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Fig. 30. (Color) Schematic view of the principle of mass measurement in the experimental storage ring at GSI. The motion of up to four different
species labelled by their mass-to-charge ratio (m/q)1...4, is indicated. For Schottky mass spectrometry (left) ions are cooled by electron cooling and
have the same mean velocity v whereas for isochronous mass spectrometry (right) the ions are “hot” and have different velocities.

highly charged ions of the rare earth region is shown in Fig. 31. As demonstrated in the inset of Fig. 31, SMS allows
single-ion sensitivity with a high resolving power and a high efficiency. More than 100 new masses can be measured
in one experiment.

The gray marked masses in Fig. 31 were previously unknown. The simultaneous storage of both unknown and known
(black marked) masses allows an in-situ calibration. For two frequencies of two different ions k and l one can write in
first-order approximation [48]:
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where !p is the momentum compaction factor, which is defined as
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and which characterizes the relative variation of the orbital length (C) per relative variation of the magnetic rigid-
ity (B"). Typically !p has a value of about 0.15. The width of the frequency distribution of each ion species k is
given by [48]
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where #pk/pk and #vi/vi are the relative widths of the momentum and the velocity distributions for the kth ion species,
respectively. Eqs. (62) and (64) are the basis for the Schottky mass spectrometry. They show that in order to measure
masses of stored and identified ions it is sufficient to measure their orbit frequencies. The accuracy of the method can
be improved by storing and studying different charge states of the same ion of interest at the same time within the
accepted m/q band.
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single-ion sensitivity with a high resolving power and a high efficiency. More than 100 new masses can be measured
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where #pk/pk and #vi/vi are the relative widths of the momentum and the velocity distributions for the kth ion species,
respectively. Eqs. (62) and (64) are the basis for the Schottky mass spectrometry. They show that in order to measure
masses of stored and identified ions it is sufficient to measure their orbit frequencies. The accuracy of the method can
be improved by storing and studying different charge states of the same ion of interest at the same time within the
accepted m/q band.
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the isospin nonconserving forces [17,18]; (iii) precise mass
values of the T ¼ 1 IASs are used, in combination with the
associated super-allowed 0þ → 0þ β decay properties, to
test the conserved vector current hypothesis of the electro-
weak interaction [19,20], which has been an active research
field for more than 50 years; (iv) the analysis of the IASs
provides accurate mass predictions for neutron-deficient
nuclei yet inaccessible in experiments, which in turn are
valuable, e.g., for modeling the astrophysical rp process of
nucleosynthesis [21,22].
A compilation of data on the IASs throughout the

nuclear chart can be found in Ref. [23]. The T ¼ 2,
Jπ ¼ 0þ IAS in 52Co was proposed in Refs. [24–26] based
on the data from β-delayed proton decay (β-p) of the
Tz ¼ −2 nucleus 52Ni. However, its energy was excluded
from the recent evaluation of the IASs since it signifi-
cantly deviates from the value calculated with the
IMME [27].
In this Letter, we report on the first measurement of the

masses of ground state 52Co and its low-lying ð2þÞ isomer.
Combined with data on β-delayed γ decay (β-γ) of 52Ni
[25,26], this allowed us to determine the energy of the
T ¼ 2 IAS in 52Co. We show that the IAS decays
predominantly through γ deexcitation and thus question
the conventional way of IAS assignment based on the
relative intensity of proton groups [28].
The experiment was performed at the Heavy Ion

Research Facility in Lanzhou (HIRFL) and Cooler
Storage Ring (CSR) accelerator complex. The high-energy
part of the facility consists of a main cooler-storage ring
(CSRm), operating as a heavy-ion synchrotron, and an
experimental ring CSRe coupled to CSRm by an in-flight
fragment separator RIBLL2 [29]. Details of the experiment
and data analysis can be found in Ref. [30]. Only a brief
outline is given here.
A 467.91 MeV=u 58Ni19þ primary beam from the CSRm

