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3Introduction

➢ 7 0 0 0 - 1 0 0 0 0  n u c l e i  a r e  p r e d i c t e d  t o  b e  b o u n d ,  w h i l e  o v e r  2 5 0 0  n u c l e i  a r e  a l r e a d y  m e a s u r e d .

➢ C o v a r i a nt  d e ns i t y  f u nc t i o na l  t he o r y  ( C D F T ) :  p o w e r f u l  f o r  a  g l o b a l  d e s c r i p t i on  o f  nu c l e i .

 RCHB

 Exp.

Neutron

Proton

b a s i c  i n p u t  o f  n u c l e o s y n t h es is

J .  M e n g  e t  a l . , 2 0 1 6 ,  R e l a t i v i s t i c  D e n s i t y  F u n c t i o n a l  f o r  N u c l e a r  S t r u c t u r e



4Introduction
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➢ G l o b a l  nu c l e a r  g r o u nd s t a t e  p r o p e r t i e s  ha v e  b e e n s t u d i e d  w i t h  C D F T  f o r  d e c a de s.
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➢ T h e  i n c l u s i o n  o f  e x c h a n g e  t e r m s i s  i m p o r t a n t  f o r  t h e  d e s c r i p t i on  o f  n u c l e a r  p r o p e r t i e s :

t i m e  c o n s u m in g ! h a r d  t o  b e  a p p l i e d  i n  l a r g e - s c a l e  c a l c u l a t i on s

…

B o u y s sy
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2 0 0 6
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G e n g
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D e n s i t y  d e p e n d e n ce

D D -
R H F

D D -
R H F B

A x i a l l y  
d e f o r m ed

R H F B
f r o m  P r o f .  W .  H .  L o n g ’ s  l e c t u r e

✓ Shell evolution

✓ Pseudospin(PSO) symmetry 
restoration

✓ New magicity

J .  L i u  e t  a l . , 2 0 1 9 , P L B , 8 0 6 , 1 3 5 5 2 4

J .  G e n g  e t  a l . , 2 0 1 9 , P R C  1 0 0 , 0 5 1 3 0 1 R

W .  H .  L o n g  e t  a l . , 2 0 0 8 , E P L  8 2 , 1 2 0 0 1



5Introduction

➢ Spurious shell exists in many relativistic density

functionals, but it can be cured by PKA1 with

exchange terms.

Q .  Z h a o  e t  a l . , 2 0 2 2 , P R C  1 0 6 , 0 3 4 3 1 5

➢ PCF-PK1: the point-coupling functional with
tensor coupling and with localized exchange
terms by Fierz transformation.

J .  G e n g  e t  a l . , 2 0 1 9 , P R C  1 0 0 , 0 5 1 3 0 1 R

I n  t h i s  w o r k ,  t h e  g l o b a l  n u c l e a r  g r o u nd  s t a t e  p r o p e rt i e s  w i t h  l o c a l i z e d  e x c h a n g e d  t e r m s  
w i l l  b e  s t u d i e d .

➢ Spurious shells are successfully eliminated
using PCF-PK1 without numerical complexity
raised by exchange terms.



6Theoretical Framework
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𝐹𝜇𝜈𝐹𝜇𝜈

Fierz Transformation𝛼𝑆 , 𝛼𝑡𝑆 , 𝛼𝑉 , 𝛼𝑡𝑉 , 𝛼𝑇

k n o w n

𝛼𝑡𝑇 , 𝛼𝑃𝑆 , 𝛼𝑡𝑃𝑆 , 𝛼𝑃𝑉 , 𝛼𝑡𝑃𝑉

u n k n o w n

Q .  Z h a o  e t  a l . , 2 0 2 2 , P R C  1 0 6 , 0 3 4 3 1 5

➢ T h e e f f e c t i v e L a g r a n g i a n d e n s i t y c o n s ist s o f f o u r p a r t s

ℎ𝐷 − 𝜆 Δ

−Δ −ℎ𝐷
∗ + 𝜆

𝑈𝑘

𝑉𝑘
= 𝐸𝑘

𝑈𝑘

𝑉𝑘

➢ T h e RH B e q ua t io n i s so l ve d i n t he s pa c e o f H ar mo n ic O sc i l la tor (H . O .) bas is a nd s p her ic a l

a p p r o x i m at ion .

e x c h a n g e  t e r m s  a r e  t r e a t e d  l i k e  d i r e c t  o n e s



7Choice of Oscillator Frequency

For PCF-PK1 the convergence behavior is the best when the H.O. frequency is taken as 70 𝐴−1/3 MeV.

