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The mean lifetimes of the 6; states in **Ti at 3041 keV and “°Ca at 2974 keV have been measured with the
pulsed beam method to be 7= 5=+2 ns and 15.2+0.8 ns, respectively. The states were populated via the
reactions *°Ca(*He,n)*Ti at Ej,, =12 MeV and **Ca(a,a2n)*Ca at E, = 50 MeV. The deduced B(E2, 6*—4")
values result in proton and neutron effective charges which are in good agreement with other (1f;,,)** nuclei.
However, the present lifetime result for **Ti is in disagreement with another measurement for this nucleus. A
comparison of E2 effective charges extracted from all presently available B(E2) data on the 6t —4t—2+—0*

transitions in (1f;,,)*? nuclei is presented.

NUCLEAR REACTIONS “CaCHe,ny), E =12 MeV, “Ca(x,a2ny), E=50 MeV;
measured pulsed beam electronic timing; deduced Ty, B(E2), effective
charges. Natural and enriched targets, Ge(Li) detectors.

I. INTRODUCTION

In order to understand the large quantity of mea-
sured lifetimes in the 1f,,, shell, it is important
to study particular nuclei that should have simple
shell model wave functions. “Ti and *®Ca belong
to the group of even-even 1f, , nuclei with two
particles or holes outside the N, Z=20 and 28
closed shells. This group includes the nuclei
2C23, 50C8¢6 35Tis, 35Ti and 3iFe,, which all
show a low lying level sequence of 0%, 2% 4* 6%,
The decay schemes for the ground state bands of
these nuclei determined from the present and pre-
vious experiments are shown in Fig. 1. In the
most simple shell model picture these states might
be described by a pure (1f,,,)*? configuration. Al-
though this is not expected to be a sufficient de-
scription for all states, the 4" and 6" states should
have the smallest admixture of other configura-
tions. Therefore, the measurement of the 6 — 4*
transition probability can give rather unambigu-
ous information about the effective E2 operator in
this nuclear region.?

There exist well established experimental data
on the lifetimes of the 6] state only in **Ca, °°Ti,
and **Fe (see Table I). The present paper reports
on the measurement of the 6] lifetimes in **Ti and
4Ca using electronic timing techniques between
the natural (microscopic) beam bursts of a cyclo-
tron and y rays measured with a Ge(Li) detector.
The experiments were carried out with the vari-
able energy cyclotron of the Institute of Physical
and Chemical Research (IPCR).

The *Ca lifetime measurement is discussed in
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Sec. II and the *?Ti lifetime measurement is dis-
cussed in Sec. III. The results make a rather
complete comparison of effective charges in
(1f;,)*? nuclei feasible. This comparison is pre-
sented in Sec. IV.

II. %¢Ca 6] LIFETIME

The lifetime measurement in *®Ca has been per-
formed with the reaction **Ca(a, a2ny)*Ca. In
order to find a suitable beam energy for this reac-
tion a series of y-ray singles spectra have been
measured during the bombardment of a **CaCO,
target with @ particles in the energy range of E,
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FIG. 1. Experimental spectra for even-even nuclei in
the 1fy/, shell. The level energies have been determined
from the present and previous works quoted in Table I.
The main shell model configurations for these levels
are indicated.
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TABLE 1. E2-decay properties of 2], 47, and 6} states in (lf-,/z)iz nuclei.

