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Lifetimes of excited states in68Cu were measured by theg-g-t coincidence using two BaF2 detectors
through the decay of68Cum produced by thesn, pd reaction. The half-life of the 2+ state at 84 keV was obtained
as 7.84s8d ns, corresponding to theBsM1;2+→1+d value of 0.00777s8dmN

2. A shell model calculation with a
minimum model space ofpp3/2np1/2

−1 gives a good prediction of thisBsM1d value by using experimentalg
factors of neighboring nuclei. This smallBsM1d value can also be explained by a shell model calculation in the
f7/2
−r sp3/2f5/2p1/2dn+rsr=0, 1d model space.
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I. INTRODUCTION

The nuclear structure around68Ni, with Z=28 andN=40,
provides important knowledge of the shell structure in the
neutron-rich Ni region and thus many studies have been
made with the progress of experimental techniques[1–18].
Among these studies, the magic properties of68Ni have been
discussed from different angles. One of the issues is whether
one can treat the68Ni nucleus as a core in a shell model
calculation. We previously demonstrated that the energy lev-
els in 71Cu can be predicted very accurately by a shell model
calculation with thepp3/2ng9/2

2 model space, using experi-
mental energy levels in neighboring nuclei as residual two-
body interactions[7]. It is interesting to study to what extent
such a calculation is valid to explain the properties of nuclei
around68Ni.

In the 29
68Cu39 nucleus, the protonspd p3/2 and the neutron

snd p1/2 orbitals lie near the Fermi surface. Therefore, the 1+

ground state and the 2+ first excited state in68Cu are ex-
pected to have a large component of thepp3/2np1/2

−1 configu-
ration. This simple configuration gives an insight into the
nuclear structure around68Ni. In particular, theBsM1;2+

→1+d value provides a good test of a shell model calculation.
Furthermore, thisBsM1d value gives information on the core
excitation, in particular, for theZ, N=28 core.

Excited states in68Cu were first studied through theg
decay of the68Cu isomersT1/2=3.75 mind produced by the
68Znsn, pd reaction[19–22]. Shermanet al. [23] studied en-
ergy levels in68Cu by thest, 3Hed transfer reaction. Recently,
theg factors of the ground and the isomeric states were mea-

sured in68Cu separated from fission products using a mass
separator with a chemically selective laser-ion-source[24].
We found a nanosecond isomer in68Cu [25] produced in
heavy-ion deep-inelastic collisions using an isomer-scope
[26].

In the present study, we have carried out a decay experi-
ment of 68Cum produced by the68Znsn, pd reaction using
14-MeV neutrons. This reaction provides an almost pure
68Cum source without chemical or mass separation. We have
measured the lifetime of the first excited state and obtained a
small BsM1;2+→1+d value. We show that a parameter-free
shell model calculation within thepp3/2np1/2

−1 model space
correctly predicts thisBsM1d value by using experimentalg
factors of neighboring nuclei. Furthermore, we show that this
small BsM1d value can be explained by a shell model calcu-
lation in the f7/2

−r sp3/2f5/2p1/2dn+rsr=0, 1d model space.

II. EXPERIMENTS

The 68Cum sourcesT1/2=3.75 mind was produced by the
68Znsn, pd reaction at FNS(fusion neutronics source) in
JAERI. Three68Zn targets of 0.2 g and 10 mm in diameter
were prepared from the 99.4% enriched68ZnO powder by
the following procedure. The68ZnO powder was dissolved in
a 0.1M H2SO4 solution. Then, the68Zn metal was deposited
by electrolysis on a thin platinum wire. The68Zn metal re-
moved from the Pt wire was shaped by pressing it in a mold
10 mm in diameter. Each target was sealed in thin paraffin
paper and in a polyethylene film.

The 68Zn target was irradiated by 14-MeV neutrons at a
place of about 53109 cm−2 s−1 neutron flux; FNS generates
431012 s−1 neutrons by the3Hsd, nd reaction using a 37 TBq
tritium rotating target. The68Zn target was irradiated for
10 min and then transferred through a pneumatic tube to the
outside of the irradiation room. The irradiated target was
cooled for about 2 min. Thus, the cycle of 10-min irradia-
tion, 2-min cooling, and 8-min measurement was repeated
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using three68Zn targets. Since the production cross section
of 68Cum is 5 mb [27], the activity of the68Cum source was
about 30 kBq at the beginning of the measurement.

