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Shell structure of Ti and Cr nuclei from measurements ofg factors and lifetimes
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g factors and lifetimes have been measured for the first 21 and 41 states of46,48Ti and 50,52Cr employing the
combined technique of projectile Coulomb excitation and transient magnetic fields. The same target was used
in all measurements. The individual isotopes were provided by the ion source of the accelerator. These
conditions guarantee high reliability and precision as demonstrated in earlier experiments. While the global
behavior of the data is well explained by fullf p shell model calculations, distinct deviations from theoretical
predictions for46,48Ti might be attributed to excitations of the40Ca core.

PACS number~s!: 21.10.Ky, 25.70.De, 27.50.1e
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I. INTRODUCTION

Magnetic moments and lifetimes of nuclear states are s
sitive to the detailed composition of nuclear wave functio
Since the sping factors of protons and neutrons are differe
in sign and magnitude@gs(p)515.586, gs(n)523.826],
magnetic moment measurements enable the determinatio
the proton or neutron nature of particular nuclear states. T
unique feature has been well known for many years and
been dramatically displayed recently ing factor measure-
ments for Nd@1# and Zr @2# isotopes near shell closures
N582 andN550. In order to test nuclear models and
distinguish between different predictions,g factors must be
determined with a precision comparable to that achieved
recent measurements on Se isotopes@3#. The major purpose
of the present experiments was to determine preciseg factors
and lifetimes of excited states of fourf p shell nuclei, namely
46,48Ti and 50,52Cr close to shell closures atZ520 andN
528. Comparisons with the results of the fullf p shell model
calculations provide stringent tests of the effective nucleo
nucleon interaction as well as of the model space used.
essence of these investigations has already been reporte@4#;
the present paper presents the details of the experimen
the results of the shell model calculations.

In this experiment, theg factors of the first 21 states were
determined with much higher accuracy than obtained pr
ously@5,6#. Theg factors of the 41

1 states, with the exception
of g(41

1 ;50Cr), were determined for the first time. In the ca
of 50Cr, g factors of the 21 to 81 states had been measur
previously with a fusion evaporation reaction@6#. In this ex-
periment, allg factors were found to be practically the sam
~within their errors! contrary to microscopic calculation
@7,8# which predict large variations as a function of spin.
was therefore important to remeasure theg factors of the 21

1

and 41
1 states in 50Cr which, according to theory, shoul

differ by a factor of 1.4@7#. This goal was achieved by th
use of projectile Coulomb excitation in inverse kinematics
combination with the technique of transient magnetic fie
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@3,9#. This new approach has been developed over the la
years and provides, for the first time, precise and relia
data. The merits of this experimental method consist in C
lomb exciting heavy projectiles by lighter target nuclei.g
rays are recorded in coincidence with the forward scatte
target nuclei detected in a Si particle detector placed at
with respect to the beam axis. The technique provides k
matic focusing of the scattered projectiles. The high velo
ties of projectile nuclei traversing a polarized ferromagne
foil result in large transient hyperfine magnetic fields at t
nucleus of the moving ion. Moreover, the same target can
used for several different projectiles in the same mass reg
obviating systematic errors arising from the use of differe
targets in the conventional technique of target excitati

FIG. 1. Comparison of the targets used with~a! the standard
technique for target Coulomb excitation and~b! projectile excitation
in inverse kinematics.
©2000 The American Physical Society05-1
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FIG. 2. Low-lying states of
46,48Ti and 50,52Cr.
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These characteristics exhibit the further advantage of be
appropriate for future experiments with low intensity bea
of radioactive nuclei. Figure 1 shows a schematic of the
perimental apparatus used in both the conventional me
and inverse kinematics approach.

