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The transition to the 2;+ level of Ca® is about 509,
more intense than the transition to 2,* level. It is
suggested that the transitions to the lowest six states do
not exhaust the available f7/» strength. The spectroscopic
factor for observed /=0 transitions in Ca®(d, () Ca*
strongly suggests that the spectroscopic factor for this
transition is significantly smaller than would be ex-
pected on the basis of the simple shell model. The
Ca®(d, t) Ca¥ result rules out the possibility of a small
separation of the centroids of the f7;5™ and dss! holes
in Ca¥. The greatest part of the s and d;s* strength
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is found in the 2.60-MeV doublet. The 2p;3,-neutron
admixture in the ground-state wave function of Ca® is
smaller than in those of Ca* and Ca*, but a significant
pip-neutron admixture was observed which did not
appear present in the other two nuclei.
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Positron Decays of +2Ti and %Ca
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The positron decay of ?Ti has been investigated using the ©Ca(%, #) reaction with a natural calcium
target. A strong 610.740.5-keV v ray with a half-life 71/»=0.2022£0.005 sec is attributed to a positron
branch to the 611-keV level of ?Sc. A weak 22224-2-keV v ray has been observed, which corresponds to a
positron branch to the 2223-keV level of 42Sc. Using this measured half-life and the B-decay energies, the
branching ratios are calculated from B-decay systematics to be rgt= (44.141.2) %, 7+ = (55.2+£1.2) 9,

and 7get =

(0.740.3) %. The logft values 3.17940.015 and 4.36_0.2,7-16 establish J==

1+ for both the 611-

and the 2223-keV states of 42Sc. The positron decay of #Ca has been investigated using the 3Ar(%, n) re-
action. The half-life 0.4394-0.012 sec has been measured for this decay. In addition to the strong Gamow-
Teller transition feeding the 1695-keV level of 3K, a weak 321042-keV v-ray line has been observed which
is tentatively attributed to a transition from the 3337-keV level in 8K fed by a (0.64-0.2) % 8% branch of
38Ca. Its logft (3.90_0.1571) then establishes the J*=1" assignment for this state.

I. INTRODUCTION

HE isotope #*Ti has a mass 698348 keV greater than
#Sc, and must therefore decay by superallowed g+
emission to its isobaric analog (J7=0%, T=1) ground
state of #2Sc.'? Using the above value for the total
decay energy and the comparative half-life? for the su-
perallowed Ot to OF transitions, f¢=31234-31 sec, one
finds the corresponding half-life for #Ti to be 0.458-4
0.005 sec.
The first reported evidence for the 8+ decay of “Ti
has been that of Oberholtzer,* who used the ©Ca(%, n)
reaction (the notation % for helion,® is used for *He)

* Research fellow of the Interuniversitair Instituut voor
Kernwetenschappen, Belgium; permanent address: I.N.W.
Proeftuinstraat, Gent, Belgium.

(11 R].) G. Miller and R. W. Kavanagh, Nucl. Phys. A94, 261

967).

2 P. M. Endt and C. van der Leun, Nucl. Phys. A105, 1 (1967).

3J. H. Freeman, J. G. Jenkin, and G. Murray, Phys. Rev.
Letters 16, 959 (1966).

4J. D. Oberholtzer, Ph.D. thesis, Florida State University,
1962 (unpublished), quoted in Ref. 1.

5 See Proceedings of the International Conference on *He Induced
Reactions, edited by K. Matsuda (Institut for Chemical and
Physical Research, Tokyo, 1968).

and observed, with a plastic scintillator, positrons with
energy 6.040.6 MeV and a half-life of 0.253-0.04 sec,
which he attributed to #Ti.

The present study of Ti was undertaken to measure
more accurately the half-life of #*Ti and to search for v
rays following Gamow-Teller transitions from #Ti to

=1% states of the self-conjugate nucleus #?Sc. Such
strong transitions have already been observed in the
A=4N+2 series of nuclei up to *P and in #Ca.t8

The isotope 3¥Ca decays by superallowed 8+ emission
to its isobaric analog level (J7=0+, T'=1) at an excita-
tion of 127 keV and by a strong Gamow-Teller transi-
tion (logft=3.414-0.09) to the 1695-keV state in 3¥K.®
On the basis of a recently proposed sum rule? for the
reduced matrix elements for the Gamow-Teller transi-
tions in the 4 =4N+-2 nuclei, one expects an additional
strength of at least 0.1 in || o |? to other levels in
38K. The study of 3¥Ca was undertaken to search for
such additional transitions to J7=1* states in 33K.

