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Magnetic moment of the isomeric state of 7>Cu measured
with a highly spin-aligned beam
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The magnetic moment of the isomeric state of the neutron-rich >Cu nucleus was measured using
a highly spin-aligned beam produced via a two-step reaction scheme. In the experiment carried out
at the BigRIPS at RIBF, we achieved to produce spin alignment reaching 30% by employing the
one-proton removal from 7°Zn to produce 7>Cu. In the magnetic moment measurement, a method of
time-differential perturbed angular distribution (TDPAD) was employed. Precession of the isomeric
state with spin parity of 3/2~ was clearly observed with significance larger than 5o in the TDPAD
spectrum. The magnetic moment of the isomeric state of ”Cu was determined to be y = 1.40(6)ux.
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The nuclear magnetic dipole moment is one of the fundamental observables a nucleus intrinsi-
cally has, and provides us key information about the proton and neutron configurations in the nucleus.
In the study of nuclear structure through the measurement of the nuclear electromagnetic moments, a
technique to produce spin orientation of rare-isotope (RI) beams has played important roles. Recently,
a study of the structure of neutron-rich Cu isotopes from a measurement of the magnetic moment of
an isomeric state of 7Cu was reported [1], where a two-step reaction [2] was employed to produce
spin alignment (rank-two orientation) in the RI beam of 7>Cu. This paper provides complementary
experimental details, which were not presented in Ref. [1].

The two-step reaction scheme achieves high-spin alignment by utilizing a close relation existing
between the angular momentum transferred to the fragment and the direction of the removed momen-
tum [3] in the second reaction of projectile fragmentation (PF). At the same time, high production
yields of RI beams are ensured by combining a technique of momentum-dispersion matching for the
ion optics at the beam transportation. It has a clear advantage to produce spin alignment for Rls, for
which the spin alignment would have tended to significantly attenuate if the conventional single-step
PF reaction was employed. Ref. [2] demonstrated the production of 8% spin alignment in the isomeric
state of 32 Al with a spin parity of I* = 4* from the projectile of “*Ca via ¥ Al (I" = 5/2%).

The two-step reaction scheme to produce a highly spin-aligned RI beam was employed in the
magnetic moment measurement of an isomeric state of a neutron-rich nucleus of ”Cu. In the neutron-
rich Cu isotopes, an intriguing shell evolution was reported, that the ground-state spin parity is
changed from 3/2~ to 5/2~ at "°Cu, as a result of the migration of the 5/2 levels accompanied
by the increase in the neutron number [4—6]. The 5Cu nucleus has two isomeric states at 61.7 keV
(3™ Cu) and 66.2 keV (7>™2Cu) directly decaying to the ground state [7]. They are expected to have
spin parities of either I™ = 1/2~ or 3/27, the latter of which is based on the ground state of >Cu. This
work aims at measuring the magnetic moment of the 3/2~ isomeric state which is key to verifying
the shell evolution from the viewpoint of the orbital configuration.

In this work, a new scheme of j-I correspondence was incorporated to the two-step reaction
scheme, that the one-nucleon removal from the ground state of an even-even nucleus with spin parity
of I" = 0" was employed as the second PF reaction. When a proton occupying the p3/, orbital
with angular momentum j = 3/2 is removed from the 0* ground state of 7°Zn, a state with spin
I = 3/2 (= j) in the final fragment of 7>Cu should be preferentially populated via a direct process,
and the simple relation between the direction of spin and the kinematics maximizes the magnitude of
spin alignment.

The experiment was carried out with the in-flight superconducting RI separator BigRIPS [8] at
the RIKEN RIBF facility [9]. The RI beam of ”Cu was produced in the process of the two-step
reaction from a primary beam of 23U via an intermediate product of 7%Zn, as shown in Fig. 1. In
the reaction at FO, 7°Zn was produced by a fission reaction of a 345-MeV/nucleon >3¥U beam on
a Be target with a thickness of 1.29 g/cm? chosen to provide a maximum production yield for the
secondary '9Zn beam. A wedge-shaped aluminium degrader with a mean thickness of 1.65 g/cm?
was placed at the first momentum-dispersive focal plane F1.

The secondary 7°Zn beam was impinged on a second target of wedge-shaped aluminum with
a mean thickness of 0.81 g/cm?, placed at the momentum-dispersive focal plane F5. Here, the ter-
tiary beam of 7*Cu was produced through a PF reaction of the one-proton removal from 79Zn, that
populated the isomeric states at the same time. The 7>Cu beam was subsequently transported to the
double-achromatic focal plane F7 under the condition that the momentum dispersion between F5 and
F7 was matched to that between FO and F5. The momentum selection to produce the spin alignment
was performed in the analysis using information from two parallel-plate avalanche counters (PPACs)
placed at the double-achromatic focal plane F7. Only events where beam particles were detected
within a horizontal region of £12 cm were analyzed.