II. EXPERIMENTAL DETAILS

In the present experiments, beams of isotopically p
46Ti, 48Ti, 50Cr, and 52Cr were provided by the ion sourc
of the tandem accelerators at Cologne and Munich with
tensities of about 1 pnA and energies between 110 and
MeV. The multilayer target consisted of 0.75 mg/cm2 natC
layer deposited on a 3.6 mg/cm2 gadolinium layer evapo-
rated at 800 K on a 1 mg/cm2 thick tantalum foil@10#; the
tantalum was backed by a 3.6 mg/cm2 copper layer to pro-
vide good thermal conductivity. The beam ions were Co
lomb excited by the C to the 21

1, 41
1, and 22

1 states~Fig. 2!
and subsequently traversed the ferromagnetic gadolin
layer in which they experienced spin precession in the tr
sient hyperfine magnetic field. Finally, the excited ions t
versed the tantalum layer and were stopped in the hype
interaction free copper layer. The target was cooled to liq
nitrogen temperature and magnetized to saturation by an
ternal field of 0.06 Tesla. The high energyg rays from the
deexcitation of the12C(21→01; 4.43 MeV! target nuclei
were weak and, therefore, contributed only a negligi
background in the energy region of interest.

Theg rays emitted from the excited states of interest w
measured in coincidence with the carbon ions us
12.7 cm312.7 cm NaI~Tl! as well as 9 cm39 cm BaF2
scintillators. In some measurements, the superior time r
lution of BaF2 was used to discriminateg rays from fusion
reactions associated with light particle emission, wherea
other cases, the better energy resolution of NaI~Tl! scintilla-
tors was essential. In addition, ann-type, coaxial Ge detecto
with a relative efficiency of 40% was placed at 0° to t
beam direction and served as monitor for contaminant li
and for the measurement of nuclear lifetimes via the Dopp
shift attenuation method~DSAM!. Figure 3 shows a coinci
dence spectrum of the Ge detector.

The high beam energies required for an efficient exc
tion of the 41

1 states produce fusion reactions with the12C
02430
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target and result in additional features in the spectra. T
following reactions, in which nuclei were produced whoseg
lines could not be resolved by the scintillators, were parti
larly strong: 12C(46,48Ti,2a)50,52Cr and 12C(50,52Cr,
2a)54,56Fe. This problem, however, could be solved in tw
ways. First, the excellent time resolution of the BaF2 scintil-
lators enabled the separation of Coulomb excitation eve
associated with carbon ions from those with charged part
reactions, as shown in a three-dimensional energy-ver
time plot for 50Cr ~Fig. 4!. Second, by operating the 100mm
Si detector at a very low bias (.10 V!, the light particles do
not deposit their whole energy in the active part of the d
tector, and can, therefore, be separated from carbon
~Fig. 5!. By gating only on the carbon ions, nog lines from
the charged particle reactions contributed to the spec
NaI~Tl! scintillators were used for46Ti since the better en-
ergy resolution was required to separate the close lying
lines of the (41

1→21
1) and (31

2→41
1) transitions~see Fig.

FIG. 3. Ge coincidence spectrum at 0° showing the Coulo
excited (21

1→01
1) and (41

1→21
1) transitions of 50Cr as well as

g-ray lines of nuclei produced in charged particle reactions w
12C. The 12C(50Cr,2a)54Fe reaction was particularly strong.
5-2
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SHELL STRUCTURE OF Ti AND Cr NUCLEI FROM . . . PHYSICAL REVIEW C62 024305
2!, whereas for50Cr and52Cr, BaF2 detectors were sufficien
~Fig. 6!.

Another difficulty arose in the experiment on48Ti, which
was first recognized in the Ge detector spectrum. A strong
line at 1381.7 keV~Fig. 7! was identified and attributed t
the 49Ti (3/22→7/22) transition. 49Ti is produced by a one

FIG. 4. Three-dimensional plot ofg-energy versus time for
BaF2 scintillators. The events resulting from Coulomb excitati
are well separated from light particle events~mainly a particles!
associated with fusion reactions.

FIG. 5. Particle spectrum with a 100mm Si detector at low
bias. Thea particles are well separated from carbon ions due
incomplete stopping. The shaded area corresponds to the gate
ditions for theg-coincidence spectra.
02430
neutron transfer reaction. Since the resulting nucleus,11C,
could not be distinguished from12C ions, thisg line was
unavoidable and could not be resolved from the48Ti(41

1

→21
1) transition in the scintillator spectra. However, by i

creasing the beam energy to 115 MeV the line intensity w
drastically reduced to a 5% level relative to the (41

1→21
1)

photopeak intensity as shown in Fig. 7. Moreover, for reso
ing the (41

1→21
1) g ray from the (22

1→21
1) g ray, the

better energy resolution of NaI~Tl! compared to BaF2 was

o
on-

FIG. 6. BaF2 g-ray coincidence spectrum at 65° displaying we
separated (21

1→01
1) and (41

1→21
1) transitions in50Cr.

