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The nuclear magnetic moment of the nuclé88u, with one proton and two neutrons outside the closed
N=Z=28 shells, was measured in an on-line experiment combigiMR with low temperature nuclear
orientation and with particle detectors operating at a temperature of about 10 K. From the data the center
frequency v(Bey=0)=209.5122) MHz was derived. Using the hyperfine field of Cu in host iron from the
literature the result for the moment,ig>°Cu]= +1.8919) wy, which reveals a large deviation from the proton
ps/2 single-particle value. This provides strong experimental evidence for a massive shell brealéy at
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I. INTRODUCTION lations were performed using perturbation theory to correct

Close to neutron and proton shell closures the structure dP" core polarization and meson exchange currents. Finally,
oddA nuclei may be well approximated by the single- Since>"Cu is the mirror nucleus of°Zn, the decay of which-
particle behavior of the particléhole) outside (inside) the IS known, our result can also be compared to the prediction
closed shell. The most basic single-particle shell model theffom the correlation between the ground state gyromagnetic
predicts the so-called Schmidt values for the nuclear magratios and superalloweg-decay transition strengths of the
netic dipole moments. It is well known that for nuclei farther mirror nuclei that was established in R§8].
away from closed shells the magnetic moment differs from
the Schmidt valugl1]. These deviations are caused by con- Il. EXPERIMENT
figuration mixing (core polarization and meson exchange
currents(MEC) [2]. The first is related to the fact that the ~ The magnetic moment of®Cu was measured with the
wave functions of the basic shell model assume that the odtkchnique of low temperature nuclear orientatibhNO) [9]
nucleon is in a single-particle state, while even small concombined with nuclear magnetic resonance on oriented nu-
figuration admixtures can already appreciably change thelei where the destruction of the asymmetry by the radio
magnetic moment. The second correction takes into accoumitequency signal (8-NMR/ON) was observed with
the effects of interaction with the electromagnetic field wheng-particle detectors operating at a temperature of about 10 K
two nucleons are interacting. inside the NICOLE®He-*He dilution refrigerator. The com-

In case of the odd: Cu isotopes the 29th proton is in the bination of these techniques has several advantages for mea-
ps/2 orbital with a Schmidt momentscnmig=3.79un. Below  suring nuclear magnetic moments. Firslyasymmetries are
N=40, the neutrons occupy th®,, fs,, and py, orbitals.  significantly larger thany asymmetries at relatively small
Recently, the development of the RILIS resonance ionizatiowalues ofuB/T, with u the nuclear magnetic momei,the
laser ion sourcg3,4] has allowed the measurement of sev-total magnetic field the nuclei experience, anthe sample
eral new magnetic moments for copper isotoffes7] with  temperature. Therefore, with detection even for isotopes
the ISOLDE facility at CERN. With experimental magnetic with rather small magnetic moments a measurable resonance
moments being available for the oddisotopes from®!Cu  signal can be obtained at the temperatures accessible with an
up to ®Cu one can now investigate the neutron number deen-line refrigerator. Secondly, since one can in principle in-
pendence of the moments of the o8ld=u nuclei belowN  tegrate the complet8 spectrum the energy resolution of the
=40 and especially towards tli¢=28 shell closure. In this g detectors is less important. Furthermore, in this experiment
respect the magnetic moment¥€u, with 30 neutrons, is of the particle(8) detectors were placed inside the 4 K radia-
special interest as it paves the way for the measurement a@fon shield of the dilution refrigerator, thereby minimizing
the moment of theN=28 isotope>’Cu (**Ni core plus one  scattering or absorption of theparticles on their way to the
proton) and at the same time indicates how the systematigetectors.
trend of odd-Cu moments developsds 28 is approached. Detailed information on théC/B* decay of>°Cu (ty,

We therefore have measured the magnetic moment afg81.5 s,J7=3/2") can be found in Ref[10]. The strongest
%Cu at the ISOLDE facility. In addition, shell model calcu- g* branch of%°Cu is an allowed™=3/2"— J"=3/2" ground

state to ground state Gamow-Teller transition with end point
energyE,=3778 keV and an intensity of 57.5%. The rest of
*Electronic address: victor.golovko@fys.kuleuven.ac.be the B8* intensity is spread over ten other branches.

