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Measurements of magnetic moments and lifetimes of 2] and 4] states of 4648Ti and ***2Cr were
performed with high accuracy via projectile Coulomb excitation and the technique of transient magnetic
fields. The high quality of the data alows for the first time to establish stringent constraints on large
scale shell model calculations. Whereas the global behavior of the data is well explained by full fp
shell model calculations, distinct deviations in the g factors and B(E2) values of “¢*8Ti from theoretical
predictions can be attributed to excitations of the “°Ca core. This suggestion is supported by recent
Monte Carlo calculations which provide evidence that “*Ca is a better inert core.

PACS numbers: 21.10.Ky, 21.60.Cs, 25.70.De, 27.50.+e

Magnetic moments are most sensitive to single particle
components in the wave function of nuclei as well as to
their interplay with collective degrees of freedom. Because
of the different sign of the spin g factors of protons and
neutrons (gf = 5.586 and g' = —3.826) measurements
of g factors of excited states enable the determination of
their microscopic structure. The combination of these mea-
surements with those of M 1 and E2 transition probabilities
provides stringent tests of theoretical models. The most
comprehensive shell model calculations avail able are those
of sd shell [1] and fp shell [2—4] nuclel.

In order to distinguish between results of different nu-
clear models, g factors must be determined with high ac-
curacy as was demonstrated by recent measurements on
Se isotopes [5]. The main purpose of the present experi-
ments was to determine g factors of excited states of four
fp shell nuclei, **8Ti and >*2Cr close to shell closures at
Z =20 and N = 28 in order to constrain unequivocally
the nucleon-nucleon interaction used in the microscopic
calculations. The measurements of g(2;) were carried out
with much higher precision than obtained previously [6,7],
and in addition, g factors of 4] states were determined for
the first time.

This goal was achieved by the use of projectile Coulomb
excitation in inverse kinematics in combination with the
transient magneticfield (TF) technique[5,8]. Thisnovel ap-
proach has been devel oped over the last five years and pro-
vides, for the first time, highly accurate and reliable data.
The main merit of thisversion of Coulomb excitation of an
energetic beam of nuclei by lighter target nuclel consistsin
the high efficiency of detection of deexcitation y raysin co-
incidence with forward recoiling target nuclei. In addition
to the kinematic focusing in the beam direction, the projec-
tile ions have high velocities which are favorable since the
transient field strength generally increaseswithion vel ocity.
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Furthermore, the same target can be used for several
different beams obviating the systematic errors associated
with the difficult preparation of different targetsin thetradi-
tional technique of target excitation. These characteristics
have also the advantage of being appropriate for experi-
ments with low intensity beams of radioactive nuclei.

In the present experiments, beams of isotopically pure
46Ti, 48Ti, 30Cr, and 32Cr, provided in their natural abun-
dance by the ion source of the Tandem accelerators at
Cologne and Munich, with intensities of ~1 pnA and en-
ergies between 110 and 120 MeV, were Coulomb excited
by natural carbon. In all nuclei, the first 2* and 4* states
(Fig. 1) were mainly excited; the y rays from the de-
excitation of the 12C(2{ — 0;; 4.43 MeV) target nuclei
were weak and therefore contributed only a nondisturbing
Compton background to the spectra, an essential feature
for measuring the (4 — 2}) transitions,

The multilayered target consisted of a 0.75 mg/cm?
natC |ayer over 3.6 mg/cm? of gadolinium vacuum
deposited on a 1 mg/cm? tantalum foil backed by a
3.6 mg/cm? Cu layer. The beam ions, excited in the
C layer, traversed the ferromagnetic gadolinium layer
where they experienced the transient field and were finally
stopped in the hyperfine interaction free Cu layer. For
the nuclear spin precessions the target was cooled to
liquid nitrogen temperature and magnetized to saturation
by an externa field of 0.06 T. The y rays emitted from
the excited states were measured in coincidence with
the carbon ions using 12.7 cm X 12.7 cm Nal(Tl) and
9 cm X 9 cm BaF, scintillators.

A Ge detector at 0° to the beam direction served as
monitor for contaminant lines and for measuring the
nuclear lifetimes by the Doppler-shift—attenuation method
(DSAM). lons were registered in a 100 um thick Si
counter placed at 0° and subtending an angle of *20°.

© 2000 The American Physical Society



VOLUME 84, NUMBER 3 PHYSICAL REVIEW LETTERS 17 JANUARY 2000

Elevel - 2*
keV] [ —— /3 . [
3000 = s —_ 25 n
St ot + - 2
25000 2[R 2 al<l 0;
& gt i 1 e .
2000 |- S AR = . b ] 4
= 3o o >
1500 § « S \ 2
L +
1000 . ) , -
<
500 b 2 3 o ~
™y
ot 0" 0" 0" 0"
46rm: 48 50 52
2 Ty 2 Ty 24Clyg 24Clyg

FIG. 1. Low-lying states of 4643Tij

The beam was stopped in a tantalum foil placed behind
the target.

