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1.  Principle of 𝑩-defined IMS 

58Ni beam

Conventional IMS  （𝜸 = 𝜸𝒕 ）

𝜸𝒕 : machine parameter 
determined by beam optics
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1.  Principle of 𝑩-defined IMS 

LISE++

B acceptance 

LISE++

Limitation of conventional IMS

Isochronous 
region

Limited resolving power

Systematic deviation 

58Ni beam

1) Phase slip factor: 

2) Orbit-dependent 𝜸𝒕

3) Asymmetric momentum distribution of stored ions

4) Energy losses of stored ions

𝜹𝑻

𝑻
=

𝟏

𝜸𝒕
𝟐 −

𝟏

𝜸𝟐 ∙
𝜹 𝑩𝝆

𝑩𝝆
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1.  Principle of 𝑩-defined IMS 

58Ni beam

15O
𝜸 > 𝜸𝒕

38Ca
𝜸 ≈ 𝜸𝒕

29P
𝜸 < 𝜸𝒕
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TOF
2

TOF
1

1.  Principle of 𝑩-defined IMS 

From 𝑻, 𝒗,
𝒎

𝒒
， → 𝑩𝝆, 𝑪

𝑪 = 𝑻 ∙ 𝒗 

𝑩
𝝆

=
𝒎

/𝒒
∙

𝜸
𝒗

𝒎

𝒒
= 𝑩

𝟏

𝒗

𝟐

−
𝟏

𝒗𝒄

𝟐
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Accuracy of velocity determination is of top importance 

1.  Principle of 𝑩-defined IMS 

𝑩
𝝆

=
𝒎

/𝒒
∙

𝒗
∙

𝜸

𝑪 = 𝑻 ∙ 𝒗

𝜸 < 𝜸𝒕

𝜸 > 𝜸𝒕

Effects of velocity 
uncertainties

TOF2 TOF1

𝒗 =
𝑳

∆𝒕𝒊𝒐𝒏
=

𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅

𝑳

𝒕𝒅𝟐 𝒕𝒅𝟏

𝑳 = 1803𝟒(1. 𝟑) mm

∆𝒕𝒅 = 99 4 𝒑𝒔
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Accuracy of velocity determination is of top importance 

1.  Principle of 𝑩-defined IMS 

TOF2 TOF1

𝒗 =
𝑳

∆𝒕𝒊𝒐𝒏
=

𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅

𝑳

𝒕𝒅𝟐 𝒕𝒅𝟏

𝑳 = 1803𝟒(1. 𝟑) mm

∆𝒕𝒅 = 99 4 𝒑𝒔

𝑩
𝝆

=
𝒎

/𝒒
∙

𝒗
∙

𝜸

𝑪 = 𝑻 ∙ 𝒗
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1.  Principle of 𝑩-defined IMS 

𝜎 𝑇0 = 1.885 𝑝𝑠

1.0×10-4

1.0×10-4 1.0×10-5 1.0×10-6

𝜎 𝑇0 = 0.25 𝑝𝑠 𝜎 𝑇0 = 0.16 𝑝𝑠

𝜎 𝑇0 = 2.58 𝑝𝑠 𝜎 𝑇0 = 1.62 𝑝𝑠 𝜎 𝑇0 = 1.58 𝑝𝑠

1.0×10-3

𝜎 𝛾𝑡

𝛾𝑡
=

𝜎 𝑣𝑖

𝑣𝑖
=

Accuracy of velocity determination is of top importance 



9

TOF1 TOF2𝑳

Coincidence 
time stamps

∆𝒕𝒆𝒙𝒑 determinations 

using coincidence time stamps

2. Velocity determination with two TOF detectors

𝒗 =
𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅
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45V23+