FIG. 7. Ge coincidence spectra at different beam energies.
intensity of the transition in49Ti produced by a one-neutron transfe
reaction is drastically reduced at the higher energy. The line sha
of the (41

1→21
1) transition and the fully Doppler shifted (22

1

→21
1) g-ray lines of 48Ti are clearly separated.
5-3
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R. ERNSTet al. PHYSICAL REVIEW C 62 024305
used to determine the intensity of the (41
1→21

1) transition.
The separation of the twog rays was further diminished fo
the detectors at backward angles, as the (22

1→21
1) g ray

was fully Doppler shifted due to the short lifetime of the 22
1

state~Fig. 8 and Table II!.
The particle-g angular correlation is given by@11,12#

W~ug!511 (
k52,4

Ak
exptPk„cos~ug!…, ~1!

whereAk
expt5GkQkAk

th andAk
th are the experimental and the

oretical coefficients, respectively. The coefficientsAk
th corre-

spond to the case of maximum alignment of the nuclear s
perpendicular to the beam axis.Pk are Legendre polynomi
als. The coefficientsQk represent an attenuation of the co
relation due to the finite size of theg-ray detectors@13#,

FIG. 8. NaI~Tl! spectrum of the transitions in48Ti. The (41
1

→21
1) and the Doppler shifted (22

1→21
1) transitions atug5115°

are well resolved.
02430
in

while Gk represents, the attenuation resulting from the fin
acceptance angle of the particle detector. The factorGk has
been treated in great detail for the case of loss of alignm
due to the influence of extranuclear fields@11,12# . In the
case of loss of alignment resulting from the finite solid an
subtended by the particle detector,Gk takes the formGk
512 Q•k(k11), for smallQ @13,14#. Thus, there remains
only one unknown parameter,Q, which is required to deter-
mine the coefficientsAk

expt. The value of this parameter wa
obtained from the measurement of the anisotropyR,

R5ANi~150°!•Nj~250°!

Ni~180°!•Nj~280°!
,

~2!

R5ANi~1130°!•Nj~2130°!

Ni~1100°!•Nj~2100°!
,

where theg-ray detectors were alternately placed at ang
650°, 680°, 6100°, and6130°, andNi , j are the coinci-
dence counting rates of the photopeak of theg-ray transition
in the i th and j th detector, respectively.

The logarithmic slope, S(ug)5
@1/W(ug)#•@dW(ug)/dug#, is derived from the resulting an
gular correlationW(ug). The slopesS(ug), calculated in the
rest frame of theg-emitting nuclei at the angleug at which
the spin precession measurements were carried out,
shown in Table I.

Precession anglesF were derived from double ratio
DR5(Ni↑•Nj↓)/(Ni↓•Nj↑) of counting ratesN with an ex-
ternal magnetic field alternately applied in ‘‘up’’ (↑) and
‘‘down’’ ( ↓) direction perpendicular to theg-ray detection
plane. The indicesi , j represent a pair ofg detectors sym-
metric to the beam axis. The precession anglesF are given
by @15#:

Fexpt5
1

S
•

ADR21

ADR11
5g•

mN

\ E
t in

tout
BTF„v ion~ t !…•e2t/tdt,

~3!
mag-
cted
ld.
TABLE I. Summary of the average velocities of the ions entering, exiting, and traversing the ferro
netic foil, the slopes of the angular correlationsS(ug), the measured angular precessions, and the expe
precessions,F lin/g, calculated from Eqs.~3!–~5! based on the linear parametrization of the transient fie

Nucleus State ^v/v0& in ^v/v0&out ^v ion /v0& uS(ug565°)u Fexpt ~mrad! F lin/g ~mrad!

46Ti 21
1 4.5 1.2 2.5 2.158~26! 14.56~35! 29.34~141!

