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mass values have been successfully applied to nuclear structure and astrophysics studies. In this con-
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1 Introduction

The history of nuclear mass measurements is almost as
old as that of nuclear physics itself [1], and the mass
spectrometry has made great contributions to the un-
derstanding of nuclear structure, nuclear astrophysics,
as well as testing of the standard model and fundamen-
tal symmetries [2, 3]. In the early experiments, Thomson
built the first mass spectrograph [4] and discovered the
isotopic nature of the chemical elements. Later, his stu-
dent Aston developed new instruments to improve the
resolving power, and from his precise measurements he
found out the “mass defect” of atomic nuclei [5, 6]. These
pioneering experimental results led to the development of
the first successful theoretical descriptions of the nucleus,
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Fig. 1 The nuclear chart with experimentally known masses in AME'16, where the mass accuracies of the nuclei are

presented. Reproduced from Ref. [20].

i.e., the liquid drop model [7-9], and boosted the interest
to atomic mass measurements. Afterwards, the develop-
ment of high precision mass spectrometers by Dempster
[10], Mattauch [11], and Ewald [12] contributed to the
first mass tables of stable isotopes with their mass values
based on 12C [13].

Over the decades, more and more mass-spectrometry
methods were invented and refined [14]. The advent and
application of radioactive ion beam facilities [15] and
novel mass spectrometers [14] have strikingly enlarged
the number of known isotopes [16, 17]. Today, from 7000
to 9000 nuclides are predicted to be found in nature
[18, 19] while 2479 of their masses have been measured
experimentally and compiled in the latest Atomic Mass
Evaluation (AME’16) [20]. Figure 1 shows the known
mass region of the nuclear chart [20]. As can be seen,
the nuclides with still unknown or low-accuracy masses
are mostly exotic nuclei which lie far from the valley
of B-stability. These nuclides might have new properties
which are different from the stable ones and are of great
importance for the understanding of the nuclear struc-
ture at the outskirts of the nuclear chart. For example,
the nuclear shell structure tends to change towards the
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driplines. New magic numbers in neutron-rich mass re-
gion have been theoretically predicted [21-23] and sev-
eral new magic numbers have been observed in experi-
ments [24-27]. Furthermore, the mass values of the ex-
otic nuclei are important parameters for the investigation
of the explosive nucleosynthesis processes in stellar envi-
ronments, as discussed in Refs. [28-30]. Nevertheless, the
precision mass measurements of these exotic nuclei are
great experimental challenges due to their short lifetimes
and tiny production cross-sections in nuclear reactions.
Additionally, they can only be investigated if they are
efficiently separated from the non-reacted primary beam
and all abundant contaminants [31]. Therefore, experi-
mentalists try to conquer these challenges by developing
new techniques [14].

Nowadays, frequency and revolution time measure-
ments in ion traps and storage rings provide the highest
mass accuracy and resolving power. For the latter, the
storage-ring mass spectrometry, has become one of the
most efficient and fast experimental techniques for direct
nuclear mass measurements [32-36]. There are presently
three storage ring facilities used worldwide, which are
ESR at GSI in Darmstadt/Germany, the R3 storage ring
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at RIKEN in Saitama/Japan, and the CSRe at IMP in
Lanzhou/China. In this article, we give a brief intro-
duction to the HIRFL-CSR facility and its experimental
techniques. Recent results are summarized and their im-
pact on nuclear physics and astrophysics are discussed. In
addition, we outline the technical developments and the
envisioned future perspectives for the next-generation
storage ring facility HIAF (High Intensity heavy ion Ac-
celerator Facility) which will be built in Huizhou.

2 Experimental details

2.1 Principle of IMS at storage rings

Heavy-ion storage rings are complicated facilities which
consist of various components, such as kicker magnets
to inject and extract particles, dipole magnets to bend
the trajectories, quadrupole magnets to focus the parti-
cles, sextupole magnets to correct for aberrations, cool-
ing devices, de-/acceleration cavities, and diagnostic se-
tups [37]. For each ion circulating in a storage ring, the
revolution time T is related with its mass-to-charge m/q
ratio via the following expression:

TZ?M“(T)Z' R .

where L and Bp are the orbital length and magnetic
rigidity of the ion, respectively, and c is the speed of light.
The relationship between L and Bp can be described by
the momentum compaction factor oy,:

dL/L
d(Bp)/(Bp)

Therefore, we can deduce that the ions with a same mag-
netic rigidity Bp share a same orbital length L despite
their different ion species. Thus, it is easy to determine
the m/q of the ion via the measured revolution time 7.

However, within a magnetic rigidity acceptance ABp
of the storage ring, the velocity spread of the ions will
induce spread in orbital lengths. The fractional revolu-
tion time change AT /T is determined in the first order
approximation by

M_l.w/w_@_'g).m, (3)

(2)

Qp

) v

where v is the velocity of the ion and y = [1—(v/c)?]~1/?
is the relativistic Lorentz factor. ~; is the so-called “tran-
sition energy”, defined as [38]

—_

(4)

"=
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By inspecting Eq. (3) one can see that the revolution
times of the ions directly reflect m/q ratios of the stored
ions if the second term on the right-hand side, which con-
tain their velocity spread, can be eliminated. One way to
achieve this goal is to use a special ion-optical setting of
the ring and inject the ions of interest with v = ;. This
is the principle of the Isochronous Mass Spectrometry
(IMS). In this particular operation mode, the velocity
spread of the ion is compensated by the length of the
closed orbit inside the ring. In this way, the revolu-
tion times are a direct measure of m/q of the ions, in-
dependent of their velocity spread Av/v. Owing to the
large acceptance of the ring and no requirement for beam
cooling, the IMS is an ideal tool for the mass measure-
ment of short-lived nuclides with tiny production cross
sections.