0556-2813/2004/70)/0143127)/$22.50 70014312-1 ©2004 The American Physical Society



V. V. GOLOVKO et al. PHYSICAL REVIEW C 70, 014312(2004)

The magnitude of the hyperfine magnetic field of Cu in an Pulser

iron host lattice is known, but unfortunately not with very \
high precision:B,;=-21.81) T [5]. In fact, the error of the 10
hyperfine magnetic field will turn out to give the largest con-
tribution to the total error of the nuclear magnetic moment of 2
59Cu, as will become clear later. 2
The radioactive®®Cu was produced at ISOLDECERN) 3
with a 1.4 GeV proton beam from the Proton Synchrotron ©
Booster, bombarding a ZgCfelt target(6.3 g Zr/cnf) [11]
connected to the RILI$4,7], which provided the required

511 keV
<4— 550 keV

4+—3778 keV

element selectivity for the separation ¥Cu. After ioniza- e

tion and acceleration to 60 keV, tf&Cu beam with an in- ST T T T T

tensity of about X 10° ions/s was mass-separated by the 500 1000 1500 2000 2500 3000 3500 4000
General Purpose Separator, transported through the beal.. Channel Number

distribution system, and implanted into a polished and an-
nealed 99.99% pure Fe foithickness 25Q.m) soldered
onto the cold finger of the NICOLEBHe-*He dilution refrig-

FIG. 1. TypicalB spectrum for’°Cu recorded within one 150 s
measurement cycle. The 511 keV positron annihilation line and the

. . . . pulser peak are indicated. For thi@NMR/ON experiment dis-
erator. The implantation depth eiCu ions with an energy of cussed here the spectrum was integrated between 550 keV and

60 keV is around 200 A. The corresponding energy loss fog778 keV(end poin
the B particles leaving the sample is then of the order of '

100 eV, which is negligible in comparison to tjgeend point i , ,
energy of5°Cu. The iron foil in which the radioactive’cu ~ @nalysis of this measurement yield¢a[*Cu]|=1.907),

ions were implanted was magnetized by an external mageorresponding to a resonance frequengy=209+8 MHz,
netic field generated by a superconducting split-coil magnethich determined the search region for f&NMR/ON ex-
During the measurements a horizontal external magnetif€fiment. About 200 spectra of 150 s each were recorded.
field Byppie=0.102) T, produced by the superconducting The rf signal was generated by a Marconi generator with a
magnet, was used. Firstly, a field of 0.5 T was applied, if@nge from 10 kHz to 3.3 GHz. The rf power level was tuned
order to magnetically saturate the iron foil. Thereafter, thd Order to see its effect on the sublevel populations by a
field was reduced to 0.1 T so as to minimize its influence orsMall but clear change in thé anisotropy. This anisotropy
the trajectories of theg particles. For the 25@m thick Fe ~ Was defined as the double ratio of the 15° and 165
foil that was used a demagnetization fie,=0.0249 T B-detector count rates at mﬂhkelvm temperaturpslarized
was calculated. The temperature of the sample was mais@MPIé and at 1 K(unpolarized sampje
tained in the region between 10 and 100 mK and measured W,(15°) _{ N(15°) ] /[ N(15°)
mK

