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The “°Ca(a,y)*Ti reaction has been used to study the nucleus “Ti. The mass excess of “Ti
has been determined to be —37541+ 10 keV. Radiative yields and angular distributions of de-
excitation y rays from resonances at 4.22-, 4.26-, and 4.52-MeV « energy, and angular dis-
tributions of y rays between bound levels have been measured using Ge(Li) detectors. Bound
states have been found at 1083 (2*), 1905 (0*), 2454 (4*), 2531 (2"), 2886 (2%), 3175, 3415 (2,3),
3645 and 3942 keV, and mixing ratios and branching ratios for the decays of some of these
levels are reported. The ground state and first excited 2+ and 4* states can be explained in
terms of (fp)? configurations. Some of the other low-energy states probably require inter-
pretation in terms of particle-hole configurations. Relative reduced E2 transition strengths
from the 2531-keV (2*) state are determined and suggest that the 1905- and 2531-keV states

may be the beginning of a rotational band.
1. INTRODUCTION

The “*Ti nucleus occupies an important position
in the mass-40 region. It fills, in the 0f-1p shell,
the position parallel to *Ne in the 0d-1s shell.

The analogy between **Ne and *'Ti is far from com-

plete, however. In published work!~® it is found
that the second excited states of **Ti lie at about
twice the energy of the first excited state, where-
as it is known that **Ne displays a rotational spec-
trum.®

The present work, which is a continuation of the
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work published in Ref. 2, is a study of the *Ca-
(a, ¥)*Ti reaction. The resonances in this reac-
tion, which are at high excitation (@ =5118 keV),
decay by y emission generally to the ground state
and first few excited states. With Ge(Li) detec-
tors it has been possible to determine the decay
schemes, not only of the resonances, but of the
bound levels to which they decay. Furthermore,
by measuring the angular distributions of the y
rays it has been possible to assign spins to a num-
ber of bound levels as well as to the resonances.
An attempt has also been made to determine the
radiative widths of the resonances.

It is found that the first excited state is at 1083
keV and that in the region from 1.9 to 2.9 MeV
there are at least four states, three of which have
angular distributions and decay schemes consis-
tent with their forming a triplet of states with
spins 07, 2*, and 4*. However, the decay schemes
show that comparison with a liquid-drop vibration-
al spectrum is inappropriate. The results seem to
to suggest that the excited 0 state is perhaps the
start of a rotational-like band.

A few theoretical calculations of the energy spec-
tra of **Ti have been carried out?  77'° in which the
valence nucleons are confined to the fp shell, and
the *°Ca core remains inert. These calculations
explain the first 2* and 4* states, but are unable
to explain the second 0" and 2" states. Studies of
the neighboring **Ca and **Sc nuclei,!' 2 as well
as the present work, suggest that excitation from
the core may be important. More complete cal-
culations of **Ti have presumably been deterred
by their increasing complexity and by the paucity
of experimental details of **Ti. It is hoped that
the present work will help to remove this latter
deterrent.

It should also be mentioned that the measure-
ment of the yield of the **Ca(a, y)*Ti reaction is
of importance in understanding the astrophysical
origin and abundance of the elements.

2. EXPERIMENTAL DETAILS
A. Apparatus

Singly and doubly charged beams of *He ions
from the 4-MV Van de Graaff accelerator at the
National Research Council of Canada have been
used to study the *°Ca(a, y)*Ti reaction. Targets
were made by exposure of 0.025-cm gold backings
to vapor released by the reduction of CaO in a tan-
talum boat. For most of the targets the initial
material was CaCO, enriched to 99.97% in *°Ca.
The targets were kept in a dry argon atmosphere
while being transferred to the target chamber.
Targets of various thicknesses, in the range from
2 to 40 keV for 4.5-MeV « particles, were used.

|

The target backings were directly water cooled.
A shroud surrounding the target was kept at lig-
uid-nitrogen temperature in order to avoid a large
carbon deposition on the target. A negative poten-
tial of 300 V was applied to the shroud to suppress
electron emission from the target.

A 12.7%12.7-cm NaI(Tl) crystal was used to
measure the yield of y rays from the reaction as
a function of incident *He energy. In the first mea-
surements of angular distributions, the NaI(Tl) de-
tector was also used to monitor the yield. A true
coaxial 30-cm® Ge(Li) detector was used to mea-
sure the angular distribution of the y rays, and a
second coaxial Ge(Li) detector of about the same
volume was used as the monitor in all experimen-
tal runs after the first. The distance from the
target to the Ge(Li) detector used to make the an-
gular distribution measurements was about 4 cm.
The corrections for the finite size of the detector
(attenuation coefficients @) were determined by
calculation and by scanning the detector with a
collimated y source. The efficiency of the Ge(Li)
detectors was determined for y-ray energies from
about 400 keV to 11 MeV by using standard sources
and reactions which provide high-energy y rays.

The targets were inclined at 45° to the incident
beam direction so that the back of the target faced
the detector used to determine the angular distri-
bution. This minimizes differences in the y-ray
absorption as a function of the angle of the y-ray
detector, which were in any event low, the ex-
perimentally determined difference being only 5%
between 45° and 0 or 90° for a 1.33-MeV y ray.
A differential correction for absorption has been
applied to the angular distribution of all y rays
with energies below 3.0 MeV.

B. Angular-Distribution Analysis

The intensities of the y-ray peaks were deter-
mined after subtraction of a linear background.
In the case of high-energy y rays, the intensity
was obtained from the intensity of the double-es-
cape peak or the double-plus-single-escape peaks.
The angular distributions of the y.rays were fit-
ted to a function of the form?'®

W(6)= Lp By (J,)Ug(J1J3) Ry (JJ5) Py (cosh) .