Main E, T2 B(E2) oeb
Nucleus configuration Transition (keV) (ps) Refs. €% fm?) (e)
$2Ca,, Wf1)? 2+ —0* 1524 1.19%0.04 c 83.4 = 2.8 2.09% 0,02
4+ —2¥ 1227 4.5 £0.5 d,e 65 * 7 1.85+0.10
6" —4* 439 7.79%0.13 ns c 6.42+ 0.11 0.86+0.01
$8Cay, Wfy) ™ 2t —0* 1346 5.24% 0,54 f 35.1 + 3.6 1.32+0.07
>8 g <23 <1.1
4t —2* 12291 Not measured
6" —~4* 399 15.1 0.8 ns This exp.,h 5.34+ 0,28 0.760.02
42Ty, (f1/2)* 2t—Q* 1555 0.60+ 0,10 i,j,k, 1, m 150 =25 1.8 0.3
(4%) —2* 1120 >1.8 1, m <230 <2.5
(61— (4" 366 5 *2ns This exp. 25116 0.70%3-48
26 +5ns m 4.7 = 0.9 —0.26+ 0,07
$9Tigq (f9)* 2+ —0* 1554 1.4 0.2 n 66 = 8 0.76%0.11
4+ —2* 1121 7.7 £1.5 d 60 12 0.68% 0,17
6" —4* 524 0.61% 0.02 ns o,p 33.8 + 1.2 0.870.04
2%Feys (f ) 2t —Q* 1408 1.38+0.10 q, 1,8 107 =+ 8 1.18+0.08
42t 1131 5.7 £1.2 t 77 16 0.85+ 0.19
6" —4* 409 1.75+0.03 ns 0,p,u 40.7 £ 0.7 1.00+0.02

# Averages of the values taken from the quoted references. For the 4* state in *?Ca only the two most recent recoil
distance measurements have been used, since older measurements report very conflicting results (see Ref. 17).

b 6e =€, — 1 for protons and 6e =e,; for neutrons. Pure (1f7/2)i2 configurations and harmonic oscillator radial wave
functions (w=41A4"13 MeV) have been assumed to extract the effective charges.
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=25-50 MeV. The target consisted of about 10 Figure 2 shows the in-beam y-ray spectrum
mg/cm? *CaCO, enriched with 97.2% *8Ca and during the bombardment of “®CaCO, with 50-MeV
deposited on a 6 um thick Mylar foil. The beam a particles. This beam energy was used for the
was stopped 5 m after the target in a heavily lifetime measurement. The assignment of y lines
shielded Faraday cup. y rays were measured to the different nuclei was based on the excitation
with a true coaxial Ge(Li) detector of 32-cm? function measurements and information about high-
active volume at 90° to the beam direction and spin states available from the literature. In par-
10 cm from the target. The typical resolution ticular, the results from the reactions **Ca-

of the detector during the experiments was 2.5keV ("Li, p2n)*Ti (Ref. 2) and *°V(¢, @ )*°Ti (Ref. 3)

full width at half-maximum (FWHM) at 1.33-MeV have been used for comparison. The 6; state in

y-ray energy. 48Ca has recently been assigned by high resolution
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FIG. 2. In-beam vy-ray spectrum measured with a 32-cm® Ge

(Li) detector during the bombardment of a 10-mg/cm?

thick 48CaCO3 target with 50-MeV o« particles. The schematic on the top right of the figure shows the main reaction
channels induced on #Ca. The arrows in the y-ray spectrum indicate the selected peaks and background regions to

produce the time spectra shown in Fig. 3.

studies* 5 of the reaction **Ca(p, t)**Ca and was
found to lie at 2975+2 and 2978 +4 keV, respec-
tively. In addition, this level was measured® by
the *6Ca( p, p’) reaction to be at 2976+ 1.5 keV.
Together with the known energies®~® of the 2] and
4] levels one expects a deexcitation y cascade of
the 6] state with y-ray energies around 400 keV
(6" —~4%), 1230 keV (4" -2%), and 1347 keV (2 - 0*).
The 6" -~ 4" and 2* - 0" transitions are clearly ob-
served in the present reaction with y-ray energies
of 399.0+0.5 and 1345.7+0.8 keV, respectively,
with an absolute intensity ratio of 1:2. The close
lying v line at 404 keV can be excluded from be-
longing to **Ca by the excitation function measure-
ment. Unfortunately, the 4" —2* transition? (1229
keV) could not be resolved from the (8*)-6; tran-
sition? (1231 keV) in *8Ti.