2.2 Experimental facility

The HIRFL-CSR facility has been put into operation
since 2007 at the Institute of Modern Physics, Chinese
Academy of Sciences [39, 40]. As illustrated in Fig. 2(a),
its high-energy part consists of the heavy-ion synchrotron
CSRm, the in-flight fragment separator RIBLL2, and the
experimental cooler-storage ring CSRe. Heavy-ion beams
are accelerated in CSRm to a relativistic energy of 350-
480 MeV/u. Then the high-energy beams are fast ex-
tracted and focused upon a 10-15 mm beryllium target
placed at the entrance of RIBLL2. The reaction frag-
ments are separated in flight with the RIBLL2 and a
cocktail beam is injected into the CSRe. Within the Bp
acceptance of CSRe around #+0.2%, the selected ions
are transmitted and stored. The CSRe is tuned in an
isochronous ion-optical mode with the transition energy
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Fig. 2 (a) Schematic layout of the high-energy part
of HIRFL-CSR facility, which consists of the heavy-ion
synchrotron CSRm, the in-flight fragment separator RI-
BLL2, and the experimental cooler-storage ring CSRe.
(b) Schematic view of the time-of-flight (ToF) detector.
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~¢ determined. The energy of the primary beam is cho-
sen so that the v of the ion species of interest after the
production target approximates to the ~;.

The revolution time of the stored ions are measured
by a dedicated time-of-flight (ToF) detector [41], whose
schematic view is shown in Fig. 2(b). The detector is
equipped with a 19 pg/cm? thin carbon foil of 40 mm in
diameter and a micro channel plate (MCP) counter. At
each passage of the stored ions, secondary electrons are
released from the foil surface and guided isochronously
by perpendicularly arranged electric (E) and magnetic
(B) fields to the MCP counter. The signals from the MCP
are directly collected by a fast oscilloscope Tektronix
DPO 71254 at a sampling rate of 50 GHz. The recording
time is typically 200 ps for each injection, which corre-
sponds to approximately 300 revolutions. Figure 3 shows
a part of a typical recorded signal sequence of a few
stored ions. The time resolution of the ToF detector is
about 50 ps, and the detection efficiency varies from 20%
to 70% depending on the charge and the overall number
of stored ions [41]. More details of the detector can be
found in Ref. [41].

2.3 Data analysis

The recorded periodic timing signals are used to de-
termine the revolution time of each individual ion.
Taking the %®Ni experiment for example, the deduced
revolution time spectrum is presented in Fig. 4 [42]. The
revolution time peaks are identified by comparing with
the simulated ones [43-45]. To determine the masses of
the target nuclei, the nuclei with experimentally known
masses are used to fit m/q versus T by employing a
polynomial function. The lowest possible order is applied
to fit the data so as to avoid overfitting. Thus, a third-
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Fig. 3 Signals from the ToF detector are recorded by a
fast oscilloscope. Pulse signals are produced when the stored
ions pass through the carbon foil. The blue and red arrows
represent the periodic signals produced by two ions at every
revolution, respectively.

order polynomial function is chosen in our data analysis.
Up to now, no significant systematic errors are observed
in our mass measurements at CSRe, and a relative un-
certainty of 107-10~7 has been achieved, depending on
the statistics of the specific nuclei and the distance of its
~ value to the y; set in experiments.

3 Technical developments

3.1 Time correction of magnetic field

As we know, the performance of mass spectrometries
are deeply affected by the instabilities of facilities. At
HIRFL-CSR, the instabilities of the magnetic fields of
CSRe may cause small shifts in the entire revolution
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Fig. 4 Part of the revolution time spectrum of **Ni projectile fragments zoomed in the time window of 607 ns < T < 621
ns. The red peaks indicate those nuclei of interest. Reproduced from Ref. [42].
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time spectrum at different injections, which reduces the
achievable precision of the measured mass values. Since
the IMS experiments were pioneered at GSI, several con-
ventional methods have been developed to correct the
magnetic drift [46, 47]. However, the expected resolv-
ing power were not achieved at CSRe when applying the
same correction methods due to the less stable magnetic
field (typically ‘%B ~ 1075-107%) and lower statistics. To
overcome this problem, a series of methods are being de-
veloped at CSRe to correct the magnetic drifts in IMS
experiments.

Assuming the magnetic fields of CSRe are stable
within the measurement time (200 ps) of individual in-
jections, the absolute revolution time of each nuclide
changes correspondingly when the magnetic fields change
for different injections. However, their relative revolution
times of different ion species in each injection do almost
not change. Therefore, the relative revolution times can
be employed instead of the absolute values, which are
the time differences of the revolution time of a selected
reference nuclide to that of all other ion species in a given
injection. The revolution times in each individual injec-
tion are shifted according to the relative revolution times
and the independent revolution time spectra are formed
by combining the injections with the same kind of refer-
ence together. Figure 5 presents the uncorrected revolu-
tion time spectrum (a), the corrected spectrum using the
conventional method (b) [47] and the corrected spectrum
using this method (c) [44] for 53Co?™* ion. It can be seen
that the 3174.3 keV isomer of *>Co is well separated from
the ground state by using this method. The disadvan-
tage of this method is that the increase of the revolution
time spreads due to the artificial setting of the spread
for the reference ion as zero. Furthermore, the measure-
ments require the reference nuclide to be presented in
a given injection, and consequently the injections with-
out the reference nuclide are lost. Therefore, the nuclides
with high statistics and much small standard deviations

of revolution times are selected as reference nuclides.
For the experiments in which no suitable reference nu-
clides presented, a gain-matched method is employed [50,
51]. This method was inspired by the method of ~ spec-
troscopy. Although the magnetic fields of CSRe dipole
magnets can not be recorded in the timescale of 200
ps, they are continuously monitored and used to iden-
tify time intervals of relatively constant magnetic fields.
Therefore, the entire data could be grouped according to
these time intervals, and the sub-spectra are obtained.
One of them is chosen as the standard spectrum. Each
sub-spectrum has a relative shift of revolution time com-
pared to the standard spectrum. Taking the relative
shifts into account, all sub-spectra are combined into a
common revolution time spectrum. The disadvantage of
this method is that the magnetic field instabilities during
the time intervals of the sub-spectra are not considered.
As the instabilities of magnetic fields slowly vary
between individual injections, a new method called
weighted shift was developed to accurately deduce the
revolution times of the stored ions and their standard
deviations. The mean values and the standard devia-
tions, including the contribution due to unstable mag-
netic fields, of the measured revolution times are con-
nected via a set of equations, and the set of equations
is solved iteratively in mathematics. The mean revolu-
tion times and the standard deviations without the lat-
ter contribution are calculated, which are then used for
the mass determination in a standard way. The details
of the method can be found in Ref. [52]. The compari-
son of the standard deviations of revolution time distri-
butions obtained with weighted shift method (red and
green squares) and gain-matched method (black circles)
is shown in Fig. 6. It can be seen that smaller standard
deviations of revolution time distributions were achieved
with the weighted shift method. By using this method,
all the identified nuclides are selected as the reference nu-
clides so that almost all the obtained data can be used in