The Pg(cos6) are the usual Legendre polynomials.
Ry (J,J,) depends only on the properties of the ob-
served nuclear transition and contains the depen-
dence of the angular distribution on the multipole
mixing ratio of this transition. The term By(J,)
depends on the nuclear alignment in the initial
state, and in the case of a capture by even nuclei
is particularly simple because only the M =0 sub-
state is populated. If the observed y ray is not
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the primary transition from this capture state but
a subsequent member of a deexcitation cascade,
additional multiplying terms of the form Uy (J,J;)
are used for each unobserved transition which pre-
cedes it. These factors are required to modify
the By (J,) so that the product retains the proper
dependence on the nuclear alignment of the state
emitting the observed y ray. Each such term de-
pends on the square of the mixing ratio of the cor-
responding unobserved transition. The phases of
the mixing ratios conform to those of Rose and
Brink.'?

The angular distributions were analyzed by a
computer program which calculates the angular
distribution for a given choice of spins as a func-
tion of up to two mixing ratios o,, 6,. For each
choice of mixing ratios it minimizes the x® statis-
tic by least-squares-fitting the normalization of
the theoretical angular distribution. The statistic
x? is defined by

2 =Z [Yi —Wi(5u 52)]2

X eiz

i

where Y; is the experimental value at the ith an-
gle, e; is the associated experimental error, and
W;(5y, 8;) is the theoretical value at that angle.
The program then varies each of the mixing ra-
tios in steps of equal arctan 6 from -90 to 90°
and searches for the minimum of 2. In cases
where the angular distributions have been repeat-
ed or where two or more y rays give information
on the same spins and mixing ratios, a simulta-
neous fit is obtained by adding together the re-
spective x*’s as a function of 6 for these angular
distributions.

3. RESULTS

A. General Results

Figure 1 presents a composite yield curve of
high-energy vy rays detected in the NaI(T1) detec-
tor as a function of the incident *He energy. The
three energy regions in Fig. 1 together cover a
range of *He energies from about 3.5 to 4.65 MeV.
Target thicknesses ranged from about 20 to 40
keV. The yield curve is substantially in agree-
ment with that of Vernotte, Langevin, and Take-
utchi,' which extended up to a *He energy of 4.3
MeV. The threshold for the *°Ca(a, p)**Sc reac-
tion is at E, =3.89 MeV, while the threshold for
the (@, n) reaction is well above the energy region
studied here.

Figure 2 shows a spectrum recorded in a Ge(Li)
detector at the E=4.52 MeV resonance in the
“°Ca(a, v)*Ti reaction. The detector was at 55° to
the incident beam direction. The strong 1083-keV

y ray is attributed to the first excited state of **Ti.
Its energy is in agreement with a y ray seen re-
cently in the **Ca(®He, n)*Ti reaction,'* and also
during the bombardment of a %S target with a *N
beam.

Not all of the peaks in the excitation function
shown in Fig. 1 are due to resonances in the
“°Ca(a, ¥)*Ti reaction. The association of a peak
with this reaction is made if the high-energy ¥
rays correspond to transitions to known bound lev-
els in **Ti, if the apparent @ value agrees with the
measured value (see Sec. 3B), and if the change
in excitation energy from resonance to resonance
corresponds to the center-of-mass-energy change
expected for a capture by *°Ca. A further check
is provided by measuring the Doppler shifts of the
high-energy y rays. In some cases the resonances
in the *°Ca(a, v)*Ti reaction are obscured by oth-
er peaks or by general background in the excita-
tion curve.

Figure 3 gives the main decay branches of the
“*Ti resonances which we have examined. The
energies of the resonant states and of the bound
levels to which they decay are given with their ex-
perimental uncertainties. The spin assignments
given in Fig. 3 are based chiefly on angular-distri-
bution analyses which are described below for the
E,=4.22-, 4.26-, and 4.52-MeV resonances. In
cases where the angular distributions have been
measured, branching ratios have also been ob-
tained using the experimentally measured effi-
ciencies of the Ge(Li) detectors.

It may be useful here to list some of the back-
ground y rays which are observed. Some of these
are indicated in Fig. 2 with asterisks. Prominent
y rays are observed at 871 keV from “N(a, py)'"O,
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FIG. 1. Composite y-ray yield curve for the Ca(x,y)-
44Ti reaction obtained with ‘He* and ‘He** beams and a
Nal(Tl) detector. The inset shows the separation of the
resonance at E , = 4.26 MeV into two components.
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at 1633 keV from "O(a, ny)*°Ne, and at 1809 keV
from *Na(a, py)**Mg. Fluorine has not been a ser-
ious contaminant, although its presence is seen.
There are several y rays from the *0O(a, ny)*'Ne
reaction, particularly at 350, 1397, 2790, 2440,
and 2796 keV; for E = 4.5 MeV, a 1119-keV y ray
and a 2516-keV y-ray underlying the 2531-keV y-
ray from *Ti at forward angles are also present.
Carbon contributes to a background of neutrons
and neutron-capture y rays from the 3C(a, ny)'®O
reaction. The 2C(a, ¥)'® reaction has a reso-
nance'® at £, =4.26 MeV, resulting in excitation
of the 4* level at 10.35 MeV in '®0. This level de-
excites with y rays of 3.43 and 6.92 MeV, which
fortunately can be distinguished from **Ti y rays
by the Doppler shift. If the 6.92-MeV y ray were
attributed to the 4.26-MeV resonance in *Ca(a, y)-
“4Ti, one would erroneously “find” a level in *Ti
at 2.1 MeV. This is perhaps the explanation of the
2.1-MeV level reported by Vernotte, Langevin,
and Fortier! from results obtained with NaI(Tl)
detectors.

