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Measurement ofB(M1) for the 7ps,»py;, doublet in 58Cu
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Lifetimes of excited states iiCu were measured by they-t coincidence using two BaFdetectors
through the decay ¢Cu™ produced by thén, p) reaction. The half-life of the 2state at 84 keV was obtained
as 7.848) ns, corresponding to thB(M1;2"—1*) value of 0.0077(28);&,. A shell model calculation with a
minimum model space ofrpg,zvpl,lz gives a good prediction of thiB(M1) value by using experimenta
factors of neighboring nuclei. This sm&8{M1) value can also be explained by a shell model calculation in the
f712(Pasafs/2P12) ™ (r=0, 1) model space.

DOI: 10.1103/PhysRevC.68.054306 PACS nuner21.10.Tg, 23.20-g, 21.60.Cs, 27.56-e

I. INTRODUCTION sured in®Cu separated from fission products using a mass

L arator with a chemicall lective laser-ion-s .
The nuclear structure arouriéNi, with Z=28 andN=40, separato emicaly seleciive fas oyy

We found a nanosecond isomer $#Cu [25] produced in
provides important knowledge of the shell structure in th p S 'S u [25] produ !

) : X X eheavy—ion deep-inelastic collisions using an isomer-scope
neutron-rich Ni region and thus many studies have bee

made with the progress of experimental technigLieslg. In the present study, we have carried out a decay experi-
Among these studies, the magic propertie§®fi have been  ment of 8cy™ produced by the®zn(n, p) reaction using
discussed from different angles. One of the issues is whetheis-MeV neutrons. This reaction provides an almost pure
one can treat thé®Ni nucleus as a core in a shell model 68cym source without chemical or mass separation. We have
calculation. We previously demonstrated that the energy levmeasured the lifetime of the first excited state and obtained a
els in"'Cu can be predicted very accurately by a shell modekmall B(M1;2*—1*) value. We show that a parameter-free
calculation with themps,vg5, model space, using experi- shell model calculation within therps,»p;5> model space
mental energy levels in neighboring nuclei as residual twocorrectly predicts thi®(M1) value by using experimental
body interactiong7]. It is interesting to study to what extent factors of neighboring nuclei. Furthermore, we show that this
such a calculation is valid to explain the properties of nucleismall B(M1) value can be explained by a shell model calcu-

around®®Ni. lation in the f-l,(pssfszP1) ™ (r=0, 1) model space.
In the $5Cus Nucleus, the protofi) py, and the neutron

(v) pyyp orbitals lie near the Fermi surface. Therefore, tfie 1
ground state and the* Zirst excited state iff®Cu are ex- Il. EXPERIMENTS

pected to have a large component of thy,vpij, configu- The %8Cu™ source(T,,,=3.75 min was produced by the
ration. This simple configuration gives an insight into theesZn(n, p) reaction at FNS(fusion neutronics sourgein
nuclear structure arounéfNi. In particular, theB(M1;2* JAERI. Three®Zn targets of 0.2 g and 10 mm in diameter
— 1) value provides a good test of a shell model calculationyqre prepared from the 99.4% enrich&ZnO powder by
Furthermore, thi$§(M1) value gives information on the core tne following procedure. ThEZnO powder was dissolved in
excitation, in particular, for th&, N=28 core. a 0.1M H,SQ, solution. Then, th€8Zn metal was deposited
Excited states iP®Cu were first studied through the by electrolysis on a thin platinum wire. TH8Zn metal re-
decay of the®*Cu isomer(T,,=3.75 min produced by the qyed from the Pt wire was shaped by pressing it in a mold

®Zn(n, p) reaction[19-22. Shermaret al. [23] studied en- 10 mm in diameter. Each target was sealed in thin paraffin
ergy levels inf®Cu by the(t, ®He) transfer reaction. Recently, paper and in a polyethylene film.