Q .  Z h a o  e t  a l . , 2 0 2 2 , P R C  1 0 6 , 0 3 4 3 1 5

➢ Ta ke  208P b  a s  a n  exa m pl e ,  a n d  re fe re n c e  va l u e :  𝑁 𝑓 = 4 0 .

✓ S p h e r i c a l  R H B  s o lve d  b y  H . O.  b a s i s

✓ Fu n c t i o n a l :  P C F - P K 1

✓ S e p a r a b l e  p a i r i n g :  𝐺 = 657.5419 M e V,  𝑎 = 0.644 fm.



8Convergence Check

➢ 9  st a b le  n u cl ei  in  3  di f fe re nt  reg ion s .  Re d:  th e  var i a t ion  o f  b in din g  ene rgy  i s  w i thin  0 . 0 1 %.
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10Mass

➢ Overestimation: neutron-rich side in 𝑍 = 8, 20 and 𝑁 = 82, 126. Underestimation: neutron-deficient 

side in light region and neutron-rich side near 𝑁 = 100 .

➢ Dripline: close to DD-PC1, UNEDF1, and WS4, but different from PC-PK1 with continuum effect.
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11Mass

➢ Co m par i so n o f  m ass  ac c u rac y  wi t h  respec t  to  d i f feren t  ver s i o n s  o f  ex per i m en tal  dat a .

Exp. data RHB PCF-PK1 σrms/MeV RCHB PC-PK1 σrms/MeV

AME2003 2085 6.938 2111 7.884

AME2012 2258 7.026 2285 7.958

AME2016 2301 6.996 2331 7.917

AME2020 2351 7.170 2382 8.103

M . W a n g , 2 0 1 7 , C P C  4 1 , 0 3 0 0 0 3

M . W a n g , 2 0 1 2 , C P C  3 6 , 1 6 0 3

G . A u d i , 2 0 0 3 , N P A  7 2 9 , 3 3 7

M . W a n g , 2 0 2 1 , C P C  4 5 , 0 3 0 0 0 3

➢ Fo r  m a g i c  n u c l e i :  σ  ( P CF - P K1 ) = 2 . 0 3 4  M e V,  σ  ( RCH B ) =  2 . 1 5 7  M e V.  

X .  W .  X i a  e t  a l . , 2 0 1 8 , A D N D T  1 2 1 , 1



Charge Radii
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1 . σ (PCF - P K 1 ) = 0 . 0 3 6 2 fm ,  σ (RCH B )= 0 . 0 3 4 4 fm .

2 . 8 5 % : ex p ± 0 . 0 5 fm ( l i gh t b l u e ) , 7 0 %: ex p ± 0 . 0 3 fm ( d a rk b l u e ) .

3 . O pen - sh el l nu c lei : 𝑅 𝑐 a re un d e re st i m ate d . 𝑅 𝑐 a re ex pe cte d to in cre a se when d e fo r ma t ion
e f fe c t s a re c o n sid e re d .

K .  Z h a n g  e t  a l . , 2 0 2 2 , A D N D T  1 4 4 , 1 0 1 4 8 8

𝜎 ( RC H B ) = 0 . 0 3 4 4  f m
𝜎 ( D R H B c ) = 0 . 0 3 2 2  f m
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13Neutron Shell Gap
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d2n [MeV]

d2n(Z,N) = S2n(Z,N) - S2n(Z,N+2)

RHB PCF-PK1

1 . Tra d i t i ona l m a g i c n u m b e r : 𝑁 = 8 , 2 0 , 2 8 , 5 0 , 8 2 , 1 2 6 , a n d 1 8 4 .

2 . Su b sh el l : 𝑁 = 1 4 , 1 6 .