Particle-y angular correlations W(6,) were measured
for the (2, — 0;) and (4 — 2") transitions in each nu-
cleus in order to determine the logarithmic slopes, § =
O %ﬁ’) in the rest frame of the y emitting nuclei at
the angle 6, where the spin precession measurements were
carried out. Precession angles ®, derived from double ra-
tios R of coincident counting rates with an externa field
applied perpendicular to the y-detection plane, alternately
in the “up” and “down” directions, are given by [9]

LVR L [

— = Br(ion(1))e ™"/ dt
S \/E +1 g 5 . TF(UO ())e

D
where g isthe nuclear g factor of the state of interest and
Brr is the transient field acting for the time (fou, — tin)
during which the ions traverse the gadolinium layer; the
exponential accounts for the nuclear decay of the excited
state with lifetime 7. The data, relevant to al four nuclei,
are summarized in Table I.

The g factors (Table 11) were derived from the experi-
mental precessions, ®P, by determining the effective

HeP —

TABLE I. Measured logarithmic slopes of the angular correla-
tion at |9, | = 65°, angular precessions, calculated precession
based on the linear parametrization of the transient field for the
27 and 47 statesin **8Ti and %°2Cr. The ®'" /¢ values were
calculated using Egs. (1)—(3) with the appropriate parameters.

Ex pexp q)lin/g
I”  (MeV) [S(6, = 65°)| (mrad) (mrad)

“Ti 2t 0889 2158 (26) 14.56 (35) 29.34 (141)
4* 2010 0769 (84) 14.56 (426) 25.07 (121)

STi 2t 0984 2230 (5) 1142 (14) 29.16 (141)
4* 2206 0051 (63) 12.29 (281) 22.61 (109)

SOCr 2t 0783  2275(29) 21.04(33) 33.97 (164)
4* 1881 0765 (43) 24.00(391) 30.93 (149)

2Cr 2t 1434 2387 (39) 2860 (66) 23.72 (114)
4+ 2370

and %32Cr with relevant y transitions.

transient field strength on the basis of the linear para-
metrization [10]:

Btr(vion) = G(beam)By, ¥
with
Byin = a(Gd)Zion Vion /UO s (3)

where the strength parameter a(Gd) = 17(1) T [11,12],
vy = €?/h, and G = 0.83(4) is the attenuation factor
accounting for dynamic demagnetization of gadolinium
induced by the ion beam. The magnitude and the depen-
dence of the attenuation factor G on relevant parameters
such as velocity, stopping power, and intensity of the beam
ions, as well as on the electron orbitals of the excited
beam ions, were determined in several experiments carried
out in conditions very similar to those of the present work
[11]. The parametrization was reconfirmed through a pre-
cession measurement on the 2" state of 3°Fe (g = 0.61(8)
[6]) performed with the same target and under the same
kinematic conditions as those that pertain to the current
experiment. An attenuation factor G = 0.77(10) was
obtained, in agreement with the adopted value.

Asseen in Table 11, the uncertainty in the transient field
strength contributes mainly to the error in g(2;), whereas
the statistical error in the measured precession angle dom-
inates the uncertainty in the g factors of the 4, states. In
addition, a small correction due to feeding from the 4;
state was included in the analysis of g(2;"). Beam bend-
ing effects were negligible due to effective shielding of the
stray magnetic field. Further experimental details will be
presented in a forthcoming more extensive paper [12].

In addition, the lifetimes of all states discussed above
have been measured simultaneously using the DSAM tech-
nique with the 0° Ge detector. Maximum ion veloci-
ties between 0.035¢ and 0.044¢ implied high sensitivity
for lifetimes of the order of picoseconds. The Doppler-
broadened line shapes of the emitted y-ray lineswerefitted
for the known reaction kinematics applying stopping pow-
ers to Monte Carlo simulations including the second order
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TABLE

Measured g factors and lifetimes with deduced B(E2) values in Weisskopf units,

and full fp shell model (FSM) calculations for the 2; and 47 states in **Ti and 5*32Cr.