B. Q Value

Figure 3 shows that several of the **Ti reso-
nances decay by transitions to the ground state.
In particular we have used the resonance at E,
=4.257 MeV to determine the @ value of the 4°Ca-
(a, ¥)*Ti reaction. The energy of the ground-state
transition was determined to be 8987+ 2 keV by
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calibrating the Ge(Li) detector with the 9168+ 1-
keV y ray provided by the '3C(p, y)!*N reaction at
the E,=1747.1-keV resonance.!” The energy of
the incident *He* beam was determined from
known resonances in the *N(a, y)'°F reaction.'®
In this way the @ value for the *°Ca(a, y)*Ti reac-
tion was found to be 5118+ 10 keV. From the ac-
cepted masses of °Ca and “He the mass excess of
44Ty is found to be -37541 + 10 keV compared with
the value -37658 + 12 keV of the compilation of
Mattauch, Thiele, and Wapstra.'®

This new mass value means that the energy
available for the electron-capture decay of **Ti
to “Sc, Qpc, is 272+ 15 keV, using the accepted
value for the **Sc mass excess.!? The dominant
electron-capture branch to the 146-keV level in
44Sc thus has a logft of 6.5 instead of less than
the value 4.4 previously thought, a value of 47 yr
being used for the half-life?® 2! of “Ti. This
branch is therefore not unequivocally an allowed
transition, and thus the 146-keV level of **Sc may
not be a 1* state as required by the previous log ft
value. The log ft value of the (1.9+1.5)% branch
to the 68-keV level*? in **Sc is about 8.6,

C. Ey=4.22 MeV Resonance

The angular distributions of y rays of 8954, 7863,
7049, 6501, 5780, and 5310 keV are shown in Fig.
4. There were also y rays of 6415, 6066, and
5013 keV for which angular distributions are not

- 40Ca (a.y)*T

Eq® 4.52 MeV
| 8y~ 55¢

R— 2531

|

R—Z!li

R — 3415

R— 1083

Or—T—T17T71

T T I I
400 800 IZOO IGOO

| ',“L,_ J_wwﬂmwmw&mmw —
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T [
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CHANNEL NUMBER

FIG. 2. y-ray spectrum in a Ge(Li) detector at the E = 4.52 MeV resonance. Primary transitions are denoted (R

—1083), for example, and secondary y rays in *Ti are labeled with their energies.

are background y rays.

Energies marked with asterisks



4 STUDY OF *‘Ti BY THE *°Ca(e,y)*Ti REACTION 447

shown. All of the v rays showed the expected
Doppler shifts.

Our interpretation of this resonance is that there
is an overlapping of at least two and more likely
three resonances. The evidence for this is as fol-
lows. When using a thin target the excitation func-
tion was significantly broader than for other single
resonances. Secondly, the y rays of 7863 and 6415
keV are clearly low in energy and correspond to
an a-capture state at 8946 + 3 keV feeding the
known levels at 1083 and 2531 keV, whereas the
transition to the ground state and to the other lev-
els indicates a state or states at about 8954 keV.
The angular distributicn of the 8954-keV y ray is
well fitted as a 1 to O transition (x?=4.2 with the
number of degrees of freedom v=4). Choosing a
resonance spin of 2 or 3 resulted in a y? of 15 and
16, respectively, and hence the spin and parity of
this member of the resonance is taken as 17, the
parity assignment arising from the fact that a cap-

Ea (MeV) keV
4.520  2*(T=1)—1.3-24 —45—8 ——22 922722
4.47 918025
442 91405
4.263 4 (2 —+ 4I7—~5|3 8992 2
4.257 2* —sa—<|o——<nlo—37 898722

T 16 29 ——50—-5— 8955*3

4.22 { I~ —10——90 ' < > 89543
55 4|5— 89463

4,002 152" —55-35 10 875413
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FIG. 3. The main decay branches of resonances ex-
amined in the “Ca(a,v)%Ti reaction. Resonances for
which branching ratios are not given were studied at one
angle only. A bracket is used to indicate that no clear
choice exists for the resonance at E , = 4.22 MeV feeding
the 2886-keV level.

ture in even nuclei can only populate states of par-
ity (-)’. However, the 6501-keV y ray corre-
sponds to a transition from a resonance at 8955
keV to a level at 2454 keV. The study of the E
=4.26 MeV resonance indicates that this level
most likely has a spin of 4, and if this is so, this
state must be fed from a resonance different from
the 17 resonance feeding the ground state. The
weak resonance at 4.47 MeV also suggests that
this is the case. The latter resonance is observed
to decay to levels at 2454, 3175, 3645, and 3942
keV and no transitions were observed to any of
the lower states. Transitions to the same set of
states from the 8955-keV resonance are associat-
ed with the 6501-, 5780-, 5310-, and 5013-keV

v rays and this suggests that these y rays may
arise from the decay of a common high-spin reso-
nance. Finally the yields of these four y rays
from a thin target increased relative to the other
transitions as the incident o energy was increased
across the peak in the excitation function. Be-
cause of its low yield it has not been possible to
decide to which resonance the 6066-keV y ray feed-
ing a level at 2886 keV most likely belongs.

The 7049-keV y ray is interpreted as a transi-
tion from the 1~ resonance to a level at 1905 keV
(see Figs. 4 and 5). Figure 5 shows that the prim-
ary transition could be equally well fitted with any
choice of spin for the 1905-keV level from 0 to 3.
However, the choice of spin 3 requires a relative-
ly large mixing ratio, implying an extremely en-
hanced octupole transition and is very unlikely.

A resonant 822-keV y ray corresponding to a tran-
sition from the 1905-keV level to the 1083-keV

(2%) state has also been seen and its angular dis-
tribution is shown in Fig. 6 along with that of the
1083 -keV y ray. The strength of a 1905-keV cross-
over vy ray is less than 5% of the 822-keV y ray to
the 1083-keV level and this makes the choice of
spin 1 and 2* unlikely for the 1905-keV level. Con-
sequently, 0, 2~ are preferred for the 1905-keV
level. The level at 1905 keV has also been stud-
ied at the E ,=4.52 MeV resonance, where it is
populated in the decay of the 2531-keV level.

The statistical uncertainties were such that it
was not possible, from the angular distributions
to decide on the spin of the 8946-keV resonance
or of the upper resonance which we have labeled
as 8955 keV. Any choice of spin from 0 to 4
would serve for the 8946-keV resonance. As al-
ready noted the decay scheme of the 8955-keV
resonance suggests that it has a high spin.