Lifetimes of excited states in68Cu were measured using
two BaF2 detectors of 25 mm in diameter and 10 mm in
thickness. These detectors were placed face to face at a dis-
tance of 20 mm and the68Cum source was placed at the cen-
ter between them. Ab-ray absorber made of a 3.5-mm-thick
aluminum plate was attached to both of the detectors. The
lifetimes were also measured by another detector configura-
tion to reduce backscatteringg rays between the BaF2 detec-
tors. In this configuration, the BaF2 detectors were placed at
90° and a 3-mm-thick lead absorber was placed between
them. In Sec. III, the former detector configuration will be
referred to as the 180° setup, while the latter will be referred
to as the 90° setup. The purity of the68Cum source was
monitored through the lifetime measurement by measuringg
rays with a Ge detector.

The BaF2 scintillator was mounted on a Hamamatsu-
H3378 photomultiplier tube and the time pickoff signals
were generated by an ORTEC-583 constant fraction dis-
criminator. An ORTEC-567 time-to-amplitude converter
(TAC) was employed and was calibrated using an ORTEC-
462 time calibrator. Theg-g-t coincidence data were re-
corded event by event. An energy resolution was 9% for the
570-keV g ray of 207Bi. A typical time resolution of this
system was 130 ps at full width at half maximum for the
1173-1332 keVg-ray cascade of60Co.

A g-ray singles measurement was performed in order to
obtain theg-ray energies and intensities in68Cu using ann
type Ge detector of 33% relative efficiency. The distance
between the source and the surface of the detector was
102 mm. Nob-absorber was placed on this detector. The
detection efficiency of the Ge detector was calibrated using a
standard source of152Eu,133Ba, and207Bi, and was corrected
for the self-absorption in the68Zn target. This absorption was
estimated on the basis of the attenuation of theg-ray inten-
sities measured by putting the standard sources on the68Zn
target.

III. RESULTS

Figures 1(a) and 1(b) show g-ray singles spectra mea-
sured with the Ge detector and with the BaF2 detector, re-
spectively, in the lifetime measurement. Most of theg rays
observed in the spectra are emitted by68Cum. Since the
ground state of68Cu decays to68Zn with T1/2=31 s, theg
rays in 68Zn also appear in these spectra. Althoughg rays
following the b decay of 67Cu sT1/2=62 hd, 65Ni sT1/2
=2.5 hd, and 69Zn sT1/2=14 hd are also observed, these con-
tributions are small. Figure 1(c) shows a time spectrum mea-
sured with the BaF2 detectors. It is remarkable that more than
half of the coincidence events are due to the decay with a
long lifetime for the 84-keV level.

The decay scheme of68Cum is shown in Fig. 2. Coinci-
dence relationships measured in this work are consistent with
the previous scheme[28]. Spin-assignment of the 611-keV
level will be discussed in Sec. IV. Figure 3(a) shows ag-ray
spectrum coincident with the 526-keVg-ray energy(includ-

ing the Compton continuum under the peak) and with the
delayed part, between 4 ns and 87 ns from the prompt peak,
of the TAC spectrum. This spectrum was derived from the
data of the 180° setup. Figure 3(b) is a g-ray spectrum coin-
cident with the 526 keV energy and with the prompt part
between −0.4 ns and +0.4 ns, derived from the data of the
90° setup. In Fig. 3(a), no other components except for the
84 keV peak are observed. This fact warrants the following
lifetime analysis for the 84-keV level.

Decay curves for the 84-keV level were obtained by set-
ting gates on a combination ofg-ray energies measured with
the BaF2 detectors. Figure 4(a) shows those curves derived
from the data of the 180° setup by setting the gates of
526–84 keV and 637–84 keV. The experimental data were
fitted with an exponential decay curve,a exps−ltd, by a least
squares method and the fitted lines are drawn, as shown in
Fig. 4(a), in the range where the experimental data were used

FIG. 1. (a) A g-ray singles spectrum measured with a Ge detec-
tor. Theg-ray energies are depicted for the transitions descending
from 68Cum. The 1077-keVg ray follows theb decay of the ground
state in68Cu. (b) A g-ray singles spectrum measured with a BaF2

detector.(c) A time spectrum measured by the BaF2-BaF2-t coinci-
dence with no gates ong rays.
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as the input values. We deduced the lifetime of the 84-keV
level from the slopes of these fitted lines as well as from
those of the decay curves gated on 111–84 keV. All the val-
ues of the slopes for the six decay curves are the same within
measured uncertainties. Furthermore, the decay curves mea-
sured with the 90° setup give the same result. Consequently,
we determined that the lifetime of this level isT1/2

=7.84s8d ns. This error was estimated from the spread of all
the values obtained in the experiment and from the variation
of the values resulting from changing the fitting range. We
also ascertained that the contaminant with a long lifetime
component is negligible by fitting the experimental data with
a curve consisting of an exponential decay and a constant
background,a exps−ltd+b.