theg factors of the ground and the isomeric states were mea- e 687, target was irradiated by 14-MeV neutrons at a

place of about % 10° cm™? s7* neutron flux; FNS generates
4x10% s71 neutrons by théH(d, n) reaction using a 37 TBq
*On leave from China Institute of Atomic Energy, P.O. Box tritium rotating target. The’®zZn target was irradiated for

27567), Bejing 102413, China. 10 min and then transferred through a pneumatic tube to the
"Electronic address: ishii@popsvr.tokai.jaeri.go.jp outside of the irradiation room. The irradiated target was
*Present address: Kyoto University Research Reactor Institutegooled for about 2 min. Thus, the cycle of 10-min irradia-

Kumatori, Osaka 590-0494, Japan. tion, 2-min cooling, and 8-min measurement was repeated
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using three®®zn targets. Since the production cross section  xiof[ ~ ~ ~ ~ ' -~ ' .
of 88CuM is 5 mb[27], the activity of the®®Cu™ source was 31841 Ge () |
about 30 kBq at the beginning of the measurement.

Lifetimes of excited states iffCu were measured using
two BaF, detectors of 25 mm in diameter and 10 mm in
thickness. These detectors were placed face to face at a dis 110.7 526.4
tance of 20 mm and th&Cu™ source was placed at the cen- 1+ /
ter between them. /8-ray absorber made of a 3.5-mm-thick I LA\L
aluminum plate was attached to both of the detectors. The [ Al | 6371 N .
lifetimes were also measured by another detector configura: 0 500 1000 1500
tion to reduce backscatteringrays between the Bakletec- v-ray Energy (1.00keV/channel)
tors. In this configuration, the BaFletectors were placed at
90° and a 3-mm-thick lead absorber was placed betweer
them. In Sec. lll, 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 tHECuU™ source was
monitored through the lifetime measurement by measuying
rays with a Ge detector.

The Bak 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 400 600 800
(TAC) was employed and was calibrated using an ORTEC- Y-ray Energy (1.57keV/channel)
462 time calibrator. They-y-t coincidence data were re-
corded event by event. An energy resolution was 9% for the
570-keV y ray of 2°/Bi. A typical time resolution of this 10t BaF,-BaF, (c)
system was 130 ps at full width at half maximum for the
1173-1332 keVy-ray cascade of°Co.

A v-ray singles measurement was performed in order to
obtain they-ray energies and intensities $Cu using am
type Ge detector of 33% relative efficiency. The distance
between the source and the surface of the detector wa: 10
102 mm. No B-absorber was placed on this detector. The

ounts

C

bscug
1077

BaF, (b) -

Counts

10° ' | ; , . . . ,

Counts

detection efficiency of the Ge detector was calibrated using a s 1000 3000 3000 4000
standard source dP%Eu,3*Ba, and?*/Bi, and was corrected Time (42.05ps/channel)

for the self-absorption in th#Zn target. This absorption was

estimated on the basis of the attenuation of thmy inten- FIG. 1. (8 A y-ray singles spectrum measured with a Ge detec-
sities measured by putting the standard sources ofi8fre  tor. The y-ray energies are depicted for the transitions descending
target. from %8Cu™ The 1077-keVy ray follows thes decay of the ground

state in®8Cu. (b) A y-ray singles spectrum measured with a BaF
detector.(c) A time spectrum measured by the BaBaF,-t coinci-
Ill. RESULTS dence with no gates of rays.