∆𝒕𝒋, j=1, 2, 3, … 

∆𝒕𝒆𝒙𝒑 determinations 

using coincidence time stamps

Too large uncertainty

𝒗 =
𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅

2. Velocity determination with two TOF detectors
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∆𝒕𝒆𝒙𝒑 𝑵 = ∆𝒕𝒇𝒊𝒕 𝑵

= 𝒕𝒇𝒊𝒕
𝑻𝑶𝑭𝟐 𝑵 − 𝒕𝒇𝒊𝒕

𝑻𝑶𝑭𝟏 𝑵

N = midpoint 

∆𝒂𝟐 = ∆𝒂𝟑 = 𝟎

∆𝒕𝒆𝒙𝒑 determinations using 

polynomial fit to all time stamps

2. Velocity determination with two TOF detectors
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TOF1

TOF2

Fi
t 

re
si

d
u

a
ls

𝝈𝑻𝑶𝑭 are too large and asymmetric 𝝈𝑻𝑶𝑭𝟏 is correlated with 𝝈𝑻𝑶𝑭𝟏

all 45V23+

single 45V23+

2. Velocity determination with two TOF detectors
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TOF1

TOF2

Fi
t 

re
si

d
u

al
s

𝑷(𝒇) =
𝟏

𝒏𝒔


𝒋

𝒏𝒔

𝑿𝑵𝒋
∙ 𝒄𝒐𝒔(𝟐𝝅𝒇 ∙ 𝑵𝒋)

𝟐

+ 
𝒋

𝒏𝒔

𝑿𝑵𝒋
∙ 𝒔𝒊𝒏(𝟐𝝅𝒇 ∙ 𝑵𝒋)

𝟐

Discrete Fourrier Transform

Two peaks at same f

single 45V23+

2. Velocity determination with two TOF detectors
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𝑷(𝒇) =
𝟏

𝒏𝒔


𝒋

𝒏𝒔

𝑿𝑵𝒋
∙ 𝒄𝒐𝒔(𝟐𝝅𝒇 ∙ 𝑵𝒋)

𝟐

+ 
𝒋

𝒏𝒔

𝑿𝑵𝒋
∙ 𝒔𝒊𝒏(𝟐𝝅𝒇 ∙ 𝑵𝒋)

𝟐

Discrete Fourrier Transform

Two peaks at same f

2. Velocity determination with two TOF detectors
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 The polynomial function describes  
ion motion with a mean orbital length 

 The sine-like terms describe the 
periodic time fluctuations due to 
betatron oscillations.

∆𝒕𝒆𝒙𝒑 determinations considering betatron oscillation of stored ions

𝒕𝒇𝒊𝒕 𝑵 = σ𝒊=𝟎
𝒊=𝟑 𝒂𝒊 ∙ 𝑵𝒊

+𝑨𝒙 ∙ 𝒔𝒊𝒏 𝟐𝝅 𝑸𝒙𝟎𝑵 + 𝑸𝒙𝟏𝑵𝟐 + 𝝋𝒙

+ 𝑨𝒚 ∙ 𝒔𝒊𝒏 𝟐𝝅 𝑸𝒚𝟎𝑵 + 𝑸𝒚𝟏𝑵𝟐 + 𝝋𝒚

2. Velocity determination with two TOF detectors
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 The polynomial function describes  
ion motion with a mean orbital length 

 The sine-like terms describe the 
periodic time fluctuations due to 
betatron oscillations.