by a®'CoFenuclear orientation thermometgg]. oy 5 —o:| Y
The angular distribution of the positrons emitted during Ws(1657) [ N(165) N(165%) J1 «
the B* decay of°°Cu was observed with three high-purity ~ The resonance experiment was performed at a sample
Ge (HPGg particle detectors that were installed inside thetemperature of about 10 mK. Since irBaNMR/ON experi-
4 K thermal shield of the dilution refrigerator. These detec-ment one is observing just the destruction of asymmetry in
tors, with a sensitive diameter of about 12 mm and a thickthe angular distribution of th@ particles through magnetic
ness of 5 mm were positioned at angles of 15°, 75°, andesonance, we used the complete energy region from
165° with respect to the orientation axis defined by the mag550 keV to 3778 keV in order to increase statisiggy. 1).
netization of the iron foil in the external magnetic field. The The energy region below 550 keV was not used as it suffered
thickness of the detectors was chosen such that the end poifibm background of Compton scattered 511 keVays.
of the B8 spectrum could be observed with maximal efficiency At first the frequency was varied from 200 to 220 MHz,
while at the same time minimizing the sensitivity Jorays.  both in upward and in downward directions, in 1 MHz steps
Installing these detectors inside the thermal shields meangith 1 MHz modulation amplitude and 0.1 kHz modulation
that they have to be able to operate at temperatures close fiequency, and sent to the NMR coil that was installed
the temperature of liquid Hé.e., around 10 K The detec- around the cold finger. In these two scans a clear resonance
tors used were produced and tested in the Nuclear Physicignal was immediately found. Statistics was subsequently
Institute in ReZ [12]. Apart from these particle detectors improved by three frequency sweeps in upward direction and
large-volume HPGe detectors for detection of theadiation  two sweeps downwards in the region from 203 to 213 MHz.

were installed outside the refrigerator. In addition a scan was carried out in the frequency region
from 204 to 215 MHz in 0.5 MHz steps with 0.5 MHz
Ill. DATA COLLECTION AND ANALYSIS modulation amplitude and 0.1 kHz modulation frequency.

The data were corrected for the “dead time” of the data

In order to reduce the search region for FNMR/ON  acquisition system using a precision pulse generator. All
measurement, th€Cu magnetic moment was first deter- scans were separately analyzed in order to check for possible

mined by scanning the first of the two lasers used to selecsystematic errors. No hints for such errors were found. An

tively ionize Cu atoms in the RILIS ion source. The on-line evaluation of all available data with due regard to relaxation
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L e L B S B 0 /,L[59CU] = +1.8919) uy;, ©)

1°° where most of the error is due to the uncertainty of the hy-
perfine field. The center frequency at hyperfine field value is
V(Bey=0)=209.5122) MHz. The sign of u was obtained
o7 from the observe@® asymmetry and agrees with the system-
atics for the oddA pg, copper isotopes. The difference be-

1.16 =

114 p
— -1 08

112

@
O
=110 <
§ qos %» tween our experimental result and the Schmidt value is
2&__ 1.08 [ A,LL(SQCU):—l.ng).
2 405
1.06 | 3 IV. SHELL-MODEL RESULTS WITH
. poEop T ] 04 PERTURBATION THEORY
el B S S > Jos The copper-isotope ground-state wave functions are char-
B T T T acterized by having 28 protons occupying closed-shell orbit-
202 204 208 208 210 212 214 als and the 29th proton occupying th@s, orbital. To start,

Frequency (MHz) we consider just’Cu and®®Cu. In the first case, the neutron

FIG. 2. On-line nuclear magnetic resonance on oriented nucle'i’lumber ISN=28; in the second it 'WZA'O.' In both these
curve for %°Cu (sum of five scans: three in upward and two in !nstances the neutrqns also ma%lrbe conselgered to be occupy-
downward direction Plotted is the ratio of the pulser normalized m% closed—shell (t)_rbltalst. Thu_.'ts fthCu and dCLi (iur zerot?-
count rates for the 15¢L) and 165°(R) B-particle detectors as a order approximation Is to writé the ground-state wave func-
tion as that of fully occupied closed shells plus a single

function of rf frequency. The integrated destruction of anisotropy is ton in th bital. Thi th imation is th
46%. At the bottom the anisotropy at 0° for the 136 keVay of proton In theémpg,, orbital. 1his zeroth approximation Is then
corrected in perturbation theory.

