TABLE VI. Comparison of some measured M1 transition strengths with the (f,,)" predictions of

Ref. 2.
E; E; E, B(M1)w..°
Jr (keV) Js (keV) (keV) Expt. Ref. 2
1Ty
- 159 3 0 159 0.026(1) 0.0045
3” 1252 3 159 1093 0.10(2) 0.0045
&+ 1444 37 1252 192 0.41(7) 0.168
a7 3568 2 2749 819 0.6(2) 0.569
27 4494 e 3568 926 0.25(6) 0.743
- 5198 2 4494 703 0.34(12) 0
2 6089 - 5198 891 0.9(5) 0.883
£ 8005 z 6089 1916 0.0064(14) 0.0045
47Sc
(2 2642 (£ 2148 494 <0.57(11) 2.078
(£ 2642 4- 1147 1495 <0.02¢ 0.307
(¥ 3303 (£ 2148 1154 0.21(8) 1.087
() 3867 (27 3303 564 0.59(16) 0.990
“8Tj
(11+) 7374 (101) 6102 1272 >0.2 0
(11+) 7374 (104) 6906 468 >0.2 2.074
(12+) 8091 (11+%) 7374 717 0.29(10) 1.344

2J7 values in parentheses are assumed for purposes of this comparison.
"The B(M1) were extracted from experiment assuming negligible E2 contributions. This assumption is
consistent with the observed and previously known E2/M1 mixing ratios.

°This value corresponds to a 100% branching ratio.

9The limit corresponds to < 54% for the branching ratio (see Table III).
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best agreement with experimental odd proton and odd
neutron ground state g factors. Thus, once again, we ex-
pect rather good agreement. For the stronger transitions
[B(M1)>0.2 W.u.] the agreement for *'Ti is reasonable.
For #'Sc and **Ti it is poor. (The predictions for weak
transitions are not reliable because of the truncated con-
figurational space.)

4. Discussion

“Ca. As discussed in Sec. IID, the A, value of
+0.22(3) for the 5~ —6" transition gives x(M2/E1)
= +0.30(14). If now we invoke the RUL of 3 W.u. for
M2 transitions we are led to a limit of >0.18 ns for the
meanlife of the 3914-keV level. This in turn implies a re-
tardation for the E1 5~ —6 transitions of >10° and
even more for the 5~ —4; and 5~ —4;" transitions. The
5~ 3914-keV level presumably arises mainly from
d 3’,‘;f§/2 (see Sec. IIIB). Since d3,,«>f7,, El transitions
are forbidden, retardation of the E1 decays of the 3914-
keV level to the two 47 levels and the 67 level below it, is
expected. A lifetime measurement of the 3914-keV level
would be valuable since it would determine this retarda-
tion. It should be kept in mind, however, that the possi-
bility exists that the 3914-keV level is actually J7=5",
the 3923-keV level is J”=5" (see Fig. 10), and the vari-
ous pieces of experimental information'® bearing on this
close-lying doublet have somehow become confused. In
this regard, we note that in the (f7,,)" model, M1 transi-
tions between the 5;" state and other (£ ;)" states are for-
bidden by the seniority selection rule.?

47Sc. We have tentatively suggested —%_ for the 2642-
keV level because of the (f7,,)" predictions (Fig. 10) for
its energy. A difficulty with this assignment is the ab-
sence of a dominant decay to the 4~ state at 1147 keV
(see Table VI). Because of this anomaly, the %” sugges-
tion is quite speculative indeed.

“"Ti. There are two anomalies in the M1 J +1—J cas-
cade ending at the &>~ level. First, there is only one E2
crossover, and second, we have speculated that the %~
level is not formed with sufficient intensity to be ob-
served. As regards the first anomaly, the predicted?
branching ratios for the E2 crossover transitions are
2T L17 (6%), 2T 3%), T -4 (100%),
and 5 ——=" (5%). Since branches < 10% would easi-
ly be overlooked, these predictions are consistent with ob-
servation.

As regards the second anomaly, we see from Fig. 10
that the lifetime of the 8005-keV level is in satisfactory
agreement with that expected assuming the 8005-keV lev-
el were 127—_ and decayed by a 100% branch to the 6089-
keV level. Actually, the calculated branching ratio for an
E2 ¥ 27 8005—6089 transition (with the 5 level
assumed at 7830 keV) is 81%. The small branch to the
27 level would be below our detection threshold. So
would the 27 2" transition if it had an intensity
<0.5 times that of the 8005— 6089 transition. We con-
clude that a comparison with M1 and E2 transition
strengths gives good agreement with the suggested identi-
fication of (f5,,) states of ' Ti shown in Fig. 10.