(a) (b) 180 (c)180
35 160 1601 S,
30- 1401 3027+ 140 Cotlne
254 120 1204
S s 3 o6 ps 3 804 o~2ps
104 4613 : 53Co27+m Zg : 53Co27+m
57 201 20 JrL[k
o el ; ] : ‘ ‘ ‘ : ‘ ‘ ‘ ‘ ‘
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Revolution time (ns)
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Revolution time (ns)

Fig. 5 (a) The revolution time spectra of ground and isomeric states of **Co obtained with uncorrected absolute values and
(b) the conventional method of Ref. [47] and (c) the newly developed method [44]. Note that the deduced excitation energy
of the isomer is in excellent agreement with the literature value [48]. Reproduced from Refs. [44, 49].
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Fig. 6 The comparison of the standard deviations ob-
tained with weighted shift method (red and green squares)
and gain-matched method in Refs. [50, 51] (black circles). A
range of revolution times of 608 ns < T < 620 ns is
considered. Reproduced from Ref. [52].

the analysis. Due to these advantages over other meth-
ods, this method has been applied to the data analysis
of recent experiments [27, 42, 53-55].

3.2 The transition energy ~; measurement

As mentioned above, the IMS is based on the isochronous
setting of the storage ring. One of the major parameters
in this setting is the transition energy -, which reflects
the ratio between the relative change in the orbital length
and the relative change in the magnetic rigidity of the
stored ions [34]. It has been a challenge to determine
the value of 7, especially to monitor its variation during
IMS experiments. A new method has been developed to
measure the =, online during IMS experiments by using
the acquired experimental data [56].

The recorded signals are used to determine the revo-
lution time of the stored ion. The periodic signals from
each individual ion are fitted by a second order poly-
nomial function with fit coefficients ag, a1, and as as
follows:

t = ag + ay - turn + as - turn®. (5)
The expression for coeflicient az can be deduced [56]:
1 /1 1 N OB,
ap=—- = - =) — =7 6
? 2 (72 7?) v+1 Eg (©)

where Fj and 0 F}, are the kinetic energy and the average
energy loss in the foil. The details of the deduction can
be found in Ref. [56].

According to Eq. (6), the coefficient as is determined
by the parameters of the ion ~, dFy, Ex, T, and ;.

132112-6

§FE} is related to the thickness of the carbon foil. Thus,
once the ion is identified the fitting coefficient ay can
be calculated. Figure 7 shows the relationship between
the average revolution time of each nuclide and its corre-
sponding average coefficient ag [56]. The open rectangles
represent the experimental data obtained in °®Ni experi-
ment [53] while the red filled circles represent the results
calculated by using Eq. (6) assuming v, = 1.3971 and
the carbon foil thickness of d = 21.6 pg/cm?. It can be
seen that the calculations agree well with the experimen-
tal data. The experimental data is very sensitive to the
assumed thickness of the foil d and the 7, and thus the
two parameters can be calculated in this way.

The carbon foil thickness d and the ; are measured
in one-hour step in 58Ni experiment [53]. As shown in
Fig. 8(a), two adjustments to the CSRe were performed
during 24 hours while the 3 time periods are label with
“setting 1-3”, respectively. At the time mark of 11:00,
the quadrupoles of CSRe were adjusted, causing the
change of the v; from 1.396 to 1.402. Then at about 18:30
time mark, a mechanical slit was installed in the CSRe

0.0038 M Experiment  y,=1.3971
_ ® Theory d=21.6 pg/cm?
‘E .
=
= | =
g, 00007 o8
- Eﬁ ]
< - T
e
-0.0024 T T T

610 615 620
Revolution time (ns)

Fig. 7 The relationship between average revolution time of
each nuclide and its corresponding average fitting coefficient
az. The open rectangles represent the experimental data ob-
tained in ®Ni experiment while the red filled circles represent
results calculated by using Eq. (6) assuming ¢ = 1.3971 and
the thickness of carbon foil d = 21.6 pg/cm?. Reproduced
from Ref. [56].
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Fig. 8 (a) The dependence of v+ and (b) the thickness of
carbon foil d as a function of time. Reproduced from Ref. [56].
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aperture, leading to a reduction in the ring acceptance
and a change of the v from 1.402 to 1.400. The latter
adjustment indicates that the v; is not constant over the
ring acceptance. Although the ~; changes in different
settings, the determined foil thickness keeps unchanged
within uncertainties. To verify the measurement of ¢,
the characterisation of isochronous settings are identified
from the plot of the standard deviations o; of revolution
time distributions. As illustrated in Fig. 9, the data for
setting 1-3 are presented. The best isochronous ions are
found at 614.808 ns, 612.977 ns, and 613.889 ns, respec-
tively. By taking the length of the CSRe central orbital
(128.801 m) into account, the corresponding - values
can be roughly estimated to be 1.396, 1.402, and 1.400,
in good agreement with the measured ones.

(a)
6,
2ol %
S §. 615.808 ns
[ J 1 ( 1
27 *s [ P Y] 5 ..0
! [ J
[ J ° 6 °
610 615
Revolution time (ns)
(b)
6,
7 47
& 612.977 ns Q*“
S E @® [ ] Q
» ’ °
2 s :
e | 0g4°
* '@ o®
°e
610 615
Revolution time (ns)
(©)
6,
z 4
=4 613.889 ns
S é ¢ :
2 L :
® P ¢ - ....
[_J L4 o ® ®
09 Q% o

6f0 6‘15

Revolution time (ns)
Fig. 9 Standard deviations o; of revolution time distribu-
tions as a function of the mean revolution times for different
nuclides. Panels (a), (b), and (c) show the data for settings
1, 2 and 3 (see Fig. 8), respectively. The dashed lines in-

dicated the corresponding isochronous settings. Reproduced
from Ref. [56].
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The measurement of +; has been successfully applied
as an online monitor of v during IMS experiments, as
well as in providing information for particle selection on
orbital length in IMS experiments with double ToF de-
tectors. Furthermore, this method may be helpful for the
measurements of the thicknesses of ultra-thin solid foils
or internal targets or even rest-gas pressure [56].