Figure 4(b) shows a time spectrum obtained by setting the
gate on the combination of the 526 keV energy(start signal)
and the 111 keV energy(stop signal). This spectrum was
derived from the data of the 90° setup. Although this time
spectrum includes a component of the Compton continuum
under the 111-keV peak as shown in Fig. 3(b), this contribu-
tion is only about 10%. Thus, the slope of the line drawn in
this figure allows us to deduce an upper limit of 40 ps for the
halflife of the 611-keV level.

g-ray energies and intensities in68Cu are summarized in
Table I. We derived theg-ray intensities by taking into ac-
count the cascade summing effect, although the correction
resulting from this effect was about 1% except for the weak
610-keV transition. The intensity of the 610-keVg ray has a

FIG. 2. A decay scheme of68Cum. Theg-ray and level energies
are in units of kilo-electron-volt. Relative intensities are shown in
brackets. The lifetime of the 6− isomer is taken from Ref.[28].

FIG. 3. (a) A g-ray spectrum in coincidence with the 526-keV
g-ray energy and with the delayed part, between 4 ns and 87 ns
from the prompt peak, of the TAC spectrum.(b) A g-ray spectrum
in coincidence with the 526-keVg-ray energy and with the prompt
part between −0.4 ns and +0.4 ns.

FIG. 4. (a) Decay curves due to the lifetime of the 84-keV level
obtained by setting the gates on theg-ray combinations of
526–84 keV and 637–84 keV. The lines fitted to an exponential
decay are drawn in the fitting ranges.(b) A time spectrum for the
611-keV level obtained by the gate on the 526-keVg-ray energy
(start signal) and the 111-keVg-ray energy(stop signal). The slope
of the line drawn in this figure gives an upper limit for the lifetime
of the 611-keV level.
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large error, because it was corrected by considering the sum
peak of the 526-keV and the 84-keVg rays as well as the
overlapped 609-keVg ray following the decay of214Bi in the
room background. The internal conversion coefficients
(ICCs) calculated from theg-ray intensity balance are also
given in Table I. Intensities and ICCs in the previous work
[21,22] are shown in this table for comparison.

IV. DISCUSSION

We first clarify the difference between the present results
and those of previous reports[21,22]. The 611-keV level was
previously proposed as 3− on the basis of the ICC and the
lifetime of the 111-keV transition[21,22]. However, the ICC
of this transitionaT=3.52s12d only supports this transition as
M3 or E3; a theoreticalaT is 3.71 and 3.75 for anM3 and an
E3 transition, respectively[29]. The transition rate of the
111-keV g ray corresponds to 1.0 W.u. and 0.02 W.u. for
M3 andE3, respectively. There is no reason this transition
rate favors anM3 multipolarity. We would rather propose
that the spin parity of this level is 3+ on the basis of the
following shell model consideration. Low-lying negative-
parity states in68Cu should have thepp3/2ng9/2 configuration.
All the quartet members of this configuration were clearly
observed by thest, 3Hed transfer reaction[23]; the 6− isomer
is a member of this quartet and the other members lie above
this isomer. Moreover, our recent experiment using heavy-
ion deep-inelastic collisions suggests that one of the quartet
members at 777 keV has the spin parity of 3− [25]. On the
other hand, the 3+ state with thepp3/2nf5/2

−1 configuration very
plausibly exists at 611 keV, because thenf5/2

−1 state lies at
694 keV in the neighboring nucleus67Ni [3].

The intensity of the 84-keVg ray measured by the present
work is also different from the previous ones[19–22]. This
intensity affects the estimation of theBsM1d value of the
84-keV transition, because theE2/M1 mixing ratio of this
transition is deduced from the ICC derived from theg-ray
intensity balance. Since all the previous data were measured
in the early 1970s, one of the most likely reasons for this
discrepancy is that the efficiency calibration of a GesLi d de-
tector had a large error in the 80 keV energy region. To ob-
tain a detection efficiency at about 80 keV, one usually uses
the standard intensity of the 79.6- and 81.0-keVg line of the
133Ba source. This intensity in the references compiled in
1970s[30,31] was smaller than the present one[32] by about

10%. Therefore, the 1970s data of the 84-keV intensity
would become smaller than that in the present result.

Now we discuss theBsM1;2+→1+d value of the 84-keV
transition. From the present result of the ICC of the 84-
keV transition,aT=0.05s4d, we regard this transition as a
pureM1 multipolarity; a theoreticalaT is 0.086 and 1.18 for
a pureM1 and E2 transition, respectivelyf29g. Then, the
BsM1d value is obtained as 0.00777s8dmN

2, or 1/230 W.u.,
from the measured lifetime of the 84-keV level and the the-
oreticalaT for the pureM1 transition.