Resonant y rays of 470 and 2092 keV are also
seen. The 470-keV y ray is well separated at 0°
from a contaminant y ray associated with the 477-
keV first excited state of "Li, and is attributed to
a transition from the 3645-keV level to the level

I
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FIG. 4. Angular distributions of some of the primary y rays from the E , = 4.22 MeV resonance. The number beside
each angular distribution corresponds to the number of the transition in the decay scheme also shown.

at 3175 keV. Its yield can account for almost all
of the decays of the 3645-keV level within the sta-
tistical uncertainties. The 2092-keV vy ray (3175
— 1083) seems to account for all of the decays of
the 3175-keV level. These decays seem to sug-
gest that the 3645- and 3175-keV levels have high
spins.

The branching ratios (%) for the observed de-
cays of the resonance are given in Table I. Since
it was not possible to obtain a clean separation of
the excitation function into the individual reso-
nances, branching ratios for a thick target as well
as for the individual resonances are given in the
table. The decay properties of the bound levels
are given in Table II. Mixing ratios, where de-
termined, are given in the tables with errors of
1 standard deviation.

D. E,=4.26 MeV Resonance

The 4.26-MeV resonance was observed to be a
doublet with a separation of about 6 keV in the in-
cident a energy. A double hump in the thin-target
excitation function is clearly present (see the in-
set in Fig. 1) for a window set to accept transi-
tions from the resonance to the first excited state.
At the same time a window set to accept only
ground-state transitions shows only a single peak.
It was also found that when using a thick target the
energies of the y rays to the ground state and to
the first excited state [as measured in a Ge(Li) de-
tector] were separated by only 1078 keV instead

of by 1083 keV, indicating a difference in excita-
tion energies of 5 keV if each observed y ray is
due to a transition from a single resonance. A
careful determination of the feeding of each reso-
nance to the bound levels was then made with a
thin target with the Ge(Li) detector at 45°. The

T T T T T
200 |- .

100

T

T

o
b

Arctan 8,

FIG. 5. x? fits for the primary transition (R— 1905)
from the E, = 4.22 MeV resonance.
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lower resonance, at 4257-keV incident energy,
was found to deexcite predominantly to the ground
state and to the 2531-keV level. Weaker branches
of about 10% were also observed to the 1083- and
2454-keV levels, but because these transitions
might have arisen as a result of the beam energy
accidentally drifting into the other resonance,
these branches are taken as upper limits. The
upper resonance, at 4263-keV incident energy,
decayed about equally strongly to the 1083- and
2454-keV levels. Decays of the upper resonance
to the ground state and to the 2531-keV level are
estimated to be less than 5% of the total decays in
each case. The upper member of the doublet is
about twice as strong as the lower (see Sec. 3G),
so that when a thick target is used, the feeding
from the lower resonance to either of the 1083-
or 2454 -keV levels is less than about 10% of the
feeding from the upper resonance. In the analysis
of the angular distributions of the primary y rays
as measured with thick targets, it has therefore
been assumed that each bound level is fed from
only one resonance.

The first y-ray angular distributions measured
at this resonance used the NaI(T1) detector as a
monitor and a target thick enough to include both
resonances. After the decay branches of the two
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FIG. 6. Angular distributions of the 822- and 1083-
keV y rays at the E = 4.22 MeV resonance.

resonances had been examined, the angular dis-
tributions were repeated with the second Ge(Li)
detector used as a monitor, and again with a thick
target (~25 keV). The second set of angular dis-
tributions was essentially the same as the first
and both have been retained in the analysis. Fig-
ure 7 shows the angular distributions of the pri-
mary y rays. In this figure the results of each
angular distribution of a particular y ray have
been normalized to the same total yield of y rays
integrated over all angles and are displayed using
different symbols.

The angular distribution of the 8987-keV transi-
tion to the ground state unambiguously labels the
lower resonance a 2* state (x2=9.4 with v=8).
Figure 8 shows x? as a function of 6 for the other
three primary transitions. The study of the E
=4.52 MeV resonance (below) assigns the 2531-
keV state a spin of 2.

The 7909 -keV transition to the 1083-keV state
requires that the upper resonance at 4263 keV be
a 2" or a 4* state, with 1~ just allowed at the 1%
level. However, the angular distribution of the
1083-keV y ray shown in Fig. 9 requires a large
P,(cosb) term for a satisfactory fit (y2=1.7, v=2
with a P, term, and x¥*=9.8, v=3 with only a P,
term) and this, combined with the information on
the primary y ray, eliminates the choice of 1~ for
the resonance.

As Fig. 8 shows, almost any spin, with the ex-
ception of 0, is permitted for the 2454-keV level
by the angular distribution of the 6538-keV y ray.
However, certain combinations of resonance spin
and spin of the 2454-keV level are extremely un-
likely. In particular, a resonance spin of 4 and
level spin of 1 or 2 are ruled out by a large y?,
and a resonance spin of 2 and level spin of 4 is
unlikely because the value of 6, and the measured
radiative yield wy =0.6 eV (see Sec. 3 G) imply
a very large octupole admixture.