Figures 1a) and Ib) show y-ray singles spectra mea- ing the Compton continuum under the pgaid with the
sured with the Ge detector and with the Batetector, re- delayed part, between 4 ns and 87 ns from the prompt peak,
spectively, in the lifetime measurement. Most of theays  of the TAC spectrum. This spectrum was derived from the
observed in the spectra are emitted BZu™ Since the data of the 180° setup. Figur¢t3 is a y-ray spectrum coin-
ground state of®Cu decays td®Zn with T,,=31s, they  cident with the 526 keV energy and with the prompt part
rays in ®8Zn also appear in these spectra. Althoughiays  between —0.4 ns and +0.4 ns, derived from the data of the
following the B decay of ’Cu (T,,=62h), ®Ni (T,  90° setup. In Fig. @), no other components except for the
=2.5h, and%%Zzn (T,,=14 h are also observed, these con- 84 keV peak are observed. This fact warrants the following
tributions are small. Figure(®) shows a time spectrum mea- lifetime analysis for the 84-keV level.
sured with the Bajdetectors. It is remarkable that more than  Decay curves for the 84-keV level were obtained by set-
half of the coincidence events are due to the decay with &ng gates on a combination gfray energies measured with
long lifetime for the 84-keV level. the Bak detectors. Figure(4) shows those curves derived

The decay scheme &FCu™ is shown in Fig. 2. Coinci- from the data of the 180° setup by setting the gates of
dence relationships measured in this work are consistent with26—84 keV and 637-84 keV. The experimental data were
the previous schemf28]. Spin-assignment of the 611-keV fitted with an exponential decay cunagexp(—At), by a least
level will be discussed in Sec. IV. Figuréa® shows ay-ray  squares method and the fitted lines are drawn, as shown in
spectrum coincident with the 526-kej‘ray energy(includ-  Fig. 4(a), in the range where the experimental data were used
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FIG. 2. A decay scheme 8fCu™ The y-ray and level energies
are in units of kilo-electron-volt. Relative intensities are shown in
brackets. The lifetime of the@somer is taken from Re{28].

Counts

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 withil
measured uncertainties. Furthermore, the decay curves mei
sured with the 90° setup give the same result. Consequently
we determined that the lifetime of this level i$;,

x10°
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FIG. 4. (a) Decay curves due to the lifetime of the 84-keV level

obtained by setting the gates on theray combinations of
526-84 keV and 637—84 keV. The lines fitted to an exponential
decay are drawn in the fitting range®) A time spectrum for the
611-keV level obtained by the gate on the 526-keVay energy
(start signal and the 111-ke\y-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.

=7.848) 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

2 T T T T T T v T

111 (b)
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FIG. 3. (a) A y-ray spectrum in coincidence with the 526-keV

from the prompt peak, of the TAC spectruth) A y-ray spectrum

component is negligible by fitting the experimental data with
a curve consisting of an exponential decay and a constant
backgrounda exp(—-\t)+b.

Figure 4b) shows a time spectrum obtained by setting the

gate on the combination of the 526 keV ene(gtart signal

and the 111 keV energystop 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 Figh)3 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.

y-ray energies and intensities $iCu are summarized in
y-ray energy and with the delayed part, between 4 ns and 87 n§able |. We derived they-ray intensities by taking into ac-

count the cascade summing effect, although the correction

in coincidence with the 526-keV-ray energy and with the prompt resulting from this effect was about 1% except for the weak

part between -0.4 ns and +0.4 ns.
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TABLE I. y-ray energies and intensities fACu.

Ey (ke\/) | % aT

Present work Present work Swinfile  Tikku® Present work Swindfe Tikku®
84.126) 1094) 96.458) 95(5) 0.054) 0.15625) 0.217)
110.746) 22.27) 22.313) 24.316) 3.5212) 3.1922)
526.446) 100 100 100

610.33) 0.52) 1.44) 1.7(5)

637.146) 14.34) 11.215) 14.715)

*Referencg21].

bReference[ZZ].