B. Non-normal yrast states

The appearance of low-lying %+ states in many odd- A
f1,2-shell nuclei signals the participation of the
(sd)~'(fp)" *! configuration. We are interested in the ex-
citation energies of the yrast states of this configuration
relative to the normal, i.e., (fp)”, yrast states. For the cal-
culation of non-normal high-spin yrast spectra the config-
urational space of 1d3,,-1f,, should reproduce the main
features even though it is surely severely truncated. We
use an effective interaction developed by Wildenthal?® for
use in the upper part of the (s,d) shell. Calculations were
performed using the computer program OXBASH (Ref. 24)
in the model space [(d3,,) ™™ f7,)4*" =% n =0, ...,m]
with m =3 and 4 for non-normal and normal parity
states, respectively. The resulting yrast spectra are com-
pared to experiment in Figs. 11—15. In these figures the
experimental data not discussed in this paper are taken
from the appropriate compilation, i.e., 4 =44 (Ref. 15),
A =45 (Ref. 25), A =47 (Ref. 5), and 4 =48 (Ref. 26).
However, the spin parities in parentheses often represent
only one choice of a range of possibilities. The shell-
model predictions are labeled D3F7 and separated into
normal (left-hand side) and non-normal (right-hand side)
levels.

The calculations give a very consistent and reasonable
explanation of the known non-normal parity states. The
agreement with experiment for these states is as good as
for the normal parity states; both predicted spectra are, in
general, too expanded. To a lesser extent, this was also a
feature of the pure f7,,-shell calculation (Fig. 10). We
now consider some specific features for each nucleus in
turn.

“Ca. The suggested 17, 4™, and 2~ assignments to the
experimental'® levels at 3676, 3712, and 3776 keV, respec-

10+
9+ 10-
44
sl Ca |
9-
. 7+ o
3 8. ——
2 |
~ +
% 6 8+—3+ 7- 6 —
] \
= NU8)+
2 (54)
+,
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5ol /(N /e m—
o | & T
w 4+ — T
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4+
0+~ _ 4+
2+ ANge -
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~_ 2+
o O+ O+
D3F7(m=+) EXPT D3F7(w=-)

FIG. 11. Experimental and predicted (labeled D3F 7) yrast
spectra of “Ca. The model space is [(d3.)"(f7,2)4+" %,
n=0,...,m] with m =3 or 4.
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FIG. 12. Experimental and predicted yrast spectra of *°Ca.
See the caption of Fig. 11. Note that the levels are labeled by 2J
and .

tively, are speculative. A definite determination of these
J7 values would be of interest.

“Ca. The best agreement with the predictions and with
the fusion-evaporation reaction mechanism is obtained if
we choose the 3556-keV level from the two choices of-
fered (Fig. 8) and explain the 3556- and 3942-keV levels as
arising from non-normal parity yrast states as indicated in
Fig. 12.

“7Sc. The predictions give a remarkably consistent pic-
ture of this nucleus. Here as in other odd-A4 f7,, nuclei
the non-normal spin sequences suggest a rather simple

é 17+
19-
T\
- 47, —
5 \\ Sc
\\ 15+
3 17 \
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% . \17-]
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FIG. 13. Experimental and predicted yrast spectra of *'Sc.
See the caption of Fig. 11. Note that the levels are labeled by 2J
and .
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FIG. 14. Experimental and predicted yrast spectra of *'Ti.

See the caption of Fig. 11. Note that the levels are labeled by 2J
and 7.

band structure, as has been noted numerous times in the
past.

“"Ti. As anticipated, the predictions give a reasonable
explanation of the levels to the left in Fig. 1. In addition
the 2668-keV level is best explained as a 5 * level.

“Ti. The speculated odd-parity yrast states are those
chosen by Glatz et al* from the various possibilities
available from their study. We also would choose these
levels on the basis of the present calculation.

C. Higher-lying yrast states

One very obvious aspect of the experimental yrast spec-
tra of f;,, shell nuclei is the paucity of normal-parity lev-
els with spins higher than that which can be generated by
(f7,2)". For instance, for none of the nuclei considered in
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12-
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g 10 12+ \ - .
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FIG. 15. Experimental and predicted yrast spectra of “*Ti.
See the caption of Fig. 11.
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TABLE VII. The maximum J7 allowed for the f7,, and
(f1/2,P3/2:f 5/2:P112) configurational spaces.

TABLE VIII. Relative excitation energies (in MeV) calculat-
ed for states with J =J 5, + 1 and J e, +2.

J:lax
Nucleus % (fpt—*

“Ca 8+ 10*
15 — 23 -

“SCa 72 JT
19 - 3 -

47Ca a3 '37‘
. 27 - s -

“Ti T 5
14 12+ 19+

this report are any such levels identified. (Although some
possibilities exist.) The maximum J possible for the full
fp shell is shown in Table VII. Our naive expectation
would be to observe fp-shell nuclei with higher J values
than for the pure f;,, shell and, in some cases,
multiparticle-hole states from the excitation of nucleons
out of the (s,d) shell. To address this subject we have
performed shell-model calculations in the model space

(127 ™ps 0 f5/:012)% n=0,1,...,m], (1)

and using the effective interaction of van Hees and
Glaudemans?’ as modified for use in 4 =48 by Anderson
et al®? We used an unrestricted (fp) space for all nu-
clei but “*Ti where a restriction to m =2 was made.