was focused onto a ∼15 mm thick beryllium target placed
in front of the in-flight fragment separator RIBLL2. The
reaction products from projectile fragmentation of 58Ni
emerged from the target at relativistic energies and mostly
as bare nuclei. The charge-state distributions can be
estimated with a specialized CHARGE code [31]. For
instance, the calculated fraction of fully ionized atoms
for Co is 99.92%. The fragments were selected and
analyzed [32] by RIBLL2. A cocktail beam of 10–20
particles per spill was injected into the CSRe. The
CSRe was tuned into the isochronous ion-optical mode
[30,33] with the transition point at γt ¼ 1.4. The primary
beam energy was selected according to the LISE++ simu-
lations [34] such that the 52Co27þ ions had the most
probable velocity with γ ¼ γt at the exit of the target.
Both RIBLL2 and CSRe were set to a fixed magnetic
rigidity of Bρ ¼ 5.8574 Tm to allow for an optimal trans-
mission of the Tz ¼ −1 nuclides centered on 52Co. In order
to increase the mass resolving power, a 60 mm wide slit

was introduced in the dispersive straight section of the
CSRe to reduce the momentum spread of the secondary
beams in the CSRe.
The revolution times of the stored ions were measured

using a timing detector [35] installed inside the ring
aperture. Each time an ion passed through the carbon foil
of the detector, a timing signal was generated and recorded
by a fast digital oscilloscope. By analyzing the timing
signals the revolution time for each ion was obtained, and
finally the revolution-time spectrum was created by accu-
mulating all the events. Figure 1 shows a part of the
spectrum measured in this work and zoomed in at a time
window of 608 ns ≤ t ≤ 619 ns. Unambiguous identifica-
tion of the peaks was done in the same way as in Ref. [30]
on the basis of comparison between the measured and
simulated revolution time spectra. The clearly resolved
ground- (52gCo) and low-lying isomeric- (52mCo) states of
52Co are shown in the insert.
The analysis of data was conducted according to the

procedure described in Refs. [16,30,36,37]. The measured
revolution times of 52Co and its ð2þÞ isomer were fitted
using the unbinned maximum likelihood method. The
mean revolution times of the ground and isomeric states
of 52Co were determined to be 613.896 85(5) ns and
613.899 35(7) ns, respectively. The corresponding mass
values were then determined via the interpolation of the
mass calibration function.
The mass excesses, ME ¼ ðm − Au Þc2, are directly

measured in this work to be MEð52gCoÞ ¼
−34361ð8Þ keV and MEð52mCoÞ ¼ −33974ð10Þ keV,
respectively. These values are by 371(200) keV and 364
(220) keV, respectively, lower than the extrapolated ones in
the latest Atomic-Mass Evaluation (AME012) [6]. The
isomer excitation energy equals to Ex ¼ 387ð13Þ keV,
which is very close to Ex ¼ 378 keV of the 2þ isomer
in the mirror nucleus 52Mn [38].

52g 0.25 ps/ch
Co

52mCo

FIG. 1. Part of the revolution time spectrum zoomed in at a time
window of 608 ns ≤ t ≤ 619 ns. The red and black peaks
represent the Tz ¼ −1 and −1=2 nuclei, respectively. The insert
shows well-resolved peaks of the ground and ð2þÞ isomeric states
of 52Co.
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Precisions	of	new	masses	since	2010
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Rare-RI Ring: R3
A dedicated device for precision mass measurements

Rare RI: 
Very low production rates, ~1/day 
Short lived nuclides, ~ms

• Isochronous Mass Spectrometry 

• Individual injection of RI beam

BigRIPS 
Fragment separator

<latexit sha1_base64="k8vuGIySM7fjm29u3F5hQ06jpak="></latexit>

m1/q

m0/q
=

T �
1

T0

momentum corrected 
revolution times

Superconducting 
Ring Cyclotron SRC



First Mass Measurement
With known masses

238U 345 MeV/u → 78Ge 168 MeV/u fission fragments
78Ge 

79As 

77Ga 

76Zn 

75Cu 

Precision 
78Ge : 10-7 

Others :  10-6 

Y. Yamaguchi & D. Nagae
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Isochronous cond.: ~10-6 
Total transmission: ~10-2 
Mass accuracy: 10-6 -10-7

We are ready to delve into unexplored territories of masses

See talk by Y. Litvinov at 19:50(JST)
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