6 A. Gallmann, G. Frick, D. E. Alburger, E. Aslanides, and
P. Siffert, Nucl. Phys. 88, 602 (1966).
7S. Gorodetzky, E. Aslanides, A. Gallmann, and G. Frick,
Nucl. Phys. A109, 417 (1968).
8 R. W. Kavanagh, A. Gallmann, E. Aslanides, F. Jundt, and
E. ]acobs Phys. Rev. 175, 1426 (1968
R. W. Kavanagh, Nucl. Phys. A129 172 (1969).
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TasLE I. Delayed v rays observed after 10.2-MeV helion bombardment of natural calcium.

Line 1y (keV) I, (keV) final nucleus
No.» Present work Radioactivity Transition Present work Ref. 2
1 437.5+0.5 2§cm g+ 2Ca 3.190—-2.751 3189.040.9 31906
8 1227.040.5 2.751—1.524 2751.54:0.7 275144
10 1524.54-0.5 1.524—-0 1524.540.5 1524.2+1.1
3 610.740.5 2T g+ 2S¢ 0.611—0 610.740.5 611.54:0.5P
17 222242 2.223-0 222242 2223.040.9%
7 1155.841.0 4“Sc g+ “Ca 1.156—0 1155.841.0 1156.141.0
44SCm B+
16 2167.6+0.5 8K g+ BAr 2.168—0 2167.7£0.5 2167.6140.14

2 The numbering is that used for the peaks in Figs. 1 and 2.

II. EXPERIMENTAL METHOD

The isotope 2T1 was produced in the reaction “Ca(%,
n), using the *He** beam from the 5.5-MV Van de
Graaff at Strasbourg at bombarding energies of 10.0
to 11.0 MeV. Natural calcium targets with thicknesses
ranging from 1 to 2 mg/cm? were prepared by vacuum
evaporation onto tantalum, and protected from oxyda-
tion by the further evaporation of a 300 ug/cm? layer
of gold. The energy loss of the beam in gold was about
45 keV.

The isotope *#¥Ca was produced in the reaction %6Ar (%,
n), using a 10.2-MeV *He?* beam and a gas target en-
riched to >99.99, ¥Ar.3

v rays were observed at 90°, with Ge(Li) detectors of
46 and 62 cm?, having a resolution of about 4.0 keV for
the 1.33-MeV $Co « rays, at the count rates used.

The study of delayed v rays was performed using a
stable electronic-sequence timer® to program the acti-
vation-measurement cycle, which consisted of bombard-
ment for a time f;, and the storage of two successive
spectra during £ and # in separate halves of a 4096-
channel analyser. The storage was started about 100
msec after the magnetic deflection of the beam onto a
remote tantalum plate. The set of times (to, &1, &) was
adjustable to facilitate the identification of +y rays,
based on their decay, observed during £, and ¢. The half-
life of the decay could also be determined from the
ratio of counts observed for a v ray peak in the two
successive spectra.

To reduce the errors in half-life determinations, the
number of successive spectra has been increased from
two to four. The activation-measurement cycles de-
scribed above were combined with a precision timing
unit (quartz oscillator) and a fast routing circuit allow-
ing four successive spectra of 1024 channels to be
stored in separate regions of the multichannel analyser.
In that way, a much higher accuracy could be reached
for the half-life determination, without considerable in-
crease in the duration of the measurement. Observed

10 A, Gallmann, F. Jundt, E. Aslanides, and D. E. Alburger,
Phys. Rev. 179, 921 (1969).

b Reference 14.

timing drifts were negligible, but correction of the in-
tensity ratios was necessary because of decreasing dead
time as activities decayed during the counting periods.
This correction, typically about 4%, was found experi-
mentally from the stored counts from a pulser which
was always connected to the preamplifier input. Beam
fluctuations caused an error in the dead-time correction
which was estimated to be <19,

For 2Tj, two different cycles (f, £, t2) were used for
the two-point measurements: 244, 320, and 372 msec
and 210, 300, and 347 msec. For the half-life measure-
ments, the bombardment time was f,=242 msec, each
of the four successive spectra being measured for 200
msec.

For 38Ca, the cycle 400, 624, and 603 msec was used
for the two-point measurements. For the half-life
measurements, the bombarding time was f= 505 msec,
each of the four successive spectra being measured for
400 msec.

