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A βc p B ηc q
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µ = 1

A βc p B ηc q

1.1(2) 0.3053(2) 0.26(4) 1.6(6) 0.1595(3) 0.30(7)
µ = 2

A βc p B ηc q

1.6(2) 0.2969(2) 0.33(3) 2.0(4) 0.1264(1) 0.33(4)

Table 4. Fit results for ∆〈L〉. All the results are obtained with D = 48 in the TRG method.
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Figure 12. (Left) Fit of ∆〈L〉 at µ = 1 as a function of η. (Right) Fit of ∆〈L〉 at µ = 1 as a
function of β.

Finally, we investigate the µ dependence of the number density defined by

〈n〉 = 1
V

∂ lnZ
∂µ

, (3.3)

which is also evaluated by the impurity tensor method. In figure 15, we plot the number
density 〈n〉 as a function of µ with three choices of β at η = 0.1. We expect the confinement
phase over 0 ≤ µ ≤ 4 at β = 0.20. At β = 0.34 and 0.38, the number density shows a
finite gap at a certain point of µ, which indicates that there exists the first-order phase
transition from the confinement phase to the Higgs phase.

4 Summary and outlook

This work is the first application of the TRG method to a four-dimensional lattice gauge
and serves as a preparatory study for future investigation of the critical endpoint of the
finite density QCD.
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Figure 10. η dependence of 〈L〉 at µ = 1 for β ∈ [0.306, 0.311].
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Figure 11. η dependence of 〈L〉 at µ = 2 for β ∈ [0.298, 0.303].
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⼀次相転移

臨界終点の決定

格⼦QCD計算によるQCD相転移・相構造の研究
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Ni領域
2018年11⽉実験
2021年4⽉実験

Sn領域
2018年11⽉実験

100Sn等質量
2022年12⽉実験採択

宇宙元素合成の研究 ２１世紀に解決すべき科学上の１１⼤問題
「重元素はいかにして造られたのか？」

重元素の⽣成過程を探る
重元素合成仮説(Rプロセス)
不安定核の質量測定が必須

稀少RIリング@ RIBF（理研）
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核半径測定：17Ne, 17F
核モーメント測定：30P

• ⽇本初の不安定⽤蓄積リング
• 筑波⼤中⼼で約10年かけて製作
• 2015年、3⽉完成
• 2018年、11⽉質量測定実験（Ni、Sn領域）
• 2021年、4⽉ Ni領域の２度⽬の実験
• 2022年、12⽉100Sn領域の実験採択
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• 2018年11⽉に⾏ったSn領域の実験の結果
をPRL128, 15702 (2022) に出版した。

3

TOF in the R3 was measured by the E-MCP detector at
S0 and a plastic scintillator detector placed at ELC after
the ejection from the R3. Another IC was installed at
ELC, where an additional PID was performed. Finally,
particles were stopped in the NaI scintillator detector
placed behind the IC at ELC.

The mass-to-charge ratio (m/q) of the particle of in-
terest with a revolution time T is determined relative
to a reference particle with m0/q0 and T0 by using the
following formula [13, 18]:

m

q
=

m0

q0

T

T0

vuut
1� �2

1�
⇣

T
T0
�2

⌘ , (1)

where � is the velocity of the particle of interest relative
to the speed of the light in vacuum. Revolution time
spectrum of all injected nuclei is shown in Fig. 1 (b) (de-
tails of determination of the revolution time in R3 can be
found in [19]). Since the isochronous condition of the ring
is optimized for the reference particle, T0 is independent
of the momentum. To determine the mass, the velocity
� needs to be determined event-by-event from the time-
of-flight along the beamline from F3 to S0 (TOF3S0) by
using the following equation,

� =
Length3S0

(TOF3S0 + TOFoffset)
. (2)