3 . Shel l ga ps a re d ec rea se d ne a r the n e ut ron d ri pl in e a t 𝑁 = 2 8 , 5 0 , 8 2 , 1 2 6 a n d in th e
su pe rh e av y n u c l e a r ( SHN ) re g i o n w i t h 𝑁 = 1 8 4 .

𝛿2n



14Proton Shell Gap
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RHB PC-PK1

1 . Tra d i t i ona l m a g i c n u m b e r : 𝑍 = 8 , 2 0 , 2 8 , 5 0 , 8 2 . Su b sh e l l : 𝑍 = 1 4 , 1 6 .

2 . Spu r i o u s sh e l l : 𝑍 = 5 8 , 9 2 i s re m ove d .

3 . Shel l ga ps are d ec re a sed ne a r n e u t ron d r i pl ine a t 𝑍 = 2 8 , 5 0 , 8 2 . B ut no t a t 𝑍 = 2 0 , which
i s t h e sa m e a s P C - P K 1 .

𝛿2p



15Overview of Shell Gap

𝜎 /MeV 𝜹 𝟐 𝐧 𝜹 𝟐 𝐩

PCF-PK1 1.1119 1.1317

PC-PK1 1.2260 1.3047

1 . Fo r m ag ic nu c lei : P CF - PK 1 a n d P C - PK 1 b oth overe st im ate she l l ga p . B u t P CF - P K 1 i mprove d
ove re st i ma t ion , c o m pa re d w i t h P C - P K 1 , wh i c h m e a n s a m o re re a so n ab l e sh e l l s t r u c t u re .

2 . Fo r spu r i o u s sh e l l 𝑍 = 5 8 , 9 2 : sm a l l e r t h a n P C - P K 1 .
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Spurious Shell Removal

➢ Sh e l l  ga ps  o f  𝑍 = 5 8 , 9 2 i so to p ic  c h a i n

16

W .  H .  L o n g  e t  a l . , 2 0 0 7 , P R C  7 6 , 0 3 4 3 1 4 ;  J .  G e n g  e t  a l . , 2 0 1 9 , P R C  1 0 0 , 0 5 1 3 0 1 R

1 . Co m pa re d w i t h o t h e r fu n c t i o na ls , P CF - P K 1 i s c l o se r to t h e ex pe r i m e nt a l d a t a .

2 . P CF - P K 1 : te n so r c o u pl ing i s i n c l u d ed a n d t h e c o n st ra i nt 𝑓𝑆
′′ 1 = 𝑓𝑉

′′ ( 1 ) i s re l e a se d .

C a l .  – E x p .  



Impacts of Spurious Shell Removal

➢ E ffe c t s  o f  s i n gl e  pa r t i c l e( s .  p . )  pro to n sh e l l  ga ps  o n  t h e  m a ss  fo r  n u c l e i  140Ce  a n d  218U.

s. p. Proton shell 

gaps at  𝑍= [MeV]

132Sn 140Ce 208Pb 218U

50 58 50 58 82 92 82 92

PCF-PK1 6.25 0.22 5.38 0.87 4.06 1.23 3.93 1.73

DD-LZ1 7.29 1.35 6.71 2.12 5.20 1.55 5.01 2.23

PC-PK1 6.23 2.04 5.85 2.57 4.09 2.57 4.08 3.00

DD-PC1 6.21 2.27 5.83 2.65 3.85 2.96 4.01 3.27

DD-ME2 6.45 2.39 6.02 3.06 4.06 2.75 4.08 3.29

Exp. 6.08 0.96 4.21 0.90

𝑬𝑩 [MeV] 140Ce 218U

PCF-PK1 1173.5 1667.5

DD-LZ1 1172.0 1666.6

PC-PK1 1174.4 1670.2

DD-PC1 1178.4 1673.5

DD-ME2 1175.4 1673.0

Exp. 1172.7 1665.6

17

1 . Mass overest im ati on i s a pro b l em n ear 140Ce a n d 218U.

2 . Fo r d o u b ly m a g i c n u c l e i : P C F - P K 1 i s c l o se r to t h e ex pe r i m e nt .

3 . Co m pa re d w i th oth e r func t ion al s , s . p . proton sh el l ga ps o bt a ine d by

P CF - P K 1 a re s maller , wh i c h i m prove s t h e m a ss ove re st i m at ion .

