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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 firsad 4" states of*®®Ti and 5°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 fdilb shell model calculations, distinct deviations from theoretical
predictions for*6#8Ti might be attributed to excitations of tH8Ca core.

PACS numbd(s): 21.10.Ky, 25.70.De, 27.56.e

[. INTRODUCTION [3,9]. This new approach has been developed over the last 5

years and provides, for the first time, precise and reliable

Magnetic moments and lifetimes of nuclear states are serélata. The merits of this experimental method consist in Cou-

sitive to the detailed composition of nuclear wave functionslomb exciting heavy projectiles by lighter target nuclei.

Since the spiry factors of protons and neutrons are differentrays are recorded in coincidence with the forward scattered
in sign and magnitudégs(p) = +5.586, gi(n) = —3.826],  target nuclei detected in a Si particle detector placed at 0°
magnetic moment measurements enable the determination ¥fth respect to the beam axis. The technique provides kine-
the proton or neutron nature of particular nuclear states. Thif1atic focusing of the scattered projectiles. The high veloci-

unique feature has been well known for many years and hales of projectile nuclei '_[raversing a polarized_fer_romagnetic
been dramatically displayed recently énfactor measure- foil result in large transient hyperfine magnetic fields at the

ments for Nd[1] and Zr[2] isotopes near shell closures at nucleus of the moving ion. Moreover, the same target can be
N=82 andN=50. In order to test nuclear models and to used for several different projectiles in the same mass region,

distinguish between different predictiorg factors must be obviating systematic errors arising.from the use of differg:nt
: : g ' . .targets in the conventional technique of target excitation.

determined with a precision comparable to that achieved in

recent measurements on Se isotof&s The major purpose

of the present experiments was to determine pregfaetors

and lifetimes of excited states of fofip shell nuclei, namely st beiector

464817 and S95%Cr close to shell closures @=20 andN D

=28. Comparisons with the results of the fti shell model 12C - Beam

calculations provide stringent tests of the effective nucleon—

nucleon interaction as well as of the model space used. Tht

( "Standard" Coulomb Excitation ]
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essence of these investigations has already been repétted Ta "
the present paper presents the details of the experiment ar
%
A

the results of the shell model calculations.

In this experiment, thg factors of the first 2 states were
determined with much higher accuracy than obtained previ- [Projectile Excitation in inverse Kinematics]
ously[5,6]. Theg factors of the 4 states, with the exception Bo
of g(41 ;°°Cr), were determined for the first time. In the case o ke

of 59Cr, g factors of the Z to 8" states had been measured I LR x\\\\\\\\\\\§ ]

previously with a fusion evaporation reactif8l. In this ex- N §

periment, allg factors were found to be practically the same I Y \
(within their errorg contrary to microscopic calculations : Ta Siovis
[7,8] which predict large variations as a function of spin. It ‘% (2)
was therefore important to remeasure ghiactors of the 2
and 4/ states in°°Cr which, according to theory, should

differ by a factor of 1.47]. This goal was achieved by the FIG. 1. Comparison of the targets used wit the standard

