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Magnetic moments of %8Cu%™ and °Cu? ™™z nuclei measured by in-source laser spectroscopy
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We have obtained information on the atomic hyperfine splitting and, hence, on magnetic moments in
neutron-rich®7Cu isotopes by scanning the frequency of the narrow-band laser of the first excitation step in
the resonance ionization laser ion source. The deduced magnetic momen(Siare?,1 "=1") = +2.48(2)

X(Nun, w(BCU"1™=6")=+1.244)(6)uy, and w(°Cu™,|"=1")=+1.864)(6)uy, um[°CE,I™
=(67)]=(+)1.507)(8)wn - The results of the scans analysis points out the existence of a new isomer,
70cu™. Its deduced magnetic moment is }3.50(7)(11)uy , in good agreement with tH€ =3~ assignment.

The method of in-source atomic spectroscopy, as well as the analysis of the obtained data, is described. The
results are discussed in terms of single-particle configurations coupled f8\heore.
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[. INTRODUCTION alternative technique, allowing a rough determinationgof
factors of any nuclei produced by the ISOL method. Most of

A subshell closure &= 40 has been the subject of inten- the recent results frong-decay spectroscopy measurements

sive studies in recent years. This interest was triggered by th the region of neutron-rich Ni, Cu, and ¢6-8,13 were
observation of a high excitation energy of the first Bvel obtained at the LISOL and ISOLDE facilities by using reso-

in 58Ni [1]. To investigate the strength of the subshell closure2¢€ ionization laser ion sourddss, 14. The high chemical

t studies involved in-b imelits ] selectivity of two- or three-steps resonance ionization pro-
many recent studies Invoived In-beam expermeras cesses as well as a high ionization efficiency makes the

and p-decay spectroscop{5—8| of nuclei in the region R |S a very powerful tool for the production of exotic
aroundZ=28, N=40. The results of these experiments sug-nyclear beams. Moreover, laser ionization in a RILIS can be
gest that the stabilizing effect of thé=40 shell gap disap- used for in-source atomic spectroscopy of rare short-lived
pears with the addition of a single nuclepfi. In this con-  isotopes.

text, measurements of magnetic moments of nuclei in the The idea of atomic in-source spectroscopy in a RILIS can
vicinity of ®Ni are of special interest, since they essentiallybe described as follows. Two or three lasers at resonant fre-
probe the single-particle degrees of freedom and provide ne@uencies ionize the atoms of interest. A narrow-bandwidth

information, complementary to that obtained from nuclear@Ser i used for the first excitation step allowing to probe the
hyperfine splittinggHFS) of the atomic states by scanning

spectroscopy. : L :
. s _ 69 the frequency of the first excitation step and by simulta-

B Magnetic moments of"Ni (T1’2_. 21 s) ar_1d Cu (Ty neously monitoring the yield of the produced ions.

=3min) were measured recently in an on-ligeNMR ex- This method was pioneered at the Leningrad Nuclear

periment on oriented nucléNMR-ON) [9] andg factors of  physics Institutd15]. In those studies the isotopic shifis
isomeric states in these nuclei were measured via the tim&ome cases the HFSvere measured for thé>*1%m and
differential perturbed angular distributidiiDPAD) on iso-  153-156yp jsotopes[15—17. In the first application of in-
meric projectile fragmentsl0,11]. The applicability of these source atomic spectroscopy at the ISOLDE RILIS, the HFS
techniques has some limitations: NMR-ON is limited to of several silver isomers and the isotope shifts‘of“Be
longer-lived activities, and TDPAD is only applicable to isotopes were measur¢tig]. In-source atomic spectroscopy
short-lived microsecond isomers. Atomic spectroscopy in @f neutron-rich copper isotopes, as well as the possibility of
resonance ionization laser ion sour(RILIS) presents an isomer separation, was recently demonstrated at the ISOLDE
RILIS [19].
In general, due to the high Doppler broadening in the hot
*Corresponding author. Email address: leonid.weissman@cern.atavity of the RILIS the accuracy of these measurements can-
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ot o4 FIG. 1. (a) A schematic illustration of the four

atomic transitions covered by the scanned fre-
quency range. The linewidth of the first laser al-
lows to resolve the ground-state HFSbut not
the excited state HRS. (b) A typical scanning
curve for the stablé®Cu isotope with 1.5 mwW
power of the first ionizing step. Here and in all
the following figures the measured counting rate
as a function of the scanning frequency is given
in arbitrary units. The experimental errors are
mainly due to fluctuations in the laser power.
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not compete with the precisio-NMR measurements or for each frequency setting to average over possible yield
with collinear laser spectroscog®0]. However, an advan- fluctuations. The measurement time was optimized for each
tage of the in-source method is its high efficiency and, hencesotope separately. The background in the Ge detector from
the opportunity to access weakly produced short-lived exotighe decay of surface ionized Ga isobars is negligible at these
nuclei. In this work we concentrate on the analysis of in-masses. The contribution of surface ionized copper ions was
source spectroscopy data and discussion of the magnetic mgfso negligible.