∆𝒕𝒆𝒙𝒑 determinations considering betatron oscillation of stored ions

𝒕𝒇𝒊𝒕 𝑵 = σ𝒊=𝟎
𝒊=𝟑 𝒂𝒊 ∙ 𝑵𝒊

+𝑨𝒙 ∙ 𝒔𝒊𝒏 𝟐𝝅 𝑸𝒙𝟎𝑵 + 𝑸𝒙𝟏𝑵𝟐 + 𝝋𝒙

+ 𝑨𝒚 ∙ 𝒔𝒊𝒏 𝟐𝝅 𝑸𝒚𝟎𝑵 + 𝑸𝒚𝟏𝑵𝟐 + 𝝋𝒚

2. Velocity determination with two TOF detectors
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𝒕𝒇𝒊𝒕 𝑵 = 

𝒊=𝟎

𝟑

𝒂𝒊 ∙ 𝑵𝒊 + 𝑨𝒙 𝒔𝒊𝒏 𝟐𝝅 𝑸𝒙𝟎𝑵 + 𝑸𝒙𝟏𝑵𝟐 + 𝝋𝒙 + 𝑨𝒚𝒔𝒊𝒏 𝟐𝝅 𝑸𝒚𝟎𝑵 + 𝑸𝒚𝟏𝑵𝟐 + 𝝋𝒚

F
it

 r
e
si

d
u

a
ls

TOF1

TOF2

Correlations between 𝝈𝑻𝑶𝑭𝟏

𝐚𝐧𝐝 𝝈𝑻𝑶𝑭𝟏𝐚𝐫𝐞 𝐫𝐞𝐦𝐨𝐯𝐞𝐝

all 45V23+

single 45V23+

2. Velocity determination with two TOF detectors
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𝝈(∆𝒕𝒆𝒙𝒑) = (𝟐. 𝟎~𝟔. 𝟒) 𝒑𝒔,

𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆: (𝟐. 𝟐~𝟕. 𝟐) × 𝟏𝟎−𝟓

45V

Polynomial fit

From coincidence 
time stamps

From fit with 
betatron oscillation

∆𝑡𝑒𝑥𝑝 𝑁 = σ𝑖=0
𝑖=3 ∆𝑎𝑖 ∙ 𝑁𝑖 

2. Velocity determination with two TOF detectors
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𝒗 =
𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅

45V23+

𝟏. 𝟕 × 𝟏𝟎−𝟑𝜷𝟎

𝑳 = 1803𝟒(1. 𝟑) mm

∆𝒕𝒅 = 99 4 𝒑𝒔

Using FL-266nm-Pico laser

∆𝑡𝑒𝑥𝑝 𝑁 = σ𝑖=0
𝑖=3 ∆𝑎𝑖 ∙ 𝑁𝑖 

45V

Polynomial fit

From coincidence 
time stamps

From fit with 
betatron oscillation

2. Velocity determination with two TOF detectors
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2. Velocity determination with two TOF detectors
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new (𝑚/𝑞)𝑖

using (𝑩)𝒇𝒊𝒕
𝒊

𝑻𝒊, 𝒗𝒊
(𝒊 = 𝟏, 𝟐, … 𝑵)

𝑩𝝆~𝑪
line using 

known 𝑚/𝑞

(𝑩)𝒊=
𝒎

𝒒
∙ (𝜸𝒗)𝒊 

𝑪𝒊 = 𝒗𝒊 ∙ 𝑻𝒊Measurements

Construct Outputs

T spectrum 

𝑻𝑓𝑖𝑥
𝒊 @ 𝑪𝑓𝑖𝑥

𝒎

𝒒
= 𝑩

𝟏

𝒗

𝟐

−
𝟏

𝒗𝒄

𝟐

𝑻𝒇𝒊𝒙
𝒊 = 𝑪𝒇𝒊𝒙

𝟏

𝑩𝝆 𝒇𝒊𝒙
𝟐

𝒎

𝒒
 

𝒆𝒙𝒑

𝒊
𝟐

+
𝟏

𝒗𝒄

𝟐

Logic of mass determinations 

3. Realization of 𝑩-defined IMS
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all 23Mg12+ ions

𝑩𝝆 = 𝒇 𝑪 = 𝑩𝝆 𝟎 ∙
𝑪

𝑪𝟎

𝑲

+ 𝒂𝟏 ∙ 𝒆−𝒂𝟐∙ 𝑪−𝑪𝟎

all 23Mg12+ ions

58Ni beam

3. Realization of 𝑩-defined IMS
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𝒎

𝒒 𝒆𝒙𝒑

𝒊

=
𝒇(𝑪𝒆𝒙𝒑

𝒊 )