use of projectile Coulomb excitation in inverse kinematics intechnique for target Coulomb excitation afwl projectile excitation
combination with the technique of transient magnetic fieldsn inverse kinematics.
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These characteristics exhibit the further advantage of beintarget and result in additional features in the spectra. The
appropriate for future experiments with low intensity beamsfollowing reactions, in which nuclei were produced whagse
of radioactive nuclei. Figure 1 shows a schematic of the exlines could not be resolved by the scintillators, were particu-
perimental apparatus used in both the conventional methodrly strong: 2C(*6%%Ti,2)%5Cr and 2C(®05%Cr,
and inverse kinematics approach. 2a)%*5Fe. This problem, however, could be solved in two
ways. First, the excellent time resolution of the Bakintil-
Il EXPERIMENTAL DETAILS Iators.enable.d the sepa}rat|on of Coulomp excitation events
associated with carbon ions from those with charged particle
In the present experiments, beams of isotopically pure’eaCtiOHS, as shown in a three-dimensional energy-versus-
46T, “8Ti, 59Cr, and 52Cr were provided by the ion source time plot for >°Cr (Fig. 4). Second, by operating the 10dn
of the tandem accelerators at Cologne and Munich with inSi detector at a very low bias<(10 V), the light particles do
tensities of about 1 pnA and energies between 110 and 1200t deposit their whole energy in the active part of the de-
MeV. The multilayer target consisted of 0.75 mgfc#fC tector, and can, therefore, be separated from carbon ions
layer deposited on a 3.6 mg/éngadolinium layer evapo- (Fig. 5. By gating only on the carbon ions, nolines from
rated at 800 K o a 1 mg/cm thick tantalum foil[10]; the  the charged particle reactions contributed to the spectra.
tantalum was backed by a 3.6 mgkeppper layer to pro- Nal(Tl) scintillators were used fof®Ti since the better en-
vide good thermal conductivity. The beam ions were Cou-€rgy resolution was required to separate the close lying
lomb excited by the C to the;2 4, and 2 states(Fig. 2  lines of the (§ —2;) and (3 —4;) transitions(see Fig.
and subsequently traversed the ferromagnetic gadolinium e
layer in which they experienced spin precession in the tran- L 50
. . o ; . . Cr
sient hyperfine magnetic field. Finally, the excited ions tra- | @*s0h
versed the tantalum layer and were stopped in the hyperfine
interaction free copper layer. The target was cooled to liquid
nitrogen temperature and magnetized to saturation by an ex- 104 1
ternal field of 0.06 Tesla. The high energyrays from the
deexcitation of the’?C(2"—0"; 4.43 Me\) target nuclei I
were weak and, therefore, contributed only a negligible st
background in the energy region of interest. »
The y rays emitted from the excited states of interest were O, 50
measured in coincidence with the carbon ions using 10°F
12.7 cmx12.7 cm Na(Tl) as wellas 9 crx9 cm Bahk
scintillators. In some measurements, the superior time reso- W
lution of BaF, was used to discriminatg rays from fusion
reactions associated with light particle emission, whereas in o
. _ GR—112)
other cases, the better energy resolution of(Nalscintilla- 102k
tors was essential. In addition, artype, coaxial Ge detector
with a (elatiye efficiency of 40% was placed at C_)° to t_he 7008005001000 11001200 130012001300
beam direction and served as monitor for contaminant lines Energy [keV]
and for the measurement of nuclear lifetimes via the Doppler
shift attenuation methoOSAM). Figure 3 shows a coinci- FIG. 3. Ge coincidence spectrum at 0° showing the Coulomb
dence spectrum of the Ge detector. excited (2 —07) and (4 —2;) transitions of °Cr as well as
The high beam energies required for an efficient excita-y-ray lines of nuclei produced in charged particle reactions with
tion of the 4 states produce fusion reactions with thi€  12C. The 2C(%°Cr, 2a)**Fe reaction was particularly strong.
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FIG. 4. Three-dimensional plot oj-energy versus time for
BaF, scintillators. The events resulting from Coulomb excitation neutron transfer reaction. Since the resulting nucléde,
are well separated from light particle everiteainly « particle3  could not be distinguished fromC ions, thisy line was
associated with fusion reactions. unavoidable and could not be resolved from tf&i(4;

o —27) transition in the scintillator spectra. However, by in-

2), whereas for®Cr and °*Cr, BaF, detectors were sufficient  ¢reasing the beam energy to 115 MeV the line intensity was
(Fig. 6). o _ _ o drastically reduced to a 5% level relative to the/ (42;)

Another difficulty arose in the experiment dfiTi, which photopeak intensity as shown in Fig. 7. Moreover, for resolv-
was first recognized in the Ge detector spectrum. A strpng ing the (4 —27) y ray from the (Z —2;) v ray, the

line at 1381.7 keV(Fig. 7) was identified and attributed to .
the “°Ti (3/2~—7/27) transition. **Ti is produced by a one better energy resolution of Ndl) compared to Bafwas
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FIG. 7. Ge coincidence spectra at different beam energies. The
FIG. 5. Particle spectrum with a 10@m Si detector at low intensity of the transition if°Ti produced by a one-neutron transfer
bias. Thea particles are well separated from carbon ions due toreaction is drastically reduced at the higher energy. The line shapes
incomplete stopping. The shaded area corresponds to the gate casf- the (4, —27) transition and the fully Doppler shifted §2
ditions for they-coincidence spectra. —27) y-ray lines of *®Ti are clearly separated.
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FIG. 8. NalTl) spectrum of the transitions if®Ti. The (4,
—27) and the Doppler shifted (2—~27) transitions aty, = 115°
are well resolved.