the 57CoFethermometel[Wy(0°) corresponding to a sample tem- . . . . .
. Let the Hamiltonian be divided into a one-body Hamil-
f 1 I for th f - - ; . .
perature of about 10 mKis displayed for the same frequency re tonian and a residual interactiort=Hy+V, where Hy=T

gion, showing no resonant effect at the position of t@u reso- S .
nance. The slope in the anisotropy versus frequency that is visibI+U’ the sum of k'.netlc.and ong-body potential energy opera-
for both isotopes is caused by a small heating due to an increase Fﬁrs, and the reS|dua_1I Interactiof=Viae—U, WhereVbare IS
the power absorption by the system with increasing rf frequency. e two-body pOte.nt'al energy Ope'fator- The _elgenfunctlons
The amplitude of the signal observed by the pickup coil that WasOf. H, form the ba3|s. of th_e Calculatlo_n. Fpr this purpose we
installed around the sample holder indeed increased from 49 mV EW'“ use the harmonic oscillator _Hamlltqnlar_]. Howevgr, one
200 MHz to 95 mV at 210 MHz and 210 mV at 220 MHz. can always a}dd constants to this Hamiltonian @hat will shift
the energy eigenvalues but not change the radial wave func-
) ] tions. Thus we will use the oscillator radial functions in cal-
time effects gave for the center frequency the final result cylating matrix elements, but will use the experimental
=208.794) MHz. To illustrate the quality of the data the single-particle energies in calculating energy denominators.
resonance curve obtained after summing all scans in the fré=or the residual interaction we will use the one-boson ex-
quency region from 203 to 213 MHz in 1 MHz steps is change potential with a short-range cut-off; more details are
shown in Fig. 2. The data points were fitted with a straightgiven in Ref.[2].
line in addition to the resonance function to account for the Our requirement is to calculate matrix elements of the
slope in the on-line data. From the resonance frequency, thene-body magnetic moment operator, to be denbtdd the
spin (J) of the ground state of°Cu, the Planck constair, zeroth-order approximation, we compute|F|a), wherea
and the total magnetic fiel@B;,=Bpi+Bappied=Bgerd), the  and b are single-particle valence states of orbits not in the
nuclear magnetic moment 6fCu is obtained as closed-shell cores. For magnetic moments we need the diag-
onal matrix elementa=b, and for the copper isotopes in

J v particular,a=b=1p5,. However, for clarity of displaying the
W= ‘ e (2)  formulas, we will write the initial single-particle state @
Brot and the final agb|, but takea=b=mps, when computing the
magnetic moment. The correction to the zeroth-order ap-
yielding proximation to second order M is given by[2]

_ (blFleX(@Va) | < (blViaXalFla) (VBB (e]V]aXalVa)
(WrlFlya) = (IFfa+ 2 =5 0 7=+ 2 g TE T 2 Bl T TS 2 IRl E T
(b|VB)(BIV]2) _ s (blVIb)bV]a) (bVI) (t1via)
T A R N AP A e R
1 @VIgXBVia) 1< (BIVIBXBIVID)
22 BIFR = T o 22 (g, OIF (4)
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TABLE I. Contributions to the calculated effective magnetic moment operator fag,aroton in°'Cu
and®Cu. Au is the corresponding change in the magnetic moment with respect to the Schmidusglue

=3.79 JAN-
S'cu 6%Cu

&9, &9s 5gp Aup 2] 89 5gp Au
CRRPA) 0.007 -1.231 0.344 -0.60 -0.002 -0.981 0.648 -0.47
CP(2nd) -0.152 -2.034 0.549 -1.15 -0.225 -1.448 0.334 -0.94
MEC 0.116 0.293 -0.058 0.26 0.183 0.368 -0.295 0.36
CP-MEC 0.100 0.259 0.372 0.24 0.103 0.355 0.393 0.30
Isobars -0.005 -0.142 0.735 -0.05 -0.002 -0.178 0.558 -0.07
Relativistic -0.024 -0.151 -0.040 -0.10 -0.023 -0.143 -0.038 -0.10
Sum 0.041 -3.004 1.900 -1.39 0.035 -2.027 1.600 -0.92
Mth= Mscht SUM 2.40 2.87

A coding error in the 1999 calculatiori§] was corrected here.