41
1 0.769~84! 14.56~426! 25.07~121!

48Ti 21
1 5.1 1.8 3.2 2.230~5! 11.42~14! 29.17~141!

41
1 0.951~63! 12.29~281! 22.61~109!

50Cr 21
1 4.9 1.6 3.0 2.275~29! 21.04~33! 33.97~164!

41
1 0.765~43! 24.00~391! 30.93~149!

52Cr 21
1 5.1 2.0 3.5 2.387~39! 28.60~66! 23.72~114!

56Fe 21
1 a 5.5 2.6 3.9 2.256~19! 19.74~64! 25.95~3.40!

21
1 b 5.9 3.1 4.4 2.280~22! 19.49~53! 26.07~3.42!

a130 MeV.
b145 MeV.
5-4
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SHELL STRUCTURE OF Ti AND Cr NUCLEI FROM . . . PHYSICAL REVIEW C62 024305
whereg is theg factor of the state of interest andBTF is the
transient field acting for the time (tout2t in) while the ions
traverse the gadolinium layer; the exponential accounts
the decay of the excited state with lifetimet.

The lifetimes of most excited states discussed above h
been measured simultaneously using the DSAM techni
with the 0° Ge detector. The high ion velocities~see Table I!
implied high sensitivity for the lifetimes in the picosecon
range. The Doppler broadened line shapes of the em
g-ray lines were fitted for the known reaction kinemati
applying stopping powers@16# to Monte Carlo simulations
including the second order Doppler effect as well as the fin
size and energy resolution of the Ge detector. The feed
from higher states was taken into account. This feed
however, was crucial only in case of the46Ti(21

1→01
1) tran-

sition where the 21
1 state was populated by the decay of t

31
2 state. In all other cases, the feeding of 21

1 states in the
decay of the 41

1 and 22
1 states had negligible effects on th

21
1 lifetimes. The computer codeLINESHAPE @17# was used

in the analysis. The high quality of the line-shape fits o
tained is shown in Fig. 9. Characteristic differences in
slowing down of the ions in the different target layers givi
rise to pronounced structures in the line shape were w
reproduced. Relevant quantities extracted from all th
measurements are summarized in Table I.

III. RESULTS

Theg factors were derived from the experimental prec
sion angles,Fexpt, by determining the effective transient fie
BTF on the basis of the linear parametrization@18#:

BTF~v ion!5Gbeam•Blin ~4!

with

Blin5a~Gd!•Zion•
v ion

v0
, ~5!

where the strength parametera(Gd)517(1) Tesla@18#, v0
5e2/\, and Gbeam50.83(4) is the attenuation factor ac
counting for the dynamic demagnetization of the gadolini
induced by the ion beam@4,19#. The calculated precession
02430
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F lin/g are listed for each nuclear state in Table I. The ma
nitude and dependence of the attenuation factorGbeam on
relevant parameters such as stopping power and intensi
the beam ions as well as on the electron orbitals of the
cited projectiles at their respective velocities were det
mined from the results of several experiments carried
under kinematical conditions very similar to those of t
present work@19#. In fact, the mean stopping powers of th
Ti and Cr beam ions in gadolinium were, at their respect
energies, practically equal̂dE/dx&.9 MeV/mm. More-
over, the mean velocities of the excited ions in the ferrom
net ~Table I! relative to the Bohr velocities in the 2s and 3s
orbitals, ^v ion

Ti,Cr&/v2s
Bohr.0.45 and ^v ion

Ti,Cr&/v3s
Bohr.1.4 imply

almost identical ion fractions in thesens-electron configura-
tions relevant to the transient field strength~see also@18#!.
On the basis of the linear parametrization of the transi
field and the well-established dependence of the attenua

FIG. 9. Fit to the line shape of the50Cr (21
1→01

1) transition.
The small peak corresponds to a transition in51Cr produced in a
one-neutron transfer reaction.
TABLE II. Measured lifetimes, deducedB(E2)’s, measuredg factors, and fullf p shell model~FSM!
calculations for the 21

1 and 41
1 states in46,48Ti and 50,52Cr.