ments obtained for thé&nbu nuclei in the nEighborhOOd of The main concern of these measurements was to ensure
the ®*Ni nucleus. The results of similar measurements ingat possible drifts of the lasers’ power would not affect the
more exotic neutron-rich copper isotopes will be addressergl)hape of the scanning curves. The ISOLDE general purpose

elsewher¢21]. mass-separator has a movable beam deflector system which
allows simultaneous measurement of two or three isotopes at
Il. EXPERIMENT, DATA ANALYSIS, AND RESULTS different beam lines. During the frequency scans the current

of stable ®3Cu or %°Cu isotopes was measured in a Faraday

cup at the low-mass beam line while the yield of radioactive

In the following we present a brief description of the ex- 68.7Cy isotopes was measured bygay detector setup at the

perimental setup; the details of the setup are given in RefCentral—mass beam line. This arrangement allows to reject

[19]. Neutron-rich copper isotopes were produced in fission ff d by a drift of the | q
reactions induced by a pulsed beam of 1 GeV protansr- mea§urements a epte ya r'.t of the laser power an to
A A . monitor other possible systematic errors by comparing the
age current 2A) impinging on an ISOLDE uranium carbide scans obtained with stable isotones
target (50 g/crflJ). The reaction products diffuse from the pes.
target heated to about 2000°C and are guided to an ion
source. Two laser beams at 327.4 nm and 287.9 nm wave-
length interacted with the copper atoms exciting them from The first-step frequency scan covers four optical reso-
the 3d%s 23, ground state via the intermediate nance transitions from the hyperfine levels of the ground
3d'%p 2P, state to the 8%4s5s 2D, autoionizing state state £=2 and F=1) to the corresponding levels of the
leading to ionization. The dye lasers were pumped byexcited state F'=2 and F'=1), see Fig. (@. The in-
copper-vapor lasers. For the first-step transition a narrowsource measurements do not always allow to resolve all hy-
band laser with a bandwidth of 1.2 GHz was used. Its freperfine structure components. This is due to the Doppler
guency was scanned in a range of 20 GHz to probe the HFbroadening of the linewidth in the hot cavity of the RILIS as
of the ground and the first excited atomic states. For thevell as due to power broadening caused by saturation of the
second step a broadband 24 GHz dye laser was used. Thesonant 327.4 nm transition. While the Doppler broadening
frequency of the lasers was monitored with an ATOS LM-is determined by the temperature of the hot cavity and the
007 lambda metefresolution=300 MHz). The duration of atomic mass £ 3.8 GHz at 2000°C for® 7°Cu), the
the laser pulses and repetition rate were 15 ns and 11 kHpower broadening can be reduced significantly by decreasing
respectively. The ionization efficiency for copper atoms washe power of the first laser ionizing step and thus compro-
found in off-line tests to be more than 7f&2]. After leaving  mizing on the ion yield.
the ion source cavity the ions are accelerated by a 60 kV As a result of such a scan, the two atomic transitions that
voltage and mass-separated. The mass-separated ions wetart from the two ground-state hyperfine levels are found to
implanted into a tape and swiftly transported to a detectobe resolvedlines 1-3 and 2—-4 in Fig.(&], but the two
setup. The yield of radioactive isotopes, as a function of thetomic transitions to a particular excited hyperfine lgeey.,
first-step frequency, was derived from the intensities oflines 1-2 and 3-¥are not. The HFS of the ground and
B-delayedy transitions. A 30% efficiency Gki) detector excited states in the stable isotopes are well knp2g)24]
and a 4r cylindrical B detector surrounding the tape were and thus provide a test of the analysis procedure. A typical
used for this purpose. Several measurements were performedrve obtained for the stable isotof&Cu, corresponding to