large error, because it was corrected by considering the sut0%. Therefore, the 1970s data of the 84-keV intensity
peak of the 526-keV and the 84-key'rays as well as the would become smaller than that in the present result.
overlapped 609-ke\y ray following the decay of*/Bi in the Now we discuss th&(M1;2"—1*) value of the 84-keV
room background. The internal conversion coefficientstransition. From the present result of the ICC of the 84-
(ICCy) calculated from they-ray intensity balance are also keV transition, at=0.054), we regard this transition as a
given in Table I. Intensities and ICCs in the previous workpure M1 multipolarity; a theoreticaky is 0.086 and 1.18 for
[21,22 are shown in this table for comparison. a pureM1 and E2 transition, respectively29]. Then, the
B(M1) value is obtained as 0.007(Bjug, or 1/230 W.u.,
from the measured lifetime of the 84-keV level and the the-
IV. DISCUSSION oretical o for the pureM1 transition.
. , ) The B(M1) value can be estimated by a shell model cal-
We first clarify _the difference between the present results,jation which takes the core to B&i and uses experimen-
and those of previous repoifz1,23. The 611-keV level was 5] g factors of neighboring nuclei. ThB(M1) value with

previously proposed as”®n the basis of the ICC and the one proton(j) and one neutroij,) outside the core is cal-
lifetime of the 111-keV transitiof21,22. However, the ICC . |ated as

of this transitiona;=3.5212) only supports this transition as
M3 or E3; a theoreticalyy is 3.71 and 3.75 for aM3 and an
E3 transition, respectively29]. The transition rate of the
111-keV y ray corresponds to 1.0 W.u. and 0.02 W.u. for o )
M3 and E3, respectively. There is no reason this transition XWA(JLj A 1130 X (9,-9,)% (1)

rate favors anM3 multipolarity. We would rather propose whereg. andg, areg factors of thej.. proton and thej,

]Ehﬁt the san IFarityd Olf this Igvel is"30n thel basis of the neutron, respectively33]. The B(M1) value of the 84-
ollowing shell model consideration. Low-lying negative- ., o h -1 lets |
parity states ifféCu should have theps,rgq,, configuration. eV transition between therpsz1py, doublets is

All the quartet members of this configuration were clearly 3 3

observed by thét, ®He) transfer reactioni23]; the 6 isomer B(M1;2" — 1) = 2. 58> (9,-0,)%=0.04274,

is a member of this quartet and the other members lie above

this isomer. Moreover, our recent experiment using heavy- (2)

ion deep-inelastic collisions suggests t_hat one of the quartgt} o e 9.=1.8934 and g,=1.2024 are taken from the

e e v e e iy SEPErmentl vl of th Tgroind st ECuqand
: v P22/ _19 1VeIY  the 1/2 ground state i§eNisq, respectively[13]. This cal-

plausibly exists at 611 keV, because thig, state lies at ¢ jation reproduces a sma(M1) value, which originates

694 keV in the neighboring nucled&Ni [3]. from the cancellation ofy,—g,. The g factor of the 1

Th(_a intensity of the 84-ke\y ray m_easured by the present ground state in®®Cu was also measured recently by a

work is also different from the previous ongE9-23. This 356 jon-source technique to b@.482)(7)uy [24]. This

intensity affects the estimation of tH&M21) value of the g factor is calculated as

84-keV transition, because tHe2/M1 mixing ratio of this

transition is deduced from the ICC derived from theay o1

intensity balance. Since all the previous data were measured g(19) = 2(5977— g,) = +2.07uy. 3)

in the early 1970s, one of the most likely reasons for this

discrepancy is that the efficiency calibration of a(Gg¢de-  Thus, the calculation in therp3,2vp1,12 model space pro-

tector had a large error in the 80 keV energy region. To obvides a good description of thedé¢l matrix elements in

tain a detection efficiency at about 80 keV, one usually use§®Cu, using no free parameters. These results are shown in

the standard intensity of the 79.6- and 81.0-kgWhe of the  Table Il as CalA. However, it is difficult to adjust the

133Ba source. This intensity in the references compiled incalculation more accurately for both ti&M1) value and

19709[30,3] was smaller than the present did2] by about  the g factor by only changing the, and g, effectively.