Nucleus State t @ps# B(E2↓) @W.u.# g factor
@20# present exp. FSM exp. FSM

46Ti 21
1 7.4 ~6! 8.1 ~4! 18.5 ~9! 11.7 0.496~27! 0.285

41
1 2.4 ~2! 2.3 ~2! 20.5 ~18! 15.7 0.58~17! 0.244

48Ti 21
1 6.2 ~4! 5.7 ~2! 15.0 ~5! 9.1 0.392~19! 0.211

41
1 1.8 ~4! 1.1 ~1! 18.4 ~17! 13.7 0.54~13! 0.472

22
1 0.059~4! 0.073~6! 5.5 ~5!

50Cr 21
1 12.8 ~7! 13.2 ~4! 19.2 ~6! 18.3 0.619~31! 0.568

41
1 3.2 ~4! 3.2 ~7! 14.6 ~32! 26.0 0.78~13! 0.742

52Cr 21
1 1.02 ~4! 1.13 ~3! 10.3 ~3! 12.4 1.206~64! 1.172

41
1 1.5 ~5! 9.6 (224

150) 10.3~34! 11.7 1.221
5-5
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R. ERNSTet al. PHYSICAL REVIEW C 62 024305
factor Gbeam on the stopping power of the beam ions a
electron orbital velocity of the excited beam ions, the sa
value for Gbeam is obtained for both Ti and Cr ions. Th
empirical parametrization@Eqs. ~4! and ~5!# was further
checked with precession measurements on the first 21 state
of 56Fe with knowng factor,g50.61(8)@5#. In these experi-
ments, 130 MeV and 145 MeV56Fe ion beams were Cou
lomb excited on the same target in kinematic conditio
similar to those pertaining to the Ti and Cr measureme
~Table I!. The analysis of the data yielded a mean attenua
factorGbeam50.77(10), in good agreement with the adopt
value. The final assigned error is mainly associated with
statistical uncertainty in theg factor measurement.

As seen in Table II, the uncertainty in the transient fie
strength contributes mainly to the error ing(21

1), whereas
the statistical error of the experimental precession an
dominates the uncertainty of theg(41

1) results. Corrections
to the 21

1 precessions due to feeding from the 41
1 states and

FIG. 10. Comparison of experimentalg factors of the 21
1 and

41
1 states of Ti and Cr nuclei and fullf p shell model calculations

represented by solid and dotted–dashed lines. The dashed
represents the valueg5Z/A predicted by the collective model.
02430
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to beam bending effects were negligibly small. The str
magnetic field along the path of the recoil ions was effe
tively shielded. Table II summarizes theg factors and the
B(E2)’s derived from the measured lifetimes. It is noted th
in most cases the newly determined lifetimes agree very w
with earlier data. However, there are also significant diff
ences between the present results and the values quot
the literature, especially for48Ti(41

1) and 52Cr(41
1). The

present result for52Cr(41
1) agrees with that of a recoil dis

tance measurement@20#. The sensitivity and reliability of the
present experiments were substantially increased by the
of high ion velocities.

IV. DISCUSSION

The measuredg factors andB(E2)’s were compared with
the full f p shell model~FSM! calculations~Table II! carried
out with the computer codeANTOINE @21# using a modified
version of the Kuo-Brown effective interaction KB3@22# in
which the gap around56Ni is reduced and a density depe
dence is included@23#. It is noteworthy that the present ca
culations differ considerably from the earlier calculatio
@24# which used a drastically truncated model space due
the computer limitations.

The general trend of the preciseg(21
1) values shows a

small but significant decrease from46Ti to 48Ti and a subse-
quent rise towards52Cr, where theN528 shell is closed.
This behavior is well reproduced by the calculations,
shown in Fig. 10. The pattern observed is clearly associa
with excitations of nucleons from the 0f 7/2 orbit to the 1p3/2,
0 f 5/2, and 1p1/2 orbits which break the particle-hole symm
try of the cross-conjugate nuclei46Ti ~two protons, four neu-
tron holes! and 50Cr ~four protons, two neutron holes! @24#.
The experimental and theoreticalB(E2)’s are compared in
Fig. 11. An increase of collectivity towards the lighter T
nuclei is evident from the figure; the closing of theN528
shell for 50Ti and 52Cr is reflected by smallB(E2)’s.