L .  S .  G e n g  e t  a l . , 2 0 0 5 , P T P  1 1 3 , 4 , 7 8 5 ;  X .  W .  X i a  e t  a l . , 2 0 1 8 , A D N D T  1 2 1 , 1

V .  I s a k o v  e t  a l . , 2 0 0 2 , E P J A  1 4 , 2 9

1 g 9 / 2

2 d 5/ 2

1 g 7/ 2

5 8

5 0

3 s 1 / 2

2 f 7/ 2

1 h 9 / 2

9 2

8 2



α-Decay Energy 18
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1 . σ ( P CF - P K 1 ) = 1 . 6 2 6 3 M e V, σ ( RCH B ) = 2 . 0 8 0 1 M e V.

2 . N e a r m ag ic n uc lei : o bv io u s d i f fe renc e b e t ween P CF -

P K 1 an d P C- P K 1 . 𝑄𝛼 o b tain ed by PCF -P K 1 i s c lo ser

to th e ex per i m en t , wh ich im pl ie s P C F - P K 1 h as a

m o re re a so n a b le d e sc r i p t i on o f t h e sh e l l s t r u c t u re .

3 . De fo r me d Supe rh eav y n uc le a r re gion( 𝑍 > 9 2 ) : c lo se r

to t h e ex pe r i m e n t .

P C F - P K 1  − P C - PK 1



19Shell Gaps in SHN Region

➢ Sh e l l  ga ps  i n  t h e  re g i o n w i t h  𝑍 > 1 0 0 .  𝑁 𝑓 = 2 0 i s  t a ke n .

1 . P CF - P K 1 su ppo r t s the n e ut ron mag ic

n u m ber 184, 228 and 308. Sh el l gaps o f

2 2 8 a n d 3 0 8 a re we a ke r t h a n 1 8 4 .

2 . N o o bv i ou s pro to n m a g i c n u m b e r.
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Why Shell Gaps are So Small 20

P .  A l b e r t o  e t  a l . , 2 0 0 2 , P R C  6 5 , 0 3 4 3 0 7S .  W .  C h e n  e t  a l . , 2 0 1 6 , S c i . C h i n .  5 9 , 6 8 2 0 1 1

➢ S .  p .  en erg y  l evel  o f  2921 2 0

1 . 𝑍 = 1 2 0 i s re ga rd e d a s m a g i c n u m b e r i n m a ny f u n c t i ona ls .

2 . E n e rg y spl i t t in g s o f pseu d o spin do ub l e t s Δ 𝐸PS O ( 𝜈 2 ෨𝑓 ) a n d

Δ𝐸PSO ( 𝜋 2 ෩𝑑 ) are smal l , co m pared wi th o ther fu nc t ion al s ,

so t h e sh e l l ga ps o f 1 2 0 a n d 1 7 2 a re we a k .

3 . Δ 𝐸PS O decreases w i th ten so r co u pl ing stre ng th 𝑓𝑡 a n d Σ 0

i n c re a sing .

𝑓 𝑡 i n c r e a s es



S. p. Energy Level of Heavy Nuclei
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➢ S .  p .  en erg y  l evel  o f  do u b ly  m ag i c  n u c l e i  132Sn  an d 208P b

1 . S . p . energ y l evel : in goo d ag reem ent

w i th th e ex pe ri m ent va l ue , whi ch

in d ic ate s the ex t ra pol at ion a b i l i t y to t he

SH N re g i o n .

2 . Leve l d en si ty : c lo se to t he ex pe ri me nt .

Leve l den si t y inc rea ses w i t h tenso r

c o u pl i ng st re n g t h i n c re a si ng .

V .  I s a k o v  e t  a l . , 2 0 0 2 , E P J A  1 4 , 2 9

𝑓 𝑡 i n c r e a s es



22Summary

➢ 7 2 1 0  nu c l e i  a r e  p r e d i c t e d  t o  b e  b o u nd w i t h  R H B  t h e o r y  u s i n g  f u n c t i on a l  P C F - P K 1 .  T h e  

r m s  d e v i a t ion  o f  m a s s  i s  7 . 1 7 0  M e V ,  w h i c h  i s  c o m p a r a b l e  t o  P C - P K 1 .