For some measurements on 4?T1i to search for weak
rays situated on strong Compton distributions, a three-
crystal spectrometer with a Ge(Li) as primary detector
was used. It consisted of a 24-cm3® Ge(Li) detector
surrounded by two large (6X3 in.) NaI(Tl) crystals,
each having a 1%-in.-radius semicircular slot cut in its
face, to facilitate the positioning of the Ge(Li) detec-
tor. The spectrometer could be operated simultane-
ously in the direct, pair-spectrometer, and Compton-
suppression modes.

To find the intensity ratios of v rays of different ener-
gies, an experimental efficiency curve was developed
using the well-known radioactive sources of 2Na, %Co,
8Y, %Co, 3Cl, and *Na. The absorption in an x-ray
filter (lead and cadmium) placed between the target
and the detector was also taken into account. The ener-
gy calibration of the y-ray spectra was found with the
radioactive sources mentioned above.

That the observed «y rays of interest were in fact due
to reactions on the target was verified in the case of
“Ti by the helion bombardment of a 300-ug/cm? gold
target on tantalum, and in the case of 3¥Ca by similar
runs with helium in the gas-target cell.
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F1G. 1. Spectra of delayed v rays ob-
served with the three-crystal spectrome-
ter after 10-MeV helion bombardment
of naturalcalcium. The spectra were
measured 98 msec after the end of a
beam burst (243 msec), for successive
intervals of;200 msec. The short lifetime
of the 611-keV v ray (line 3), due to
42T}, is readily seen. Line 2 is due to the
annihilation radiation, and line 4 to the
well-known decay of mGe. Lines 5
(1043 keV) and 11 (1632 keV) are due
to the B decays of 8Ne and 2°F, respec-
tively. The 1460-keV v rays (line 9)
were due to the background “°K activity.
For other transitions, see Table I.

s
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F1c. 2. Spectra of delayed v rays observed with a 46-cm® Ge(Li) after 10.2-MeV helion bombardment of natural calcium. Figure
2(a) is the spectrum observed in the interval 95-395 msec after the end of the irradiation (210 msec), and Fig. 2(b) that observed
in the next 347 msec. One- and two-escape peaks arising from a given v ray are distinguished by one and two primes, respectively.
The short lifetime of the 611- and 2222-keV v rays (lines 3 and 17), due to ©Ti, can be easily distinguished. Line 6 (1120 keV) is due
to the B~ decay of “Sc produced by the “Ca (%, p) reaction. Lines 13 (1776 keV), 18 (2312 keV), and 19 (2614 keV) are due to the
activities of %Al, O and background thorium, respectively. Lines 12, 15, 20, and 21 are attributed to the sum peaks (1227-+511),
(1524+-511), (21684-511), and (1227+41524) keV. For other transitions, see Table I, the caption of Fig. 1, and the text.

III. EXPERIMENTAL RESULTS
42Ti

The properties of the radioactive isotopes other than
“Ti, produced by the helion bombardment of a natural
calcium target, are distinctly different from those of
#Ti, so that its v rays can be readily distinguished by
the proper choice of the counting intervals.

Our results include six runs of two-point measure-

ments and three runs of four-point measurements for
the half-life determination. Figure 1 shows four de-
layed vy-ray spectra of a half-life measurement, using
the three-crystal spectrometer in the Compton-suppres-
sion mode. Figure 2 shows one of the pairs of delayed
v-ray spectra obtained with the 46-cm? Ge(Li) detec-
tor. Table I classifies the various transitions assigned
to the observed v rays.

A strong 610.740.5-keV + ray has been attributed to
the 611—0 keV transition from the first excited state of

TaBLE II. Results obtained for the 8+ radioactivity of 2Ti.

T2 2S¢ Branching ratio E,
(sec) (MeV) J= T (%) logft (keV)
0.2024-0.005 0 0+ 1 44.141.2 3.4944-0.016
0.611 1+,0 55.2+1.2 3.179+0.015 610.74+0.5
1.88 <1.2 >4.38 (18854-2)
2.223 1+,0 0.740.3# 4.36_9.9410:26 222242

® Value obtained in considering only the 2.223—0 <y-ray transition for the decay of the 2.223-MeV state.
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T16. 3. Spectra of delayed v rays observed with a 46-cm? Ge(Li) after 10.2-MeV helion bombardment of %Ar. F igure 3(a) is the
spectrum observed in the interval 100~724 msec after the end of the beam burst (400 msec), and Fig. 3(b) that observed in the next
603 msec. The rapid decrease in intensity of the 1568- and 3210-keV  rays (lines 1 and 6), due to #Ca, can readily be seen. Lines 2
(2127 keV) and 7 (3303 keV) are due to 34mCl.§Line 3 (2167 keV) is due to 3K and so"are the one- and two-escape peaks (lines 8
and 8”) of the 3936-keV vy rays. The 2794-keV.y rays (line 5) are attributed to ¥K and_the 2312-keV v rays (line 4) to 0. Line 9 is

due to the sum peak 21684511 keV.

