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Skyrme energy-density functional approach to

nuclear collective dynamics
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E-mail: Kenichi.Yoshida@riken.jp
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O00000000000000 1]0,000000000000000 Kohn-Sham O
0000 2)0000000000O.
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000000000 000o0o0o0o0ooO 4. 000,000000000000000O
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&= gkin + gSky + gCoul + gpair + gcorr (1)
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000000000000.00,000000000000000000000000
0000000,00&,.,00000.

Skyrme 00000000,

€Sky = /d’l“HSky(T), (2)

Hsiy = Y {H{P(r) + HO(r)} (3)
t=0,1
0000 time-even(TE) O time-odd(TO) DO OOOODO. O0DOOOOOOOO TOO
OO000000o0o,00000000do0obooooooooooooooooooon.
000, t=0: isoscalar, t = 1: isovector U O O OO .
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Quadrupole moment Q,, (b)
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FaBInE L7 Brown K F-OE#E & AL TELXZARWTH A ), TIHREIZD B A AE
PTTIE e, BEBZERTARIGICE>T, I AT vV 2 NVICL>TEESLTH A
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e H. Weidenmueller, Prog. Part. Nucl. Phys., 3(1980) 49.
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e H. Mori, Prog. Theor. Phys. 33 (1965) 423.

R. Kubo et al., Statistical Physics, Vols 1 and 2( Springer, Heidelberg, 1985)

E. Suraud et al., Nucl. Phys. A542 (1992) 141.

H. Hofmann and P. Siemens, Nucl. Phys. A275 (1977) 464.
e S. Ymaji et al., Nucl. Phys. A457 (1988) 487.

e B. Yilmaz et al., Phys. Rev. E73 (2006) 046114-7.

e B. Yilmaz et al., Phys. Rev. E77 (2008) 011121-9.

For a review of stochastic approaches to nuclear dynamics,

e Y. Abe et al., Phys. Rept. 275 (1996) 49.
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For friction consistent with neutron multiplicity and fragments kinetic energy,
e T. Wada et al., Phys. Rev. Lett. 70 (1993) 3538.

For one-body model of friction; Wall-and-Window Model
e J. Blocki et al., Ann. Phys. 113 (1978) 330.

For two-body model of dissipation; Viscosity (i H DM EEAELIC il § 2 Kiikic & 5 = %)L
¥ —uo 2 i)

e K.T.R. Davies et al., Phys. Rev. C13 (1976) 2385.
For a review of friction coeflicients,

e D. Hilscher and H. Rossner, Ann. De Phys.17 (1992) 471.
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Bohr-Wheeler @ Fission D3, FRHERH YA TH D, IE b Tw525, 2D
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BESNSG, 006HFEL., BEIIKE T 5. & 5N (Transient time) D, MERIZEHR



Soryushiron Kenkyu
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For the first application of Langevin equation to nuclear dynamics,
e Y. Abe et al., J. de Phys. No.8, Tome 47 (1986) C4-329.

For fission in multi-dimension by Langevin equation,
e T. Wada et al., Nucl. Phys. A538 (1992) 283c.

e C. Shen et al., Phys. Rev. C66 (2002) 061602(R).

5 BAMAVEKRBEER

HEIGHEARICIE, EA A VKGOS s, HOR T, e TRLGHE, 23
BIII N TV 5D, KIZZDOYBER IIRHI N TO RV, o THIATHER, MOKEX
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For analytic solution of the multidimensional Langevin equation with parabolic potential and for
the inverse Kramers formula,
e Y. Abe et al., Phys. Rev. E61 (2000) 1125.
For application of the inverse Kramers formula to synthesis of SHE,
e Y. Abe, Eur. Phys, J. A13 (2002) 143-148,
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e Y. Abe et al.,Prog.Theor.Phys.Suppl. No.146 (2002) 104: Acta Physica polonica, B34 (2003)
1927.
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e C. Shen et al., Phys. Rev. C66 (2002) 061602(R).

e B. Bouriquet et al., Eur. Phys. J. A22 (2004) 9-12.
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FEB I, BEAZERZF > 20K EZER L. £ Dk, MR & EBEIESTEHED
IEHGEEN DR E D IADS > T3 DHEDER T DSR2 8 2 TP OB EILR IS T 28 A
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LIS ATRETH 5,

