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Founded in 1898, Peking University was originally known
as the Imperial University of Peking. It was the first
national university covering comprehensive disciplines in
China, and has been a leading institution of higher
education in China since its establishment.
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Chirality

® Chirality was originally suggested in 1997 and firstly observed in 2001.

NUCLEAR -Originally suggested in 1997
PHYSICS A chiral doublet bands

Nuclear Physics A 617 (1997) 131-147

Tilted rotation of triaxial nuclei

S. Frauendorf, Jie Meng !
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PF 510119, 01314 Dresden, Germany A
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Chiral and wobbling modes

® The investigation of chiral and wobbling modes in atomic nuclei has
become one of the hottest topics in nuclear physics.
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“Standard” models

® Triaxial PRM Frauendorf & Meng, NPA617, 131 (1997)
Peng et al., PRC 68, 044324 (2003)
v Lab frame; quantal model; Koike et al., PRL 93, 172502 (2004)
with quantum tunneling; Zhang et al., PRC 75, 044307 (2007)
% Phenomenological Qi et al., PLB 675, 175 (2009)

Lawrie & Shirinda, PLB 689, 66 (2010)

Hamamoto, PRC 65, 044305 (2002)

Hamamoto & Hagemann PRC 67, 014319 (2003)

. . . Frauendorf & Donau, PRC 89, 014322 (2014)

® Tilted axis cranking (TAC)
v Mean-field approximation; Frauendorf & Meng, NPA617, 131 (1997)

. o e R . . . Dimitrov et al., PRL 84, 5732(2000)
Intrinsic frame microscopic 4 4
/ pic; Olbratowski et al., PRL 93, 052501 (2004)

self-consistent; Olbratowski et al.,, PRC 73, 054308 (2006)
® Semi-classical; no quantum Matta et al., PRL 114, 082501 (2015)
tunneling;
® Other models Sheikh & Hara, PRL 82, 3968(1999),
B Projected shell model Dar et al NPA 933, 123 (2015)
S. Brant et al., PRC 69, 017304 (2004)
B IBFFM S. Brant et al., PRC 78, 034301 (2008)
Tonev et al., PRL 96, 052501 (2006)
B Pairing truncated shell model K. Higashiyama et al, PRC 72, 024315 (2005)



Beyond mean field approximation: RPA

o777 77 7

® TAC + RPA for chiral mode T TCEmn

v Beyond mean field; chiral == Band A |
vibration

® Chiral rotation;

¢ +Band B

Mukhopadhyay et al., PRL 99, 172501 (2007)
Almehed et al., PRC 83, 054308 (2011)

E(I)-E-0.01*I(I+1) [MeV]
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Spin I [h]
. . Mikhailov & Janssen, PLB 72, 303 (1978)
® Cranking + RPA for wobbling Marshalek, NPA 331, 429 (1979)
mode Shimizu & Matsuyanagi, PTP 70, 144 (1983)
excitation Matsuzaki et al., PRC 69, 034325 (2004)
. . Matsuzaki et al., PRC 69, 064317 (2004)
% Anharmonic wobbling bands; Almehed et al., PS 125, 139 (2006)

Shoji et al., PTP 121, 139 (2009)

It is thus imperative to search a unified method for studying both chiral
and wobbling modes.



Collective Hamiltonian

® Collective Hamiltonian, e.g. based on CDFT, has achieved great
success on applications for shape evolution/transition.

Recent Progress on CDFT for Nuclear Low-lying Spectrum
r e - - e~ F Py
(1) Development of 3SDAMP+GCM; Systematic study on 2®-**Mg [1-4]
(2) 3DAMP+GCM forlow-lying states and np decoupling in C isotopes [5] e ko CORC onadd Ayt i
(3) 3DAMP+GCM for the proton bubble structure in Si and “SAr [6,7] @ AMP+GCM with octupole: Cluster in 2Ne

(4) Development of CDFT based SDCH.: Systematic study on QPT in N~90 [8-10]
(5) SDCH for 2*¢ QPT and E(5) in Xe and Ba isotopes [11]