A further selection of spins has been possible
by analyzing the angular distribution of the 1083-
and 1371-keV y rays (Fig. 9). The 1371-keV y ray
deexciting the 2454-keV level has an energy very
close to the first excited state of 2*Mg. This y ray
was resonant, and an off-resonance run indicated
that any Mg contamination accounted for less
than about 25% of the 1371-keV y ray. The yield
of the 1371-keV y ray was also consistent with the
strength of the primary transition feeding the 2454-
keV level. To analyze the angular distribution of
the 1083-keV y ray the contributions to it of the
feeding from the 2531-keV level and of the pri-
mary y ray from the 8992-keV resonance were
subtracted. The latter contribution was of course
the most important, contributing about 45% of the
1083-keV y ray. This contribution to the 1083 -keV
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y ray was calculated using the best mixing ratios combinations of 2— 1, 2~ 2 are ruled out at the
determined from the angular distribution of the 1% level, and, as mentioned above, the combina-
7909 -keV y ray (Fig. 8). Thus, for the assump- tion 2~ 4 is unlikely because of the large 5,. (For
tion of a resonance spin of 2, 6, was taken to be 2~ 4 the case of 5,=0, 6,=0 has x*=36 with v=14,
-1.9, and with a resonance spin of 4, 6, was tak- i.e., at the 0.1% confidence level). The combina-
en to be 0. With these contributions subtracted, tions of 2— 3 and 4- 3 are, however, also allowed.
the 1083-keV y ray was fitted as a y ray following An appeal to the systematics of nuclei in this mass
two unobserved cascade y rays. The ground-state region suggests that a state of spin 3 so low in en-
and first-excited-state spins were fixed at 0 and ergy is unlikely, and hence the combination of res-
2, respectively. The mixing ratios §, and 6, of onance 4" and 2454-keV level 4* seems most like-
the unobserved y rays were allowed to vary in- ly. The crossover transition from the 2454-keV
dependently. level to the ground state has not been observed
Figure 10 presents the final results for a simul - and is <4% of the 1371-keV branch.
taneous fit of the angular distributions of the 6538-, The results for the E,=4.257 and 4.263 MeV res-
1371- and 1083-keV y rays. It shows x? as a func- onances are summarized in Tables I and II.

tion of 6, for 6,’s determined by the minima in the

(8,, 6,) plane which are acceptable at the 0.1% con- E. Eq=4.520 MeV Resonance

fidence level. The best agreement is with a reso- This resonance at an energy of 9227 keV in **Ti
nance spin of 4 and a spin of 4 for the 2454-keV was the strongest studied. An example of a spec-
level with 6,=0.64+0.11 and 6,=(0.07%3:20). The trum taken at this resonance is shown in Fig. 2.

TABLE I. Decay of resonances observed in the ‘’Ca(a, v)*Ti reaction. The group of resonances at E, =4.22 MeV was
only partially resolved (see text), and the last column gives branching ratios for the unresolved group.

Incident Resonance Transition Final state Mixing Branching  Branching ratios
« energy energy in #Ti  Resonance energy Energy ratios ratios for group
(MeV) (keV) JT (keV) (kev) JT 64 %) %)
4.22 8946 ? 7863 1083 2+ 55 8x1
6415 2531 2* 45 7+1
6066 2 2886 2+ 61
8954 1” 8954 0 o+ 10 31
7049 1905 o+ 90 24 £1
2 —4,5—~-0.5
8955 ? 6501 2454 4 (3) 16 81
5780 3175 29 15+1
5310 3645 50 26+1
5013 3942 5 31
4.257 8987 2* 8987 0 o+ 63 £2
7904 1083 2+ <10
6533 2454 4 (3) <10
6456 2531 2* 0.29+0.11 37+2
or —(4.0:3:9)
4,263 8992 4* 7909 1083 2t —(0.02+0.03) 473
6538 2454 4 +0.64+0,11 53+3
3 —(0.09+0.05)
6461 2531 2* <5
or 2* 8992 0 o* <5
7909 1083  2¢ —(1.9%0+% 47+3
6538 2454 4 —-(0.20+0.07) 53+3
3 +0.06+0.06
6461 2531 <5
4.520 9227 2* 9227 0 o* 1.3+0.5
8144 1083 2+ -(0.02+0.07) 241
6696 2531 2* —(0.02+0.04) 45+2
6341 2886 2+ 82
5812 3415 2 +0,32+3+3. 222
3 +0.09+0.07

21t is not certain from which resonance this branch comes.
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TABLE II. Decay of bound levels of *Ti,

451

Initial level Final level Transition Branching Mixing
Energy Energy energy ratios ratios
(keV) JT (keV) JT (keV) %) 6y
1083 2+ 0 ot 1083 100
1905 oW 1083 2+ 822 100
or 202 1083 o+ 822 100 0.28< §y<
2454 4® 1083 2 1371 100 —(0.07::3)
or3 1083 2t 1371 100 —(0.42+3:3
2531 2t 0 0+ 2531 254§
1083 2t 1448 71 7.5%8:0
1905 o+ 626 3.7£0.7
2886 2+ 0 o+ 2886 70 £10
1083 2t 1803 3010
3175 1083 2t 2092 ~100
3415 2 1083 2+ 2332 100 —(1.64§:d
or 3 1083 2+ 2332 100 —0< §y< —6
or —(0.4t3:39)
3645 3175 470 8515
T T T T
E, =4.26 MeV ! 8987 ! 8992 Eo=4.26 MeV
2531 2454
2-2,
04} 8,-0.27
Z0.2 —}: * X
- -L U
2 f ) !
2
€ 01:
o 0.6 H
2
S
< 04
& t
2-0
0.2} /
;i
ol | ; o
1.0 0.5 (0] 1.0 0.5 [
cos? @ cos?2 8

FIG. 7. Angular distributions of primary y rays from the E, =4.26 MeV resonance (see caption for Fig. 4).
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The angular distributions of primary y rays from
this resonance are shown in Fig. 11. The choice
of spin 1 for the resonance is ruled out by the an-
gular distribution of the weak branch to the ground
state (x?=24 with v=5) as well as by the fact that
the angular distribution of the 1083 -keV y ray re-

SIMPSON, DIXON, AND STOREY

[

quired a P,(cosf) term [with no P, term x*=170
with v=4 (see Fig. 13)]. The choice of spin 2 gave
a x? of 2 and spin 3 gave a x% of 9.8 with v=5.
Furthermore the radiative yield wy from this res-
onance is at least 6 eV (see Sec. 3G), and if the
resonance were a spin-3 state the transition to the

I T ]' T T T I T‘r T [ T I T T T I T [ T I T I T I T I T I T I T [
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0.1% |
2o \ [ \/ ~
\ / S 1%
10%
10 —7—8992
[ 8, ]
—Y 1083 A
s|- o o
L \2*2 42 <
2+ — 2+ ]
v=7 >z
NI ISR (TN NI IUN U MU R P S N ST NI NI N R A
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 [0} 20 40 60 80
Arctan 8 Arctan 3,
[ T T I T I T ] T ] T [ T I T T
200} —
8987
3,
100 - 2531 B
[ —0 ]
50 ]
x| |
TN m
20} / \ j 1% \—
./ \ on )
|o_\/ -
5 2—+2 n
i . i
2+ —
| | T ST NN T RN REN R S
-80 -60 -40 -20 (0] 20 40 60 80
Arctan 3,

FIG. 8. ¥ fits for primary vy rays from the E , = 4.26 MeV resonance.
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ground state would be enhanced by over 50 W.u.
Thus a 2* assignment is preferred.