#5c following the decay of #Ti. From the decrease of
the y-ray intensity in the four successive counting in-
tervals, the decay half-life has been found to be 7%=
0.2020.005 sec.

During a long run of a two-point measurement, evi-
dence was found for a weak 222242-keV full-energy
peak, decaying with a half-life of 0.224:0.11 sec. In
spite of its large statistical error, this value excludes
other short-lived B activities which could have been
produced in the experiment, and therefore allows the
assignment of the 2222-keV vy ray to the 2223 keV—0
transition in #Sc, fed in the ©Ti-decay.

Some evidence has also been found for the decay in
intensity of a weak 1885+2-keV v ray (line 14, Fig. 2).

However, because of the presence of the strong Comp-
ton distribution of the 2168-keV v rays, its intensity
ratio in the two spectra could not be determined accur-
ately, and therefore no definite attribution of this transi-
tion to #*T1i could be made.

Because of the complexity introduced by the many
competing positron emitters created in the target, no
attempt was made to determine the 8 branching ratios
experimentally, that is, by decomposing the intensity
of the annihilation radiation.®” However, the branching
ratio of the superallowed branch of #Ti to the Ot
ground state of “2Sc may be calculated directly from
the measured half-life and the partial half-life already
noted: 7y = (0.202£0.005)/(0.458+-0.005) =0.441-+
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TasrE III. Results obtained for the 87 radioactivity of #¥Ca.

Tz K

Branching ratio

I

(sec) (MeV) I T (%) log ft (keV)
0.439-0.012 0.127 0+ 1 7444 3.494-0.03
0.451 <3 >4.77
1,695 1+,0 25.444.0 3.30_00670%  1567.7-420.5b
(3.337) (1%.0)  (0.6+0.2)  (3.90_15"00)  3210a4-2

8 Branching ratios for the y-ray decay of the level at 1.694 MeV in ¥K
have been found in the present work to be 71.695-0 <2, 71.695-0.127 =100,
and 716950451 <2.

0.012. Thus, the branching ratio of all other possible
transitions of 2Ti to 4Sc is 0.559+0.012. In the ab-
sence of other competing transitions, the relative in-
tensities of the 611- and 2222-keV + rays, calculated to
be 100 and 1.240.4, determine the branching ratios
0.55240.012 and (7=£3)X 1073 for the transitions of
42T to the 611- and 2223-keV states in 4*Sc, respectively.
Table II summarizes the information acquired in this
work on the decay of *Ti.

The values of y-ray energies assigned in Table I to
transitions in Ca following the g+ decay of #"Sc, are
more precise than, and in good agreement with, earlier
reported values.?

38Ca

The half-life measurements on *Ca were based on
the decay of the 1568-keV v ray, due to the 1695—127-
keV transition in 3¥K following the g+ decay of ¥#Ca.®
The value of the half-life determined in this way is
0.43940.012 sec.

Figure 3 shows the result of a two-point measure-
ment. In the presence of all v transitions observed in
the earlier work® on 3Ca, a weak full-energy peak of
321042 keV (line 6) has been observed with a rapid
decay in intensity. Taking into account the intensity of
this line in the first spectrum and its upper limit in the
second, we find an upper limit for-its half-life of 0.45
sec. Considering all possible reactions produced in the
target, this limit allows the attribution of the 3210-keV
line to the 3337—127-keV transition in #¥K, fed in the
B+ decay of 3Ca. The excitation energy of 33376 keV
for the corresponding #K level is in agreement with the
value 3.3324-0.02 MeV.2 Nevertheless, it must be
pointed out that no lower limit could be set for the de-
cay of the 3210-keV « ray. The possible assignment of
this v ray to an isotope with a half-life 7,,<0.45 sec
can not be definitely excluded.

The branching ratio 7g+=0.74=£0.04 of the super-
allowed transition of 3¥Ca to the 127-keV state of 33K
has been calculated from the measured half-life of 3Ca,
0.439-4-0.012 sec, and the partial half-life, 0.5974-0.015
sec.® The branching ratio for all other possible transi-
tions of 38Ca to 38K is then 0.264£0.04. In the absence of
other competing transitions, the relative intensities of
the 1568- and 3210-keV v rays, calculated to be 100
and 2.340.5, determine the 8+ branching ratios 0.254

b Value from the earlier work, Ref. 8.
¢ An upper limit of 50%, can be estimated for other competing decay
modes of this level.