LR

For Smoluchowski * s original paper,
e M.v.Smoluchowski, Physik. Zeitschr.17 (1916) 585.
For formation of the deformed mono-nucleus from the di-nucleus,
e Y. Abe et al., I.J. Mod. Phys. E17 (2008) 2214: E18 (2009) 2169.
For the radial fusion,
e D. Boilley et al,Eur. Phys. J. A18 (2003) 627-631.
For effects of the fast degree on the slow degrees of freedom,
e Abe ’ s short note

e D. Boilley et al., under preparation
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e A.lIgnatyuk et al., Yaz. Fiz. 21 (1981) 485.
For predictions of SHE,
e T. Wada and Y. Abe, BUTSURI 57,No.6 (2002) 383.
e T. Nomura and Y. Abe, BUTSURI 60, No.9 (2009) 725.
e B. Bouriquet et al., Eur. Phys. J. A22(2004) 9.
e Y. Abe et al., Nucl. Phys. A834 (2010) 349¢-352c.
For recent prediction of Z=117,
e C. Shen et al., I.J. Mod. Phys. E17 (2008) 66.
For statistical decay code KEWPIE for heavy nuclei,
e B. Bouriquet at al.,Comp.Phys. Comm. 159 (2004) 1.
e A. Marchix, Thesis, Univ. Caen (2007).
For effective barrier etc,

e Y. Abe et al., Eur. Phys. J. Web of Conference 2 (2010) 10002.
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ZERT AEG R T v v LE, IS DR S kv, BENLF v ROUEEAETO
WAEET vy @, B4 A VBIRTF Yy vy L2 &4 O ELOBIERE CIRE 2 0T 24
BRI XA =FICKDEHL T, ZXRODHEEXTitEINS, ZITHART VI v, 21

Gzl ko1, MTokRIEZEAT 5,
av® | 2V

Vy(r,dg) = V() + | -—22, +

ol 5 B O Ao, (1)

2 T A, RIRBBNEHE T ORI, V) IZEREROEA A VAT vy v v Th B, R
W7 F v FARGOE LKL ¢, —~BEEZUR AL, WERT O OEATH S, ZOWHE
13, T osBEfih U 72 82 IS BRI & 2SR D IRBY BN~ D BB L & A 3 5 T, Wik
TN S IER T 2B 250l § 5, 2 2 THRAIZEER T L LT Mo Z2H
V5,

O 1) r> Ry + Ay (CARGEIE),
r,Ay) =
exp [~(r = Rq = 2)*/283| 1 < Ry + Ao (72 1 FUIS0)

EEDSERIE DR D EEfl i O EOMIIERE, ay IR IFPT DT X =5 Th %, il
L D AHIICILETE OBEERN 7 T v 2SRRI L T, WHICIRRER T DORIH TR
BRT VI NVINS D, 2 TEHELDIK, BER TR TOBEMT XA IKFET 2 FE
Thd, 2D, FAERT Vv IVIEKLDF v 7))L TE > - HOME o A Lo, %
NZNE S DICWIBINE T v v LN LBl T 5,

(2)

4 1d T OEIE “Ni+*Ni,
°0+2%Pb KGR NEA L T,

10° A T T B 00 24087 7% 38 2
ot 28, WA IR IS C D X
g ok BfhET v v L ORIRTH
S 10t BT Z % D0 % FihE & g
8 107 LCliste, 2 o CHEIAT
glﬁ; Exp ; : YPE R T vy v L &itHa—F
whp o g gl [ G g CORULL (6] L flRIA, B
10:: 7,’1 :': + damping © L+ damping 1 WimATZER L 72, “Ni+®Ni D
10 ety b1y PN PR NIRRT RN - ]\ijLT\jCﬁﬁ[l]O)/\o‘?)‘—

85 90 95 100 105 65 70 75 80 85

Ecm. (MeV) E, (MeV) ¥ EH G, 7 160428Pb 0

ATNECHR [7] EFCTH % 03,
307/ VhkE ZHD/\EH
k7 4/ vz °0 & 2%Pb 5
TR W, R T &
IERNTDINT X — 7 13FEERIC—
HT HERIGED, “Ni+Ni Tl