3.3 IMS experiments with two time-of-flight detectors

The IMS in storage rings has been proven to be a power-
ful tool in mass measurement of exotic nuclei with half-
lives down to several tens of microseconds. However, the
inevitable velocity spread of the reaction products limit
the mass resolution of the IMS [57, 58]. The method to
correct the velocity spread of the stored ions by employ-
ing the velocity information has proven to be an effective
way to improve the resolving power of IMS in simula-
tions [57, 58]. For this purpose, two time-of-flight (double
ToFs) detectors were installed in the straight section of
CSRe [59, 60]. The schematic layout of the two detectors
are shown in Fig. 10. More details of the detectors can
be found in Refs. [59, 60].

Generally speaking, the velocity of an ion v can be
directly measured by the double ToF detectors:

S
v = , 7
tdown - tup — At ( )

where s is the path length of ions that fly over the two
ToF detectors, and t4oun and t,, are the timing point
recorded by the two ToF detectors respectively. At is the
signal transmission time difference between the two ToF
detectors. Figure 11 shows the relative uncertainty of the
velocity of 32CI'"* measured, which is around 10~%.

Injection

o
I s
R

ToF detector / ‘\

2 CSRe

Downstream Upstream
ToF detector ToF detector
) . v
888§ 88=0
«— »
Straight section l
k Oscilloscope

Fig. 10 Schematic layout of the double ToF detectors
at CSRe. An oscilloscope is employed to record the timing
signals from the two detectors.
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Fig. 11 The relative uncertainty of the velocity of 3>CI*".
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Fig. 12 (a) The distribution of orbital length L. (b) ~: as
a function of orbital length L.

With the velocity of each stored ion measured, the
orbital length L can be calculated by

L=v-T. (8)

Thus, the dependence of ; on the orbital length L can be
evaluated by employing the method in the former sub-
section 3.2. Figure 12(a) shows the distribution of or-
bital length L in an IMS experiment with double ToF
detectors while the dependence of +; on orbital length L
is represented in Fig. 12(b). It can be seen that the -,
nearly stays constant in the middle part while it changes
rapidly for lower orbit lengths.

Before correcting the velocity spread, the ions are se-
lected on the orbital length from 128.730 m to 128.830
m in order to ensure a nearly constant -; value. The rev-
olution time 7" can be converted to the revolution time
Tp corrsponding to the reference orbit Ly by [57]

2
_ _ %) Lo L
TO_T+< 72) T 9)
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To avoid extrapolation Lg is defined as the central orbit
128.801 m. Figure 13 represents the preliminary results
of the standard deviations of revolution time distribu-
tions by using the velocity information from double ToF
detectors (red circle) compared to the results from single
ToF detector (blue triangle). It can be seen that a higher
resolving power for the entire revolution time spectrum
has been achieved. This new IMS with double ToF de-
tectors will allow us to improve the mass resolving power
over the entire revolution time spectrum and give access
to the mass measurement of a larger number of exotic
nuclei.

3.4 Half-life measurement of fully stripped **™Ru

Highly charged ions (HCI) are well-defined quantum sys-
tems whose decay modes and rates might be significantly
different from those in neutral atoms [61-65]. The inves-
tigations of the bound-state § decay [62, 65, 66] and or-
bital electron-capture decay in hydrogen-like and helium-
like ions [67-69] have led to a deeper understanding in the
nuclear decay mechanisms, as well as in the nucleosyn-
thesis processes in astrophysics [70]. However, the mea-
surement of short-lived isomeric decays in highly charged
states is still difficult to approach due to lack of feasible
measuring methods.

At HIRFL-CSR, the decay of the 8% isomer in fully
stripped ions *Ru*** is observed during its circulation
in the storage ring [71]. The “*Ru*** ions were pro-
duced via '2Sn3%* projectile fragmentation and stored
in the CSRe which is tuned into the isochronous ion-
optical mode, optimized for the transmission of **Ru*4+
ions. The revolution times are determined by using the

5
4 Single ToF
4 ¢ Double ToFs
g
£ }
3 4
£2] P, b
g : * )
g 11 ° 4 ¢
) 24
g
O T T T T
625 630 635 640

Revolution time (ns)

Fig. 13 Preliminary results of the standard deviations of
revolution time distributions using the velocity information
from double ToF detectors (red circle) compared to the re-
sults from single ToF detector (blue triangle). It can be seen
that a higher resolving power for the entire revolution time
spectrum has been achieved.
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recorded periodic timing signals. After particle identi-
fication and the correction of the magnetic field insta-
bilities, a part of the revolution time spectrum zoomed
in a narrow time window from 669.0 ns to 676.5 ns is
illustrated in Fig. 14 [71], where the inset shows the
well-separated two states of **Ru®**. By using the nu-
clides with accurately known masses as calibrants, the
mass excesses of the isomeric and ground state of **Ru
were determined to be —79905(132) keV and —82531(72)
keV respectively [71], in good agreement with the val-
ues of —79940(3) keV and —82584(3) keV from AME’16
[20].

It was impossible to identify the decay event simply
by comparing the revolution times of the adjacent turns.
This is because the revolution time difference between
the isomeric and ground state of *ARu*** (~ 11.9 ps)
is much smaller than the intrinsic time resolution (~
50 ps) of the timing detector [41] and the fluctuations
caused by the finite emittance of the ion (> 100 ps) [72].
Thus, a new method is developed. During the circula-
tion in the storage ring, the change of revolution times
of %49 mRu** can be ignored despite the tiny energy loss
when the ion passes through the carbon foil. In search
of decay events, the passing times as a function of rev-
olution turns of ?49™Ru*** are fitted by a linear func-
tion in every consecutive 20-us period. The revolution
time of the corresponding time period can be extracted
from the slope of the linear function. Thus, the depen-
dence of revolution time on revolution turn is obtained.
Two examples of no-decay and decay events are shown in
Figs. 15(a) and (b) respectively. It can be seen that the
revolution time is approximately constant in Fig. 15(a)
while a sudden drop is observed in Fig. 15(b), which in-
dicates the isomeric decay. The difference of the revolu-
tion times before and after the sudden drop is estimated