#+0.040 and (642) X103 for the transitions of 38Ca to
the 1695- and 3337-keV states in K, respectively.
Table IIT summarizes the information acquired in this
work on the decay of 3¥Ca.

IV. DISCUSSION AND CONCLUSIONS
42Ti

The disintegration scheme for #?T1i including results
from the present work is shown in Fig. 4. The existence
of the allowed transitions to the 611- and 2223-keV
levels of #Sc establishes J7=1% for both levels, and
T=0 may be presymed from other work reported in
the literature.? The values of the reduced Gamow-
Teller matrix elements for these transitions are || [o ||2
=0.914-0.04 and 0.06040.027, respectively.

+
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Fic. 4. The disintegration scheme of 4?Ti, incorporating
the results of the present work.
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Since the spin-matrix element in the case of the transi-
tion to the 611-keV level is fairly large, an approximate
estimate of the speed of the corresponding M1 vy-ray
transition in #Sc may be made by ignoring the space
part of the M1 matrix element. We then find r=~1.0
X 10713 sec for the lifetime of the 611-keV level.

Many excited states of “Sc and #Ca have been
found?1- which are not explained by the (f7/2)? con-
figuration spectrum with a “Ca inert core. This sug-
gests the presence of other two-particle configurations,
(f112)® (dsj2)™ configurations,”® and also deformed
four-particle-two-hole states.’®"" During the prepara-
tion of this paper, we learned about the recent work of
Nicholas ef al.,** who studied #2Sc using the ©Ca(%, p v)
reaction, through p-y angular-correlation measure-
ments. In particular, evidence has been found for a
doublet of states at the energy of the earlier reported'?
1.88-MeV, J*=0* level in #*Sc, and the spin J=1 has
been assigned to one member of this doublet. The
spin J=1 has also been assigned to the 611- and 2223-
keV levels of 2Sc.

The present work on the g+ decay of #?Ti establishes
a J7=1%* assignment for the 611- and 2223-keV states
of #2S¢, in agreement with the above study.** Our limit
on the branching ratio for a B+ transition to one mem-
ber of the 1.88-MeV doublet does not exclude the J=1
assignment to this level.

17, J. Schwartz, D. Cline, H. E. Gove, R. Sherr, T. S. Bhatia,
and R. H. Siemssen, Phys. Rev. Letters 19, 1482 (1967).

12 R, Sherr, T. Bhatia, J. J. Schwartz, and D. Cline, Bull.
Am. Phys. Soc. 13, 1383 (1968).

13 F, Piihlhofer, Nucl. Phys. Al16, 516 (1968).

14 ¥, M. Nicholas, N. Lawley, I. G. Main, M. F. Thomas, and
P. J. Twin, Nucl. Phys. Al24, 97 (1969).

%5 A, E. L. Dieperink and P. J. Brussaard, Nucl. Phys. A106,
177 (1968). B

16 W, J. Gerace and A. M. Green, Nucl. Phys. A93, 110 (1967).

1 B, H. Flowers and L. D. Skouras, Nucl. Phys. Al16, 529
(1968).
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Our value of 0.20224-0.005 sec for the half-life of #Ti

is in good agreement with the value of 0.204:0.02 sec,**

but is in disagreement with the recently reported!®

value of 0.29 sec.

38Ca

The new value, 0.4394-0.012 sec, for the half-life of
3Ca modifies only slightly the results of the earlier re-
ported work.®

In addition to the Gamow-Teller transition to the
1695-keV 1+, T'=0 level of 3K, another transition of
this type, logft=3.90_4.157%!° has been observed to the
3337-keV level of 38K, which has, therefore, J7=1*.
The T'=0 assignment can be deduced from earlier re-
ported studies of #¥K using the “Ca(d, ) reaction.!®?

The values of the reduced Gamow-Teller matrix
elements || [o |[?=0.702-0.12 and 0.17-£0.05 have been
deduced for the transitions to the 1695- and 3337-keV
states of 38K, respectively. The large value of the spin-
matrix element, for the first of these transitions, per-
mits an estimation of the speed of the corresponding
M1 1695—127-keV transition in 33K. In this way, the
lifetime 72~8 fsec has been obtained for the 1695-keV
level of K.

In the present work, no evidence could be found for
a transition of #Ca to the proposed (1*, T'=0) 450-keV
level of 38K.19:20
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