X 1: “Ni+%Ni & '°0+28Pb Z ORI AW, FEH &
X ZFNFIEERTH D &2 LostE, SEIZERIE D YPE
AT ror )zl F v FOVRDORGEEDEORF DRSS,
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rg=1298 fm & a; = 1.05 fm. % L T "°O+2%Pb [>T 1Z ry = 1.280 fm & a, = 1.28 fm % F
W7z, ¥ 72 YPE ERIIZ IE FRLDM2002 Dfiiz - T, 1 1% 1.205 fm & 1.202 fm Z Z L Z
%4Ni+%Ni & 10+2%Pb [t ~iE ] L 72,

B 1 IEEHREORER., 36 N@a Wiz R L T, X, BADYTERRT R, FERIL
HIRT23H 256, B IRER T2 WA, REIZT v 2L R WA ORE R
ThHhb, KofEs kHic, MERTFZEATIHICLD, PEARIZBINICEEINS,
¥ 7 Z oL, S KRR AT O S BEE O FEERFS R b IFF IC R C LT % [4], %2
L CER IO R ST X =213, RIEEETIEEr, ~12fmTH B, I DR
AT O 28 I BIAABR 2 IEF IR R L TE D, WiBa I & — A& D& H
M DAWBIELIAARDRKTH 2FHZ R L T35,

C OBERIIBIGGERINCIER T 28 AT 2 H5C, WHED 207k biAA % IEFIC LTS
R T B2ESHR D, SHBROBELE L T2 OIMERF OGBS D & OIERER T 237 7=
N5, XOMENLE RS, SR X ) NHICIEE i 2 BB OREPEETH 5 LD
B35 5 (8], /N IREOHMEZEGE AL, 2R L ENABE AL E
FT7Tab— LV RABRPEZTVELDFERLH S [9,10], TNLLDFHREEL T, I6I
RN 72— R IREEZ & T ikimds, BT b Y RVRIRO BRI IZ L D EEE 2 5
7259,

SE W
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RFERbERE. BEE EF73E—LYR

RCBP B — 1 PR L i 2
PHALR AR BEEAEI TR, 2 RUERR LB H At TP

AL %2 TH D, REFD &) il aGazkE, 0RE LTHD K
EWHRETH D, L LD, FEROEREDOHEMEFE IR 2L X — & &bt
BEIEICEE R L. HFEOBICE TR, 2o OERESEM LI NG, 08
A, HFEOERE: TR B E LTBE, Eo T, s i#%I3% < DHl
JEDBH 5§ MR E AT I ENNTE S,

IR FAZ DA DEN R %2 LD AN T FZOE DR % 17 ) BlEmiIti 2 D& e b o H
T vy 2WETH 5, ZOTER, HERREBICH K MG T 2 8RO LM i REE 2 D
ANTERFNAICHELRTEZ @ JTETH 508, T E TIEA & v I, EHA 4 v RIG
D4 DOJIG 7 1 & 2 DFLBIZ B VTR 2N TE 72,

&2 AN R, FIL7 —u VEEEEHEO ANV X —ICB T 2HEA K v RIBICE W T,
DFGET ¥ ¥ FWED ) £ DR WHIDENIRD TE 7, K{HISNTV D03, JH#4[H
BT VY VBT S diffuseness /87 XA —% —DRETH 5, HEAIAA (double folding)
HBIC K > THEEINH AR T v > v )V % Woods-Saxon BIBHET7 4v b5 & LA
1213 diffuseness /87 X —% —1% 0.63 fm REICR 2, COXIBRAT V¥ Y VIFEA F v
pHPEEGEL, FEMMERGELZ K K Rdid 9 %28, 2D —J7 T, HA A VERME I L Tid kv
slib 7z G- 2 70\ (1], BRGNS diffuseness /87 X —% —2 KE  §3UL (a = 0.8 ~ 1.2 fm)
BHA A UG RGO E T — 5 2 BT 2 2 EDSAJRETH 503, diffuseness 787 X — % —
PEIZEE SIED T v v FOVTREL AT 200 2RI NTVLARY, £/, Kk
FE WL S TR T 2L ¥ — IS B 1T A LA SO O BIR b | 56T v v wovik
B EL VL RWHITH S, AIAD@ED ., diffuseness 87 A —F —% HLEERE LB E
0.1 mb FE X TORE & DIBG SICHIIRE I35 &7 v > FVEIETHINT 2 2 L3TE 5
D3, AH T ROV X —DSHITAE A 22 O TR AL 10 2» 5 80100 pb FAEEIC %2 % & LRl BOG
Wriai T D FKhi 7 — & 3G T ¥ ¥ FOVETRICHRTRECED T2 2 LIk > TE
72 (2, 3l MR BRABINE TR I N TV ED 4, 5], HEMAWTE—E OB D X H =2 L
FERBRICHS IR > TRy,