Since the lifetime of the 6] state in **Ca was ex-
pected to lie in the ns region, the natural beam
bursts of the 50-MeV a beam from the IPCR
cyclotron with a pulse width of =1 ns and a pulse

period of 95 ns were well suited for an electronic
lifetime measurement. Timing was performed
with a time-to-amplitude converter (TAC), which
was started with the y-ray signals from the Ge(Li)
detector and stopped with the rf signal from the
cyclotron. Time spectra corresponding to several
y-ray energies were accumulated in different sec-
tions of computer memory by setting digital win-
dows on the Ge(Li) pulse height distribution. In
order to improve the time resolution of the Ge(Li)
detector, the slow rise time pulses were rejected
by pulse shape discrimination of the timing signal.
In this procedure two timing signals from the
Ge(Li) detector were generated by a leading-edge
trigger (LET) and a constant-fraction trigger
(CFT) and fed into a second TAC. Due to the dif-
ferent sensitivity to rise times, the output of this
TAC allowed a selection of the fast rise time
pulses, which were used to gate the time spectra
generated in the other TAC by the CFT y-ray
signal and rf signal. The Ge(Li) detector and the
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FIG. 3. Time spectra measured for relevant delayed
and prompt 7y-ray transitions from the spectrum shown
in Fig. 2. Since every second rf signal is used to stop
the TAC, two time distributions appear in each time
spectrum. A normalized background time spectrum
region has been subtracted from the three spectra. The
extracted lifetimes are the result of a x? fit with a con~
stant plus exponential.

fast timing circuits were encased in a wire cage
to avoid severe rf noise pickup from the cyclotron
resonator.

Figure 3 shows the time spectra for the 6% —~ 4"
and 2%~ 4* transitions in *®Ca and the 4% - 2* tran-
sition in *®Ti. The transition in **Ti does not show
any significant delayed component and thus gives
an excellent measure of the Ge(Li) time resolu-
tion in the y-ray energy region of 1.3 MeV. The
FWHM of 2.2 ns in the prompt peak is an upper
limit of the Ge(Li) time resolution since the beam
burst itself has a pulse width of around 1 ns. This

very good time resolution is mainly due to the re-
jection of slow rise time pulses as described
above. The two transitions in *¢Ca clearly show
a delayed component. After the background sub-
traction no prompt peak is seen for the 6" - 4*
transition. The shape of the prompt peak in the
2" - 0" transition is taken from the 4* — 2* transi
tion in **Ti. The solid curves in the delayed part
are the results of a x? fit with a constant plus ex-
ponential, where the constant takes care of in-
sufficient background subtraction and small in-
trinsic timing tails of the Ge(Li) detector. From
the four independent fits an average of

7(6; *Ca)=15.2+0.8 ns

has been deduced. The error includes both statis-
tics and uncertainties in time calibration and
background subtraction.

After completion of the present lifetime mea-
surement® we learned of another lifetime measure-
ment” of the same state with the reaction *®Ca-

(p, p2ny)*®Ca. The result 7=14.8+1.4 ns is in
excellent agreement with the present measure-
ment.

1. %2Ti 6] LIFETIME

The lifetime measurement for the 6] state in
“2Ti utilized a technique similar to that described
in the previous section for *¢Ca. Two different
reactions, “°Ca(a, 2ny)**Ti and *°Ca(®*He, ny)**Ti,
were studied for the population of excited levels
in ®*Ti. Excitation function with y-ray singles
spectra were measured during the bombardment
of a natural Ca target (14-mg/cm? rolled metal
foil) with o and ®He particles in the energy range
of E, =25-55 MeV and Esy, = 6—16 MeV, respec-
tively. The reaction *°Ca(a, 2ny)*Ti was unsuc-
cessful since y lines® 1° from “Ti were not ob-
served in the y-singles spectra with any signifi-
cant intensity above the background. However,
these y lines were observed from the reaction
“°Ca(®He, ny)*Ti. From the excitation function
measurement a beam energy of Es, =12 MeV was
chosen for the lifetime measurement.