A. Experimental details

B. Analysis of the scanning curves for the stable isotopes
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FIG. 2. The®Cu scanning curves as a function of the laser power of the first resonant excitation step. The data are fitted assuming “equal
intensities” of the nonresolved transitions. The deduced {8l fit errors are quoted.

a laser power of 1.5 mW, is shown in Figlbl The experi- two parameters to fit the four peak positions: the ground-
mental errors are mostly due to yield variations caused bgtate HFg of the ACu atom and the position of one peak.
fluctuation_s of the laser power. The scanning curve was fitteghttempts to fit the scanning curve with the remaining eight
by four Voigt curves corresponding to the line shape of thefree parameteréthe position of the lowest frequency peak,
four resonance atomic transitions. Each of the Voigt curves ighe HFS, the width of the Lorentzian part of the Voigt

a convolution of a Gaussian with a fixed 3.8 GHz width cyryes, four independent amplitudes of the Voigt peaks, and
(Doppler broadeningand Lorentzian width used as a free 5 constant backgroundailed to produce the correct values
parameterpower broadening The ratio of the first excited of the known HF§(65CU): 12.5697 GHz[23]. Therefore

to thﬁ gr'ound—statedHIIZS Il<n the coppt;ar atog_ﬁlzoes_not deperwe have tried a simple approach to further reduce the number
0;3 t2 € ll?r?topet' an I IS Pownt to et '_U:f[ Sgtr: O'O?Gt. of fit parameters. As the transitions to the excited hyperfine
[os'itif)]ﬁs 'gf rat;]oea f(c))\llJVrS ?/o?tjtiailons égll?ss Olgaviﬁ re Eci)r:\lle splitting levels are not resolved because the laser linewidth is
P 9 P ' 9 Y much larger than the HE$(4 GHz compared to 1.2 Ghiz

we have assumed that the intensities of lines 1 afith@s 3

TABLE |. The parameters obtained from fitting ti%&Cu HFS . . .
P g and lines 4. originated from the same hyperfine level are

scans taken at various laser powers. An additional 3% scatterin

error is adopted in the final HFS value. equal. This constraint leads to a simplified fitting procedure

of the scanning curve, which we refer as an “equal intensity”

Power HFS, Central frequency Ratio of peak fit, with six free parameters. The result of such a fit gives
(mw) (GH2) (cm™b amplitudes 12.487) GHz [Fig. 1(b)] for the HF$(®*Cu), in a good

agreement with the tabulated value.

L5 12.487) 30535.242) 1.90£0.11 To check the stability of the fit we performed several
5 12.489) 30535.212) 1.91+0.11 scans for the stable isotopes at various values of the laser
12 12.5114)  30535.262) 1.950.12 power. As shown in Fig. 2 the shape of the scan curves
25 12.27137) ~ 30535.2%2) 1.70+0.13 changes significantly with increasing power. At the highest
Tabulated value 12.5697 30535.302 laser power the peak amplitude.ratio approa.ch'es the _expected
saturation value which is the ratio of the statistical weights of
%Referencd 23]. the F=2 andF=1 hyperfine levels, 5/3. However, the val-
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ues obtained for the HESand the central frequency stay It was noticed that in the case of the unresolved overlap-
constant within the errors, until the highest laser power iing resonance®{Cu™ scan a slightly larger width of the
applied (see Table ). These results give confidence in the Voigt curves leads to a better fit. This may be due to optical
analysis procedure. The errors quoted on the pictures and PHMPIng effects that enhance the signal in the center of the
Table | are as deduced from )& fit. In addition to the fit ~Scanin the case where the HfF&e comparable to the line-
errors we also introduce a conservative scattering error ofidth (4 GH2). Here and below we will present the results

3%, which reflects a possible systematic uncertainty due t{)or the fit of the isomer scans for _the same width of the Voigt .
changes of the HFS value with the laser power curves as for the corresponding fits of the ground-state nuclei

Apart from these simple, “equal intensity” fits we have scans. In the case of thg unresolved scans of the isomer; we

' o . : increase the conservative error to 5% due to the possible

also attempted to calculate relative intensity ratios for theoptical pumping effects

four atomic transitions and to use these ratios in the fitting™ 1 . aquced atomic.ground—state hyperfine splittings, in-
procedure. Brief details on these “relative intensity” fits are cluding the scattering error, are 1657 GHz for the 53CL '
given in the Appendix. nuclear ground state and 833 GHz for the isomeric state.
For atomic transitions between electron sgin 1/2 states,