used to determine the intensity of the;(42;) transition.
The separation of the twg rays was further diminished for
the detectors at backward angles, as the {2) y ray
was fully Doppler shifted due to the short lifetime of thg 2
state(Fig. 8 and Table |

The particley angular correlation is given byl1,12]

W(6,)=1+ k:zz \ AZPP(cog6,)), 1)

whereAP®'=G,Q,Al" and Al are the experimental and the-
oretical coefficients, respectively. The coefficieA{S corre-

spond to the case of maximum alignment of the nuclear spin

perpendicular to the beam axiB, are Legendre polynomi-
als. The coefficient§), represent an attenuation of the cor-
relation due to the finite size of the-ray detectord13],

PHYSICAL REVIEW C 62 024305

while Gy represents, the attenuation resulting from the finite
acceptance angle of the particle detector. The faGjphas
been treated in great detail for the case of loss of alignment
due to the influence of extranuclear fieldkl, 12 . In the
case of loss of alignment resulting from the finite solid angle
subtended by the particle detect@, takes the formG,
=1— Q-k(k+1), for smallQ[13,14. Thus, there remains
only one unknown paramete®, which is required to deter-
mine the coefficientd$". The value of this parameter was
obtained from the measurement of the anisotrBpy

B \/Ni(+50°)-Nj(—50°)
~ VN;(+80°)-N;(—80°’
2

\/Ni(+l30°)~Nj(—l30°)
N;(+100°) - N;(— 100°)’

where they-ray detectors were alternately placed at angles
*+50°, =80°, =100°, and*130°, andN; ; are the coinci-
dence counting rates of the photopeak of $hmy transition

in theith andjth detector, respectively.

The logarithmic slope, S(0,)=
[1W(6,)]-[dW(6,)/d6,], is derived from the resulting an-
gular correlationW(6,). The slopesS(¢,), calculated in the
rest frame of they-emitting nuclei at the anglé,, at which
the spin precession measurements were carried out, are
shown in Table I.

Precession angle® were derived from double ratios
DR=(N;T-N;/)/(N;il-N;T) of counting ratesN with an ex-
ternal magnetic field alternately applied in “up”f] and
“down” ( |) direction perpendicular to the-ray detection
plane. The indices$,j represent a pair oy detectors sym-
metric to the beam axis. The precession andeare given
by [15]:

tout

1 yDR-1

- MN

cDeXp'(: P i
S |/DR+1 9% t,

Bre(vion(t))-€V7dt,
(©)

TABLE I. Summary of the average velocities of the ions entering, exiting, and traversing the ferromag-
netic foil, the slopes of the angular correlatid®g,), the measured angular precessions, and the expected
precessionsp'"/g, calculated from Eqs(3)—(5) based on the linear parametrization of the transient field.

Nucleus  State (v/vg)in  (V/vohow (Vien/vo) [S(0,=65°) @' (mrad &"™/g (mrad
46T 2/ 45 1.2 2.5 2.15826) 14.56(35) 29.34(141)
47 0.769(84) 14.56(426) 25.07(121)
48T 27 5.1 1.8 3.2 2.23@5) 11.42(14) 29.17(141)
47 0.951(63) 12.29(281) 22.61(109
Socr 27 49 1.6 3.0 2.27%29) 21.04(33) 33.97(164)
47 0.765(43) 24.00(391) 30.93(149
52Cr 27 5.1 2.0 35 2.38739 28.60(66) 23.72(114
Fe 2/ @ 5.5 2.6 3.9 2.25619) 19.74(64) 25.95(3.40
27 P 5.9 3.1 4.4 2.28022) 19.49(53) 26.07(3.42
2130 MeV.
b145 MeV.
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whereg is theg factor of the state of interest am}g is the
transient field acting for the timet{,—t;,) while the ions
traverse the gadolinium layer; the exponential accounts for
the decay of the excited state with lifetime