Here o stands for a small, finite number of two-particle one-whereg, «=0x+ 69y, With x=1, s, or p. Hereg, is the single-
hole, Z-1h, intermediate states, whil@ and y stand for, in  particle g factor anddg, the correction to it. For a proton,
principle, an infinite number of @1h or 3p-2h states. When g,=1.0,9,=5.587 andy,=0.0. Note the presence of an addi-
F is the magnetic moment operator there are selection ruleonal term in the effective magnetic moment operator in-
on (a|F|a) that severely limit the number of intermediate volving a spherical harmonic of rank 2 coupled to the spin
states of typer. In particular, they have to be of the structure operator to give a tensor of multipolarity 1, which is absent
I(i=,jzHY" ,a) wherej- is a valence orbital withj=1-%, in the bare operator. From this decomposition it is evident
that the principal impact of the core-polarization terms is to
l&{uench the spigs factor significantly. This is the major rea-
son for the measured magnetic moments in closed-shell-plus-

while j- is its spin-orbit partner orbitgl=I +% that is occu-

pied in the closed shells. These orbitals are coupled to ang
lar momentum and parity of*1the multipolarity of the mag- e . .
netic moment operator. Finally this particle-hole pair is one nuclei differing from th_e Schmidt estimates. .
coupled to the valence orbitas. For the copper isotope Another class of corrections are MEC. We include contri-

"ol wihcosed shlls =20.2-20 tere are wo states. X015 (0T SIS SRS, e
of type a: [u(fep, 7)), 7P32) and [m(feys, 7)), 7pay). For ! ! -

69Cu with closed shelldN=40,7=28 the neutron particle- the shell model, MEC are represented by two-body operators

hole state is no longer available so there is only one state Orq;]eennc;tgsd heé?] ‘3@ tggeen t?:scépor:]ectlon to the magnetic mo-
type a, namely|m(fs,, f75), mP3y). For the states of typg IS given by xpressi

and y the magnetic moment operator does not provide any (b|G|B)BIV|a)

restriction on their number, so these summations are in prin- (|Gl ) = (b|Ga) + T E-E.

ciple infinite. Second-order calculations are therefore compu- B a =k

tationally quite time consuming even for the magnetic mo- (b|V|B)B|G|a)

ment operator. For the high-lying intermediate states we +> ?E/z’ (6)
B

approximate their energy by the appropriate multiple of the

cﬁa_racterist(ij(_: oscillator energgw. We Z)(;)p”dtéy perform  \yhere as befor@ stands for, in principle, an infinite number
the intermediate-state summations up téd2and geometri- 2p-1h or 3p-2h states. The first term in Eq6) we will

cal#yhextrapolateEbeZonﬁ thatl. involve i di call the MEC correction and involves the calculation of the
e terms in .Q( ) thatonly involve intermediate states iy element of a two-body operator in single-particle va-
of type a—these include the second and third terms Cont”b1ence states. More explicitly, it is

uting in first order and part of the fourth and sixth terms

contributing in second order—represent a start of a sequence blGla) = bhiGlah 7

that can be summed to all orders in perturbation theory. (blGla) §< Glah, @
These terms, in fact, yield the random phase approximation _ o _

(RPA). In Table | we separately identify the results obtainedshowing that it includes a sum over all the orbitdlspccu-
from the RPA terms alone, summed to all orders, adgied in the closed-shell cores. The main impact of the MEC