Figure 4 shows the in-beam y-ray spectrum
measured during the bombardment of the Ca tar-
get with 12-MeV *He particles. The strongest
lines in the spectrum originate from the reactions
“°Ca(®He, py)*?Sc (with subsequent 8 decay to ©Ca)
and *°Ca(®He, 2py)*!Ca. Recent information from
the literature have been used to assign the transi-
tions in “3Sc (Ref. 11) and *'Ca (Refs. 12 and 13).
In addition to these nuclei there are several y
lines from the contaminant reaction *O(*He, py)'®F.
Although they are relatively weak the 366-, 1120-,
and 1555-keV vy rays, which have been previously
assigned® !° to the decay cascade of the 3041-keV
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FIG. 4. In-beam 7y-ray spectrum measured with a 32-cm?® Ge(Li) detector during the bombardment of a 14-mg/cm?
thick metal Ca foil with 12-MeV 3He particles. The assigned ¥ lines are from the reactions 4°Ca (He, p7)42Sc,
9Ca CHe, 2py)4Ca, CalHe, ny)2Ti, and ¥0CHe, py)'®F. The arrows in the y-ray spectrum indicate the selected
peaks and background regions to produce the time spectra shown in Fig. 5.

(6*) state in *2Ti (see Fig. 1) are also clearly ob-
served. The spin sequence 6" - 4" -2"~ 0" is
suggested by the comparison with other members
of the T =1 triplet in **Sc and “2Ca (Refs. 9 and
10). The Coulomb energy shift for these levels

is in good agreement with the calculation of Bert-
sch.’ A recent distorted-wave Born-approxima-
tion (DWBA) analysis for the *°Ca(®*He, n)*Ti reac-
tion’® is consistent with an L =6 two-proton trans-
fer to a state in **Ti at E,=3.06+0.07 MeV. A 6"
assignment for the 3041-keV level is also sup-
ported by the results of the 4°Ca(*2C, °Be)**Ti
two-proton transfer reaction experiment,’® in
which a high-spin state was observed at 3.05 MeV.
The observed absolute intensity of the 366-, 1120-,
and 1555-keV y rays in the present experiment
was in the ratio 1:2:6.

Time spectra were taken for the three cascade
transitions in **Ti as well as for several y rays
which were known to be prompt (7<1 ps). The
arrows in the spectrum shown in Fig. 4 indicate
these v rays as well as the regions near the peaks
of interest which were used for background sub-
traction in the time spectra. In this experiment
the subtraction of the background contribution in
the time spectra is important since the peak to
background ratio is small and several high energy
y rays (3201 and 3369 keV) from the competing
reaction *°Ca(*He, 2py)*!Ca are known to have de-
layed components with a mean lifetime of about
5 ns 2 and have Compton tails which extend down
to the regions of interest. The normalization for

the background subtraction was obtained from the
ratio of the summed counts in a flat delayed re-
gion of the time spectra (starting about 40 ns after
the prompt peak) for the y ray of interest and the
respective y-ray background region. The time
spectra for the **Ti 1120- and 1555-keV y rays
and for the prompt *?Sc 976-keV 2* - 1%, *Sc
1587-keV 2" - 0%, and '°F 1587-keV 2% - 3*

rays'” !® are shown in Fig. 5. The natural beam
burst width for the low energy *He beam was con-
siderably worse compared to the 50-MeV o beam
used in the **Ca measurement. This was probably
due to instabilities of the rf, which was close to
the lower limit available at the IPCR cyclotron.
The total prompt time resolution which contains
both contributions from the beam resolution and
Ge(Li) detector resolution (pulse shape discrimina-
tion was not used) was about 6.3 ns. This prompt
peak, see Fig. 5(c), is not pure Gaussian in shape
due to the beam resolution.