The lifetimes of most excited states discussed above have
been measured simultaneously using the DSAM technique 10
with the 0° Ge detector. The high ion velociticsee Table)l :a
implied high sensitivity for the lifetimes in the picosecond §
range. The Doppler broadened line shapes of the emittedS
y-ray lines were fitted for the known reaction kinematics | 51
applying stopping powerfl6] to Monte Carlo simulations
including the second order Doppler effect as well as the finite
size and energy resolution of the Ge detector. The feeding 1©
from higher states was taken into account. This feeding,
however, was crucial only in case of th&Ti(2; —07) tran-
sition where the 2 state was populated by the decay of the
3, state. In all other cases, the feeding gf &tates in the
decay of the 4 and 2 states had negligible effects on the
2] lifetimes. The computer codaNESHAPE [17] was used 102 bbb bbbl v b b bl
in the analysis. The high quality of the line-shape fits ob- no- 70 70 0 75015 760Ch 7170
tained is shown in Fig. 9. Characteristic differences in the nergy [Channels]
slowing down of the ions in the different target layers giving  FIG. 9. Fit to the line shape of th&Cr (2, —0;) transition.
rise to pronounced structures in the line shape were welfhe small peak corresponds to a transition°lr produced in a
reproduced. Relevant quantities extracted from all thesene-neutron transfer reaction.
measurements are summarized in Table .

783.3 keV

T2 =32 )

®'"/g are listed for each nuclear state in Table I. The mag-
ll. RESULTS nitude and dependence of the attenuation fa@gg,, on
. , relevant parameters such as stopping power and intensity of
The g factors were derived from the experimental preceSyhe heam jons as well as on the electron orbitals of the ex-
sion anglesgﬁxl’.t, by determining the effective transient field cjteg projectiles at their respective velocities were deter-
Brr on the basis of the linear parametrizatidr8]: mined from the results of several experiments carried out
4) under kinematical conditions very similar to those of the

Bre(vion) = Goean Bin present wor19]. In fact, the mean stopping powers of the

with Ti and Cr beam ions in gadolinium were, at their respective
energies, practically equaldE/dx)=9 MeV/um. More-

Vion over, the mean velocities of the excited ions in the ferromag-
Bin=2a(Gd) - Zion- U_o’ (5) net(Table ) relative to the Bohr velocities in thes2and 3

orbitals, (v 1" /v8M=0.45 and (v oS /vEM=1.4 imply
where the strength paramet@{Gd)=17(1) Tesla[18], v,  almost identical ion fractions in theses-electron configura-
=e?/fi, and Gpeayi=0.83(4) is the attenuation factor ac- tions relevant to the transient field strendtee alsd18)).
counting for the dynamic demagnetization of the gadoliniumOn the basis of the linear parametrization of the transient

induced by the ion beaif,19). The calculated precessions field and the well-established dependence of the attenuation

TABLE II. Measured lifetimes, deduceBl(E2)’s, measuredy factors, and fullfp shell model(FSM)
calculations for the 2 and 4 states in*®*®Ti and 057,