➢ S p u r i o u s  s h e l l  𝒁 = 𝟓 𝟖, 𝟗 𝟐  a r e  r e m o v e d w i t h  P C F - P K 1 .

➢ N o  o b v i o u s  p r o t o n  m a g i c  n u m b e r  i s  p r e d i c t e d  i n  S H N  r e g i o n .

Summary

 W i t h  i m p r o v ed  s h e l l  s t r u c t u r e ,  β - d ec ay  h a l f - l i v es c a n  b e  c a l c u l a t e d  b y  P C F - P K 1 ,  w h i c h  

i s  a l s o  o n e  o f  t h e  m o s t  i m p o r t a n t  i n p u t s  o f  n u c l e o s y n th e s is .

Perspective

Thanks !
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spherical

triaxially deform.

Axially deform.



24Appendix-- Mass

• Co m par i so n o f  m ass  ac c u rac y

Version RHB PCF-PK1 σrms/MeV RCHB PC-PK1 σrms/MeV

AME2003 2085 6.938 2111 7.884

AME2012 2258 7.026 2285 7.958

AME2016 2301 6.996 2331 7.917

AME2020 2351 7.170 2382 8.103

M . W a n g , 2 0 1 7 , C P C  4 1 , 0 3 0 0 0 3

M . W a n g , 2 0 1 2 , C P C  3 6 , 1 6 0 3

G . A u d i , 2 0 0 3 , N P A  7 2 9 , 3 3 7

M . W a n g , 2 0 2 1 , C P C  4 5 , 0 3 0 0 0 3

σ  (m ag i c  n u c l e i)= 2 . 0 3 4  MeV,  wh i c h  i s  a l so  l ower  t h an  2 . 1 5 7  MeV  i n  PC - PK1 .
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dE = ECal. - EExp(new).

Fo r  n e we r  d a t a ,  P CF - P K1  i s  h i gh e r  t h a n  P C - P K1  0 . 8  M e V.

D a t a  f r o m  I M P  r e p o r t



25Appendix-- Separation Energy
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• 2 1 4 9个核S 2 n≤ 5 M e V，6 4 5个核S 2 n≤ 2 M e V。

• S 2 n ≥ 2 0 M e V的有6 0 6个，大部分位于 Z ≤ 8 0 , N ≤ 8 2区域，小部分 ( 3 6个 )位于8 2 ≤ Z ≤ 9 4之间，≥ 2 5 M e V的有
2 5 3个，大部分都处于Z < 5 0，小部分 ( 2 1个 )处于5 8 ≤ Z ≤ 7 0之间，≥ 3 0 M e V的有1 0 3个核且都处于Z < 5 0区域，
≥ 4 0 M e V的有7个核，分别是 1 2O, 1 3O, 1 7N e , 2 0M g , 2 3S i , 3 4C a , 3 5C a。
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• 4 8 5个核S 2 p≤ 5 M e V，1 0 1个核S 2 p≤ 2 M e V。

• S 2 p ≥ 2 0 M e V的有3 8 0 7个核，≥ 2 5 M e V的有2 6 6 5个核，≥ 3 0 M e V的有1 6 3 6个核，≥ 4 0 M e V的有4 4 0个，且大
部分位于Z ≤ 6 0 , N ≤ 1 2 6区域，有3 8个核S 2 p＞5 0 M e V，基本都位于Z ≤ 2 0区域。



27Appendix-- Separation Energy

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
0

20

40

60

80

100

120
P

ro
to

n
 n

u
m

b
e

r

Neutron number

2.5

5.0

7.5

10.0

12.5

15.0

Sn (MeV)

• S n ≤ 5 M e V的核有4 2 2 1个，1 6 7 9个核的 S n ≤ 2 M e V，2 9 5个核的 S n ≤ 0 . 5 M e V，且中子数基本是奇数，6 3个核的
S n≤ 0 . 1 M e V。

• S n ≥ 1 0 M e V的有6 4 6个核，基本位于N < 1 2 6区域，9 3个核的 S n ≥ 1 5 M e V，都位于N ≤ 5 0区域， 1 2O, 1 4O, 2 0M g ,
2 5P,  3 2A r, 3 4C a这几个核的S n≥ 2 0 M e V。