104
Ips/ch
20-
3
)
1037 10- é&
3 s :
. g S a
C %, % g
. . 670.9i 670.92 670.93 670.94 6;0 95 g § ;g =
5 & %5 ) £ B 2 2
2 0 22 E ¢ . L F 25 3
= s 0% b, 4E 2% 32
g H £ E: 3 5o &
2 Eoa S 5 & ER &
@) ; .2 ¢ = 2 |5 : =
& & E Z N |z &
“l% . B > 3+ 3
04 |7 |2 1111 =
> i E
I =
=0 HINE HInnn
T T '

669 670 671 6712 673 674 675 676
Revolution time (ns)

Fig. 14 The revolution time spectrum zoomed in a narrow
time window from 669.0 ns to 676.5 ns. The inset displays
the well-resolved peaks of the ground (g) and isomeric (m)
states of “*Ru***. Reproduced from Ref. [71].
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Fig. 15 The revolution time as a function of revolution
turn for no-decay (a) and decay (b) events. A sudden drop
is observed in panel (b), indicating the isomeric decay. The
residuals of the linear fit in whole circulating period for the
two events are shown in panels (c¢) and (d). The vertical lines
in panels (b) and (d) indicate the decay time. Reproduced
from Ref. [71].

to be 12 ps, corresponding to the excitation energy of
the isomer. For further confirmation of the decay events,
another linear function was employed to fit the passing
times as a function of revolution turns in whole circulat-
ing period. Figures 15(c) and (d) represent the residual
plot of the fitting. For the no-decay event, there is no
evident structure in Fig. 15(c) because the *‘Ru*** ion
lies within the isochronous window. In Fig. 15(d), a clear
kink is found in accordance with the sudden change of the
revolution time in Fig. 15(b), demonstrating the decay
of the isomer. To extract the decay time, the data of each
decay events were divided into two parts by the turning
point in the residual plot. In each part, a linear function
is used to fit the passing times as a function of revolu-
tion turns. The intersection of the two fitting curves can
be thus determined as the decay time, as shown in the
vertical line in Figs. 15(b) and (d).

The isomeric half-life of *4"Ru** was deduced to
be 102(17) ps using the method in Ref. [73], in good
agreement with the theoretical prediction 95(5) ps. This
work proved the feasibility to study the decays of highly
charged ions with half-lives down to several tens of mi-
crosecond using IMS. It is worth noting that 24mRu*4+
is the shortest-lived nuclear state whose mass has ever
been measured directly, and it is the first time for the
measurement of mass and half-life simultaneously in the
isochronous mode of the storage ring.

4 Recent results

Overall more than 60 mass values were measured with
IMS at CSRe, and the masses of more than 20 nuclides
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were determined for the first time in experiments. These
experiments were performed with "®Kr [74], 8¢Kr [27],
36 Ar, 58Ni [42, 50, 51, 53, 75], and '2Sn [54] primary
beams. The nuclides with newly measured masses are
illustrated in Fig. 16. Typical relative mass uncertain-
ties of dm/m = 1071077 are achieved. Part of the
data using 36Ar, 58Ni and !'?Sn primary beams are still
under analysis. The other mass values were included
into AME’16 [20]. In the following, we present some re-
cent results and their implications in nuclear structure
and astrophysics, including S-decay properties of 52Ni,
isospin symmetry in sd-shell nuclei, new magic number
of N = 32 and Zr-Nb cycle in the rp-process. As the
relative mass uncertainties of better than 1 x 10~7 are
reached for the first time with IMS at CSRe [42], the
weak interaction studies about test of CVC hypothesis
are also introduced.

4.1 Test of the isobaric multiplet mass equation in pf-

shell nuclei and SB-decay properties of *2Ni

The concept of isospin was introduced by Heisenberg and
developed by Wigner [76]. As a nucleus consists of Z
protons and N neutrons, the isospin projection is T, =
(N — Z)/2 with different total isospins T' > |T.| for all
states. It means that states in different isobaric nuclei
with T, =T,T —1,..., =T can have the same T. These
states with same J™ are called the isobaric analog states
(TIAS). Under the assumptions of only two-body charge-
dependent effects, Wigner [77] and Weinberg [78] using

first-order perturbation theory introduced the following
quadratic equation to describe the mass excesses of IAS:

ME(a,T,T,) = a(a, T) 4 b(e,, T)T, + c(a, T)T?, (10)

where M E is the mass excess of a multiplet member,
a, b, ¢ are parameters depending on (A, J7,...). This
local mass relation is called the isobaric multiplet mass
equation (IMME). Usually a breakdown of IMME indi-
cates that the effects of higher-order perturbation, many-
body forces isospin mixing of the IAS with nearby states
of same J™ or inaccurate mass values should be consid-
ered [79]. In this situation, an extra term d7% and/or
eT? is required, and |d|/o > 3 is usually regarded as the
breakdown of the quadratic form of the IMME.

To test the validity of quadratic form of IMME, the
masses of four members of IASs are required in the iso-
baric quartets and quintets at least. For the sd-shell nu-
clei, the d coefficients are compatible with zero within 3o,
except for the A = 32 quintet and A = 35 quartet [80].
Furthermore, the breakdown of A = 21, 31 quartets were
also found through recent precise mass measurements of
21Mg and 31 Cl by penning traps [81, 82].

For the pf-shell, the validity of the IMME were tested
for the first time after the mass measurements of 4'Ti,
45Cr, “Fe and °3Ni with the IMS at the CSRe. The
results are plotted in Fig. 17. It can be seen that for
all quartets except for A = 53 the corresponding d-
coefficients are comparable with zero. And neither the
existing nor the new theoretical calculations of isospin
mixing can explained this disagreement [50]. Subsequent

Mo | I EEEEE
Nb
Zr
m Re-measured at CSRe Y
with improved precision Rbsr 56
[ Measured for the first KrEr. 5 54
time at CSRe Se
As 50
W Sstable Ge 48
Ga | 46
Zn [ ]
Cu
Ni
E Co ]
e
Mn 40 42
Cr ]
Ti 1 36 38
Sc
Ca 34
K 32

Si 28

[ 26
10 12 14 16 18 20 22 24

Fig. 16 The partial chart of nuclides. Stable nuclides are shown with black colour. The nuclei whose masses were measured
for the first time are indicted with red colour. The blue colour represents the remeasured nuclei with improved precision.
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20 24 28 32 36 40 44 48 52 56
Mass number