A lifetime could not be extracted for the **Ti
366-keV transition due to the very small peak to
background ratio and the lack of a prompt y ray
with a similar energy for comparison. The other
two y rays of *2Ti show an exponential tail beyond
that observed for the prompt v rays. The solid
curves in the delayed part are the results of a x*
fit with a constant plus exponential. The extracted
lifetimes are due to delayed feeding of the 2675~
keV level, since the 1120-keV y ray has some
prompt component. Thus, these lifetimes are
attributed to the 3041-keV (6) level. Due to the
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FIG. 5. Time spectra measured for relevant delayed
and prompt y-ray transitions from the spectrum shown
in Fig. 4. Since the statistics were rather poor the two
time distributions of each transition (compare Fig. 3)
have been added. A normalized background time spec-
trum region has been subtracted from each spectrum.
The extracted lifetimes are the result of a x2 fit with a
constant plus exponential.

small peak to background ratios the extracted
lifetimes are rather sensitive to the background
subtraction, which resulted in an additional *1-ns
uncertainty of the fitted lifetimes. Therefore, the
final value of the mean lifetime of the 3041-keV
level is given by

7(6; ©Ti)=5+2 ns.

The present result is in disagreement with a
previous measurement by Cox et al.,'® who report
a lifetime of 7=26+5 ns. The result of Cox et al.
was obtained with the *°Ca(®*He, ny)**Ti reaction
with an 8-MeV 3He beam using time spectra ob-
tained in an n-vy coincidence. The time spectrum
of the 366-keV y ray was analyzed assuming a
prompt resolution estimated by the 1555-keV ¥
ray. If their prompt resolution was much energy
dependent, an erroneous lifetime could have been
obtained, which may explain the above disagree-
ment. Another reported lifetime measurement
which was attributed to the **Ti 6" level was later

found to originate from a transition (460 keV) in
“1Ca (Ref. 19).

1V. DISCUSSION

Table I summarizes the present experimental
information on E2-decay properties of the 27, ’4:,
and 6; states in (1f,,)*2 nuclei. In order to com-
pare the experimental data on the basis of the
effective charge concept the additional charge
e =e.5— 1 for protons and de =e.s for neutrons are
given in the last column of Table I. The effective
charge e has been extracted from the experi-
mental B(E2) values with the assumption of pure
(1f,,2)** configurations through the relation

B(E2,J ~J )y, =S[J(f7/22) "J'(f'l/zz)]

2
€ eff

a7 | <f7/2 [7? lf"//z)lz .

X

Here, the statistical factor S is given by 0.952,
0.950, and 0.433 for the 2" -0*, 4* - 2%, and 6"

- 4" transitions, respectively. The radial matrix
element has been calculated from harmonic oscil-
lator radial wave functions with the relation

97
(Finl? |1 =5 = =4.55A fm®

assuming 7w =41A"13 MeV.

Due to the truncation of the shell model space to
(1f,,,)*? configurations, the additional charges in
Table I exhibit the effect of three main contribu-
tions!! to the effective E2 operator: (i) AN=0
particle excitations from the 1f, , orbital to other
1f-2p orbitals. (ii) AN=1 two-particle excitations
from 2s-1d to 1f-2p orbitals. (iii) AN=2 single-
particle excitations from 2s-1d to 3s-2d-1g and
from 1p to 1f -2p orbitals. Here, N=2(n—-1)+1
labels the major oscillator shells. There is con-
siderable interest to extract the last (AN=2) con-
tribution, usually referred to as the polarization
charge, from the measured B(E2) values, since a
reliable value can give information about the iso-
scalar and isovector part of the effective E2 oper-
ator and its connection to the giant quadrupole
resonance. To isolate the AN=2 core polariza-
tion one has to take into account explicitly the con-
figuration admixtures of type (i) and (ii) in the cal-
culation of the theoretical B(E2) values. A de-
tailed discussion of this procedure for several
nuclei in the 1f,,, shell can be found in the work
of Brown et al.'! In the following the consistency
of the 2Ti and *¢Ca effective charges will be dis-
cussed and compared with effective charges for
other 1f, , nuclei.