Nucleus State 7 [ps] B(E2|) [W.ul] g factor
[20] present exp. FSM exp. FSM
46T 27 7.4 (6) 8.1(4) 18.5(9) 11.7 0.49627) 0.285
af 2.4(2) 2.3(2) 20.5(18) 15.7 0.5817) 0.244
48T 27 6.2 (4) 5.7(2) 15.0(5) 9.1 0.39719) 0.211
af 1.8(4) 1.1(1) 18.4(17) 13.7 0.5413) 0.472
25 0.059(4) 0.073(6) 5.5(5)
Socr 2) 12.8(7) 13.2(4) 19.2(6) 18.3 0.61931) 0.568
ar 3.2(4) 3.2(7) 14.6(32) 26.0 0.7813) 0.742
52cr 2) 1.02(4) 1.13(3) 10.3(3) 12.4 1.20664) 1.172
a4y 1.5(5) 9.6 (*3 10.334) 11.7 1.221
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1.6 T to beam bending effects were negligibly small. The stray
r 1 magnetic field along the path of the recoil ions was effec-
14 . tively shielded. Table 1l summarizes thefactors and the
12'_ | B(E2)’s derived from the measured lifetimes. It is noted that
-l in most cases the newly determined lifetimes agree very well
1ol | with earlier data. However, there are also significant differ-
o ° .
g L ] ences between the present results and the values quoted in
& osl - the literature, especially fof®Ti(4;) and 5%Cr(4;). The
&0 i . -
- 1 present result foP?Cr(4;) agrees with that of a recoil dis-
06~ n tance measuremefR0]. The sensitivity and reliability of the
i 1 present experiments were substantially increased by the use
04 7 of high ion velocities.
0.2 — —
i | | | | IV. DISCUSSION
0.0

25Ti,, 23Tiy 59Cr 3iCrg The measured factors andB(E2)’s were compared with
) _ the full fp shell model(FSM) calculationgTable 1l) carried
_ FIG. 10. Comparison of experimentglfactors of the 2 and oyt with the computer codenToINE [21] using a modified
4, states of Ti and Cr nuclei and fulp shell model calculations  yarsion of the Kuo-Brown effective interaction KE22] in
represented by solid and dotted—dashed lines. The dashed curya,i-jy the gap around®Ni is reduced and a density depen-
represents the valug=Z/A predicted by the collective model. dence is includedi23]. It is noteworthy that the present cal-
culations differ considerably from the earlier calculations
factor Gpeam ON the stopping power of the beam ions and[24] which used a drastically truncated model space due to
electron orbital velocity of the excited beam ions, the samehe computer limitations.
value for Gpean is obtained for both Ti and Cr ions. The  The general trend of the precigg2;) values shows a
empirical parametrizatioriEgs. (4) and (5)] was further  small but significant decrease froffiTi to “®Ti and a subse-
checked with precession measurements on the fitsstdte  quent rise towardS2Cr, where theN=28 shell is closed.
of *Fe with knowng factor,g=0.61(8)[5]. In these experi- This behavior is well reproduced by the calculations, as
ments, 130 MeV and 145 MeV®e ion beams were Cou- shown in Fig. 10. The pattern observed is clearly associated
lomb excited on the same target in kinematic conditionsyith excitations of nucleons from thef ), orbit to the Ip,,
similar to those pertaining to the Ti and Cr measurement®f,, and Ip,,, orbits which break the particle-hole symme-
(Table ). The analysis of the data yielded a mean attenuatiofiry of the cross-conjugate nucléfTi (two protons, four neu-
factor Gpeani= 0.77(10), in good agreement with the adoptedtron holeg and %°Cr (four protons, two neutron holg§24].
value. The final assigned error is mainly associated with the'he experimental and theoretic&(E2)’s are compared in
statistical uncertainty in thg factor measurement. Fig. 11. An increase of collectivity towards the lighter Ti
As seen in Table II, the uncertainty in the transient fieldnyclei is evident from the figure; the closing of the=28
strength contributes mainly to the error g1§2,), whereas shell for 5°Ti and 52Cr is reflected by smaB(E2)’s.
the statistical error of the experimental precession angles The most interesting, and indeed surprising, results
dominates the uncertainty of tlgf4,) results. Corrections emerge when the fulfp shell model calculations are com-
to the 2 precessions due to feeding from th¢ dtates and pared with the new experimental ddfable 1l and Figs. 10

35 35

w
wn

30 = 30F 4
=T z a.F ]
4 [ - — -257 —
5 2" - BTX 1
*2”20:— = oiof .
T - T 1
o~ L _ — L -
N*IS__ - TIST .
R - :
M 10F = /A 10 .

| | | | | |
“ri ®n Y1 ¥cr Yo Yor
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“1i %1 ST ' %o Yo Yr