The most interesting, and indeed surprising, resu
emerge when the fullf p shell model calculations are com
pared with the new experimental data~Table II and Figs. 10

rve
FIG. 11. Comparison of the experimentalB(E2)’s ~closed circle, present data; open circle@20#! and the results from fullf p shell model
calculations~asterisk!. The lines are drawn to guide the eye.
5-6
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SHELL STRUCTURE OF Ti AND Cr NUCLEI FROM . . . PHYSICAL REVIEW C62 024305
and 11!. In the upper half of thef 7/2 shell, theg factors and
B(E2)’s of 50,52Cr agree rather well with theory. The pre
diction that theg factors should be large is confirmed. Th
unexpected results show up when the theory is applied
46,48Ti. One might expecta priori that the full f p shell
model calculations would better reproduce the collectivity
these nuclei. Hence, the KB3 interaction is likely deficient
this respect, and excitations of the40Ca core should be in
cluded. It has long been recognized that40Ca is not as good
a closed shell nucleus as48Ca @25#. Furthermore, low-lying,
highly deformed states in40Ca, 41Ca, 42Ca and other neigh
boring nuclei could admix into the 21

1 and 41
1 states of

46,48Ti.
The importance of including the wholef p shell in the

description of the structure of these nuclei is further put
evidence by the calculations ofg(I ) for 50Cr @7# in which an
increasing number oft valence nucleons is excited from th
0 f 7/2 orbit to the otherf p shell orbits using the KB3 inter
action ~Fig. 12!. Evidently, the best agreement betwe
theory and the present data is achieved fort>2. The same
conclusion has been drawn by Nakadaet al. @26# and Caurier
et al. @27,28# in their description of the structure of heavi
f p shell nuclei. Figure 12 also displays the formerg factor
measurements in50Cr @6# which disagreed strongly with al
existing microscopic calculations@7,8#. The striking discrep-
ancy no longer exists for the new data. In the previous m
surements the nuclear states were populated in a fusion
action which generally implies a complex feeding patte

FIG. 12. Comparison of experimentalg factors for 50Cr with
shell model calculations which allowt valence nucleons to lie out
side the 0f 7/2 shell @7#.
.

.

02430
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Without knowing the precise time history of the feedin
paths it is not possible to determine the precession of a p
ticular nuclear state in which the nucleus finds itself durin
its traversal of the region of the target in which the transie
field is effective. Only with the technique combining reco
distance and transient field can this problem be avoided@29#.
This uncertainty, however, is absent in Coulomb excitati
measurements.

V. SUMMARY AND CONCLUSIONS

As in the former measurements on Se nuclei@3#, the tech-
nique of projectile Coulomb excitation in inverse kinematic
allows high precision measurements of theg factors of the
21

1 states of Ti and Cr nuclei and, for the first time, of theg
factors of the 41

1 states. In particular, the latter results em
phasize the potential of the experimental technique. The
curacy of theg(21

1) values is mainly determined by the un
certainty of the transient field parametrization, which, in th
present case, was checked in a calibration measurement
neighboring nucleus,56Fe with knowng factor. It is note-
worthy, that therelative g factors of several states of the
different isotopes are free of this systematic uncertainty.

Although the data for low-lying states of the fourf p shell
nuclei studied show an overall agreement with fullf p shell
model calculations, there are surprisingly large deviations
the g factors of these states and theB(E2) values of the
corresponding transitions. Whereas the data for50,52Cr nuclei
are in good agreement with theory, the experimentalg fac-
tors for 46,48Ti are closer to the collective value ofZ/A. The
observed deviations are attributed to shortcomings in
model which ignores possible excitations of thesd shell
core. This lack of collectivity in the calculations is also ob
served in theB(E2)’s which systematically underestimat
the experimental data.

The present paper shows the importance of high precis
g factors which reveal fine details of the structure of sho
lived nuclear states hardly recognizable in experiments w
lower precision. The successful measurement of theg factors
of the weakly excited 41

1 states gives confidence that th
technique will be applicable to future experiments with r
dioactive beams of low intensity.
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