C. Results for radioactive **Cu®™ and "%Cu®™ ™ isotopes  the HFS are related to the nuclear magnetic moment and the

For a typical 50 mW laser power in the first resonanthuclear spinl as follows[20]:
excitation step, the yields of®Cw® and %8Cu™ were 2.3 (1+1/2)
x 10" and 1.1X 10° ions peruC of the proton beam. The HFS=A- (1+1/2)=2uB;- ——, (1)
corresponding yields of°Cw?, °Cu™ and °Cu™ isomers

\/ \/
(see below were 9.0<107,3.8<10°, and 1.8¢10" atoms, whereA is the hyperfine dipole coupling constaBy is the

respectively. The use of a Gedetector allows the measure- hyperfine field, andJ is the electron spin. The isotope-
ment of the HFS of both isomers during the same frequenCYndependent Hyperﬁne fielB, can be deduced from

scan by monitoring the yields of specifig transitions. To 1o known magnetic momentu(=2.38161(19),) and
scan the HFS of these radioactive isotopes, we have reducegk: of the 1=3/2%Cu ground state[23], giving

the laser power of the first ionizing step to 5 mW in order tOBJ=1.9792(2) GHz/uy. Thus the magnetic moment can

decrease the linewidth of the transitions. This power wag,q geduced from the measured HRS each nuclear state
sufficient to obFam high enough ion y@lds, such.that in mOSIprovided its nuclear spin is knowfor a certain spin is as-
cases the statistical error on theline integrals induces a sumed.

minor source of uncertainty. The extracted values for the magnetic moments are
1. Results fOTGSCUg'm ,LL(GSCUQJ — 1): +24&2)(7)M‘N ,
The simplified schemes of®CW¥ (T,,=31.1 s) and .
88Cu™ (T,,=3.75 min)[25] are shown in Fig. @) together u(>CU™1=6)=+1.244)(6) uy,

with two examples ofy spectra: one spectrum corresponds to _

a laser frequency favoring the high-spin isomer, and anothefnere the quoted errors are the error of the fit and the
one to a laser frequency favoring the low-spin ground-stat@dopted scattering error, respectively. The sign of the mag-
production. The measurement time was chosen to be 30 s fiftic moments is positive corresponding to the more intense
enhance the contribution of th&Cwe ions which are pro- |€ft peak of the scanning curve.

duced by a factor of 5 less than the high-spin isomer. The S
yield of %Cu™ ions was monitored by an internal transition 2. The results forCu%™2

(IT) 529 keV y-decay line to the®®Cw? state (the isomer A first attempt to measure the HFS dfCu has been
decays only with a branching ratio of 16% jpydecay. The  reported in Ref[19]; unfortunately the scan was stopped
yield of ®8Cw ions was monitored by the intensity of the abruptly due to technical problems with the laser setup.
1077.4 keVB-delayedy transition and was corrected by the Therefore the obtained values of the magnetic moments have
intensities of the 1041.3 and 525.9 keV lii@%] to substract large experimental errors. We have repeated these measure-
feeding from the high-spin isomer. The scans for fiew’ ments under better conditions.

and ®8Cu™ isomers are shown in Figgab. The errors in Two B-decaying states in’°Cu, one feeding low-spin

the ordinate reflect the fluctuations of the laser power andtates T,,=5 s) and one high-spin state3,=42 s),
statistical errors. The HFS of th&CuW? atom are well re- have been observga5]. A 10 s measurement time after each
solved while they are not resolved in the case of $f@u™, implantation was chosen to enhance the counting from the
implying a smaller nuclear magnetic moment for the isomerlow-spin isomer. During the monitoring of the intensities of
We emphasize again that a scan of #ff€u isotope was variousy transitions as a function of the laser frequency we
performed simultaneously at the low-mass beam line of thdnave observed three different types of behavior giving evi-
separator to ensure correct measurements. The width of tldence for the existence of thr@edecaying states. As will be
Voigt curves in the fitting of the®®Cwe, ®%Cu™ scans was clear from the results and discussion below these nuclei
kept identical to that simultaneously taken at the “low-mass”states most likely correspond to"1 6, and 3~ isomers

5Cu scans. with corresponding half-lives of 6(B) s, 44.52) s, and 38)
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s, correspondingly. The relative placement of the isomers isvas obtained by monitoring a strong 1252 keV transition
presented in Fig ®). Note that two isomers also decay which is fed only in decay of the high-spiffCl® isomer.
through internal transitiondT’s). The 141 keV IT between The magnetic moment obtained from the scan is