Figure 12 shows the )® fits as a function of 8,
for the primary 8144-keV y ray to the 1083 -keV
state, the 6696-keV y ray to the 2531-keV state,
and the 5812-keV y ray to a level at 3415 keV.
Only the choice of resonance spin 2 gives a satis-
factory fit to the angular distribution of the 8144-
keV y ray. The angular distribution of the pri-
mary y ray of 6696-keV feeding the 2531-keV lev-
el limits the spin of this level to 2, 3, or 4, but
spins 3 and 4 are ruled out by the strength of the
2531-keV crossover decay from this level to the
ground state (see Sec. 4). An analysis of the sec-
ondary y rays deexciting this level also favors the
spin-2 assignment (see below).

The 5812-keV y ray has been postulated as a
primary y ray to a level at 3415 keV. The angular
distribution of the primary y ray allows any spin
from 1 to 4 for the 3415-keV level. A y ray of
2332 keV corresponding to a decay from this level
to the 1083-keV level has been observed. It should
be remarked that the 3415-keV level has not yet
been identified at another resonance.

The 6341-keV y ray has been postulated as a
primary y ray to a level at 2886 keV. This y ray
shows the full Doppler shift. A resonant y ray of

1 1 !
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FIG. 9. Angular distributions of the 1371- and 1083-
keV vy rays at the E, = 4.26 MeV resonance.

2886 keV has been seen, and another branch from
this level to the 1083-keV state seems to be ob-
servable at 90°, where it lies very close to a con-
taminant line of 1809 keV from the ®Na(a, p)**Mg
reaction. The angular distribution of the primary
y ray can be fitted with any choice of spin for the
2886 -keV level from 1 to 4. The large errors on
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10 8, 2-+4, -
i 3=-02 1
3 2454 1
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FIG. 10. A simultaneous x? fit for the y rays in the cas-
cade 8992— 2454— 1083— 0 as a function of the mixing
ratio 6, of the 1371-keV 7y ray. Values of the primary
mixing ratio 6; are determined by the minima in the
(64, 6,) plane which are acceptable at the 0.1% confidence
level.
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the angular distribution are due in part to having
to subtract the single-escape peak of the 5812-keV
y ray. Spins of 3 and 4 for the 2886-keV level are
ruled out by the crossover transition to the ground
state.

Figure 13 shows the angular distributions of the
secondary y rays observed at this resonance. Of
particular interest is the 2531-keV level which
decays to the ground state (25%), to the first ex-
cited state (71%), and to the state at 1905 keV
(3.7%). To obtain the angular distribution of the
2531-keV y ray, a contaminant line of 2516 keV
from the ®*O(a, ny)?*'Ne reaction resonant at 4.52
MeV 2 and feeding a state at 2866 keV in ?!Ne was
subtracted and this considerably increased the er-
ors on the angular distribution. The amount of the
2516-keV contribution was estimated from the ob-
served yield of another branch from the 2866-keV
level of 1119 keV,?* taking into account the Doppler
shift of the 2516-keV y ray and assuming an angu-
lar distribution corresponding to the emission of
s-wave neutrons.

Figure 14 shows the x* plots for simultaneous
fits to the angular distributions of the primary and
secondary y rays. The simultaneous fit of the an-
gular distributions of the 6696-keV y ray, the
2531-keV vy ray, and the 1448-keV y ray to the
1083 -keV level confirms the spin-2 assignment of
the 2531-keV level. Spin 2 is favored for the 2886 -
keV level, whereas the 3415-keV level is about
equally well fitted with either choice of 2 or 3 for
the spin. No crossover to the ground state has
been detected from the 3415-keV level (<3%).

The 626-keV y ray seen at this resonance is in-
terpreted as a transition from the 2531-keV level
to the 1905-keV level. The angular distribution
for this y ray shown in Fig. 13 is well fitted either
with spin 0 or 2 for the 1905-keV level, and less
well fitted with spin 1. (Spin 1 can be rejected at
the 5% confidence level.) The angular distribution
of the 822-keV y ray (1905~ 1083 keV) which is
also resonant at this a energy is essentially iso-
tropic. No transition from the 1905-keV level to
the ground state is seen.

Since **Ti is a self-conjugate nucleus, the pre-
dominance of M1 transitions and the relative in-
hibition of E2 transitions from this resonance sug-
gest that this resonance may have T =1.

The results for the E,=4.520-MeV resonance
are summarized in Tables I and II. Some prelim-
inary lifetime measurements of the bound states
in *“Ti have been made using this resonance and
their indications towards the correct spin and par-
ity assignments will be given in Sec. 4.

F. Other Resonances

Other resonances which we have looked at in-
clude those at E,=3.79, 4.002, 4.42, and 4.47
MeV, with the main (25%) y-ray decay branches
being shown in Fig. 3. Vernotte, Langevin, and
Takeutchi! have found that the resonance at E,
=4.002 MeV is a doublet, and they have assigned
spins of 2" and 17 to it. This is consistent with
our results. Figure 1 also shows a resonance at
E ,=3.86 MeV which partially overlaps a reso-

T T T T
0.2 Eq= 4.52 MeV -

[ T

(5) —o.15

Relative Intensity

FIG. 11. Angular distri-
butions of primary y rays
from the E, = 4.52 MeV
resonance (see caption for
Fig. 4).
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nance in a capture by 0. A spin of 2* has been
determined by Vernotte, Langevin, and Takeutchi!
for this resonance. The resonance at E =4.42
MeV is largely obscured by a resonance in the
BC(a, n)'®0 reaction.?