CR(RPA). All the other core-polarization terms summed only correction is to enhance the orbiglfactor.

to second order are labeled in the table a$2DB). The second and third terms in E() represent a core-
It is convenient to discuss the calculated results in term@olarization correction to the MEC calculation. It corrects
of an effective one-body magnetic moment operator: the single valence nucleon description of the copper isotopes
to include 2-1h and 3-2h configurations. Again there are
Mefi = O el + OseiS+ Op,erl Y28, (5) no selection rules to limit the intermediate-state summations,
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so as with C2nd) we compute the intermediate-state sum- e L R A -
mations up to 120 and geometrically extrapolate beyond neutron number %
that. We have labeled this contribution as CP-MEC in Table .s} -7 J
I. Observe that this core-polarization correction has only
been calculated to first order in the residual interactidn,
However since the MEC operatof;, contains meson-
nucleon coupling constants to the second power, as does thg . S
residual interactiolV, this term can be said to be fourth order g2 24f
in meson-nucleon couplings. Similarly the @Rd) correc-
tion is also fourth order in meson-nucleon couplings. Thus
there are many similarities between the (2f) and CP-
MEC contributions, but there is one very important differ-
ence. The CP-MEC contribution is only first order in pertur-  20f K Theonshermode)
bation theory and contains only one energy denominator, A See Eq. (10)
while CR2nd) is second order and contains two energy de- oL+ o+ o+ o 4 0 o
nominators. Since the energy denominator is a negative 5 57 58 59 60 61 62 63 64 85 66 67 68 69 70

. . . . Mass Number
quantity, this leads to a sign difference between these two
contributions. In many ways this is fortunate, since the FIG. 3. Experimental magnetic moments for the ad@2-5Cu
CP(2nd contribution is probably the least reliable compo- isotopes(black dot3 (Refs. [5,6,13 and this worl, shell model
nent in Table | and to have it ameliorated by the CP-MECpredictions for>”>Cu (open stary (see Sec. 1Y, and predictions
contribution is beneficial. In fact, we believe that the sumfor 5"°Cu based on systematics of the mirror nud@j (black
CP(2nd)+ CP-MEC probably cannot be calculated with anstars. The prediction for"Cu from a linear fit(full line) to the
accuracy better than, say, 20%. This would be our, somewh&gperimental values fot'-*Cu is shown as well.
arbitrary, error estimate on the calculated correction to the

Schmidt magnetic moment. The other ingredients in Table . . . 2
can probably be calculated more reliably than this. It remains to estimate the expectation val(e?/2M?)

Another contribution has been labeled “Isobars” in Table™ (&P*/2M?a) for which we use harmonic oscillator wave
. This represents the process in which the spin-dependeranCt'O”S- Although this correction is sensitive to the choice
isovector component of the residual interaction, principallyof radial wave function, because it depends on its second
7 and p exchange, can excite the nucleon to thésobar derivative, the correction is quite small, about 3% of the
excited state, which then decays in the electromagnetic ﬁe|Q8_chm|dt_\(alue, so the choice of the radial function ultimately
The impact this process has on the magnetic moment ca not critical. _ _
also be represented by a two-body operaBrso we use Eq All the calculated corrections are collated in Table I. For

i S : . . i 69 i

(6) to evaluate its contribution. Since the isobar contributionth® P32 proton in **Cu, the calcqlat%Qd correction to the
is quite small, we have not separated the isobar contributiofingle-particle magnetic moment iu(**Cu)=-0.91uy, in
of the first term from its core-polarization correction in the 900d agreement 5\4V'th the experimental valyé] of
second and third terms. The main impact of the isobars is0-931)un. For >'Cu, the calculated correction is
again to quench the spig factor. Au(3"Cu)=-1.39uy, where the error on the calculation, as