(@ FT-RHB for fission of SHN

(6) SDCH for fission barrier and SD band in >*°Pu [12] OISR
(7) 5DCH for shell erosion and shape transition in N=28 isotones [13]

(8) SDCH for shape transition and shape coexistence in A~100 [14,15]

(9) SDCH for enhanced collectivity in neutron-deficient Sn isotopes[16]
(10) 5SDCH for shape transition and shape coexistence of Kr isotopes [17.18]

r(l 1) SDCH and 2DCH for double QPT in Th isotopes [19]

[ (@ CDFT based TDCH for fission
C (12) CDFT based QOCH; Study on Ra isotopes [20]

| (@ DRHF+BCS with tensor force

(@ Systematic study on cluster of alpha-conjugate nuclei

@ Systematic study on spectrum of SHN (even and odd A)

N=82
[1] PRC 79, 044312 (2009); [10] PRC 79, 034303 (2009); [19] PLB 726, 866 (2013)
[2] PRC 81, 044311 (2010); [11] PRC 81, 034316 (2010); [20] PRC in preparation
[3] PRC 83, 014308 (2011); [12] PRC 81, 064321 (2010); [21] FOP 9,529 (2014)
[4] SCI. CHIN.54,198(2011); [13] PRC 84, 054304 (2011); [22] PRC in press (2015)
[5] PRC 84, 024306 (2011); [14] PRC 85, 034321 (2012); [23] NPA 868, 12 (2011)
[6] PLB 723, 459 (2013); [15] NPA 873,1-16 (2012); [24] PRC in press (2015)
[7] PRC 89, 017304 (2014); [16] PLB 717,470 (2012);

[8] PRC 80, 061301 (2009); [17] PRC 87, 054305 (2013); b Z P L 0
will do [2] PRC 79, 054301 (2009); [18] PRC 89, 054306 (2014); y N B |

In progress

In present talk, the collective Hamiltonian based on cranking
mean field is reported and applications for chiral rotation and
wobbling motion are demonstrated.




Outline

U O 0O O O

Introduction
Theoretical framework
Chiral modes

Wobbling modes

Summary and perspective




Microscopic basis

® Microscopic basis Collective Hamiltionian, which aims to describe large
amplitude collective motions, can be obtained by

B Generate coordinate method (GCM) Hill&Wheeler, PR 89, 1102 (1953);
Ring&Schuck1980

B Adiabatic time-dependent Hartree-Fock (ATDHF) method Baranger&Kumar,
NPA 122, 241 (1968); Ring&Schuck1980
B Adiabatic self-consistent coordinate method (ASCC) Marumori et al., PTP 64, 1294
(1980); Matsuo et al., PTP 103, 959 (2000); Hinohara et al., PRC 82, 064313 (2010); Matsuyanagi et al.,
JPG 37, 064018 (2010)
» Starting point: time-dependent Hartree-Fock (TDHF) equation
» Assumptions: adiabatic approximation, i.e., the collective motion is
slow or collective momenta are small ( can be large)
» Procedure: expand the TDHF equations with respect to the collective
momenta up to second order

H(a,p) = (@0, D) H19(ap)) = 5 3 B (@)pi; + V(@

. 9?2 H
B’LJ = — = —
(9) 8P, 0p; | p=C V(q) H(q,P)|p=o0



Coll. coordinate & Coll. Hamiltonian

® For chiral and wobbling modes, the orientation angles of angular momentum
can be chosen as collective coordinates.

(0, )

® For simplicity, only one collective
coordinate is considered here,

i Y P

(0,¢) — ¢

® The classical form of a collective Hamiltonian in terms of ¢ as,

. . 1.
Heon = Tian(p) + V() = 55902 + V(p)

® According to general Pauli quantization Pauli1933

) ) 2 0 1 0
Heon = Tiin (@) + V(p) = _2\/W ¢ / B(yp) Op
G B E G P P B s B B sSSP e s s SE E

+ V(p)



Coll. potential & Mass parameter

® The collective potential V(@) could be extracted by minimizing the total
Routhian surface, obtained by any TAC calculation, with respect to O for given ¢.