The BsM1d value can be estimated by a shell model cal-
culation which takes the core to be68Ni and uses experimen-
tal g factors of neighboring nuclei. TheBsM1d value with
one protonsjpd and one neutronsjnd outside the core is cal-
culated as

BsM1;I i → I fd =
3

4p
s2I f + 1d jps jp + 1ds2jp + 1d

3W2s jn jpI f1;I i jpd 3 sgp − gnd2, s1d

wheregp and gn are g factors of thejp proton and thejn

neutron, respectivelyf33g. The BsM1d value of the 84-
keV transition between thepp3/2np1/2

−1 doublets is

BsM1;2+ → 1+d =
3

4p
3

3

8
3 sgp − gnd2 = 0.0427mN

2 ,

s2d

where gp=1.893mN and gn=1.202mN are taken from the
experimental values of the 3/2− ground state in29

69Cu40 and
the 1/2− ground state in28

67Ni39, respectivelyf13g. This cal-
culation reproduces a smallBsM1d value, which originates
from the cancellation ofgp−gn. The g factor of the 1+

ground state in68Cu was also measured recently by a
laser-ion-source technique to be +2.48s2ds7dmN f24g. This
g factor is calculated as

gs1+d =
1

4
s5gp − gnd = + 2.07mN. s3d

Thus, the calculation in thepp3/2np1/2
−1 model space pro-

vides a good description of theseM1 matrix elements in
68Cu, using no free parameters. These results are shown in
Table II as Cal-A. However, it is difficult to adjust the
calculation more accurately for both theBsM1d value and
the g factor by only changing thegp and gn effectively.

TABLE I. g-ray energies and intensities in68Cu.

Eg skeVd Ig aT

Present work Present work Swindlea Tikkub Present work Swindlea Tikkub

84.12(6) 109(4) 96.4(58) 95(5) 0.05(4) 0.156(25) 0.21(7)
110.74(6) 22.2(7) 22.3(13) 24.3(16) 3.52(12) 3.19(22)
526.44(6) 100 100 100
610.3(3) 0.5(2) 1.4(4) 1.7(5)
637.14(6) 14.3(4) 11.2(15) 14.7(15)

aReference[21].
bReference[22].
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This difficulty indicates a limit of this calculation using a
minimum model space.

We have further studied the nuclear structure of68Cu by a
shell model calculation in afp model space. To investigate
the effect of af7/2 particle excitation, a shell model calcula-
tion of thesp3/2f5/2p1/2dn model space was compared with that
of the f7/2

−r sp3/2f5/2p1/2dn+rsr=0, 1d model space. In the former
calculation Cal-B1, the MSDI two-body interactions by
Koops-Glaudemans were used[34]. In the latter calculation
Cal-B2, two-body interactions derived from the folded dia-
gram theory were used and single-particle energies were ad-
justed to reproduce low-lying levels in67Ni and 68,69Cu. The
results are summarized in Table II. In Cal-B1, theg factors of
the 1/2− state in67Ni and of the 3/2− state in69Cu correspond
to the Schmidt values of thenp1/2 and the pp3/2 single-
particle states, respectively. In Cal-B2, the gs3/2−d value of
69Cu is close to the experiment, while thegs1/2−d value of
67Ni is slightly smaller than the experimental value.

These calculations give a measure of the purity of the
pp3/2np1/2

−1 doublet states in68Cu; the amplitude of the
pp3/2np1/2

−1 component in the 1+ ground state is 0.91 and 0.78

in Cal-B1 and Cal-B2, respectively. Thegs1+d value of68Cu
in Cal-B2 is as large as that in Cal-B1. This is in contrast to
the Cal-A result giving a smaller value than the experiment.
On the other hand, the reduced matrix element ofk2+iM1i1+l
in Cal-B2 is much smaller than that in Cal-B1. These calcu-
lations show that this matrix element comprises the compo-
nents originating from protons and from neutrons having a
comparable magnitude but an opposite sign and that the dif-
ference between these components in Cal-B2 is smaller than
that in Cal-B1. Therefore, thisk2+iM1i1+l matrix element has
a small value and is sensitive to af7/2 particle excitation.
Although the experimentalk2+iM1i1+l value is still smaller
than the Cal-B2 result, the calculation may be improved by
extending the model space to include the excitation to ag9/2
orbital.

V. CONCLUSION

We have measured the lifetime of the first excited state in
68Cu through the g decay of 68Cum produced by the
68Znsn, pd reaction using 14-MeV neutrons. We obtained a
small BsM1d value between thepp3/2np1/2

−1 doublet states in
68Cu. A parameter-free shell model calculation taking the
core as68Ni gives a good prediction of thisBsM1d value by
using experimentalg factors of the 1/2− state in67Ni and the
3/2− state in 69Cu. Both theBsM1;2+→1+d and thegs1+d
values in68Cu can be explained by a shell model calculation
in the fp model space including af7/2 particle excitation.
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