• 同S 2 n，可以看出跨过幻数后S n会有较大的变化。而且S n有奇偶效应，靠近滴线时偶中子核的S n大于奇中子核。
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• 1 5 0 1个核S p≤ 5 M e V，4 1 7个核S p≤ 2 M e V，8 0个核S p≤ 0 . 5 M e V，1 5个核S p≤ 0 . 1 M e V。

• S p ≥ 1 0 M e V 的核有 3 6 6 8 个， ≥ 1 5 M e V 的有 1 6 0 1 个， ≥ 2 0 M e V 的有 4 2 4 个，处于 N < 1 8 4 , Z < 8 2 区域内，
≥ 2 5 M e V的有4 3个，都处于N < 1 2 6 , Z ≤ 5 0区域内。

• 同S 2 p，Z = 2 0 , 2 8 , 5 0 , 8 2后S p有较大变化，并且同中子素链上偶质子核S p大于奇质子核。



Appendix-- Separation Energy and Gap with Magicity

40 60 80 100 120 140

-2

0

2

4

6

30 40 50 60 70 80 90

-2

0

2

4

6

8

Neutron Number

d
 C

a
l.
 -

 E
x
p

.
 2

p
 (

M
e

V
) Z = 50 Z = 82(a)

 RHB_PCF-PK1

 RCHB_PC-PK1

 TRHB_PC-PK1

 RHB_PC-PK1

Proton Number

d
 C

a
l.
 -

 E
x
p

.
 2

n
 (

M
e

V
) N = 50 N = 82 N = 126(b)

40 60 80 100 120 140

-1

0

1

2

3

4

20 40 60 80 100

-1

0

1

2

3

4

 RHB_PCF-PK1

 RCHB_PC-PK1

 TRHB_PC-PK1

 RHB_PC-PK1

Neutron Number

S
 C

a
l.
 -

 E
x
p

.
 2

p
 (

M
e

V
) Z = 50 Z = 82(a)

Proton Number

S
 C

a
l.
 -

 E
x
p

.
 2

n
 (

M
e

V
) N = 50 N = 82 N = 126(b)

• 幻数核的分离能和壳隙与实验的差别

1 . P C F - P K 1的分离能和壳隙与实验的偏差较小，与P C - P K 1的描述接近，特别在双幻核附近二者没有表现出较
大差别。从理论与实验偏差的变化趋势说明在超重核区实验会倾向于更小的壳隙。

2 . 当考虑形变以及动力学修正能后，理论与实验的偏差得到修正。

29



30Appendix-- Charge Radii
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• 与1 0 1 1个实验数据的方均根偏差为0 . 0 3 6 2 fm，略高于X ia对电荷半径的𝜎 = 0 . 0 3 5 8 f m。

• 幻数附近的精度普遍较高，两个闭壳之间的绝对误差普遍较大。
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1 . 在幻数附近，R H B与RC H B的𝑄 𝛼差别明显，形变区域差别不大，暗示P C F - P K 1对壳结构的描述更合理。