Only a cursory examination has been made of
resonances between E ,=4.5 and 5.0 MeV. There
appear to be many weak resonances present, but
no very strong ones. It is hoped to study this re-
gion more carefully in the future.
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FIG. 12. x?fits for three of the primary vy rays at the E,=4.52 MeV resonance.
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G. Radiative Yields

For a number of the runs, the radiative yield of
the resonance was calculated from the relation

My 25 1
Mot+MT P >‘2c.m.

wy = Y,
where S is the a-particle stopping power in labo-
ratory units of energy per g/cm?, M,/(M ,+My)
is a factor which effectively corrects the stopping
powers to the center-of-mass system,? p is the
number of *°Ca nuclei per gram of target material,
A m. is the wavelength for the incident o particle
in the center-of-mass system, and Y is the thick-
target yield of primary y rays (photons per a par-
ticle). The total charge delivered to the target
was measured with a calibrated current integrator
(with suppression of electron emission), and the
photon yield was found by calibrating the detector
in situ with a standard ®Co source inserted in
place of the target. There is some uncertainty
arising from a lack of accurate knowledge of the
composition of the target; we have assumed pure
calcium which gives a minimum value for the cal-
culated wy. The wy values determined in this way
are given in Table III.

In the case of « particles incident on *Ca the
partial width r, for y-ray emission is related to
wy by

w=(2J+l)<&£l> s
r c.m.

AND STOREY 4

where TI', is the partial width for a-particle emis-
sion, T is the total width (I'=T +T,+ Ty +--*),
and J is the spin of the compound-resonant state.
The y-ray partial widths I', given in Table III are
determined from the wy values assuming that T,
and I', are both small compared to I',. Hence
these T',’s are lower limits.

4. DISCUSSION

Figure 15 shows the decay scheme of the bound
levels of **Ti. In determining the spins of the res-
onances and consequently the spins of the lower
states, it has been assumed that the ground state
and the first excited state have spins 0* and 2*,
respectively. Below is a brief summary of the
evidence on the other levels.

1905 keV. This level has been studied at the
E ,=4.22 MeV resonance, where it is populated by
a primary transition, and at the £ ,=4.52 MeV res-
onance, where it is fed from the decay of the 2531-
keV level. The angular distribution of the y rays
feeding this level and of the 822-keV y ray deex-
citing this level are consistent with it being a
state of spin 0. The failure to observe a cross-
over y ray to the ground state makes the assign-
ment of 1 or 2* to the level unlikely, although 2~
cannot be discriminated against on this basis.
Systematics of energy levels in this mass region
would, however, seem to rule out 27, and favor a
0* assignment.

2454 keV. From the angular distributions this
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FIG. 13. Angular distri-
butions of secondary vy rays
at the E, = 4.52 MeV reso-
nance (see caption for Fig. 4).
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state is either a state of spin 4 or 3, with 4 fa-
vored. Systematics of energy levels favor a 4*
assignment.
2531 keV. The angular distributions assign a
spin of 2 to this level. We have also obtained a
preliminary estimate of the mean lifetime of this

200

100

50
XZ

20

8]

2+ —+0

2-+2—+0
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level of 1.5 psec using the Doppler-shift-attenua-
tion method. This would mean that this level
would decay by very enhanced M2 transitions if it
had negative parity, and hence it is assigned a spin
and parity 2*.

A recent publication by Longequeue, Longequeue,
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FIG. 14. A simultaneous ¥ fit for primary and secondary y rays at the E = 4.52 MeV resonance. The vy rays fitted
are those shown in each decay-scheme diagram.
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and Vignon® on the **Ti(p, {)**Ti reaction shows a
state excited at 2.50 MeV. This indicates that at
least one of the states, either the 2454- or 2531-
keV state, has positive parity and even spin. A
state(s) at 2.50 MeV has also been seen in the
4°Ca(*%0, 12C)**Ti reaction.?

2886 keV. The angular-distribution analysis fa-
vors a spin of 2 for this state. A preliminary life-
time for this state is 0.5 psec indicating a positive
parity for the state. A state at 2.95 MeV has been
seen by Longequeue, Longequeue, and Vignon®
which seems to confirm the 2* assignment. A
state at 2.9 MeV has been seen in the *Ca(®Li, d)-
47Ti and ®Ca(’Li, t)*'T1i reactions.*

3175 keV. This state decays predominantly to
the 1083-keV level. No other decay modes have
been detected. Longequeue, Longequeue, and
Vignon® report a level at about 3.20 MeV which
suggests that if this is the same state, it has even
spin and parity.

3415 keV. The angular-distribution analysis
favors spins 2 or 3 for this level. No transition
to the ground state has been observed. A state
near 3.40 MeV is seen in the **Ti(p, )*Ti reac-
tion,® in the *°Ca(*®0, !2C)*Ti reaction® and in the
4°Ca(®Li, d)**Ti reaction,* but due to the low-ener-
gy resolution in these experiments compared with
the expected level spacing, it is not clear if all of
these represent the same state.

3645 keV. This state appears to decay almost
entirely to the state at 3175 keV, suggesting high
spin, perhaps J=5. The (p,t) work does not ap-
pear to excite a state at this energy.

3942 keV. Little is known about this level at
present. The transfer reactions®-5 also excite
levels near 4.0 MeV.

The present indications of levels at 1083 and
1905 keV and the results of references'~%® are in
disagreement with the work of Gol’dberg ef al.*
which places the first excited state at 1.4 MeV.