V (6, ¥) V()
90 oy | LLL 6.6 T —1T 1T
—~ g | N©=030MeV |
= > 20 4
> Py
. > 72|\ A
ey e "7 .90-45 0 45 90
¢ (deg)
® Mass parameter B(p) could be obtained from TAC calculations by cranking

formula e
E — E [|=—]0
B(qo)=2hzz( z G)z\(laq,zl );\2
< ((E1 — EoP? — 1?22
. (Er— Eo)|I[i, £]10)|°
= [(E/— Eo? —n*QP




Basis space

® Symmetry

The collective Hamiltonian keeps invariant with
respecttop —» —@.

® Basis states

> Box boundary condition o) \/7608(% 1y

/ ’ dd
Y (7/2) = Pp(—7/2) =0 .Bl ()
() = \/?M n>1
. w BU/4(g)’ =

» Periodic boundary condition

(+) cos 2np > d
= V (T+620) B/AGp) "~

( ) sin Zmp

"vbn(‘P) — "Jjn(‘P + 77/2) =0




A schematic illustration

3

N 1 :
minimize E' = (') - 5 E .ﬂwﬁ
k=1

Collective
A

Hamiltonian

Q. B. Chen, S. Q. Zhang, P. W. Zhao, J. Meng
Phys. Rev. C 90, 044306 (2014)

B=21")"

0 | (B - Eo)* - 22| ’

Q. B. Chen, S. Q. Zhang, P. W. Zhao, R. V. Jolos, J. Meng
Phys. Rev. C 87, 024314 (2013)
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Numerical details

» For chiral modes, we consider a system of a high-j proton particle and a high-j
neutron hole coupled to a triaxial rotor.

A

h' = haet — w3,  hdet = hior + Pier, 3= Ir + dv,

w = (wsin 6 cos , w sin O sin p, w cos ),

cr(v) 1 oy JI+1) L g | aa
AT — Zo - __ |
def = 3 w(u){(Jg )cosv+2\/§(3+ +J_)Sln7}.
3
E0,0) = (W) — 23 Fyw?,  Ti = Josin® (v- 2—”k)
2 3

k=1

» System:

v Configuration:  7(1hyq /)" ® v(1hyy/n) "
v" Single-j shell Hamiltonian coefficients: C, = 0.25 MeV,C, = —0.25 MeV
v Triaxial deformation: ~v = —30°

v Moment of inertia: 7y = 40 h?/MeV
Ty



Total Routhian surfaces

" — e ———— o
RO = 0.10 Me  ho = 0.20 MeV
step = 0.025 MeV F step = 0.025 MeV ) 9:8¢ — 7T
g / L 0.40 - : J
o .. 90 |--~ achiral ~==r==ssessrrssessmnsmrscrnrenns —
@ : 5 4
o - -
0.00
b= 60 | —
L right handed i
30 | —
90 b = 4 a B ]
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 Q N = T
° 0 p——a—f---------- achiral ---------- -
o (deg) 0 (deg) - - -
90 : — - - S a0 L -
hO = 0.30 MeV N B h® = 0.40 MeV - -0 30 L i
60§ siep = 0.050 Mev 0.60 step = 0.100 MeV 1.20 3 left handed -
+ =.7.191 MeV [ + =.9.062 MeV -60 |- -
— 30 y : - —_— ; S L 4
> 020 > o 0.60 i .
A B B Moo 90 [—-- achiral ---=-=-=--scmmmmmnmeaaeas —
& 30 & . AT TN NPT ST N W
-60 0.0 0.1 0.2 0.3 0.4 0.5
“909 10 20 30 40 50 60 70 80 90 900 10 20 30 40 50 60 70 80 90 ho (MeV)
6 (deg) 0 (deg)

@ Total Routhian surfaces
B Obtained by TAC in the rotating frame for 7(1h11,2)" ® v(1hyy/2) ",
B Symmetrical about ¢ = 0; chiral solutions with +|¢| are identical.
B Minima: from ¢ = 0 to ¢ # 0; from one to two; critical at iw = 0.15 MeV.
B Rotating mode: from planar to aplanar to principal axis rotation.