Fx L, AT vy FVEICINE TR AN b o IFERERORIRD, T
5 DMBEDIKD—>TH % LEZMAZHED T3 (6], FEE, FIEENIEORIRIL, ik
D PNe + 29927y O DD JIGRIC BT 5 HERWETLELFERE /346 O LUEL [7] . 7 —n1 v [ERE
WD I N F —IZEB T AL D T2V X =5 OWE [8, 9] ICE W THRIBI N T 5,
FEAE MR B I3 L IR AR & DFEAIFFTV DS, ZROREIFET 5, 20603y —u VE
BEEGHICEB 2EA 4 VMG RIGD & ) ki 1EN 78 R ED K ) kigiz JIFT
DG PICT 2 2 LIZSBOBEELHETH 5 (10, 1], £/, MEZRLX—IZBT 5%
G SOGKITHRE DA ICBI L T, ZF L F—2ME< 2D, Py VBB T2 DD
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TR Z Z L D2 LMD EZKITL TwE eV 2 E %, A IERILHS 2
IS L7 [12], 2 2DJETFOEMT 2 2 L IC X D) — K TIREBOIRBE LS 2SR L, BE
BEEL I TV I ENTFRENDD, COHKEZERT 27201203, BEEORTHm%E T
BIE2HENH L, HlZIE, L AN TYS Wall-Window 2D &1 1R % T
5EV)TEVBEIONLHETDH S,

AR T 2L ¥ — IS BT 2 BEG SOGKTAITE O WA B L, 2SR T 2 — kKRB
HIHEZEE L Lo 2, BELDOHAICIDEFT It — LV ABIRIEE T 5 EFRL
TWB 7 N—70% 5% [13, 14, 15], A 135S DRI T L OB L T2 b TlE v
23, —RrIREE GEEMBIARLIRIE) % b & 0 2N 2> > B 11 72 OB ER O )
SHOBEESFETH 2 2 LR VRLTH S ),
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BEIXRILF—EAVERIDICETS 1 RFRIEDIR

Wefl: F5EL, KB #— 1, Neil Rowley?
ALK BAHESERE Y, IPN Orsay?

1 8A

7 —n VEEEEHEDO AR Z 2V X — 1B 2R 2L X —EHA 4 VKIE T, JE ORI ORH
DEEITR S (1], MlZIE, 7 —0 VEREEDIN O T 2L X —I2 8 2 REWIE RS, Bhkdic X b flr
BWMRKTZZLHONTVE, ZDL) REFEOBIEZER L., BELRTEE &7 g R
N HEE LT, e F v v 2 NVEBHELNTE 2, EEF v v 2VIETIRIER, R obliEe
RIAIRE) 72 & ORI ENIRE D Z R S 11, FREEARIE (2] 28 U CHEA & VRl G SOG-
B (P BGEL - FE R G T RATROR) 7 EDEBRT— ¥ 3 L TE X (1, 3],

L2 L., EFETIIEROFEET ¥ v FVETHATE R WERT— 2 BIURD TS, 20—
23 20Ne + 0927y ROMEHIEREOERTH 2 [4], o DR TIE, HIE S h7c HERME LTI 2>
5. VbW 2 HEFEFRE AT DR D & N lz, FREED A IR FRL OB ORI HIE LB TH H, EhR
T=F X ODZRDOMTHS PICE L Z2IRZBEAZRLTWS, T4abb P27 OFREBESMHD T E —
I RBEDIARBENC e 5T B, & 2 A0, 20Ne DRI & 90927 DIREHE 2 ZIE L 7-fEEaF v
YRR TR, RELS AL ONe BNFEELZHFLGZ2 T 570, Zr AMEOBENICESTEL LD
FTH MO DRSNS, 3o DI REE il 20Ne 4 20Zr O FREE i DRFLI 72
2RO IIFHBLT 225, 2Ne + 227Zr TH S U ABEHARES IX T E v, L2t THERE
DHEZR L IIERDFE AT v v 2 NVETIE, ERTHE S N EEESAOE A FIHT 5 2 L3k
AR

