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Abstract

Theg factor of the 2+1 state in radioactive44Ti has been measured for the first time with the technique ofα transfer to40Ca

beams in inverse kinematics in combination with transient magnetic fields, yielding the value,g(2+
1 )= +0.52(15). In addition,

the lifetimes of the 2+1 , τ = 3.97(28) ps, and the 4+1 states,τ = 0.65(6) ps, were redetermined with higher precision us
the Doppler shift attenuation method. The deducedB(E2)’s and theg factor were well explained by a fullfp shell model
calculation using the FPD6 effectiveNN interaction. Theg factor can also be accounted for by a simple rotational mo
(g = Z/A). However, if one also considers theB(E2)’s and theE(4+

1 )/E(2
+
1 ) ratios, then an imperfect vibrator picture giv

better agreement with the data.
 2003 Elsevier B.V.
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1. Introduction

The particular interest inN = Z nuclei lies in
the feature that both protons and neutrons occ
the same orbitals; hence isospin symmetry as w
as neutron–proton pair correlations are the domin
features of the nuclear structure [1,2].44Ti with N =
Z = 22 is such a nucleus, with two valence proto
and two valence neutrons in the 1f7/2 shell outside the
doubly-magic40Ca(N =Z = 20)core.

E-mail address: speidel@iskp.uni-bonn.de (K.-H. Speidel).
0370-2693  2003 Elsevier B.V.
doi:10.1016/j.physletb.2003.06.027
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The lowest 2+1 state in 44Ti, like its 0+
1 ground

state, has isospinT = 0. Hence in measurements
the static magnetic and quadrupole moments of
excited state, as well as of theB(E2;0+

1 → 2+
1 ), we

are picking out the isoscalar values. Up to now o
could obtain a handle on, say, isoscalarg factors only
by studying the ground state magnetic moments
odd − A mirror nuclei. It was found in such studie
[3] that the deviation from the Schmidt value
much smaller for isoscalar moments than for isovec
moments.

http://www.elsevier.com/locate/npe
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


154 S. Schielke et al. / Physics Letters B 567 (2003) 153–158

f
t).

nd
iled
the
nt

rela
ate
nts
st-

wn
e

the
g-

-
n-

sole
gth
be

the
4].
ro-
he
ro-

r-
nd
n-
lei

lied

arget
ell
ell
d
e-
cal-
uted
ed

ach
to-
al-
tes

ned
n to
ents
r-

ng
to

-
ris-
r-

ich
ing
g in
t of
ted

pi-
of
id-
Fig. 1. Level scheme with relevantγ transitions. The lifetimes o
the 2+1 , 4+

1 and 2+2 states are results of the present work (see tex

It is a well-known fact that magnetic moments a
lifetimes of nuclear states are sensitive to the deta
composition of the nuclear wave functions. Since
spin g factors of protons and neutrons are differe
in sign and magnitude (gps = +5.586,gns = −3.826),
such measurements enable one to determine the
tive proton or neutron contributions in the nuclear st
in question. This unique feature of magnetic mome
and lifetimes has been used in many nuclei for te
ing nuclear model predictions [4], and it was sho
that experimentalg factor data need in general to b
of few-percent precision to distinguish between
predictions of different models. For measuring ma
netic moments of levels withps lifetimes, where mag
netic fields ofkilo Tesla strengths are required, tra
sient magnetic fields (TF) constitute at present the
available experimental technique. As the field stren
increases with ion velocity, the nuclear states to
studied should be populated in reactions for which
resulting nuclei emerge with high kinetic energies [
This condition is well satisfied by the technique of p
jectile Coulomb excitation in inverse kinematics: t
nuclei of interest are fast projectiles (generally p
-

vided by an accelerator) which collide with light ta
get nuclei, resulting in strong kinematic focussing a
high ion velocities in the forward direction. As a co
sequence, highly efficient detection of target nuc
and coincident de-excitationγ rays of the projectiles
is achieved. In particular, this technique was app
in recent measurements ofg factors of the 2+1 and 4+1
states for the stable titanium nuclei46,48,50Ti, utiliz-
ing these isotopes as beams and carbon as a t
[5–7]. Theg factor trends observed were rather w
explained within the framework of large-scale sh
model calculations using anfp shell model space an
a modified Kuo–Brown effective interaction. Inad
quacies in the numerical agreement between the
culated and experimental results have been attrib
to possible40Ca core excitations which were exclud
for computational reasons.