A recent shell model calculation by Ogawa,?°
who used (f,/, p5,2)* and (f,,, Ps,»)¢ neutron con-
figurations for **Ca and *6Ca and the effective
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interactions from Federmann and Pittel*! results
in a remarkably constant neutron effective charge
for the 6" — 4" transitions. Using the same 7w
=41A"Y3 MeV as in Table I for the radial matrix
elements, one obtains e (6" —4")=(0.69+0.01)e
and (0.68 +0.02)e for “2Ca and **Ca, respectively.
On the other hand, the effective charges for the
2* —~ 0" transitions using the (f;,,P,,)" wave func-
tions? are ey (2* —~07)=(1.91+0.02)e and (1.10
+0,07)e for **Ca and “°Ca, respectively, which
indicates that other configurations of type (ii) in-
volving core deformed components are more im-
portant in “Ca than in %Ca. Unfortunately, for a
complete comparison between *2Ca and *°Ca, the
experimental results on the 2% lifetime in *6Ca
are somewhat inconsistent and no measurement
has been reported for the 4* lifetime. The inclu-
sion of detailed wave functions involving (fp)?
+(sd)"3(fp)* configurations in *Ca by the pro-
cedure used by Flowers and Skouras®? reduces
the extracted effective charges for the 2* - 0*
transition.!! However, these extended wave func-
tions also reduce the *?Ca 6* -~ 4" effective charge,
which makes the comparison with **Ca worse and
thus suggests that the procedure of Flowers and
Skouras overestimates the deformed admixtures
in the high-spin 4* or 6" states of *?Ca. The ef-
fective charges for the *2Ca and “°Ca 6* —~4" tran-
sitions using the (f;,,;,,)" wave functions are
also in good agreement with the analysis of Tows-
ley, Cline, and Horoshko?? for the 4* —2* and 2*
-~ 0" transitions in *Ca. By analyzing the E2 tran-
sitions for both the ground state band and the ex-
cited deformed band, they obtain e =0.65 + 0.04e.

Both the present and previous result for the
“Ti (6;)—~ (4]) transition, which are inconsistent
with each other are given in Table I. Compared
with other proton effective charges in Table I the
negative additional charge needed to explain the
previous “?Ti lifetime measurement of T=26+5
ns is anomalous. Also it would be very difficult
to explain this anomaly using more refined wave
functions. The effective charge needed for the
present measurement (7=5+2 ns) is more reason-
able and will be discussed further.

With the (f,,,P3,2)? shell model calculation of
Ogawa the additional charge needed for the *2Ti
6" - 4" transition (with the present lifetime result)
is 6e=0.3613: 3%¢. This can be compared to a
previous analysis of the 5" — 7" **Sc transition

probability with (fp)? wave functions in which an
additional proton charge of 6e=-(0.04+0.16)e was
needed.!' Although the errors are large, the ad-
ditional proton charge seems to be larger in *Ti
than in *3Sc. A possible explanation for this is that
the radial wave functions are larger in **Ti than

in **Sc due to the smaller relative binding energies
of the **Ti states; the 6] state in **Ti is bound by
only 0.5 MeV relative to *°Ca. This indicates that
in order to extract a reliable proton polarization
charge for nuclei near *°Ca it would be necessary
to use more realistic single particle wave functions
in cases with small binding energies.

It would be interesting to compare the present
result for *Ti with the proton effective charges
for °°Ti and %*Fe using (fp)" wave functions. How -
ever, the results of an exact (fp)" calculation for
these nuclei is not available. This is not as simple
as for the Ca isotopes, since one has to consider
the excitation of both protons and neutrons in order
to obtain wavefunctions of good isospin.?*

From the present data on (1f,,,)** nuclei as dis-
cussed above we conclude that the independence of
the effective charges on the number of valence
particles (additivity) is well established from the
6% ~ 4" transitions in both (vf;,,)*? and (nf,,,)** nu-
clei with the exception of “*Ti. The extracted value
e.ir=0.68e using (f,,,9;/,)° wave functions?® for the
6* —4* transition in *6Ca should be very near to the
neutron polarization charge in this mass region.

It is interesting to note that this value is close to
the macroscopic estimate of Bohr and Mottelson?®
epn=(Z/A - 0.32[(N - 2)/A]+{0.32 - 0.32[(N - 2)/Al}
X'rz)e, which for “Ca leads to the value €po(neu-
tron)=0.67¢. Any further conclusion concerning
the proton polarization charge depends on a more
precise measurement of the *Ti 6* lifetime and on
theoretical calculations using more detailed wave
functions for the N =28 isotones.
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