Fig. 17 d coeflicients for the four T' = 3/2 isobaric mul-
tiplets in pf-shell (squares). Experimental data since 2001
(circles) [83—-86] are shown for comparison. Note, that albeit
the large uncertainties, there seems to be a trend of gradual
increase of d with A in fp-shell. Reproduced from Ref. [50].

measurement of the A-delayed v deexcitation of ®3Ni
confirmed a new assignment of IAS in **Co lower than
the previous one [87]. And based on the new mass of
93Col49 the quadratic form of IMME holds well for
A = 53 quartet. Meanwhile similar situation happens
to the case of °2Co. The T = 2, J™ = 07 IAS in %2Co
was proposed in Ref. [88, 89] based on the data from
the -delayed proton decay of °2Ni. However an extreme
large non-zero d coefficient is obtained from the cubic
IMME, and the c coefficient dramatically deviates from
a smooth trend [80]. To exclude the possible reason of
erroneous assignment, the energy level of TAS should be
established using (-delayed 7 deexcitation of ®2Ni. The
predominant 7 rays of 8 —~ of °2Ni originate from a cas-
cade decay of the expected IAS in *2Co [88, 89], and the
more probable decay mode of the first excited state of
low-lying isomer 2% in 52Co is 3 decay [90], the masses
of #29Co and 5?™Co are necessary to make a firm assign-
ment of TAS in 52Co.

To understand the decay properties of 52Ni, the
masses of 29Co and 5?™Co were measured with high
precision through the IMS experiments at CSRe [53].
ME(®?9Co) = -34361(8) keV and ME(*?™Co) =
—33974(10) keV are obtained respectively. These yield
E, = 387(17) keV of excitation energy for the low-lying
isomer 2.

Since the masses of 529°2m(Co have been measured,
the M E(°2Co’4%) = —31426(10) keV was independently
determined by the deexited v rays from the TAS to the
(27) isomer (88, 89]. It calls for an interpretation that the
observed S3-delayed v and proton in the decay of ®2Ni
are from two different excited states in 52Co. And the
predominant proton emissions are assigned to the decays
of 17 states which are lower than the T' = 2, J™ = 0F
TAS. Based on this work, the partial decay scheme of
2Ni are reconstructed, see Fig. 18.

By using the new mass of °2Co’4%, the mass excesses
of the four members of the A = 52, T' = 2 isobaric mul-

Ming-Ze Sun, et al., Front. Phys. 13(6), 182112 (2018)

tiplet are found to be consistent with the quadratic form
of the IMME, which supports the assignment of TAS in
this work. The newly determined level scheme of ®2Co
is consistent with its mirror nucleus *>Mn and can well
be reproduced by large-scale shell model calculations us-
ing an isospin nonconserving Hamiltonian (see Fig. 18).
Our theoretical calculations also indicate that the isospin
mixing in the T = 2, J™ = 07 state in °?Co is extremely
low, thus leading to a negligibly small proton emission
from this state [53].

4.2 The masses of 2°S and isospin non-conserving force
in sd shell

As has been discussed in Ref. [91], the b and ¢ coefficients
of IMME are related to the isovector and isotensor com-
ponents of the isospin non-conserving interactions.

Removing the known gross A dependence of the b and
¢ coefficients, a more detailed picture is exhibited by
plotting the so-called Coulomb radius parameters defined
as [92]

3 €

3 e*(1-A) B
Toc = gcAl/ga

=2 S — 11
Tob 5 (b— AnH)Al/B’ ( )

where A, g = 782.3 keV is the hydrogen-neutron mass
difference. The ratio of the ro, and r¢. radii, R, is defined
as [92]
b— A'n,H
R=—""7 12
it (12)
where the ratio, R, as a function of A can be obtained
through the b and ¢ coefficients.

0°7=2
Ty=42.8(3) ms [5y;
0y=11662(23) keV

Theory: cd-GXPF1J
T,,=42.8 ms

logft  BR(%) logft

S 1AS” 2935 (13)3.33(11) IAS

N 61.5 32=—=0"2915
W3 2800 (16) 3.86(1) 13 2455
2496 (16)421(1) 178 390==1:2319

°

5

It

<

N
528(13) 17 366
387(13) 90 46 21234
+ T=1 52C0 67 T=1

Fig. 18 Partial decay scheme of *?Ni (left) and theoret-
ical level structure of **Co (right). Excitation energies are
in keV. The theoretical branching ratios (BRs) and log ft
values based on ¢cd-BGXPF1J are deduced from the present
Q@ value. The red levels are deduced from the ground-state
mass of °>Co and the y-ray energies from Ref. [89]. The black
levels are determined from the $ — p data. Reproduced from
Ref. [53].
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According to Egs. (11) and (12) using the b and ¢ coef-
ficients from cubic fits, the radius parameters rq;, and rq.,
and the R values are calculated. Previous investigations
have shown that experimentally deduced R values fluc-
tuated around the unity, R = 1, indicating there was no
obvious difference between rg, and 7o, [92]. The reason is
mainly due to large mass uncertainties in the early stage.
Based on the newest data compiled in Ref. [80] and the
most recent mass measurements [81, 82], the deduced re-
sults are shown in Fig. 19. It can be seen from Fig. 19
that ro. are definitely lower than 7o, and all R values
fall to a constant value of about 0.96 with only exception
of the A =9 multiplet.

CSRe experiments yielded a more precise mass exess
ME(?*S)= —3094(13) keV and a remeasured mass excess
ME*"P) = —685(42) keV [55]. The deduced b and ¢
coefficients using the new masses also confirm that the
constant R value is around 0.96 (see Fig. 19).

We note that R = 1 holds under the assumptions
that the nucleus is a uniformly charged sphere with the
Coulomb radius R. = 19 AY/3 and the Coulomb interac-
tion is the only source of the isospin-symmetry breaking.
The deviation of R from unity reflects the incomplete-
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b-A Ly 7=3/2 ground state
1104 R= c(1-4) _isobaric quartets
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Fig. 19 Top: Coulomb radius parameters determined from
the b and c coefficients of the cubic IMME vs. mass number A.
Bottom: The quantity R plotted vs. A for T' = 3/2 isobaric
quartets. The previously known R-values for A = 27 and 29
are shown with open symbols. For a uniform sphere R = 1.
The red solid line is derived using the expressions in Ref. [93]
for the liquid-droplet model [94]. The black line at R = 0.96
is to guide the eye. Reproduced from Ref. [55].
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ness of these assumptions and suggests the inevitable
role of nuclear interaction in breaking the isospin symme-
try. Meanwhile the confirmation of the constant R value
can be used to set experimental constraint for theoret-
ical shell model calculations with isospin nonconserving
forces [55].