In the present case of44Ti, projectile excitation
would require a radioactive beam, a general appro
which is presently being pursued in several labora
ries. Due to the unavailability of such a beam an
ternative technique was applied, which incorpora
the merits of the inverse kinematics, as mentio
above, but is based on a particle-transfer reactio
stable beam nuclei. In several former measurem
with projectile Coulomb excitation using carbon ta
gets,α transfer was found to be a particularly stro
reaction channel and has therefore been appliedg
factor experiments. In this wayg(2+

1 ) values were
measured for radioactive62Zn obtained inα transfer
to a 58Ni beam [8] and also for54Cr using a50Ti
beam [9]. In both cases, the 2+

1 states were predom
inantly populated. This state selectivity is characte
tic for the transfer mechanism and is distinctly diffe
ent from that of a fusion/evaporation reaction in wh
high energy states are populated, feeding the low-ly
states via cascade transitions. The reduced feedin
the case ofα transfer ensures a clean measuremen
the precession, as it is almost exclusively associa
with that of the 2+1 state itself.

2. Experimental details

In the current experiment, a beam of isoto
cally pure 40Ca was accelerated to an energy
95 MeV at the Cologne tandem accelerator prov
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Fig. 2. Particle spectrum observed in coincidence with allγ -rays (upper spectrum). The lower spectrum refers to a gate on the44Ti(2+
1 → 0+

1 )

γ transition only. Gates forγ -coincidence spectra are indicated for44Ti and40Ca, respectively (see text).
r-

d

ub-
en-
e-

rst

ci-
-

,
ies

per-
ck-

i-
ons

l Ta
d at

ar-
The

).

s
e to
de-
ce-
rlier

re

ced
in
lear
d

pti-
e

ing intensities of (2–3) pnA on a multilayered ta
get. The target consisted of 0.45 mg/cm2 natC, de-
posited on 3.82 mg/cm2 Gd, which was evaporate
on a 1.0 mg/cm2 Ta foil, backed by a 3.48 mg/cm2

Cu layer. For the Gd evaporation, the tantalum s
strate was kept at a temperature of 800 K to
sure good magnetic properties of gadolinium [11]. B
sides Coulomb excitation of the40Ca projectiles in
collisions with carbon nuclei, essentially to the fi
3− state at 3.736 MeV, strongα transfer occurred in
the 12C(40Ca, 8Be)44Ti, whereby the44Ti(2+

1 ) state
of interest was predominantly populated; weak ex
tations of the 4+1 , 2+

2 and 3−1 states were also ob
served (see Fig. 3). The relevant level scheme of44Ti
is shown in Fig. 1. The residual nuclei40Ca and44Ti
from Coulomb excitation andα transfer, respectively
both move through the Gd layer at high velocit
in the direction of the primary40Ca beam for spin
precessions. These nuclei came to rest in the hy
fine interaction-free environment of the copper ba
ing.

The de-excitationγ rays were measured in coinc
dence with forward scattered ions, either carbon i
or 2α particles from the decay of8Be. Both types of
ions pass through the target layers and an additiona
foil and are detected in a 100 µm Si counter place
0◦ relative to the beam axis. The Ta foil between t
get and particle detector served as beam stopper.
Si detector, subtending an angle of±30◦, was operated
with a low bias of 3–5 V (instead of the nominal 40 V
This enabled a better separation of the 2α particles as-
sociated with44Ti (and other light charged particle
such as protons) from the heavier carbon ions du
their different stopping behaviour in a thus reduced
pletion layer of the Si detector. This separation pro
dure was already successfully applied in several ea
measurements (see, e.g., [6] and Fig. 2).

Four 12.7 cm× 12.7 cm NaI(Tl) scintillators and
a Ge detector with a relative efficiency of 40% we
used forγ detection. Coincident particle andγ spectra
are shown in Figs. 2 and 3. The Ge detector pla
at 0◦, served as a monitor for contaminant lines
the energy region of interest and to measure nuc
lifetimes via the Doppler Shift Attenuation Metho
(DSAM).

Detailed (2α–γ )-angular correlationsW(Θγ ) have
been measured for determining the slopeS = [1/
W(Θγ )dW(Θγ )/dΘγ ] in the rest frame of theγ -
emitting nuclei at anglesΘγ = 65◦ where the ex-
perimental sensitivity to the spin precessions is o
mal. Precession angles,Φexp, were determined in th
normal way via counting rate ratiosR for ‘up’ and
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Fig. 3.γ -coincidence spectrum observed with the 0◦ Ge detector with the particle gate on44Ti events (see Fig. 2).
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‘down’ directions of the external field with detect
pairs placed symmetrically to the beam direction. T
precession angles were derived [4] as:

(1)

Φexp= 1

S

√
R − 1√
R + 1

= gµN
h̄

tout∫
tin

BTF
(
vion(t)

)
e−t/τ dt,

where g is the g factor of the 2+1 state andBTF
the transient field acting for the time interval (tout −
tin) that the ions spend in the gadolinium layer; t
exponential accounts for the decay of the 2+

1 state with
lifetime τ .