𝜸𝒗 𝒆𝒙𝒑
𝒊 , i = 1, 2, 3 …. 𝒗 =

𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅

𝒎

𝒒
spectrum

Systematic errors are due to biased 𝐿 and ∆𝑡𝑑  in the velocity determination

𝑳 = 1803𝟒(1. 𝟑) mm

∆𝒕𝒅 = 99 4 𝒑𝒔

Using FL-266nm-Pico laser

3. Realization of 𝑩-defined IMS
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𝜒2 =
1

𝑁𝑐
∙ 

𝑖

𝑀𝐸𝑒𝑥𝑝
𝑖 − 𝑀𝐸𝐴𝑀𝐸

𝑖 2

𝜎 𝑀𝐸𝑒𝑥𝑝
𝑖 2  

 Calibration with known-mass nuclei
in order to find the correct 𝐿 and ∆𝑡𝑑

 Procedure:
Minimize the 𝜒2 by varying 𝐿 and ∆𝑡𝑑

𝒗 =
𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅
𝑳 and ∆𝒕𝒅 determinations

3. Realization of 𝑩-defined IMS
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𝒗 =
𝑳

∆𝒕𝒆𝒙𝒑 − ∆𝒕𝒅
𝑳 and ∆𝒕𝒅 determinations

𝜒2 =
1

𝑁𝑐
∙ 

𝑖

𝑀𝐸𝑒𝑥𝑝
𝑖 − 𝑀𝐸𝐴𝑀𝐸

𝑖 2

𝜎 𝑀𝐸𝑒𝑥𝑝
𝑖 2  

 Calibration with known-mass nuclei
in order to find the correct 𝐿 and ∆𝑡𝑑

 Procedure:
Minimize the 𝜒2 by varyng 𝐿 and ∆𝑡𝑑

(𝑳,∆𝒕𝒅)

3. Realization of 𝑩-defined IMS
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Using the new 𝑳 and ∆𝒕𝒅 values:

 Re-recalculate the { 𝐵𝜌 𝑒𝑥𝑝
𝑖 , 𝐶𝑒𝑥𝑝

𝑖 } data 

using known-mass nuclei.

 Fit the { 𝐵𝜌 𝑒𝑥𝑝
𝑖 , 𝐶𝑒𝑥𝑝

𝑖 } data using  

𝑓 𝐶 = 𝐵𝜌 0 ∙
𝐶

𝐶0

𝐾

+ 𝑎1 ∙ 𝑒𝑥𝑝 −𝑎2 ∙ 𝐶 − 𝐶0

 Individual m/q determinations via

𝑚/𝑞 𝑒𝑥𝑝
𝑖 =

𝑓(𝐶𝑒𝑥𝑝
𝑖 )

𝛾𝑣 𝑒𝑥𝑝
𝑖

, 𝑖 = 1, 2, 3, … 𝑁𝑡

𝑳 = 𝟏𝟖𝟎𝟑𝟕 mm

∆𝒕𝒅 = 𝟏𝟎𝟏. 𝟔 𝒑𝒔

3. Realization of 𝑩-defined IMS
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 Error estimation 

𝜸𝒕
𝟐 =

𝒅(𝑩𝝆)/(𝑩𝝆)

𝒅𝑪/𝑪
=

𝑪

𝒇(𝑪)
∙

𝒅𝒇(𝑪)

𝒅𝑪

𝝈𝑩𝝆 𝜸, 𝜸𝒕 = 𝒃𝟎 + 𝒃𝟏 ∙ 𝜸𝟐 − 𝜸𝒕
𝟐 + 𝒃𝟐 ∙ 𝜸𝟐 − 𝜸𝒕

𝟐 𝟐

𝝈 𝒎/𝒒 𝒆𝒙𝒑
𝒊

𝒎/𝒒 𝒆𝒙𝒑
𝒊 =

𝝈𝑩𝝆 𝜸𝒆𝒙𝒑
𝒊 ,𝜸𝒕

𝒊

𝒇 𝑪𝒆𝒙𝒑
𝒊 , i = 1, 2, 3 … 𝑵𝒕. 