4.3 Persistence of neutron magic number N = 32 in Sc
isotopes

More than 60 years ago, Mayer and Jense introduced nu-
clear shell model [95]. Since then, experimental evidence
for magic number proved the existence of shell in nuclei
around [-stability line and single particle level was also
suggested [96]. In recent years new magic numbers ap-
pear in exotic nuclei toward the drip lines, and become a
frontier of nuclear physics research [24-26, 97]. For speci-
fied neutron-rich nuclei, the appearance of the new magic
number N = 16 and collapse of the traditional magic
number N = 28 were confirmed [25, 98]. In fp-shell,
the magic number N = 32 has been found in Ca [99],
Ti [100], and Cr [101] isotopes by investigating the ex-
perimental systematic behavior of the E(27) energies as
a function of neutron number. Furthermore magic num-
ber N = 32 in Ca isotopes was also confirmed by precise
mass measurements of °1:°2Ca and 53°*Ca with Penning
trap and multi reflection time-of-flight mass spectrome-
ter of ISOTRAP at CERN respectively [97] through the
two-neutron separation energy defined as

Son = ME(Z,N —2) — ME(Z,N) + 2ME(n), (13)

where M E(Z, N) is the mass excess of the nuclide with Z
protons and N neutrons. The measured results show an
excellent agreement with the prediction of microscopic
calculations with three-nucleon forces (NN + 3N) using
many-body perturbation theory for the valence-neutron
interactions [97, 102]. However, it is worth noting that
all of these are found in even-Z nuclei.

Measurements of neutron-rich 36Kr projectile frag-
ments at CSRe provided masses for odd-Z nuclei ®2Sc,
3Sc and 54Sc [27]. By using these masses and others in
AME'12 [103], Sa2, as a function of neutron number is
given to N = 34, and the shell closure can be observed
until to N = 32 in the Sc isotopic chain.

The obtained Ss,, values are plotted in Fig. 20 together
with results for the Ca and K isotopic chains. It can be
seen that a reduction of Sy, appears at N = 32 in both
Sc and Ca isotopic chains and is as steep as the decrease
at N = 28. Although the magic number of N = 32 has
been introduced in many experiments, it was found in
0dd-Z nuclei for the first time [27]. The theoretical cal-
culation is in process, and the change of single particle
level is highly expected, which is similar to neutron-rich
Ca isotopes [24].

Ming-Ze Sun, et al., Front. Phys. 13(6), 132112 (2018)
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Fig. 20 Two-neutron separation energy Ss, as a function
of neutron number N for the K (squares), Ca (triangles),
and Sc (circles) isotopic chains. Solid symbols represent val-
ues based on experimental data, hollow ones are estimated
in AME'12 [103]. The red and blue ones are derived from
mass values in this work and ISOTRAP [97], respectively.
Reproduced from Ref. [27].

4.4 The masses of neutron-deficient Y, Zr, and Nb
isotopes and the Zr-Nb cycle in the rp-process

Previously the %*Ge waiting point and Ca-Sc cycle in
the rp-process were investigated by the measured masses
of %°As and *5Cr at CSRe, respectively [51, 74]. It was
found that %*Ge is not a significant rp-process waiting
point nuclide and that the formation of the predicted
Ca-Sc cycle in X-ray bursts can be excluded.

Recent CSRe experiments yielded the masses of 82Zr,
84ND for the first time and more precise masses of 7Y,
817r and 83Nb [54]. The masses of 8°Zr and 8*Mo were
also obtained using the systematics of nuclear separation
energy. This resulted in an enhanced « separation ener-
gies (S,) at 84:8%86Mo as shown in Fig. 21. It can be seen
that the claimed pronounced low-S,S island predicted by
FRDM’92 [104] in neutron-deficient Mo isotopes does not
exist, if our accurate masses of 8182Zr and extrapolated
masses of 3Zr, 3Mo are used.

The predicted Zr-Nb cycle in the rp-process of type
I X-ray bursts is characterized by large 3*Mo(vy, a)30Zr
and 83Nb(p, )®Zr reaction rates, which sensitively de-
pend on S, (¥*Mo) [105]. The non-existence of the low-S,,
island indicates that the expected large 3*Mo(vy, a)30Zr
and 33Nb(p, a)8Zr reaction rates could significantly be
reduced, leading to a weakening or even disappearance
of the Zr-Nb cycle.

Here we assume the 1o upper or lower limits of mass
uncertainties which give the largest Q-value for the
83Nb(p, a)®Zr reaction and the smallest « separation
energy of ®4Mo [106]. If our new results are used, the re-
action rates favoring the formation of the Zr-Nb cycle are

Ming-Ze Sun, et al., Front. Phys. 13(6), 182112 (2018)

reduced by orders of magnitude. Fig. 22 shows the cycle
branching ratio as a function of burst time for a typical
burst under the favorable conditions [107]. It concludes,
if our new masses are taken, that the favorable branching
ratio into the Zr-Nb cycle is decreased, as demonstrated
by the red line in Fig. 22, by several orders of magnitude
even at the peak temperature of ~1.9 GK. Until recently
it has been assumed that at high temperatures (above 2
GK) the rp-process flow stalls at the 56Ni waiting point.
The recent mass measurement of °°Cu questioned the

6.0
S,, for Mo isoto; b
» pes >
5.0 2
— — - FRDM (1992)
—— FRDM (2012)
409 —— ws4(2014)
@®/O AME'12
£ 3.0 -
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1.0
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\'2
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83 85 87 89 91 93 95
Mass number 4

77 79 81

Fig. 21 « separation energies, S, for Mo isotopes. The
open circle indicates S, from at least one extrapolated mass
value. The lines are from different mass models (see text).
Reproduced from Ref. [54].
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Fig. 22 Fraction of the reaction flow branching into the
Zr-Nb cycle under the most favorable conditions (see text for
details) if using the masses from AME’12 (black line) and
from this work (red line). The dashed black line shows the
temperature varying within the burst time. For clarity, only
the cooling stage is presented. Reproduced from Ref. [54].
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stall of rp-process flow at the “°Ni waiting point [108].
There might be a possibility of an rp-process environ-
ment beyond °°Ni or with slowly rising temperature to
make the flow pass through °6Ni before reaching high
temperatures. In such cases, the Zr-Nb cycle may have
been relevant as a further hindrance until temperatures
declined down to 1.7 GK. Our new results with certainty
remove this barrier [54].