Flo, INHDRTIE QENMHMES N, FEF v v rVatE & Dl Sz [4], 2Ne +
N7y i3, HERFRIERHRL T 2L X =45 (B <5 MeV) OF—% % XS FHE L TW B, Eib
O TIEH EVHETETWLR Y, 2Ne 4+ 2Zr I2B W TIHMEEOH I b &0l HHTETL
AR

N7y & 27y DR ELRECIIMCERT 2 TH A )07 —~HE L TEMEBEEOECLEZ SND,
V7 13 PT84 50 DRy CcH b . RZr i Z U TR MA LRI TH 2720, L% D
JIHACIRAEDS 2Zr ICH 6415 (5 MeV £ TIZAIS LTV 2R IE 0Zr TIE 35 ThH b, 92Zr TIX 87
fidTdH % [5]). L7di>TPNe + 2Zr OREESM B AHEINC 22 2 KK & LT, iERDOFEST v > %
VEMHRTIEB R I LTy VRFIEE GEERI) 2% 2 6 1 5, KT T v & L1750 85
ZHGT, LRI ZZE L 7286 T v v RVitE 2T o 72 (6], KEITHRIGT v v RIWEICE T 5,
1R PR O R IC D WTEHH T 2, 3EITIE 1 XooERIZ W TiTo Rt o2 xR L, 1T
I DRI OV THGRT %, 48 TAMAED £ L & L SBRDOPEIC O VLTINS,
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2 A&
22T, LRTIE O EEN IR e SR T 5720, 1 LOMERZEZ 5, ZOLE, HEF v
YANVHFBRREIUTD LS Ik %:

h? d?
{—dez+‘/rel(x)+€n_E}wn($)+ZVnm(l‘)wm(l‘) = 0. (1)

ZI2TC, p BHRER, Via(z) IETEEAT v L THD, €, 3 nFEHOF ¥ ¥ 2L DL %
WF = Vi (2) FEELERRICE T 2 R PO Z2 R SREATIIESRCTH 2, EFIRICH L T
AT IR A S (R T & 208, JEERI 2 iR B IS L TIIAR S Tld e, AT
F. 1R TIIERICBIGR L S ATAE R R 5 v ¥ A TAIBS 2 O CEME R L, COBERTIREA
TINERDT v v TN, FREIIMBOERE EMBID ) 234G I2HE ) HERER L T 2,
CHUIRDA 2N 72T &0 ) EEGIC X > THREI NS [7):

Vam(x) = 0, (2)
m = (5r,n(ss,m + 6’/‘,m55,n)gnm($7 xl)7 (3)
wo _ (fnfﬁm)Q _ (T*ZI)Q _922+:)2/2
gnm = ——F 2A2 e 202 e 202 . (4)
plen)p(em)

CICTEMNEBRET VY IV ERE L, ple) ZMEMEETH B, T ONMBIEICHE S LB E LT
Vim(z) ZZ AR L, ZNZUTK L TR ONHRZ T 2 2 L TRENAYBIREZ GRS
%, 1970 F-NIC Weidenmiiller i3, 7 > & MTHIH 2 H\> 72 € 7L 2 ST IESPERGALICE A L 72,
AWFETIE, 2 6 & kD TE CIRENITE Dl 2 il 5,

—RIVIZ, F o VY RNEDE 55 ERGT v v RV TR AZ EEICRC DIZREEIC R 5, 22T
A8 Tld constant coupling il %z > % [8], constant coupling M TIEfE AT EEFR 13 MR IR
FLAVEEZ S, Z0LEHOIEAAlT2s 2 itk HaF v A iRREH a0 2w
TRy 2 L TE, 26 DEARER T v v 2GR EEN S, ZOBEBIZED,
F ¥ VANVBDIRZCGETOEBICTERZBC 2 ENTE S, $5HET-> MR TIE, #RIZ
CDERUT & D EEICE D 6 7200,

LRI DR 2 W2 7o o, SN & 1 K s e v aE ek 2 £ 2 5, Bt L
LT, X7 vy VDo o HRRETEBIAMN L, AT vy v L2l ciks & F v v &
S S 4, ERBEPEEL E LT TR b D2E 2 5, Az O TE S @R R © |
AT VY VEBHE, BLOZN2WI T2 L TERSNLEEE A 2GR 5,