»:f‘

FIG. 11. Comparison of the experimenB{(E2)’s (closed circle, present data; open ciri28]) and the results from fulfp shell model
calculations(asterisk. The lines are drawn to guide the eye.
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' ' Without knowing the precise time history of the feeding

o L 2 ;;[Sit | paths it is not possible to determine the precession of a par-
e ticular nuclear state in which the nucleus finds itself during
i RO ] its traversal of the region of the target in which the transient
//// - ;2‘ Te-Tos o field is effective. Only with the technique combining recoill
08 e //,’ ‘_;3 ___________ SN i distance and transient field can this problem be avojaéd
/:/ //// b This uncertainty, however, is absent in Coulomb excitation
ot A . measurements.
06 é’ 7 V. SUMMARY AND CONCLUSIONS

- 4 As in the former measurements on Se nugj the tech-
nigue of projectile Coulomb excitation in inverse kinematics
04 - m allows high precision measurements of théactors of the
2 states of Ti and Cr nuclei and, for the first time, of the
factors of the 4 states. In particular, the latter results em-
02 | | | . phasize the potential of the experimental technique. The ac-
ot 4+ 6t gt curacy of theg(2;) values is mainly determined by the un-
SpinI[#] certainty of the transient field parametrization, which, in the
present case, was checked in a calibration measurement on a
FIG. 12. Comparison of experimentglfactors for °Cr with  neighboring nucleus®*Fe with knowng factor. It is note-
shell model calculations which allotwalence nucleons to lie out- worthy, that therelative g factors of several states of the
side the @, shell [7]. different isotopes are free of this systematic uncertainty.
Although the data for low-lying states of the foiyp shell
nuclei studied show an overall agreement with figl shell
model calculations, there are surprisingly large deviations in
the g factors of these states and tB€E2) values of the
corresponding transitions. Whereas the datefG¢Cr nuclei
re in good agreement with theory, the experimegtédc-
tors for #4%Tj are closer to the collective value @fA. The
observed deviations are attributed to shortcomings in the
model which ignores possible excitations of ted shell
core. This lack of collectivity in the calculations is also ob-
served in theB(E2)’s which systematically underestimate
the experimental data.
The present paper shows the importance of high precision
g factors which reveal fine details of the structure of short-
lived nuclear states hardly recognizable in experiments with
lower precision. The successful measurement ofjtfectors
of the weakly excited # states gives confidence that the
technique will be applicable to future experiments with ra-
dioactive beams of low intensity.

and 11. In the upper half of thd, shell, theg factors and
B(E2)’s of °%5¢r agree rather well with theory. The pre-
diction that theg factors should be large is confirmed. The
unexpected results show up when the theory is applied t
46:481i. One might expecia priori that the full fp shell
model calculations would better reproduce the collectivity of
these nuclei. Hence, the KB3 interaction is likely deficient in
this respect, and excitations of tfCa core should be in-
cluded. It has long been recognized th&ta is not as good

a closed shell nucleus &&Ca [25]. Furthermore, low-lying,
highly deformed states if°Ca, “’Ca, “*Ca and other neigh-
boring nuclei could admix into the ;2 and 4 states of
46,48-”.

The importance of including the wholgp shell in the
description of the structure of these nuclei is further put in
evidence by the calculations gf!) for *°Cr[7] in which an
increasing number df valence nucleons is excited from the
0f,, orbit to the otherfp shell orbits using the KB3 inter-
action (Fig. 12. Evidently, the best agreement between
theory and the present data is achievedtfe2. The same
conclusion has been drawn by Nakadal.[26] and Caurier The authors are indebted to A. Poves and H. Nakada for
et al.[27,28 in their description of the structure of heavier many stimulating discussions. We are thankful to the opera-
fp shell nuclei. Figure 12 also displays the formgefactor  tors of the accelerators at Cologne and Munich for their as-
measurements iR°Cr [6] which disagreed strongly with all sistance throughout the experiments. We also appreciate the
existing microscopic calculatior}3,8]. The striking discrep- collaboration of A. Aprahamian at the start of this work.
ancy no longer exists for the new data. In the previous meaSupport by the BMBF, the Deutsche Forschungsgemein-
surements the nuclear states were populated in a fusion reehaft, and the U.S. National Science Foundation is acknowl-
action which generally implies a complex feeding pattern.edged.
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