B(M1;l; — If)=%(2lf+1)1w(jw+ D@j,+1)
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TABLE II. Shell model calculations of th11 matrix elements  in Cal-B1 and CalB2, respectively. Thg(1*) value of%8Cu
in 8'Ni, %9Cu, and®®Cu. All the values in the table are in units of in Cal-B2 is as large as that in C&t. This is in contrast to
pn- Cal-A, mpavpy; model space using the experimengél/2)  the CalA result giving a smaller value than the experiment.
value of ®Ni and g(3/2) value of ®®Cu. CalBL, (ps:fsP12)"  On the other hand, the reduced matrix elemer®8M1]1*)
model space. Ca2, f7,(Ps/zfs/2012)™" (r=0, ) model space. Two-  jn Cal-B2 is much smaller than that in CBIt. These calcu-
body interactions used in C8t and CalB2 are described in the |ations show that this matrix element comprises the compo-
text. nents originating from protons and from neutrons having a
comparable magnitude but an opposite sign and that the dif-

Nucleus CalA CalBl CalB2  Expt ference between these components in Bzis smaller than
5TNizg g(1/2) 1.28 0.93 1.2)2 that in CalB1. Therefore, thig2*|M1||1*) matrix element has
59Cugo 9(3/2) 253 208 1.8@) a small value and is sensitive tofg, particle excitation.

~  Although the experimental*|M1||1*) value is still smaller

g(1") 207 276 2.60  2.48)(7) than the CaB2 result, the calculation may be improved by
56Clsg 9(2) 172 1.89 1.37 extending the model space to include the excitation ¢gg,a
(2YM11*)| 0.46  1.04 059  0.197) orbital.

*Referencq13].
bReference[24]. V. CONCLUSION

. - . . . . We have measured the lifetime of the first excited state in
This difficulty indicates a limit of this calculation using a 68Cy through they decay of ®8Cu™ produced by the

minimum model space. 68 . . .
; Zn(n, p) reaction using 14-MeV neutrons. We obtained a
We have further studied the nuclear structuré®@fubya B(M1) value between therps,p: doublet states in

shell model calculatiqn in ap.m(')del space. To investigate 58Cu. A parameter-free shell model calculation taking the
t_he effect of af4, parﬁlcle excitation, a shell model calcula— core as™®Ni gives a good prediction of thi(M1) value by
tion of t_hre(p3,2f5,2pl,2) model space was compared with that using experimenta factors of the 1/2 state iné’Ni and the
of the f7./2(p3/2f5/2p1/2)n+r(r:0’ 1) model space. In th? former 3/2" state in%%Cu. Both theB(M1;2"—1%) and theg(1")
calculation CaBl, the MSDI two-body interactions by values in%8Cu can be explained by a shell model calculation

Koops-Glaudemans were usgg¥]. In the latter calculation . - ; : .
. . : . in the fp model space includin article excitation.
Cal-B2, two-body interactions derived from the folded dia- P P 9 &P

gram theory were used and single-particle energies were ad-
justed to reproduce low-lying levels fiNi and ®86Cu. The
results are summarized in Table II. In (B theg factors of We would like to acknowledge Dr. T. Nishitani, the group
the 1/2 state in®’Ni and of the 3/2 state in®*Cu correspond  |eader of FNS, and the staff of FNS for supporting this ex-
to the Schmidt values of thep,, and the mps;, single-  periment. We also thank Dr. A. Taniguchi for important sug-
particle states, respectively. In C&2, theg(3/2') value of  gestions regarding Bakletectors and also thank Dr. Y. Ka-
%%Cu is close to the experiment, while tigél/2") value of  sugai for his advice on experiments using fast neutrons. We
®'Ni is slightly smaller than the experimental value. are grateful to Prof. K. Kawade for his fruitful discussions as

These calculations give a measure of the purity of thewell as for kindly allowing us to use the pneumatic tube
mPapvp;, doublet states in®®Cu; the amplitude of the system. One of ugL.H.) was supported by the MEXT sci-
P32vP,j, cOMponent in the lground state is 0.91 and 0.78 entist exchange program 2001.
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