The 73Cu beam was introduced to an experimental apparatus for the time-differential perturbed
angular distribution (TDPAD) measurements. The TDPAD apparatus consisted of an annealed Cu
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Fig. 1. Production of 7>Cu in the two-step reaction scheme along the BigRIPS beam line. A primary beam
of 22U was incident on a primary target located at F0. The projectile fragments were analyzed and selected in
the BigRIPS beam line, where F1, F4, F5 and F6 are the momentum-dispersive focal planes and F2, F3 and F7
are the double-achromatic focal planes. In the present experiment, a second PF reaction producing 7Cu from
767Zn occurred at F5. The inset shows the apparatus used for the TDPAD experiment that was placed at F8.

crystal stopper, a dipole magnet, Ge detectors, a plastic scintillator and a collimator, as shown in the
inset of Fig. 1. The Cu stopper has a thickness of 3.0 mm and an area of 30x30 mm?, and the dipole
magnet provided a static magnetic field of By = 0.200 T. Emitted y rays were detected with four
Ge detectors located at a distance of 7.0 cm from the stopper and at angles of +45° and +135° with
respect to the beam axis. Three of the four Ge detectors were planar-type ones and the remaining one
was of coaxial type. The plastic scintillator has a thickness of 0.1 mm and was placed upstream of
the stopper, the signal from which provides a time-zero trigger for the TDPAD measurement. The
TDPAD apparatus enables us to determine the magnetic moment, by observing the changes in the
anisotropy of the de-excitation vy rays, emitted from spin-aligned nuclei in synchronization with the
spin precession in the presence of the external magnetic field.
The R(¢) ratio representing the change of anisotropy of vy rays synchronized with the spin preces-

sion is obtained according to
_ Ni3(1) — eNu(2)

Ni3(1) + €Noa(t)’
where Ni3(f) and N4(f) are the sums of the photo-peak count rates at the two pairs of Ge detectors
placed diagonally to each other, and € denotes a correction factor for the difference in the detection
efficiency. Theoretically, R(?) is also given as

R(») €]

3A22
4 + A22

R() = - sin(2w1), 2)
in terms of the rank-two anisotropy parameter Ay = AB,F;, where A denotes the degree of spin
alignment, B, is the statistical tensor for complete alignment, and F3 is the radiation parameter [10].
The rank-four and higher parameters are neglected in Eq. (2). The Larmor frequency wy, is given by
wr, = gunBo/h, where g is the g-factor, un the nuclear magneton and 7 the reduced Planck constant.

In the present experiment, two y rays with energies of 61.7 keV and 66.2 keV de-exciting the two
isomeric states were observed. The R() ratios for both y rays were evaluated according to Eq. 1, and
an oscillation pattern was observed only for the 66.2-keV vy ray, as shown in Fig. 2. As a result of the
least y? fitting of Eq. 2 to the experimental R(¢) ratios, the statistical significance of the oscillation
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Fig. 2. R(¢) ratio deduced from N3(¢) and Ny4(t), according to Eq. 1, for the 66.2-keV y rays. The solid line
represents the theoretical R(¢) function in Eq. 2 after fitting the experimental R(¢) ratios.

for the 66.2-keV vy ray was found to be larger than 50, as Ay; = —0.17(3). The spin parity of the
66.2-keV level (P™2Cu) was fixed to be I™ = 3/2~ from the clear observation of the oscillation in the
R(t) spectrum. On the other hand, the spin parity of the 61.7-keV level ("™!Cu), where no oscillation
pattern was observed, is considered to be /™ = 1/27, because Ay, in Eq. (2) is identically zero for the
I = 1/2 system. The g-factor of the 66.2-keV isomer of ”>Cu was determined for the first time to be
g = 0.93(4), thus the magnetic moment, u = glux = 1.40(6)un.

The degree of spin alignment produced for 7™2Cu was found to be A = 30(5)%, which was
derived with B, F> = —0.602 for a mixed M1 + E2 transition from the 3/2~ isomeric state at 66.2 keV
to the 5/27 ground state assuming a mixing ratio § = 0.41 [7]. The spin alignment obtained in this
experiment, 30(5)%, is much larger than 8% obtained in the case of 2A1102], owing to the scheme of
Jj-I correspondence, where there may be good overlapping between wave functions of a proton in the
p3y2 orbital removed from 7Zn and a valence proton in the 3/2" isomeric state of 7>Cu.

In summary, the magnetic moment of 7>™>Cu was measured at RIBF using a spin-aligned beam
produced in the two-step reaction scheme incorporating j-I correspondence. Owing to high spin
alignment of 30(5)%, the oscillation was clearly observed in the R(¢) spectrum for the 66.2-keV state
with significance larger than 5o-. The spin parity of the 66.2-keV state was assigned as 3/2~ and the
magnetic moment of this state was determined to be u = 1.40(6)un. See Ref. [1] for discussion on nu-
clear structure based on this experimental value combined with theoretical shell-model calculations.

Experiments were performed under Program No. NP1412-RIBF124R1 at RIBF, operated by
RIKEN Nishina Center and CNS, The University of Tokyo. We thank the RIKEN Ring Cyclotron
staff for their cooperation during experiments. This work was partly supported by the JSPS KAK-
ENHI (16K05390).
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