Error estimation

𝑩
𝝆

𝒆
𝒙

𝒑
𝒊

,−
𝒇

𝑪
𝒆

𝒙
𝒑

𝒊

(𝟏
𝟎

−
𝟓

T
m

) 
 

𝝈
𝑩

𝝆
/𝟏

𝟎
−

𝟓
T

m
  

𝜸𝟐 − 𝜸𝒕
𝟐

3. Realization of 𝑩-defined IMS
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Masses and uncertainties 

𝜎 𝑚/𝑞 𝑒𝑥𝑝
𝑖

𝑚/𝑞 𝑒𝑥𝑝
𝑖 =

𝜎𝐵𝜌 𝛾𝑒𝑥𝑝
𝑖 ,𝛾𝑡

𝑖

𝑓 𝐶𝑒𝑥𝑝
𝑖 , i = 1, 2, 3 … 𝑁𝑡. 

𝑚/𝑞 𝑒𝑥𝑝
𝑖 =

𝑓(𝐶𝑒𝑥𝑝
𝑖 )

𝛾𝑣 𝑒𝑥𝑝
𝑖

, 𝑖 = 1, 2, 3, … 𝑁𝑡

𝝈𝒎 ≈ 7 × 𝑞 keV

𝒎

𝒒
spectrum

3. Realization of 𝑩-defined IMS



29

Masses and uncertainties 

𝜎 𝑚/𝑞 𝑒𝑥𝑝
𝑖

𝑚/𝑞 𝑒𝑥𝑝
𝑖 =

𝜎𝐵𝜌 𝛾𝑒𝑥𝑝
𝑖 ,𝛾𝑡

𝑖

𝑓 𝐶𝑒𝑥𝑝
𝑖 , i = 1, 2, 3 … 𝑁𝑡. 

𝑚/𝑞 𝑒𝑥𝑝
𝑖 =

𝑓(𝐶𝑒𝑥𝑝
𝑖 )

𝛾𝑣 𝑒𝑥𝑝
𝑖

, 𝑖 = 1, 2, 3, … 𝑁𝑡

𝝈𝒎 ≈ 7 × 𝑞 keV

Masses from T spectrum

𝒎

𝒒
spectrum

3. Realization of 𝑩-defined IMS
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Mass resolving powers are significantly improved after field drift correction 
for all nuclides in the large m/q-range of ∆ 𝑚/𝑞 ≈ 0.10 𝑢𝑒−1

𝒎

𝒒
  spectrum

3. Realization of 𝑩-defined IMS

58Ni beam

𝝈𝒎 ≈ 𝟑~𝟓 × 𝑞 keV
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𝑻𝒇𝒊𝒙
𝒊 = 𝑪𝒇𝒊𝒙 ∙

𝟏

𝑩𝝆 𝒇𝒊𝒙
𝟐

∙
𝒎

𝒒
 

𝒆𝒙𝒑

𝒊
𝟐

+
𝟏

𝒗𝒄

𝟐

,  𝒊 = 𝟏, 𝟐, 𝟑 … 

3. Realization of 𝑩-defined IMS
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velocity velocity

Asymmatric 𝑻 and 𝒗 distributions  

3. Realization of 𝑩-defined IMS
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偏度（Skewness）

𝑆 =
1

𝑛


𝑖=1

𝑛

𝑥𝑖 − ҧ𝑥 3 /𝜎3

ҧ𝑥是平均值，𝜎是标准差

Tz = -1/2 Tz = -1

B (Tm)

S = -0.144

B (Tm)

S = 0.022

B (Tm)

S = -0.131

All ions

3. Realization of 𝑩-defined IMS

LISE++计算
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Tz = -1/2 Tz = -1

B (Tm)

S = -0.144

B (Tm)

S = 0.022

B (Tm)

S = -0.131

轨道长度区间 (128.70, 129.05)m, 动量接受 0.4%

Obtained 
from T 

spectrum

3. Realization of 𝑩-defined IMS
All ions
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B (Tm)

S = -0.105

B (Tm)

S = 0.042

B (Tm)