Ocu™ and 7°Cu™ isomers is rather weaa few percent of

the total number of decaysTherefore the feeding between w(%CW)=(+)1.507)(8) uy-

the two isomers causes a small effect on the laser scans. The

branching ratio for the 101 keV IT from th®Cu™ isomeris  The positive sign of the magnetic moment can be assigned
much higher &50%). However, due to the relatively low tentatively.

production rate for the latter isomer and the short measure- The scan shown in Fig.(B) was obtained by monitoring
ment time of 10 s the internal decay does not distort signifiintensities of 101, 209, 387, 553, and 709 keV transitions.
cantly the laser scan results f6iClE. The arguments for the All these transitions, except for the 101 keV IT one, originate
presented placement of the isomers, as well as details on tfieom a 3246 keV excited level if°Zn [12]. The shape of the
decay of each individual state, will be addressed in a futurecan curve in Fig. ®) is significantly different indicating the
publication[12]. The scans corresponding to the three iso-existence of a new’Cu™ isomer, which has a maja-decay
mers are presented in Figgah(b),(c). The scan in Fig. &) branch ratio to the 3246 keV level. The inverse amplitudes
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FIG. 5. The results of laser scans f6Cw (a), °Cu™ (b), and

w("CuM)=(—)3.507)(1) uy .- °Cuy™ (c) isomers. The laser scan fdfCu™ (1*) was obtained
from fitting the decay curves. The deduced HFS and fit error are
The nuclear spind=6 andl=3 were used in Eq(l) for  quoted.
extraction of the magnetic moment ¢fCW? and "°Cu™,
correspondingly(see discussion relative productions of twd°Cw®'™ long-lived isomers. The
Finally, the low-spin’°Cu™ isomer can be monitored by isobaric "°Ga contamination having a long half-lifeT {,,
141 keV IT and by a 874 keV transition, which is free from =21.15 min) corresponded to a constant background into
any significant feeding from other isomers. The result ofthe fits. As a result of these fits we obtained thtensity of

these measurements gives the short-lived component as a function of the laser fre-
70 quency [Fig 5(c)]. The extracted magnetic moments,
p(TCU™)(I=1)=+2.07114)(6) uy - w("°Cu™)=+1.844)(6), are inagreement with the data

obtained from monitoring the-line intensities. The/°Cu™

. 7 2
The deduced magnetic moment GCU™ has large errors emagnetic moment obtained from the two measuremehts is

due to poor statistics. Therefore, we performed an alternativ
measurement, using the large differences in half-lives be- w(Cu™,I=1)=+1.864)(6)uy-
tween "°Cu™ and otherB-decaying states. The counting rate
in the 4B detector was monitored as a function of time for
about 1.5 to 2 min after the implantation, and for each ap-
plied laser frequency. The decay curves were fitted by two The nuclei aroundZ=28 andN=40 are expected to be
exponential decays, one with the half-life of the low-spindescribed in terms of single particles coupled to fi§Ni
isomer[6.6(2)9, and another exponential decay had a half-

life as a free parameter and corresponds to an effective long=——

lived isomer. During the scan the fit result for the latter half- 1Only statistical errors from the fits were used for averaging the
life varied in the range of 35-48 s reflecting different two measurements.

Ill. DISCUSSION
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TABLE II. Comparison of the experimental magnetic moments with calculated values obtained by the
additivity theorem using asps,, vp1, andvggy, single-particle magnetic moments the Schmidt values and
the empirical values obtained from tA&i, 8’Cu, ®°Cu, "*Cu, and®’Zn measuremeni®Refs.[9,28,25). All
magnetic moments are jay units.

Schmidt Empirical(set 1 Empirical (set 2 Experimental values
Odd protonrpg), +3.79 + 256 ("*cufcu)) + 2.69¢%°Cu.ft’Cu))
Odd neutromp,, +0.637 + 0.6053 €'Ni) +0.6053 £'Ni)
Odd neutromgg, -1.91 —1.097 €zn) —1.097 €7zn)
8CW 1" 7pgprpys +2.84 +1.94 +2.482)(7)
Cu™ 1% mpgwpys  +2.84 +1.83 +1.864)(6)
B8CU™ 6~ wPgaLrYgn +1.88 +1.46 +1.244)(6)
0CLE (67) Par Uy +1.88 +1.59 (+)1.507)(8)
Cu™ (37)mwpaprge,  —4.59 -2.92 (-)3.507)(11)