2 . 在超重核区，即使是形变区域也有改善。而且𝑍 = 9 2分界线以上P C F - P K 1的描述更接近实验值一些，说明消
除赝壳有助于改善𝑄 𝛼的描述。



Spurious Shell Removal

Proton 142
60Nd

144
62Sm

214
88Ra

216
90Th

220
94Pu

222
96Cm

PCF-PK1 5.25 0.99 5.17 1.07 4.01 1.59 3.97 1.68 3.91 1.77 3.90 1.77

DD-LZ1 6.63 2.07 6.56 1.96 5.26 2.00 5.13 2.13 4.94 2.25 4.89 2.24

PC-PK1 5.81 2.57 5.78 2.55 4.16 2.86 4.12 2.93 4.05 3.00 4.01 3.01

DD-PC1 5.80 2.69 5.76 2.72 4.01 3.18 4.01 3.22 3.99 3.29 3.96 3.31

DD-ME2 5.97 2.96 5.92 2.89 4.16 3.10 4.12 3.20 4.06 3.28 4.04 3.28

𝐸𝐵 (MeV)
142Nd 144Sm 214Ra 216Th 220Pu 222Cm

PCF-PK1 1185.77 1196.00 1660.36 1664.76 1668.78 1668.48

DD-LZ1 1184.39 1194.76 1659.04 1663.63 1667.87 1667.56

PC-PK1 1186.48 1196.44 1661.97 1666.97 1671.14 1670.48

DD-PC1 1190.17 1199.76 1664.95 1670.08 1673.94 1672.85

DD-ME2 1187.16 1196.90 1663.71 1669.19 1673.73 1672.94

Exp. 1185.13 1195.63 1658.29 1662.55 - -

32

• P C F - P K 1对5 8以及9 2壳隙描述相对较小，因此关键原子核的质量更接近实验值。同样地，D D - L Z 1 ( 𝑀S
∗ = 0 . 5 6 )

描述5 0和8 2的壳隙明显较大，这可能与质量的低估有关。问题： 2 1 4R a与 2 1 6T h如何解释。
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Appendix-- Shell Gap in light region
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• 当𝑁 = 𝑍时，实验壳隙出现极大值，也许和对称能相关，无中子剩余的体系能量更低。

• P CF - P K1在𝑁 = 1 4时，𝑍 = 1 6出现极大，而𝑁 = 1 6时，𝑍 = 1 4出现极大；同双质子壳隙。
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Appendix-- Shell Gap in light region
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• RCH B对应的计算结果

• RCH B在 𝑁 , 𝑍 = 1 4 , 1 6 处重现实验的现象。
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35Appendix-- Neutron Magicity in 52, 54Ca
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• C a同位素链双中子分离能(红)，对能(蓝)，以及Δ 2n与δ e。

• ( a ) 52C a的双中子分离能略高于 53, 54C a，
但S 2n( 54Ca )并未明显高出附近核。

• ( b ) Δ 2n( 52, 5 4C a)并未明显高于其他核，
而 50, 51C a较高。

• ( c ) δ e( 52Ca ) 高于附近核，但 54C a 明显
没有类似现象说明N = 3 2的中子幻数不
明显，而且并未重现中子幻数3 4。



36Appendix-- Double-Magic nuclide 270Hs
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• 不同链𝑄𝛼随中子数的变化

J . D v o r a k , 2 0 0 6 , P R L , 9 7 , 2 4 2 5 0 1



37Appendix-- Superheavy Double Magic Nucleus 270Hs

J . D v o r a k , 2 0 0 6 , P R L  9 7 , 2 4 2 5 0 1

• 𝑄 𝛼 w i t h  re sp e c t  to  H s  i so to p es

1 . I n  sph e r i c a l  c a se ,  P CF - P K 1  d o  n o t  re p ro d u c e  𝑁 = 1 6 2 ( d e fo r m e d  m a g i c  n u m b e r ? ) .

2 . PCF - PK1 (T RH B ) su ppo r t s  t h e  defo r m ed m ag i c  n u m b er  1 6 2 ,  so  as  PC - PK1 (DRH B c ) .  An d 
t h e  pe a k  m a g n i t u d e  o f  P CF - P K1  i s  we a ke r.
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Appendix-- Level Density
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• 双幻核 208P b的单粒子能级密度

1 . P C F - P K 1的能级密度最大，且单粒子能量的描述更接近实验值。P K A 1的描述与之接近，但P K A 1费米面以下
的质子能级与实验值偏离较大。

2 . 2 1 0P o (灰色 )未表现出更小的8 2的壳隙。
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Appendix-- Level Density
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• 3041 2 0的能级密度随着张量耦合强度的变化

Para. 𝑀D
∗ 𝑀L

∗

PC-PK1 0.59 0.65

PC-F46 0.60

PC-G76 0.70

PCF-PK1 0.80 0.85

PKO2 0.60 0.74

PKA1 0.54

总的来说，P C F - P K 1对 3 0 41 2 0的单粒子能级的描述明显区别于其他有效相互作用，表现为能级密度较高，壳效
应减弱。由于引入张量耦合，P C F - P K 1较大的D i r a c有效质量会减弱Δ 𝐸S O，而较大的L a n d a u有效质量会增大
能级密度，最终P C F - P K 1的超重核区质子幻数结构不明显。
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