S = -0.093

轨道长度区间 (128.80, 128.95)m, 动量接受度 0.2%

Tz = -1/2 Tz = -1

Obtained 
from T 

spectrum

3. Realization of 𝑩-defined IMS
All ions
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B (Tm)

S = -0.031

B (Tm)

S = 0.013

B (Tm)

S = -0.028

轨道长度区间 (128.85, 128.90)m, 动量接受度 0.08%

Tz = -1/2 Tz = -1所有离子

Obtained 
from T 

spectrum

3. Realization of 𝑩-defined IMS
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𝑇𝑧 = −
1

2
𝑇𝑧 = −1

𝑇𝑧 = −
1

2
𝑇𝑧 = −1

𝑇𝑧 = −
1

2
𝑇𝑧 = −1

𝑇𝑧 = −
1

2
𝑇𝑧 = −1

Single TOF Double TOF

Without 
Field correction

With
Field correction

3. Realization of 𝑩-defined IMS
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IMS @ GSI

Eur. Phys. J. A52, 138 (2016) Hyperfine Interact 173: 49-54 (2006

3. Realization of 𝑩-defined IMS

 = 172 keV
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5 keV uncertainty

Re-determined masses of 𝑻𝒁 = −𝟏 nuclei

3. Realization of 𝑩-defined IMS

5 keV uncertainty
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Check the mass accuracy of  the 𝑩-defined IMS

(−𝟐. 𝟏 ± 𝟗. 𝟓) × 𝟏𝟎−𝟗
𝝈 =

𝟔. 𝟕 × 𝟏𝟎−𝟖

3. Realization of 𝑩-defined IMS
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Mass accuracy of the MR-TOF-MS at GSI PHYSICAL REVIEW C 99, 064313 (2019)

Weighted mean of all relative deviations: (𝟒. 𝟓 ± 𝟓. 𝟑) × 𝟏𝟎−𝟖
𝝈 =

𝟑. 𝟓 × 𝟏𝟎−𝟕

3. Realization of 𝑩-defined IMS
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Mass accuracy using MR-TOF-MS at RIKEN Mass accuracy using 𝑩-IMS at IMP

5 keV uncertainty

3. Realization of 𝑩-defined IMS

Comparison with MR-TOF-MS@RIKEN

S. Kimura et al., IJMS 430, 134(2018)
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𝑩-IMS at IMP

3. Realization of 𝑩-defined IMS

Nucl. Phys. A 756, 3 (2005)

𝐒𝐌𝐒 at GSI

𝝈 =28 keV

Comparison with SMS @ GSI
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Advantages of 𝑩-defined  IMS

1) Fast measurement:  𝑡𝑒𝑥𝑝 ≈ 0.1 𝑚𝑠

2) High sensitivity: 𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑖𝑜𝑛, 𝜎𝑚 ≈ 3~5 × 𝑞 (keV)

3) High efficiency:   𝑡𝑒𝑛𝑠 𝑜𝑓 𝑖𝑜𝑛𝑠 𝑖𝑛 𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑟𝑢𝑛

4) High precision:    on par with PTMS for short-lived nuclei

5) Zero background: background-free measurements 

3. Realization of 𝑩-defined IMS
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3. Realization of 𝑩-defined IMS
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Kr-70

Se-66
As-64

Ge-62
Ga-60

Zn-58

66Se

65As

68Se

64Ge

70Kr

69Br

Waiting points 
in rp-process

78Kr78Kr primary beam 
+ 𝑩-IMS

4. New masses from the  𝑩-defined IMS 

58Ni primary beam
+ 𝑩-IMS

36Ar primary beam
+ 𝑩-IMS
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4. New masses from the  𝑩-defined IMS 

58Ni beam

M. Zhang et al., Eur. Phys. J. A 59: 27(2023)
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4. New masses from the  𝑩-defined IMS 

78Kr beam M. Wang et al., Phys. Rev. Lett. 130, 192501 (2023)
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4. New masses from the  𝑩-defined IMS 