core. The protons above the=28 shell closure will fill the  the lowest energy and the result of Paar’s calculati@3
P4 Orbitals. BelowN =40 the neutrons occupy th®,fs,  suggests that the Gstate is the lowest in energy. The 101
and py, orbitals while above, theg, shell is filled. There- keV IT observed in Ref[12] can be interpreted as the cor-
fore magnetic moments dfCw¥ and °Cu™ should corre- respondingV 3 transition between the excited &nd the &
spond to therpg,vpy3 configuration, while those offCu™ ground states. A5 assignment of the spin and parity for the
and 7°Cu™ 9 should correspond to theps,rgey, configu- ground state would not be compatible with the existence of a

; ; in 70
ration. Theoretical calculations show that the application oith'rdl (,jfg’-tdtle(cayllrllgthstahe (3) in i Cutﬁs _tl_hhen a fasEZIdecafy th
%8Ni as a core is quite successf@l6]. The negative parity %c():u o hf”‘ he- a'n 's%mgfag .ﬁt.rfnr;g[el' cor?nzrc);g dvznu;eos 'ne
states of ®*Ni are, however, interpreted ag,, and vfs, & g S]E" Ih ! IL ! | )IIGPZ : P!
holes coupled to °Ni core[7] assignment for 7toe 3038 keV leve n since approxi-
Itis of int 10 i t. h Il th d mately 58% of ""CW beta decays proceeds via that level
t1s ofinterest to investigate how well the measured mag 12]. Only the 5 spin/parity assignment for the 3038 keV
netic moments agree with the extreme single-particle mod

TR e _ vel is consistent with the Bspin value of the’°Cl? iso-
prediction given by the additivity relatiof27]. In Table Il or There is some disagreement in the literature regarding

the experimental magnetic moments Bt"Cu nuclei are the spin assignment for the 3038 keV level. Although this
compared to calculated values obtained from the additivityeye| has been assigned as i the nuclear data sheets and
relation using themps;,, vpiz, and vge, single-particle | =4 in the table of isotopei34,25 the results of {,p) and
magnetic moments from the Schmidt values and the empiri¢p p) reaction studie$35,36 suggest a 5 assignment for

cal single-particle values obtained from tHéNi, ®'Cu, this level® The recent data from g-decay spectroscopy ex-
%9Cu, "Cu[9,28], and °"zn [29] experimental values. The periment12] suggest that the spin value of the level is larger
averaged magnetic moment of thkCu and®Cu nuclei was  than 4. In contrast to that, in recent in-beam, multinucleon
used as the bestps, single-particle estimate fof’Cu nu-  transfer studies, the "4 assignment for the level was sug-
clei while the corresponding averaged value of #@éu and  gested38]. This assignment is based on a transition from the
57Cu magnetic moments was used for f€u case. As has level at 3038 keV to the first excited"2state; such a ray
been observed in the early 195030] such estimation based Was not observed in our decay study].

on empirical single-particle moments provides quite reliable The strong dependence of the deduced magnetic moment
results over the whole nuclear chart, although even the use @0 the assumed spin of the Isomers supports ahd 6

the Schmidt values frequently provides surprisingly good es@ssignments for thé°’Cu™ and ")C# isomers. In Fig. 6 the
timations[31]. Indeed, as it is seen in Table Il the measuredeXPerimental results are compared with the values calculated
magnetic moments of ®%Cu are within 20% agreement ©F the different spins of therpg,;rge, multiplet. Two sets
with the calculated values. A possible explanation of the®! calculations corresponding to Schmidt and empirical

somewhat larger disagreement between the empirical es ingle-particle values are giveigee also Table )I Clearly

. : he 3~ and 6 assignments for’Cu™ and "°C?, respec-
mate and the experimental value $#CW? can be an admix- ST : » FESPEn
ture of the ground state with excited” llevels. Such an tively, are favored. It is quite interesting to observe in Fig. 6

) 1o -1 , ) : that the averaging of the calculated magnetic moments based
admixture of them(f7;p3,v15;2)1+ configuration with the o the Schmidt and the empirical single-particle values pro-
ground state may cause an increase of the magnetic momenjges the better agreement with the experimental results.
Note that in the®’Ni isotope we have found that the experi-  Note that Ishiiet al. [39] come to a similar conclusion
mental g factor of the 9/2- isomer also deviates strongly regarding the spin assignment when they discuss the mem-
from the empirical single-particle valu¢$l]. bers of the wpsprgg, multiplet suggested from a