3 R
3.1 IxENRb#ES -1 RiFREhiEE

9, EFEIRE L LTt 2L ¥ — 1 MeV IZIREIIEASH D, 2 MeV 225% £ D 1 K1)
BTFHET 2%%2 525, M1LICEBE, M2 I0EBEE AN —TMI T2 L TERINSMH
BESA 2T, R T Yo 2L L TEE 23100 MeV DA 7 AR Hw7, ZoitET
X, 23 MeV £ TOJIEIREEZEZR L, 307 ¥ ¥ LIHER L ST O W ToRE R %23 L <
W3,
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ATy v ILDBERE, K
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Mo ARROFIRIZX 1 & Ak,

X 3: Rt 7 7 v 7 ZCK$ 2 Qiigfi, AT R VX —2KPFITRLTHS, E*=0 MeVDE—7

FHEF v 2L HoD L,

1 MeV O E— 7 ZIREIEETF ¥ > FVDE—7ThH 5,

W MR D A2 IR L kiR 2m L, FERIZERE & 1RO 2 8 L 560

ﬁ%%&j‘t‘(b)% D 72 D I3 7 IGE DRER S KR TR L Tw» %, BilE 2 niha
BEAT IR —D Y — 2 273d, BNz ZE
LR ZEEd 5 &, Ex

RO H SO L 2 TE L2 ED
5ETODEETF ¥ v RMITHIG L T, [FEE
L X — T OFEEKREF LD A DEE

FIZe b, bR

—fllDE—7 DdSsmear SNTWVWB I EVbb,

DI DI ahins,
AT S . Z UG LTk

. &
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F7o, M3 QEAMAD T3 NX —KENEZRT, 246 130H270.2 MeV @ Lorentz BA#C X h &
RIAAREITHOTH D, AFZ RN X =ML ZiX E* = 0 MeV OBPERGLE E* = 1 MeV DRE)
D F v v 2NV DBFEELTFETH 25, ARHI RV —23KE L %2 3 LIFERNED & DEF503H
Shit, FrcEREEL D b REL 2B L LR FIROFSVPEEICR S 2 E8br5b, 20XI 7k Qfl
DT TV X — R X, HERPEBELO FEER TR S LT\ B Q A D = 7 )V X — kG L [AEkD
fE %2R LT3 (9, 10],

3.2 [OlERRmh#E -1 RiFRhie

K, MHREEE & 1R PSS T2 2252 5, 2005 DOJIEIREIX 2ONe+2Zr ICHIG L 72
DEFZEZS, TixbbhEkt s LTid, 22Nelaxn L7z 2t & 4t ORfEREZZRE L. 1K il
ELTIE2MeVH5 16 MeV £ TOREZEZZ 5, FMREk L 1 KoM 723k I s
Fr RV HERLGHEZT- 72,

4, 5IZZNZINERR L FERESM 2R T, BMROBKIIREIEDLG L RfkTH S, 7aL —
N 2SI AE D) BlRphEE <l B X ) ICEEBE S DR AV X —llo ¥ — 7 DTN FELE— 71T
%%, 1RAPhEDOFRIZIRBIIEDGE L KT, ML X —HlOE—27 ) smear ST 5 C
E3bh b,

1 I I 0.4 I ‘ \
- no coupling i - - nocoupling 1
0.8/~ -- rotation 1 _—o3l -- rotaiononly % _
- — rotation + s.p. 'S | — rotation+sp. [ :
0.6 = - () i N T
Q I € mex : 16 MeV | E. o2l € o =16 MeV ,;': \\\ l
04l Nch=1688 4w Nch=1688 : /% | |
L | E : 2
0.2~ i S 0.1+ .
07 \ | 0 P
40 45 50 55 60 40 45 50 55 60
E [MeV] E [MeV]