Last, there is a relativistic correction to the single-particlementioned, has been arbitrarily set at 20% of theZDE)
magnetic moment operator. The usually written operator; CP-MEC value. There is no experimental measurement for
gl+gss, is the lowest order term in a nonrelativistic reduc- 57C_Zu, but it is clear from Fig. 3 that any reasonable extrapo-
tion of the electromagnetic current. If the next order inlation from the known data on the odd-mass copper isotopes
p?/M?, wherep is a typical nucleon momentum arM its ~ will produce a result significantly different from this calcu-

nt (i)
N
[=>]

Experiment

* From systematics
of mirror nuclei

Magnetic
N
N
——

mass, is retained the magnetic moment operat@2]is lated value.
The isotope®®Cu has two valence neutrons outside the
p? p? . p? N=28 closed shells as well as tpg, proton. So we have to
gyl{1- M2/ \om2 (s=(s-p)p) [ +0ss| 1 “om2) estimate the impact of these two extra valence neutrons on

the calculation of the magnetic moment. The difference be-
tS) tween the two calculations given in Table | is thaPi€u the
. _ ~ neutron orbits fg,, Ofsy, 1py, are empty, while af°Cu
In terms of the effective magnetic moment operator definednhey are taken to be full. This impacts on the calculation of

in Eq. (5), we identify the core-polarization and meson-exchange corrections in that
in the sums over intermediate statesg, y in Egs.(4) and
_ 1/ o= (_} 1 ) P (6) these neutron orbits are part of the sum over particle
%9 = 29\ 22 9= 7397 39%)\ om2 orbits for®’Cu, but part of the sum over hole orbits fSCu.

This effect alone is responsible for most of the difference

5 between u(5'Cu) andAw(5°Cu). If we make the reasonable
89, = - 1(877)1/2gl P (9) assumption that the contribution of these neutron orbitals for
P 6 2M? the odd-mass copper isotopes lying between these two ex-
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TABLE II. Experimental and theoretically calculated magnetic 3/2° odd-mass 5'Cu to %9Cu isotopes vyieldsu(>°Cu)

moments(in units of nuclear magnetomy) for odd-A copper- =1.91uy.
isotopes in theN=Z region. In the calculation described in the previous section, it is
N b . implicitly assumed tha®®Ni is principally a doubly closed-

A N Hn Hmir Mt Hexp shell nucleus and any departure from this can be estimated in
57 28 2.40 2.4EB) perturbation theory. In this scheme, the breaking of the
59 30 248 2241 197 +1.89%9)° closed shells is quite modest. On the other hand, there is
61 32 +2.144) significant evidence mainly from large-scale shell-model cal-

63 34 +2.2232018) culations[14-169 that there is a massive amount of shell

breaking af®®Ni. If this is the case, then the starting hypoth-
esis of our calculations is poor, and hence the poor result in
the comparison of theory with experiment for tH€u mag-

2.227205731)
2.227345614)

65 36 +2.3816@5) netic moment. Indeed, we could reverse this argument by
2.3816119) stating that the measured magnetic momentf@u pro-

67 38 +2.542)" vides further evidence of the massive shell-breakingfisi.

69 40 2.87 +2.8d1)° Further, since the measured and calculated magnetic mo-

ments for®Cu are in good agreement with each other, one

*Theoretical predictions from the shell-model; see Sec. IV. o .
b could even argue tha®Ni, with N=40, is a better doubly

bPredictions from systematics of mirror nuc[&i.

°Erom the Table of Nuclear Momen&3]. magic closed-shell nucleus thaNi. In view of this a mea-
dExtrapolation based on a straight line fit to the experimental datgurement of the magnetic moment of the “closed-shell-plus-
for 61-5Cy, one” nucleus’’Cu now becomes even more important. Such
®This work. a measurement is actually being planii&d].