7 (ps) B(E2) (W.u.)
" [17—-20] Present Expt. FSM Expt. FSM
46T 2t 7.4 (6) 8.1 (4) 18.5 (9) 1.7 0.496(27) 0.285
4% 24 (2) 23(2) 20.5 (18) 15.7 0.58 (17) 0.244
48T 2* 6.2 (4) 5.7 (2) 15.0 (5) 9.1 0.392(19) 0.211
4+ 1.8 (4) 1.1 (D) 18.4 (17) 13.7 0.54 (13) 0.472
e 27 12.8 (7) 13.2 (4) 19.2 (6) 18.3 0.619(31) 0.568
4* 32 (4) 3.2 (7) 14.6 (32) 26.0 0.78 (13) 0.742
32Cr 27 1.02(4) 1.13(3) 10.3 (3) 124 1.206(64) 1.172
4+ 15 (5) 9.6%39 10.3 (34) 11.7 1.230

Doppler effect as well as the finite size and energy resolu-
tion of the Ge detector. The feeding from higher states was
also taken into account. The computer code LINESHAPE
[13] was used in the analysis. The measured lifetimes and
deduced B(E2) values are summarized in Table Il. Sig-
nificant differences between the present measurements and
values quoted in the literature are found, in particular, for
48Ti(47) and 2Cr(47).

The g factor and B(E2) results were compared with
full fp shell model (FSM) calculations (Table I1) carried
out with the computer code ANTOINE [14] and using a
modified version of the Kuo-Brown interaction KB3 [2].
It is noteworthy that the present results differ considerably
from the earlier calculations [15] which used a drastically
truncated model space due to the computer limitations of
the time.

The general trend of the precise measurements of g(27)
shows asmall but significant decrease from *6Ti to **Ti and
a subsequent rise towards >>Cr where the N = 28 shell is
closed. This trend is well reproduced by the calculations
(Fig. 2). The pattern observed is clearly associated with
excitations of nucleons from the 0f7/, orbit to the 1ps/,,
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FIG. 2. Experimental g factors of the first 2* and 4* states of
Ti and Cr nuclei are compared to the full fp shell model calcu-
lations, represented by solid and dot-dashed lines, respectively,
and the collective value Z /A (dashed curve).
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0fs/2, and 1p, , orbits which break the particle-hole sym-
metry of the cross-conjugate nuclei *6Ti and °Cr [15].

The most interesting, and indeed surprising, results
emerge when the full fp shell calculations are compared
with the new experimental data (Table Il and Fig. 2). In
the upper half of the f7/,, shell, the g factors and the
B(E?2) values of *%2Cr agree very well with theory. The
prediction that the g factors should be large is confirmed.
The unexpected results show up when the theory is applied
to “*3Ti. One would expect a priori that the full fp
shell calculations would better represent the collectivity of
these nuclei. Hence, the KB3 interaction is most likely de-
ficient in this regard, and excitations of the “°Ca core must
be included. It has long been recognized that “°Cais not
as good a closed shell nucleus as “8Ca. This suggestion is
also supported by recent Monte Carlo shell model calcu-
lations which favor “8Ca as a better inert core [16]. There
are low-lying, highly deformed states in “°Ca, *! Ca, *Ca,
and other neighboring nuclei which could admix with
sufficient probability into the 2;” and 4] states of 4043Ti.

The importance of including the whole fp shell in the
description of the structure of these nuclei is further put in
evidence by the calculations of g(7) for >°Cr [21] in which
an increasing number ¢ of valence particlesis excited from
the 0f7/, orbit to the other fp shell orbits (Fig. 3). The
best agreement between theory and the present data is
achieved for + = 2. The same conclusion has been drawn
by Nakada et al. [22] for describing the structure of heav-
ier fp shell nuclei.

Figure 3 also displaystheformer g factor measurements
in 3°Cr [7], which disagreed strongly with microscopic
calculations. The striking discrepancy no longer exists for
the new data. The previous measurements were carried
out on nuclel excited by a fusion evaporation reaction.
The analysis of the complex feeding pattern typical for
thistype of reaction often prevents a precise determination
of the precession of the particular nuclear state in which
the nucleus finds itself as it traverses the gadolinium foil.
Thisuncertainty is, however, absent in Coulomb excitation
measurements.

In summary, although the data for low-lying states of
thefour fp shell nuclei studied show an overall agreement
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FIG. 3. Comparison of experimental g factors for *°Cr and
shell model calculations which alow ¢ valence nucleons to lie
outside the 0f7/, shell [21].

with full fp shell model calculations, there are surprisingly
large discrepancies in the g factors of these states and the
B(E2) values of the respective transitions. Whereas the
data for the >>2Cr nuclei are in good agreement with the-
ory, the experimental g factors for **8Ti are closer to the
collective value of Z/A. The remaining deviations are at-
tributed to shortcomings in the theory which ignores con-
tributions from possible excitations of the sd shell core.
This paper shows that high precision g factors reveal fine
details of the structure of short-lived nuclear states which
otherwise are hardly perceptible. Moreover, the success-
ful measurement of the g factor of the very weakly excited
41 statesin the present experiments emphasizes the poten-
tial of the experimental technique. This experience gives
confidence that the technique will be applicable to future
experiments with radioactive beams.
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