4.5 Fundamental tests of the properties of the
electroweak interaction

For any superallowed 07 — 0% S-decay between T' = 1
analog states, ft value can probe the conserved vec-
tor current (CVC) hypothesis, set limits on the pres-
ence of scalar currents, and provide the most precise
value for V.4, the up-down quark-mixing element of
the Cabibbo—Kobayashi-Maskawa (CKM) matrix (see
Refs. [109, 110]). The CVC hypothesis asserts that the
weak vector coupling constant, Gy, is not renormalized
in the nuclear medium. As experimental ft value can be
related to the Gy, a corrected Ft with small corrections
can be given by

Ft= ft(1+65)(1+dns — dc)
_ K
C2G2(1+AY)

where K /(hc)® = 2m3hIn2/(m.c?)® = 8120.2787(11) x
10719 GeV~*.s, ¢ is the isospin-symmetry-breaking cor-
rection, 0, and dx g are transition-dependent parts of ra-
diative correction, and A% is the transition-independent
part. The Qg value is required to determine the statis-
tical rate function, f, while the half-life and branching
ratio are combined to yield the partial half-life, t. As f
is approximately proportional to the fifth power of Qgc
value, it is essential to determine the QQ ¢ with the high-
est possible precision. According to Eq. (14), each mea-
sured transition can establish an individual value for Gy, .
If CVC hypothesis is confirmed, all the Ft values should
be identical within uncertainties regardless of nuclear
species. V,,4 matrix element also can be extracted from
Gy to test the unitarity of the CKM matrix, a fundamen-
tal property of the electroweak Standard Model [109].

There are 20 0% — 0% 3 decays that have been sur-
veyed recently [110]. After this the branching ratios and
half-lifes of 42Ti, 46Cr, 5°Fe and ®*Ni are reported [111],
a similar survey was performed soon and the number
of such transition is increased to 23 [112]. However,
the measurements for the four nuclei were not precise
enough to test the CVC hypothesis stringently, thus,
high-precision measurements are highly needed.

To improve the precision of these ft values, the masses
of 46Cr, °°Fe and 5*Ni were measured with higher pre-
cision at CSRe [42]. The masses of °Fe and °*Ni have

(14)

132112-14

precision improved by a factor of more than 10, and the
uncertainties of the corresponding Ft values are reduced
by half consequently. The results are depicted in Fig. 23.
It can be seen that our new results are in a good agree-
ment with the latest averaged value of Ft = 3072.27(72)
s [110]. However the uncertainties of Ft values are still
too large to test the CVC hypothesis stringently. Fig. 24
presents fractional uncertainties of the experimental and
theoretical input factors contributing to the final Ft val-
ues for the superallowed transitions of 46Cr, *°Fe and
54Ni. We note that the limiting factor is changed to the
uncertainty of the branching ratio after that the masses
of 46Cr, %%Fe and °4Ni were remeasured at CSRe.

3300
3200
I <+
s B2 ¢ 2
, 5 & g =
TR P s
= =
* 3000- g%
ol <
o
2900 Z
® This work
2800 \ \ T T
0 10 20 30 40
Z of daughter

Fig. 23 Ft values plotted as a function of the charge of
the daughter nucleus, Z. The black circles stand for the
fourteen most precise values of the twenty cases surveyed in
Ref. [110], the blue circles for the potential candidates com-
piled in Ref. [110], and the red ones from this work. The grey
line at Ft = 3072.27 s is to guide the eye. Reproduced from
Ref. [42].

o I / (AME) I Half-life
RISR £ (CSRe) | [
[ Branching ratio I 00y

Fractional uncertainty (%)

46Cr 50Fe 54N
Parent nucleus

Fig. 24 Fractional uncertainties of the experimental and
theoretical input factors contributing to the final Ft values
of the superallowed transitions of 4¢Cr, *°Fe, and **Ni. The
data are from this work and Refs. [110, 112]. Reproduced
from Ref. [42].
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Fig. 25 Curent schematic layout of the HIAF facilities. Reproduced from Ref. [117].

5 Summary

In the last decade, the IMS conducted at HIRFL-CSR
have been demonstrated as an excellent tool for direct
mass measurements of short-lived nuclei. In this contri-
bution, we presented recent results that have been suc-
cessfully applied to the investigations of nuclear struc-
ture and nuclear astrophysics. In addition, technical de-
velopments in IMS experiments are also described.

6 Future perspectives

Although the present experimental program at the
HIRFL-CSR facility has been successful and has con-
tributed to several discoveries in physics investigations
[37, 113], we still face severe limitations concerning
the intensities of primary beams and the transmission
efficiency of the CSRe for hot fragments. The next-
generation storage ring facility HIAF (High Intensity
heavy ion Accelerator Facility), which will be built in
Huizhou, China, will solve these shortcomings [114]. The
goal of HIAF project is to provide high-intensity, high-
quality and high-energy beams for researches in nuclear
structure of exotic nuclei, nucleosynthesis paths in the
nuclear astrophysics, nuclear fusion mechanism, atomic

Ming-Ze Sun, et al., Front. Phys. 13(6), 182112 (2018)

physics and applied science [115]. Figure 25 shows the
current schematic layout of the HIAF facility, which is
composed of the Superconducting Electron-Cyclotron-
Resonance ion source (SECR), the heavy ion Linac
(iLinac) [116], the Booster Ring (BRing), the Fragment
Separator (HFRS) with a large momentum acceptance
Ap/p = £2.0 x 1072, the Spectrometer Ring (SRing)
and several experimental setups [117]. As an essential
part of the HIAF, the SRing is a dedicated storage ring
for precision mass and half-life measurements of short-
lived nuclei far from the valley of S-stability. The new
facility shall offer new complementary research opportu-
nities for storage ring physics as compared to the corre-
sponding programs at GSI/FAIR storage ring [118-120],
RARE RI-RING in RIKEN [121], and TSRQISOLDE in
CERN [122].
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