V (MeV)

2
B (h%/MeV)
o = N W AR O = N W B WO
: :

Application for chiral modes

{b) hw=0.10 MeV 1

() ho=0.15 MeV ]

(d) hw =0.20 MeV]

{e) ho =0.25 MeV ]

1 |(c) ho = 0.35 Me

-90-45 0 45 90 -45 0 45 90
@ (deg)

-45 0 45 90

4 _ia}ﬁm:ﬂl.us Mev ] ]
—_—t—
"‘"--—L-—-"‘"-
_5 L -+~ P . - . .
N B B
6 1 1 ]
4V=0.001 .w:ﬁ‘.u*r
_T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ' ' 1 ' 1 ' 'l ' 1 1 'l
90-45 0 45 90 -45 0 45 90 -45 0 45 90 -45 0 45 90 -45 0 45 90
E{f) ho=0.30 MeV 1 .(g) hw=0.35 MeV I (h) hw =0.40 MeV.1 (i) hw =0.45 MeV 1 (j) hw=0.50 MeV ]
..\j'.f"_"‘-\ir-- I L
-0 F B I J/\L e
AV=0.24 AV=0.50 AV=0.87 av=135 1 1./ 4+ TONL
-90-45 0 45 90 -45 0 45 90 45 0 45 90 -45 0 45 90 -45 0 45 90
¢ (deg)

o L 30 T T T T T A
2 J
= g
% 2 _' ~ 14 g __
=> - PN = TP TP TP B L
e - 00 01 0.2 03 04 05 .
a 0| ho (MeV) o —
L™ - -
[} L .
c
Bl =« e Band 1 (PRM) ]
K T O Band 2 (PRM)
L O ——Band 1 (Coll.)
5 ---- Band 2 (Coll.) J
4 ] 1 ] ] ] ]
0.20 0.25 030 0.35 040 0.45 0.50 0.55

ho (MeV)

Collective

Hamiltonian

_ Boa 1 0
2v/B() ¢ \/B(p) 0%

Hean

Q. B. Chen, S. Q. Zhang, P. W. Zhao, R. V. Jolos, J. Meng

Phys. Rev. C 87, 024314 (2013)
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Wobbling

® In Boir & Mottelson1975, Vol. 11, the concept of wobbling motion was first
proposed for a rotating triaxial nuclei.

50 L ] Lt ] . 1 ¥ 1) L 1 T
triaxial rotor
. 40 +
>
(=]
> 9 E 30
- i
2020}
»
=
2 2 10}
Hro — + 2 + 3
T 2k 2 %
0.|.|.|.|.|.1.|.|.|
l T3> T £ T, I > 1 0 4 8 12 16 20 24 28 32 36 40
I [A]
I(I+1) 1 :
E(l,n) = —7 +(n + 5)hQWC,b Shi & Chen, CPC 39, 054105 (2015)
3
h2 h2 h2 h2 .
hQyop, = 21 ( . )( _ ) I B Simple wobbler
2j1 2j3 2j2 2j3




Wobbling

® For a triaxial rotor coupled to a high-j quasiparticle

Frauendorf & Donau, PRC 89, 014322 (2014)

B Longitudinal wobbler:
i/l T I'T, hQwob T

. 5 o
T3> T1,T2 hﬂ“’"b:%{(“r (Ji_1>)(1+?(72—1))r/2

B Transverse wobbler:

j L jmax I T? hﬂwob ~L

)+ )

T3> T1,T2
... __n__n__n__n_~______________~___=_____=_ZZ ZZZ________ ___ . |



Collective potential

» For longitudinal and transverse wobblers, we consider a system of a high-j
proton particle coupled to a triaxial rotor.