"From Retf.[6]. Of note is a recent study df,, valence states in nuclei
%From Ref.[5]. with A<56 by Speidelet al. [18]. These authors carry out

both perturbation-theory calculations and shell-model diago-

nalizations in examining the systematic behavior of the mag-

netic momenty factor over a sequence of nuclei. Their re-
tremes is proportional to the neutron population, then we cagults showed a surprising sensitivity to the choice of
get an estimate for the changeu(®°Cu) of the magnetic  effective interaction. This is traced to the key matrix element

moment with respect to the Schmidt value as (f7,2f7,2|v|f7,2f5,9|:2¢:1 being ill determined. For example,
2 in the Kuo-Brown interactiof19] this matrix element is
Aup(>°Cu) = Ap(3'Cu) + —[Au(%°Cu) - Au(®"Cu)] obtained from a bar€& matrix and a core-polarization cor-
12 rection asG+Gg,1,=-0.124+0.124=0 MeV. This strong
=-1.31uy, (10 cancellation, therefore, explains why this matrix element is

ill determined. In our study opg, valence states in copper
isotopes, our key matrix elements contributing to the
CRRPA) correction are(mpzmpsy| V| vf7vfs)- and
V. DISCUSSION AND CONCLUSION (mP35mP32| V| 7rf 7 57t 2121 Both contribute to the calcula-
Table Il and Fig. 3 summarize all presently available ex-tion of >’Cu, but only the latter t6°Cu. With the Kuo-Brown
perimental magnetic moments for the aflatopper isotopes, interaction, these matrix elements a@tGgpn=-0.421
as well as the results from the shell model calculations de+0.070=-0.352, and G+Ggp.1n=—0.904-0.061
scribed in the previous section and predictions for the mo=-0.965 MeV, respectively. In these cases &g ,, terms
ments of°°Cu deduced from the correlation between thegive only a modest correction, so we expect the dependence
ground state gyromagnetic ratios and superalloatecay on the effective interaction to be less dramatic in our study.
transition strengths of the mirror nuclei established in RefNevertheless, if an effective interaction can be found that
[8]. Also listed is the extrapolated value obtained from fitting strengthens the first particle-hole matrix element, while leav-
a straight line to the available experimental data¥oP*Cu.  ing the second unaltered, then this would lead to an improve-
The estimateu(®°Cu)=2.48uy that is obtained from the ment in the theoretical understanding of the magnetic mo-
shell model calculations stands at considerable distance froment data.
the experimental value of +1.8@)u,. It is doubtful, how- Finally, our result can also be compared to the prediction
ever, that a shell-model calculation based d¥=28 closed- which Bucket al. [8] recently obtained from the linear rela-
shell core will produce a result significantly different from tion they deduced between the ground stafectors and the
Eqg. (10). The real problem is that the calculated magneticsuperallowed3-decay strength of mirror nuclei
moment in the closed-shell-plus-one nucléBu stands so
far from the extrapolation of known data on odd-mass copper
isotopes shown in Fig. 3. Indeed, fitting a straight line
through the experimental magnetic moment values for the tmir(P%CU) = 2.2411) uy. (11

corresponding tQu,(°Cu)=2.48uy.
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Clearly, this prediction is not in very good agreement with ACKNOWLEDGMENTS
the experimental value either. It is based on the experimental
log ft=3.692) for the mirror isotope®Zn. Inserting our ex- We are very grateful to V. Fedoseyev and D. Fedorov for

perimental value for the magnetic moment ¥€Cu in the  the operation of the RILIS ion source. This work was sup-
relations deduced in Ref8] yields log ft(*®Zn)=-3.751),  ported by the Fund for Scientific Research Fland&&/O),
which differs slightly from the experimental value, and in the IHRP program of the European Commissi@ontract
addition provides a new prediction for the magnetic momenfNo. HPRI-CT-1999-00018 and the Grant Agency of the
of the mirror isotope9Zn, i.e., wmi(°°Zn)=-0.282) uy. Czech Republic.
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