The spin value of th°CW? state is subject to a certain
controversy. Therps,rgg, configuration leadsto a3 47,
57, and 6" multiplet. The modified Nordheim ruled2] pre- 2In the earlier evaluation the Sstate was also assigned for the
dicts that from this multiplet the 3and 6 states will have 3038 keV level[37].
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3 IV. CONCLUSION
2 - - - - The applicability of in-source spectroscopy to magnetic
£ 4 = - - ¢ Y moment measurements of radioactive nuclei has been dem-
= s onstrated. The advantage of the method is its high efficiency
g 0 which allows measurements of magnetic moments of more
g . exotic nuclei by application of3, y, neutron, andr detec-
L 5 . tion. The use of the high-resolutiop detectors(or charged
2 . particle detectors in the case af emitters[42]) is more
c;u’ 3 M 5 - o important in the case of a mixture of several isomers, since
-4 = Cu the HFS of all isomers can be measured during the same
5 . . . . laser scan. As an alternative to monitoring the intensities of
3 4 5 6 individual y rays the fitting of decay curves can be used to

obtain the same information.
A disadvantage of in-source spectroscopy is the large line-
FIG. 6. Calculations of the magnetic moment of ts,vggy width due to the strong Dopp_ler brt_)adening which hampers
single-particle configuration as a function of the isomer spin aréN€ analysis of the scanned intensity curves. In the case of
compared to the experimental results T8EU#™ isomers. Two sets N€avier nuclei the Doppler broadening is reduced and, thus,

of calculations corresponding to the Schmisjuaresand empiri-  More af:curate measurements are possible. )
cal (diamonds single-particle values are giveffable I)). The av- In this work we have measured the magnetic moments of

eraged magnetic moment 8tCu and%*Cu was used as the best °°Cu?™ and "°Cu?™ ™2, The results can be explained quali-

P4, €mpirical single-particle estimate for tH8Cu nucleus. The tatively by a simple model with single particles coupled to
experimental magnetic moments depend weakly on the assumdhe ®®Ni core. The measured magnetic moment of the high-
spin of the isomer according to E(l). The dashed lines serve only spin isomer in’°Cu indicates that"=6" is probably the

to guide the eye. spin/parity assignment to this state.

The scan obtained by monitoring a certain setyafan-
sitions reveals the existence of a new isomer'i6u. The
deduced magnetic moment is consistent with @s 3~ as-
signment for the isomer. In general, the in-source scan mea-
surements combined witB-delayedy spectroscopy is a use-
ful tool for the search of new isomeric states, as well as for
the isomers in spin/parity assignments.

Spin of the isomer

%Zn(*He t) "°Cu measuremen#0]. The 6 assignment for
the "°CW? isomer also fits into the systematics of the 6
states in the lightef5¢5€u isotopeg[25]. The magnetic
moments of °)Cw?, %8Cu™ are compared in Table Il with
those of 84Cu™, 5éCu™ measured in Ref[41] by time- ACKNOWLEDGMENTS
differential perturbed angular correlation methods. As it is
seen from Table Il the magnetic moments of all Bomers

are reasonably close to the calculated empirical values.

We would like to acknowledge the ISOLDE technical
group for assistance during the experiment. We are also
grateful to Professors R. Neugart, J. Rikovska, N. J. Stone,
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P P 9 acknowledges support from the F.W.O.-Vlaanderen.

mations for magnetic moment values although for some iso-
topes the estimations are about 20% off. It is not possible APPENDIX
based on these results to obtain any conclusion regarding the

magicity of the %Ni core. Apart from the simplified “equal intensity” fits we have

attempted to calculate the intensity ratio for the four atomic
transitions which determine the laser scan shape. The transi-
tion probabilities have been calculated by taking into account
) ) . ) the dependence of the two-photon excitations on the spatial
TABLE 1Il. C_OTGF;"’}Q%O” of the experimental'isomeric mag-  anq time power distributions of the exciting laser beams, on
netic moment_s ir+66:687¢y nuclei to'the cglculated emplrlcal MO- ihe linear polarization of the exciting laseisausing a non-
melm.s assum'k?g a dpu"ep3’2"gg’2 C?nf'ghurat/'gn' The.eggﬂﬁga" uniform population of the magnetic sublevels of the hyper-
;lrig ttlﬁzsgilzrest:tzeing%:llg(éF?;‘ts Ir[89 giratzqe)S state in Y fine levely, and on the nuclear spin determining the hyper-
e fine F-quantum numbers. In this model the lifetime of the
intermediate state, a possible delay between the lasers’
pulses, and possible optical pumping and coherence effects
during the laser pulse duration have not been taken into ac-