The lifetimes of the 2+1 , 4+
1 and 2+2 states were

redetermined from measured lineshapes of the t
γ lines using the DSAM technique with the 0◦
Ge detector. The high ion velocities result in hi
sensitivity for the lifetimes in the ps range. Th
Doppler-broadenend lineshapes were fitted for the
action kinematics applying stopping powers [12]
Monte Carlo simulations including the second
der Doppler effect as well as the finite size a
energy resolution of the Ge detector. Feeding fr
higher states was also taken into account. The c
puter code LINESHAPE [13] was used in the ana
sis.
Table 1
Summary of the slope of the measured angular correlation, the
perimental precession angle and the deducedg factor and lifetimes.
Comparison to earlier lifetime data [10] is shown

Ex (MeV) τ (ps) |S(65◦)| Φexp (mrad) g(2+
1 )

[10] present

2+
1 : 1.083 4.5(12) 3.97(28) 0.423(55) 17.6(4.9) +0.52(15)

4+
1 : 2.454 0.60(10) 0.65(6) – – –

2+
2 : 2.531 1.40(20) 1.65(30) – – –

3. Results and discussion

Theg factor of the 2+1 state was derived from th
experimental precession angleΦexp by determining
the effective TF on the basis of the linear parametr
tion [4]:

(2)BTF(vion)=Gbeam·Blin

with

(3)Blin = a(Gd) ·Zion · (vion/v0),

where the strength parametera(Gd) = 17(1) Tesla,
v0 = e2/h̄, andGbeam= 0.90(5) is the attenuation
factor of the TF strength induced by the calcium be
used [4].
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Table 2
Experimental data in comparison with results fromfp shell model calculations using the effective interactions KB3 and FPD6

Quantity Experimental KB3 FPD6

(f7/2)
4 full fp shell (f7/2)

4 full fp shell

E(2+
1 ) (MeV) 1.083 0.570 1.393 0.943 1.296

E(4+
1 ) (MeV) 2.454 1.576 2.549 1.941 2.495

g(2+
1 ) +0.52(15) +0.554 +0.532 +0.554 +0.514

Q(2+
1 ) (eb) – +0.147 −0.096 +0.135 −0.218

B(E2;0+
1 → 2+

1 ) (e2b2) 0.069(5) 0.032 0.058 0.031 0.070

B(E2;2+
1 → 4+

1 ) (e2b2) 0.047(4) 0.015 0.027 0.014 0.034

B(E2;0+
1 → 2+

2 ) (e2b2) 0.0006(1) 0.0005 0.0022 0.0002 0.00002

B(E2;2+
1 → 2+

2 ) (e2b2) 0.0057(10) 0.0008 0.0151 0.0017 0.0060
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The precession and lifetime data with the dedu
g factor for44Ti are summarized in Table 1. The ne
lifetime values are in good agreement with the ear
data but are of higher or comparable precision.

The g(2+
1 ) factor and theB(E2) values deduced

from the lifetimes of the 2+1 , 4+
1 and 2+2 states have

been interpreted within the framework of the nucle
shell model. The calculations were carried out us
the shell model code OXBASH [14] and both the KB
[15] and the FPD6 [16] effectiveNN -interactions. In
these calculations44Ti is considered to consist of a
inert 40Ca core with four valence nucleons, two pr
tons and two neutrons. The results are compared
the experimental data in Table 2. We also calcula
a value for the unmeasured quadrupole momen
the 2+1 state, that can be compared to correspond
measured values for neighbouring nuclei ranging fr
−0.14(7) eb for 44Ca to−0.21(6) eb for 46Ti [17].