The average path length from F3 to S0 (Length3S0)
and the TOFoffset caused by the electronics and the
energy loss in the detectors on the beamline, are de-
termined via Eq.(2) by using known masses of 124Ag
and 127Sn. The parameters that could reproduce the
known m/q values are Length3S0 = 84.859(2) m and
TOFoffset = 325.47(1) ns. The mass is then determined
for each event via Eq.(1). Additional systematic uncer-
tainties, �sys, due to the determination of parameters
such as Length3S0, TOFoffset and T0 were estimated
and reported in Table I. Details of data analysis method
can be found in references [13, 19]. The full data analysis
method as well as the details of estimating the system-
atic uncertainties will be reported in a subsequent publi-
cation. The mass excess values determined for all nuclei
are listed in Table I. Comparison with literature val-
ues from the recent Atomic Mass Evaluation, AME2020
[20], are plotted in Fig. 2. As shown in Table I, the
uncertainties are dominated by the mass uncertainty of
the reference particle 124Ag at 250 keV. The choice of
124Ag as a reference instead of 125Cd, which has lower
uncertainty, is mainly due to the presence of a long-lived
isomeric state at 186 keV in the latter that is di�cult to
separate with R3. The mass precision was therefore scar-
ified for higher accuracy. However, if the mass of 124Ag
is remeasured with higher precision, the uncertainties of
all other masses will be reduced.

Subtle nuclear structure e↵ects of neutron-rich nuclei
are believe to have strong impact in the r-process abun-
dances [21, 22]. Failure to produce enough material for

TABLE I. Mass excess from literature and the mass excess
of nuclei measured in this work are shown in the second and
third column, respectively. Total uncertainties are shown as
well as the contribution from the reference mass uncertainty
�m0 and the statistical uncertainty �stat. The systematic un-
certainty �sys is estimated from the uncertainty of T0 and the
fit parameters Length3S0 and TOFoffset of Eq.(2).

Nucleus MEAME20 MER3 �total �m0 �stat �sys

[keV] [keV] [keV] [keV] [keV] [keV]

126In -77809(4) -77707 269 254 65 62
125Cd -73348.1(29) -73237 320 252 192 40
123Pd -60430(790) -60282 265 248 86 40
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FIG. 2. Mass excess values of nuclei measured at R3 compared
to literature values from AME2020 [20]

masses at A= 112 � 124 was thought to be due to the
shell quenching at N = 82 [23]. However, it has been
recently demonstrated from mass measurement of 132Cd
that this shell gap, although reduced, is not quenched
for Z < 50 [24]. Another suggested solution to this issue
was the increase of the two-neutron separation energies
(S2n) that might be associated with a sudden transition
from deformed shape to spherical shape for nuclei with
Z < 50 and N = 75 � 82 [21]. In Fig. 3, the S2n val-
ues for Cd and Pd isotopic chains are shown with the
updated value for the most neutron-rich Pd isotope at
N = 77. Global mass models (FRDM [25], KTUY05
[26], EFTSI-Q [27] and WS4+RBF [28]) are also plot-
ted in addition to the microscopic mass model HFB24
[29] and its more recent version HFB31 [30]. Changes in
the S2n values of the most recent mass models are sig-
nificantly less pronounced for Pd isotopes as compared
to earlier mass models such as ETFSI-Q, KTUY05 and
HFB24. The new S2n value of 123Pd shows a smooth
decrease following the trend of the mass surface. Fur-
thermore, the improvement of the uncertainty excludes
significant large change in the S2n value at N = 77 as
compared to the uncertainty of the 123Pd mass reported
in the AME2020.

We simulate the impact of the mass measurement of
123Pd in the r-process by employing the Portable Rou-
tines for Integrated nucleoSynthesis Modeling (PRISM)
reaction network [31, 32]. The baseline nuclear physics

123Pd の質量誤差を改善した。

• 2021年度の稀少RIリングの実験で
は、キッカー磁⽯不調（放電、コ
ンデンサー故障など）があった。

• キッカー磁⽯のアップグレード
（放電箇所の補修、コンデンサー
交換など）が進⾏中。

• 2023年秋にマシンスタディを予定



ALICE Run3 
with upgrades

Quark Gluon Plasma/QCD相構造研究

Run3 PbPb
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ALICE-Focal
for RUN4

ALICE3 proposal
for RUN5-
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Beam Energy Scan at RHIC-STAR

固定標的実験モード
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RHIC → eICへ
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