The low-energy states of **Ti display more sim-
ilarity to a vibrational than a rotational spectrum.
There appears to be a two-phonon triplet at about
twice the energy of the first excited state. Fur-

TABLE III. Radiative yields wy for a-capture reso-
nances. The partial width 1‘7 is calculated using the
preferred J" for the resonance and assuming I, ~ T
Both wvy and I‘y are lower limits.

Resonant

a energy wy I‘7
(MeV) JT (eV) (eV)
4,22 17, ?, ? 0.5
4,257 2+ 0.3 0.06
4,263 4* 0.6 0.07
4,520 2+ 6 1.2

thermore the transition from the second 2* state to
the first is consistent with a pure E2 transition and
as Table IV shows, the reduced transition strength
for the crossover transition, B(E2; 2;-0}), is
small compared to B(E2; 2;—~2]). However, the ta-
ble shows that the liquid-drop vibrational model is
seriously amiss for the transition from the second
2* state to the second 0* state. Such a transition

is identically zero in first order, whereas experi-
mentally B(E2; 2;-0;) is four times greater than
B(E2; 2;~2]). Such a feature could hardly be
achieved by an anharmonic admixture in the vibra-
tional states which would leave the liquid-drop
model still approximately valid.

The absence of a ground-state rotational band in
the lower fp shell has been explained by Bhatt and
Parikh® as resulting from the fact that the f,,,
spherical orbital is lower than the p,,, orbital,
whereas the formation of a state of large deforma-
tion by the residual quadrupole-quadrupole force
requires more of the p than the f orbital. This
contrasts with the case of **Ne where the order of
the spherical single-particle orbitals favors an in-
trinsic state of large deformation.

A shell-model calculation restricted to four par-
ticles in the fp shell has been made of 7=0 and
T =1 states for A =44 using the program of French
et al®” The calculated levels for the mass-44 nu-
clei are shown in Ref. 2. It is found that the T=0
states display approximately correctly the energy
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FIG. 15. Bound levels of *‘Ti showing y-ray branching
ratios and preferred spins.
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TABLE IV, Decay of the 2531-keV (2}) state. The
last column gives reduced transition strengths using a
mean lifetime of 1.5 psec obtained in a preliminary
measurement,

Final state E2 transition

E, Energy Branching B(E2; 2§—J[)  strength
(keV) (keV) JT ratio  B(E2; 25— 07) W.u,)

626 1905 03 3.7 160 23
1448 1083 27 71 462 6.52
2531 0 0f 25 1 0.14

2A 6, of 7.5 has been used.

separation between the ground state, the 2* state
and the 4* state in **Ti. Already at 1.9 MeV how-
ever, there are extra levels which are not ex-
plained by the calculations and presumably have
different configurations than pure fp.

The similarity in spacing and position of the sec-
ond 0* and 2* states in the three nuclei *Ca, *Ca,
and **Ti may suggest a similar origin for these
states. A comparison of absolute transition
strengths is not possible until further lifetime
measurements are made in ¥Ca and **Ti, but on
the basis of present information, the decay of the
2, state appears to be similar in the three nuclei.
The ground-state transition 2; - 0] is certainly
weak compared with the 2;~ 2] transition in all
three nuclei. There is an interesting difference,
however, in the E2/M1 mixing ratio for this tran-
sition, which is at least partly a consequence of
the self-conjugate nature of *Ti: In *Ti we find
6="7.52%2, whereas in *Ca and *'Ca the values®
are 6=0.09+0.08 and 6=0.153:33, respectively.

It should perhaps be noted that the comparative
transition® in *Ti has |61 =0.6.

The second 0" and 2* states in **Ca have been
quite well explained by Flowers and Skouras'! as
arising from the promotion of two protons from
the sd into the fp shell, creating deformed intrin-
sic states. Flowers and Skouras have been able
to reproduce the energy spectrum of **Ca up to
about 3 MeV as well as producing reasonably good
agreement with the experimental B(E2) values.?
It may well be then that 6p-2h configurations are
important in **Ca and **Ti. It is interesting that
although the 2;- 0, transition has not yet been ob-
served in *2Ca, Flowers and Skouras!! calculate
the ratio of B(E2; 2," - 0,") to B(E2; 2,* - 0,%) to
be about 60 (method B for an effective charge of
1.0). In **Ti we observe this ratio to be about 160.

Core excitations in which a “quartet,” an a-par-
ticle-like structure, is elevated from the sd shell
to the fp shell, may also be important in **Ti.

Arima, Gillet, and Ginocchio® have recently cal-
culated the positions of the quartet-excited 0*
states in even-even self-conjugate nuclei. Using
the presently obtained mass of *Ti, the 0, state
should come at 2.0 MeV, very close to the experi-
mental value of 1905 keV. A rotational-like band
would be expected to be based on this 0* state,
and it is tempting to associate the 2531-keV state
with the 2* member of such a band in view of the
strongly enhanced transition connecting it to the
1905-keV (0;) state.

The spectrum of *Sc below 1 MeV also has very
many more levels than can be explained by a shell-
model calculation® of particles in the fp shell. Fur-
thermore the presently measured mass of *Ti re-
quires the log ft value for the electron-capture
branch to the 146-keV state of **Sc to be 6.5.

Thus, this state is not necessarily a 1* state as
required by the earlier estimate of logf{. The y-
decay properties of the 146-keV state of **Sc are
also curious in that this state is observed to decay
almost solely to the first excited state at 68 keV,
with only a 0.1% branch to the 2* ground state.

In conclusion, *Ti does not appear to display a
rotational band built on the ground state as does
2°Ne, but rather has a resemblance to a vibration-
al-type spectrum. The decay modes of the second
2" state at 2531 keV suggest another possible in-
terpretation, that the 0" state at 1905 keV is from
a predominantly deformed intrinsic state and with
the 2531-keV (2*) state forms the beginning of a
rotational band. The shell model restricted to the
Jp shell can account for only a few of the low-lying
excited states, in particular the 1083-keV (2*) and
2454-keV (4%) states. Finally, the revised mass
of “*Ti has made uncertain some of the properties
of low-lying levels in *Sc.
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