𝑻𝒁 = −1 nuclides

𝑻𝒁 = −3/2 nuclides

58Ni beam
M. Zhang et al., Eur. Phys. J. A 59: 27(2023)

M. Wang et al., PRC 106, L051301(2022) 
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66Se/33Cl & 65As

4. New masses from the  𝑩-defined IMS 

78Kr beam
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4. New masses from the  𝑩-defined IMS 

78Kr beam
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Validity of IMME for T=3/2 multiplet at A=55

𝑴 𝑨, 𝑻, 𝑻𝒛 = 𝒂 𝑨, 𝑻 + 𝒃 𝑨, 𝑻 𝑻𝒛 + 𝒄 𝑨, 𝑻 𝑻𝒛
𝟐 + 𝒅(𝑨, 𝑻)𝑻𝒛

𝟑

Neutron

P
ro

to
n

M. Zhang et al., Eur. Phys. J. A 59: 27(2023)
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Isovector

component of NN 

interaction

Isotensor

component of NN 

interaction

Sensitive to the WF

of valence particles

which contains 

particular nuclear 

structure information

Average properties 

like Coulomb radius

or pairing 

Coulomb interaction is the main contributor

𝑴 𝑨, 𝑻, 𝑻𝒛 = 𝒂 𝑨, 𝑻 + 𝒃 𝑨, 𝑻 𝑻𝒛 + 𝒄 𝑨, 𝑻 𝑻𝒛
𝟐

70Kr

70Br

70Se

𝒃 = 𝑴𝟏 − 𝑴−𝟏 /𝟐

𝒄 =
𝑴𝟏 + 𝑴−𝟏

𝟐
− 𝑴𝟎

Charge symmetry

Charge independence

IMME:

The ground state mass of 70Br  (W.J. Huang et al., PRC submitted)
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For T=1 multiplets 𝒄 =
𝑴𝟏 + 𝑴−𝟏

𝟐
− 𝑴𝟎

Deviate from systemeatics

The ground state mass of 70Br  (W.J. Huang et al., PRC submitted)
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The ground state mass of 70Br  (W.J. Huang et al., PRC submitted)

A=16: mirror symmetry breaking

𝒃 = 𝑴𝟏 − 𝑴−𝟏 /𝟐For T=1 multiplets

New mass dataExtracted from mirror nuclei
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70Kr

70Br

70Se

70Br (T=1, IAS)

70Se (g.s)

∆𝑬𝒄
𝒆𝒙𝒑

= 𝑴𝑻𝒛=𝟎
𝑰𝑨𝑺 − 𝑴𝑻𝒛=𝟏

𝒈.𝒔
+ 𝟕𝟖𝟐

𝑬𝒄
𝒕𝒉 =

𝟎. 𝟔𝒁𝟐 − 𝟎. 𝟔𝒁𝟒/𝟑 − 𝟎. 𝟎𝟕𝟓 𝟏 − (−𝟏)𝒁
𝒆𝟐

𝟏. 𝟐𝟓𝑨𝟏/𝟑

∆𝑬𝒄
𝒆𝒙𝒑

= 𝑴𝑻𝒛=𝟎
𝑰𝑨𝑺 − 𝑴𝑻𝒛=𝟏

𝒈.𝒔
+ 𝟕𝟖𝟐

= 𝑬𝒄
𝑻𝒛=𝟎 − 𝑬𝒄

𝑻𝒛=𝟏

∆𝑬𝒄
𝒆𝒙𝒑

− ∆𝑬𝒄
𝒕𝒉

The ground state mass of 70Br  (W.J. Huang et al., PRC submitted)
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J. Savory et al., PRL 102, 132501 (2009)

rp Process and Masses of NZ34 Nuclides

PRC65, 064307 (2002)

PRC 70, 014310 (2004)

QEC(9+)=12.19 (±7±4) MeV

QEC(g.s.)=9.90(±7±4) MeV

ME(gs)= -52.03 (±7±4) MeV

isomer

∆𝑬𝒄
𝒆𝒙𝒑

− ∆𝑬𝒄
𝒕𝒉

The ground state mass of 70Br  (W.J. Huang et al., PRC submitted)