T T “~ T T . .
h' = hdet —w-J, hdet = hie, J=Jn
w = (wsin 6 cos ¢, w sin 0 sin ¢, w cos ),

j(g+1 1 . Ao\
_ (—))cosv+—(j_2|_—|—jg)81n’)/}-

- 1 A
haet = 5C{ (33
def 5 (]3 2\/§

3

1
E'(0,p) = (h) — 5 Z Jwwi, Jr : moments of inertia,
k=1

Minimizing the total Routhian with respect to 8 for given ¢, the collective
potential V(¢) is finally obtained.

» For simple wobbler, the simple triaxial rotor does not couple any particles, the
total Routhian is degenerated to

3
1
E’(G,go) = —5 E jkw]%
k=1

and similarly the total Routhian is obtained by minimizing the total Routhian
with respect to @ for given ¢.



Mass parameter (HA)

) . st1ﬁ‘ness C
For a harmonic oscillator: ) = = B=__

mass 02

» For simple wobbler, harmonic approximation (HA) adopted Bohr &
Mottelson1975

1
V(p) = —5w?(Jicos® o + Ty sin® ¢)

1 1 2
s —§J1w2+§w2(J1 —D)?,  forp—0° C = w*(J1 — J2)

h2 h2 h?2 h?
P wob :21\/(272 B le)(ZJg - 2.71>

R \/(m To)(T1 — T3) T=2T3
T3> B =
Ji— T3
_hw\/ (J1— J2)(J1 — )
J3T2



Mass parameter (HFA)

> For longitudinal and transverse wobblers, harmonic frozen alignment (HFA)

approximation adopted Frauendorf & Donau2014PRC N
Ja | Faxis
Ji(w) = jlc:j_ - J1+ % effective moment of ineritia
; Ja
V() = (haer) — wj cosg — ~w?(Ji cos? o + Tasin® ) ,/w 2-axis
2 1-axis * 1
) - i 1 2, 1 o 2
~ (hget) —wj(1 — 7) - —J1w + S (J1 — J2)p~, for ¢ — Q0
T B 1 B ] 1 j B 9
= (hdet) SwJ —<J1 w)w + Fv [(51 + ;) Jz}ﬂp
= (haet) — gwi — 5T 4 2P T @) - B C = (T (W) — Ta)
T2T3 \/J (w) —
B(w) = Ao L
(«) T (w) — T3 - B(w)
— J2T3 ' ﬁ\/ (J1 — T3)w + j][(J1 — T2)w + ]
(J1 — Ts) + 2 T2 Ts




Numerical details

» Configuration for longitudinal and transverse wobblers: 7(1h; /2)1
> Deformation parameters: 3 — (.25, v = —30°
1, 2, and 3-axis correspond to short (s), intermediate (i), and long (1) axis

» Moments of inertia: Ring&Schuck1980

Increments of axis R Moments of inertia
Simple and longitudinal Transverse
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Wobbling for a triaxial rotor
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Longitudinal wobbler
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Mass parameter

Longitudinal wobbler Transverse wobbler
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Comparison with PRM

Longitudinal wobbler
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B Increasing trend of wobbling frequency
B HFA results gradually deviate from PRM
with increasing n.

B Collective Hamiltonian
reproduces the PRM results.
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Transverse wobbler
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B Decreasing trend of wobbling frequency
B The onset of transitions from the
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Summary and perspective

Summary

® The nuclear chirality and wobbling are fields of broad interest in nuclear
physics.

® The fruitful experimental results about chirality and wobbling in recent
years stimulate us to search a unified method to microscopically describe the
chiral doublet bands and wobbling bands.

® The collective Hamiltonian based on cranking mean field is thus developed.
It goes beyond the mean-field approximation, includes the quantum
fluctuation in the collective coordinate, and restores the broken symmetry in
the mean-field approximation.

® The collective Hamiltonian can reproduce the PRM results very well for
chiral and wobbling modes and also can well describe the wobbling modes
in realistic nuclei.




Summary and perspective

Perspective

® Combine to microscopic TAC.
® Two dimensional calculations: ¢ — (6, @).
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