Nucleus Excitation Experimental Empirical
energy(keV) moments f) moments f)

sacym 1594 +1.063) +1.21 count[43]. The relative intensities for the four transitions can
ellil 1154 +1.0393) +1.36 then be calculated as a function of the nuclear spin and the
&cym 721.6 +1.244)(6) +1.46 laser power. The obtained relative intensities are given in
oC e (0 (+)1.507)(8) +1.59 Table IV. All intensities are calculated for the 5 mW laser

power of the first step and vary slightly with increasing laser
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TABLE IV. Relative intensities of the four transitions involved E
in the resonant excitation of the Cu atoms, with respect to the in- 2 SCu 1.5 mwW
tensity in line No. 1, as a function of the nuclear spin and the laser b
powe?/, calculated using the model described in IRZEF;] All inten- - ot HF$=12.20(15) GHz
sity ratios are calculated for 5 mW laser power of the first ionizing é F
Step' _: 0.015 f
£ E
Spin (9 I5 I3 Iy E 3
3/2 1 0.255 1.185 1.270 Em, 0.0105
1 1 0.193 1.848 1.534 = £
2 1 0.366 1.200 1.214 0.005 F
3 1 0.425 0.974 1.117 E
4 1 0.452 0.859 1.074 A. oo 2.
5 1 0.466 0.786 1.051
6 1 0.475 0.741 1.038 020 68Cym
g HFS=5.15(15) GHz
=
_: 0.15
power value. The calculated intensity ratios allow to reduce &
the number of free fit parameters to five: the position of peak &
1, the intensity of peak 1, the linewidth, a constant back- £ ®1¢
ground, and the atomic ground-state HFS. An example of k=

such a fit for the®>Cu laser scan for the 1.5 mW laser power

of the first laser step is shown in Fig(a). Using these ad-
ditional conditions on the relative peak intensities, we ob-
tained the fit results for th€°Cu laser scans for the various b.
laser power values. The adopted values $6€u HFS and
the central frequency, as deduced from these “relative inten-
sity” fits, are 12.3035) GHz and 30535.32) cm 1, respec-
tively. These results are in good agreement with the “equal
intensity” fit result and the literature valu€rable ). The
“equal intensity” fit seems to give a better agreement for the
deduced HFS, whereas the “relative intensity” fit gives a
better agreement for the central frequency. The fits with
“relative amplitudes” of the stabl@°Cu laser scans are quite
satisfactory considering the reduced number of fitting param- 0.05
eters. The corresponding fits of tA&’Cu™ scan curves also

yield good agreement with the “equal intensity” resUlEg. C.

0.05

0.0

68Cug
HFS=14.50(15) GHz

0.15

0.10

Intensity (arb. units)

7(c)]. However we have not managed to obtain a good fit " 305348 305350 305352 305354 305356 305358

with calculated relative intensities for odd-od8’Cwe iso- Frequency of first transition (cm™)

topes. An example of such a fit f§fCLP is presented in Fig.

7(b). It is very surprising that by using the relative ampli- _ FIG. 7. The “relative intensity” fits with amplitude ratios from

tudes corresponding to dr=2 nuclear spin(Table 1V) one Table IV performed61;0|(a) a laser .Z,can of°Cu at 1.5 mW the first

m
can obtain a good fit. However, from the spectroscopy datiSer step poweth) “Cu™, and(c) °**Cu™ scans. The deduced HFS
one can confidently claim that the ground statf¥gu cor- g and fit errors are given and can be compared with the correspond-
responds to the nuclear sgir 1. It is most likely that not all ing results of the "equal intensity” fit¢Figs. 2 and 4, (b)].
physical phenomena are appreciated in the model. Furthgiented in Figs. 2, 4, and 7 that whatever fitting method is
theoretical efforts are needed to provide better understandingsed in the analysis of the laser scans, the extracted atomic
of the scanning curves obtained with the in-source spectrosHFS and, hence, the nuclear magnetic moments are close
copy method. It is clear however from the examples prewithin the quoted errors.
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