The simplest approach is an(f7/2)
4 configuration

which, however, is obviously inadequate as evid
from the table. With that configuration both intera
tions usually underestimate theB(E2)’s by more than
a factor of two (suggesting that not enough coll
tivity is provided), and predict a positive quadrupo
momentQ(2+

1 ). The only quantity that is rather we
reproduced, for reasons to be explained later, is
g(2+

1 ), where both interactions yield an identical val
of g(2+

1 )= +0.554.
The situation is greatly improved by fullfp shell

calculations, in which the four valence nucleons c
occupy the 1f7/2, 2p3/2, 1f5/2 and 2p1/2 orbitals.
As shown in Table 2, the calculations with the FP
interaction account very well for the experimental d
without requiring any admixture, into the 2+

1 wave
function, of particle-hole excitations from the40Ca
core. Similarly, almost as good results were obtai
with the KB3 interaction. The FPD6 fullfp shell
calculation, however, underestimates the extrem
small B(E2;0+

1 → 2+
2 ) by an order of magnitude

whereas theB(E2;2+
1 → 2+

2 ) is very well reproduced
On the other hand, in a pure vibrational model
(2+

2 → 0+
1 ) transition would be a forbidden two

phonon transition implying a vanishingB(E2).
It is worthwhile attempting to understand why t

simple(f7/2)
4 configuration accounts as well for th

g(2+
1 ) as the fullfp shell calculations. To this end

the individual components of the 2+
1 wave function

obtained in the fullfp calculations have been exam
ined. In the FPD6 calculation the major compon
intensities are(f7/2)

4 (26%), (f7/2)
3(p3/2)

1 (24%)
and(f7/2)

2(p3/2)
2 (10%); in the KB3 calculations th

same components have intensities of 54%, 15%
7%, respectively. Evidently thep3/2 orbital plays a
more important role here than do thef5/2 and thep1/2
orbitals, a feature which was also found for44Ca [18,
19]. One then finds that the other two main configu
tions in the 2+1 wave function (see above) haveg(2+

1 )

values close to that for the(f7/2)
4 for which g(2+

1 )=
+0.554; for both interactions,g(2+

1 ) = +0.519 for
(f7/2)

3(p3/2)
1 and+0.575 for (f7/2)

2(p3/2)
2. Since

all of these values are very close to the experim
tal value a distinction between the two interactio
would require a precision of the experimental value
a 1% level, which, however, cannot be achieved w
the present technique. On the other hand, the mos
portant perturbing configuration,(f7/2)

3(p3/2)
1, has

a very differentQ(2+
1 ) value than the(f7/2)

4. With
FPD6 one obtains:Q(2+

1 ) = +0.135 eb for (f7/2)
4
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and−0.150 eb for (f7/2)
3(p3/2)

1; with KB3 similar
values are obtained. Thus the(f7/2)

3(p3/2)
1 configu-

ration plays an important role in the fullfp shell cal-
culations in giving rise to the expected negative s
of Q(2+

1 ).
The g(2+

1 ) can be calculated analytically for th
(f7/2)

4 configuration using an expression (Eq. (28)
Ref. [20]) derived by McCullen, Bayman and Zami
for configurations of nucleons in a singlej shell. For
N = Z nuclei (e.g.,44Ti) this expression simplifies in
thef7/2 shell to

g =
[
gp + gn

2

]
Schmidt

(4)= 1.655+ (−0.547)

2
= +0.554

independent of the details of the wave function.
It is interesting to note that simple collective mod

formulae also explain well some of the propert
of the 2+1 state in 44Ti. The g factor of the col-
lective model [21],g = Z/A = +0.5, is in good
agreement with the experimental result. Furtherm
from the experimentalB(E2;0+

1 → 2+
1 )= 0.069e2b2

one derives an intrinsic quadrupole momentQ0 =
[16π/5B(E2)/e2]1/2 and finallyQ(2+

1 )= −2/7Q0 =
|−0.235|eb close in magnitude to the result of the fu
fp shell calculation with FPD6 (Table 2). Moreove
from theB(E2) value a deformationβ = 0.28 can be
deduced that is consistent with the values of 0.25
44Ca and 0.32 for42Ti and46Ti [22].

The observed value of the ratioB(E2;2+
1 → 4+

1 )/

B(E2;0+
1 → 2+

1 ) is 0.68. All four shell model calcula
tions (see Table 2) predict this ratio to be between 0
and 0.49. The collective predictions for this ratio a
0.51 in the rotational model but 0.72 in the vibration
model, closer to what is observed. The ratio of the
perimental excitation energiesE(4+

1 )/E(2
+
1 ) is 2.27,

again quite close to the pure vibrational value of 2.
In summary, we note that theg(2+

1 ) measuremen
is accounted for by all four shell model calculations
Table 2 and theZ/A collective value. However, onl
the FPD6 fullfp shell calculations fully account fo
our newly measured, more precise,B(E2;0+

1 → 2+
1 )
value of 0.069(5)e2b2 as well as theB(E2;2+
1 → 2+

2 )

of 0.0057(10)e2b2.
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