Relative excitation energies are listed in Table VIII for
the two next yrast levels above the maximum spin allowed
(Jmax) for the pure f7,, shell (see Table VII). In this table
E,(Jmax) is the excitation energy calculated for the yrast
state with J=J,,. Results of the d;,,f;,, calculation
described in subsection B are also included.

Several observations are immediately evident. (1) Nor-
mal parity, i.e., 7=(— )4, levels of the same J from the fp
and ds,,f7,, spaces are close lying; thus, a configuration-
al space including at least parts of both the sd and fp
shells would be needed to explore the structure of these
states in detail. (2) The d;,,f;,, yrast states of non-
normal parity and with J > J,,, are predicted to lie lower
in energy than the d3,,f7,, normal parity states. In most
cases they are also predicted to lie lower than the fp yrast
states. (3) Finally, and to the point of the present discus-
sion, the energy gaps are large compared to the yrast level
separations for J <J,,. Even if these energy gaps have
no influence on the cross section for formation of states
with J > J,..,, the large energy gaps mean lower detection
efficiency because of than higher energy (efficiency
~E; ') and the likelihood of Doppler broadening.

We are interested in obtaining as quantitative an idea as
possible of the influence of these energy gaps on the cross
section for formation of states with J <Jp,,. To address
this question we have performed CASCADE (Ref. 9) calcu-
lations for #'Ti with the default energy spectrum supplied
by the program (see Ref. 9), and also with the level spec-
trum calculated for the d;,,f;,, space (0fiw—4fiw) as

E (J)—E;(Jimax)

fp dypnfin
Nucleus J T=(—)" m=(—)4 m=(—)4"!
*Ca 9 3.185 2.884 1.546
10 8.506 3.119 2.878
“Ca 7 3.830 2.852 2.104
2 4.478 3.535 3.096
Y1Sc 2 2.424 3.442 2.830
z 3.853 4.513 3.740
1Ty 2 2.997 3.041 1.932
3 3.276 4.785 4.675
T1j 13 1.968 4218 1.979
14 3.831 4.943 4.052

described in Sec. III B. In both cases the calculated rela-
tive cross section into a particular yrast state was found to
be in rough ( ~factor of 2) agreement with our experimen-
tal results (Table II). For examgle, in the units of Table
IL, I, for the & —3 " and 5§~ -2 transitions are
predicted (using the default energy spectrum) to be 1140
and 6750, as opposed to the experimental values of
1400(200) and 5730(860); while I, for the decay of the
unobserved %~ state is predicted to be 180 which is
below the threshold for observation of any y transition
(see Tables II—V), never mind one predicted to be of ~2
MeV. However, we were surprised to find that this rapid
falloff in cross section is due at least as much to the in-
crease in angular momentum as to the energy gap of ~2
MeV between Z-~ and 2. Indeed, CASCADE predicts
that at E('%C)=43 MeV (rather than 34 MeV where our
study was made) yields should be observable up to J ~ —325—

IV. SUMMARY

A perusal of the literature shows that—granting prob-
able assignments—the (f,,)" yrast states and their ¢ de-
cays are known for all the Ca isotopes. For Sc, unob-
served yrast levels occur in *Sc and no ¥ decay has been
observed for J™> 7% in *Sc or **Sc.’® For Ti, there are
missing (f7,,)" yrast states in 4 =45, 46, and 49 and
missing ¥ decays in these nuclei as well as in *Ti. Thus,
the catalog of (f;,,)" levels and their properties in the
lower f5,, shell is not complete. Nevertheless, a consider-
able body of information does exist.

The present study has extended the yrast spectra in
#3Ca, #Sc, and *'Ti and added spectroscopic information
in *Ca and **Ti. Several directions for further study of
these nuclei are indicated. In many the low-spin non-
normal parity levels are not definitely established. In *Ca
an interesting 5% doublet separated by only 9 keV is possi-
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ble with rather unusual y-decay properties. In all these
nuclei, determination of parities—for instance by y-ray
linear polarization measurements—would be of great
spectroscopic value. More y-ray lifetime measurements
are needed for a detailed understanding of these yrast
spectra. Of great importance for future experimental
studies is the prediction from CASCADE that states with
spins at least several units higher than possible from
(f4 (2 )" could be observed at “C+36S energies above the
E('*C)=34 MeV used in the present study.

The shell-model calculations successfully explain the
experimental spectra. The success of the d,,f/, interac-
tion of Wildenthal is noteworthy. The general feature of
too expanded an energy scale could perhaps be rather easi-
ly corrected. However, our comparison of (fp) and
d3nf7,, calculations indicates the need for a more ex-
panded configuration space. With present day shell-
model codes like OXBASH, it is now possible to calculate in
a dfp, or even sdfp, space as long as some restrictions are
placed on the number of particles in some subshells. Such

calculations would appear necessary to explain E1 and
M1 transitions—at least those connecting nonyrast states,
Gamow-Teller matrix elements, and almost all structure
information for nonyrast states.
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