ME (70Br)=-51934 (16) keV

508 keV more bound
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If CVC hypothesis is correct, the corrected  
Ft values should be same

The ground state mass of 70Br  (W.J. Huang et al., PRC submitted)

𝑴 𝑨, 𝑻, 𝑻𝒛 = 𝒂 𝑨, 𝑻 + 𝒃 𝑨, 𝑻 𝑻𝒛 + 𝒄 𝑨, 𝑻 𝑻𝒛
𝟐

𝑭𝒕 ≡ 𝒇𝒕(𝟏 + 𝜹𝑹
′ )(𝟏 + 𝜹𝑵𝑺 − 𝜹C)
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Mirror symmetry of residual pn interaction

M. Zhang et al., Eur. Phys. J. A 59: 27(2023)
- +

+ -

- +

+ -

- +

+ -
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o-o
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𝜹𝑽𝒑𝒏
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Mirror symmetry of residual pn interaction
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+ −

+ −

− +

− +

+ −

− +

− +

+ −
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− +

+ −

− +

Local mass relationship
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=0 =0
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1
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𝜹𝑽𝒑𝒏
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𝜹𝑽𝒑𝒏 𝜹𝑽𝒑𝒏

𝜹𝑽𝒑𝒏
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M. Wang et al., PRL 130, 192501 (2023)

Red dots: at least one of 
our masses is used

Bifurcation of residual pn interaction along the N=Z line
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Waiting point 64Ge in the rp-process of Type I X-ray bursts

T > 1.5-2 GK，68Se - 70Kr equilibrium 

T<1.5-2 GK，68Se - 69Br equilibrium 

64Ge

65As

66Se

(P,)

64Ge

65As

66Se

Effective lifetimes of 64Ge
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Waiting point 64Ge in the rp-process of Type I X-ray bursts

T1/2 (66Se) = 54(4) (ms)

T
1

/2
,e

ff
(6

4
G

e
) 

 (
s
)

T1/2 (66Se)  (s)

S2p(
66Se)=2.244(61) MeV

T1/2 (64Ge) = 63.7(2.5) (s)

64Ge - 65As equilibrium
64Ge - 66Se equilibrium 

Sp(
65As)= - 221(42) keV

Sp (65As)  (MeV)

Sp (65As) = - 221(42) keV

64Ge

65As

66Se

(P,)

64Ge

65As

66Se

Effective lifetimes of 64Ge
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All Q-values of (p,) reaction around 64Ge obtained

● peak luminosity (flux) increased
● A=64 mass fraction increased by 17%
● A=65 mass fraction decreased by 14%

64Ge

X-ray burst GS1826-24

Waiting point 64Ge in the rp-process of Type I X-ray bursts

Multizone X-ray burst simulations  
less bound 65As 
more bound 66Se,
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● Mass and Radius are constrained
● the neutron star in GS1826-24 is 6.5% 

farther away (0.4 kpc=1300 ly) from us !
● reduced 1+z value indicates weaker 

gravitation than believed !

New light curve enables us to set new constraints on the  optimal d and (1 + z) parameters

Waiting point 64Ge in the rp-process of Type I X-ray bursts
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Waiting point 64Ge in the rp-process of Type I X-ray bursts
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Thanks for your attention

5. Summary 

1. 𝐵-defined IMS has been established in CSRe which shows several 

advantages in mass measurement of short-lived nuclei

2. Masses of 78Kr, 58Ni, 36Ar fragments have been measured, enabling to 

address several issues in nuclear structure and nuclear astrophysics

3. 𝐵-defined IMS will be installed in the SRing of HIAF facility and the 

masses of heavy and n-rich exotic nuclei will be touched in the future   

4. We need close collaborations both in experiment and in theory



原子核质量与核天体物理

X-射线暴模型
+核物理输入

光度曲线
元素丰度

中子星性质
灵敏度研究

模型预言与
天文观测比较

X-射线暴

核过程驱动

GS 1826-24
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