4: [AlRfhE & 1 BT BRE L 7285580
BTV Y LBHRE, CZOZROBEDE I
51.8MeV.,

5: [z & 1 Rk 2 B8 L 72560
BEBE AT

3.3 HEHMPEEESG

w22 BT 72 nER I OB OFE R %2 v TiT - 72, ¥EREEGELOGHREA R 2R, 1 Xkl
RN B 24750 (Vi + €n0nm) % U (Vi + €n0n,m)UT = diag(A1, A2, --+) D XISk L, o
ZEAEF v VDRI T — Aiv B& O&EEF ¥ v 2V DEA w; = ‘Un0|2 Z T

qul(E, 0) = Z’wiUel(E — )\Z’, 9), (5)
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2 & D AERIE RIS 2 R0 720 & 2 C ou(E — i, 0) 1§ B H O F+ > 2oUI 5§ 2 B
WIS C b %, [ 6 1CH 4510 5513 2 MERIMERGELIT TS & Rutherford WitiRt O % . =% L% — O
¥ BT EIC D ER S N DR 2 R T, AL A S . LR TSR 1 X
TED & X LR, KBS smear ST\ 3 & EAtbh B, Wi (CERUMRO &) & 58 (LR
1R OV 1, TINS5 T4 B 20Net 90927, 00 BEBESM A O &[RRI D fET

> T35,
0.3 ‘
| - no coupling
-- collectiveonly
f 0.2l- — collective + sp. : i
S | emciMev
g Nch = 1688
D
o
()]

6: 1 RICDETFTNDFERD S FHE L 72 20Ne+27r R BT 2 HEMME:EEE A,

4 FE&®H

R 2V F—EHA 4V KIBICE T 3 1RO % 1 RIuOBER %2 FWCTHR 7, 1R
7 v AATHIEGC K D ER L, BRI & HFE T2 R% B 272, 1R TR E 5B T2 2 LI
X RFT vy v VERRITE T FOLY —ICI S 4, Z USRI U CREEAH 7S smear S5 Z &
DBbhrot, QDN SI1E, ARSI RNV F—NAREL 25 L VR FIiED 5 OF5PEEICK S Z
ERbhrote, Fh 1 RITORREE O CHERMERFELOGHE LTV, EfT— 2 L RROE»E S
nie, Lo T LRI, 2°Ne + 99927 RO EERT— ¥ #3HT 2DICHEETH B LEZ 5

na,
ZZTORMEIEAREMIZ 1 RILTH D, F 72 constant coupling iz HW72bDThH 5, Ehis

DERNIE 21T ) 72T TV % 3 KILICHAE L, constant coupling ¥Tflz F W ICEHHE 2179
DD 5,

SE
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Abstract

The monopole excitation (0;;3, — 07,) of light neutron-excess systems %'2Be
= a + a + XN (X=2,4) are investigated by the generalized two-center cluster
model. We analyze the mechanism of an enhancement of the monopole strength in
connection to the adiabatic energy surfaces for o — o distance. We find that the
monopole strength is strongly enhanced if there is a smooth connection of adiabatic
energy surfaces between the ground state and the excited final state. In '°Be,
the monopole breakup reaction of °Be+!2C is also investigated by the coupled
discretized-continuum channels method.

1 Introduction

Nuclear systems reveal a great variety of structural changes with a variation of excita-
tion energy although a simple mean field structure is realized in the ground state. In
excited states of the lighter systems, various cluster structures [1], in which a nucleus is
decomposed into sub-units and they are weakly coupled to each other, appears. Namely,
different structures, such as cluster structures and mean-field ones (or shell model like
structures) coexist in the same nucleus. Individual structures are accompanied by the
respective collective excited states. In cluster states, for instance, such collective excita-
tions are generated by rotational or vibrational excitations of clusters’ relative motions
[1], while, in mean field states, coherent excitations of nucleons leads to the formation
of rotational or vibrational motions of the mean field [2]. Therefore, experimental ob-
servables, which strongly responds to individual structures, is quite important in deep
understanding on nuclear systems from a ground state to excited states.

Recently, monopole excitations, which represent the transition from the ground 0™
state to the excited 0T state, are extensively investigated from both the theoretical [3]
and experimental sides [4, 5] in normal nuclei with N = Z. The monopole strength
going to the low-lying discrete states (E, <~10 MeV) can be naturally explained by
formations of cluster structures [3]. However, a mean field picture find it difficult to
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reproduce the observed strength [6]. This is because, in a naive mean field treatment, the
monopole excitation requires 2hw jump of a single particle energy, which corresponds to
the excitation energy above ~30 MeV. Therefore, the monopole strength can be considered
as a candidate of the enhancement factor to identify cluster states. In this report, we
propose a new mechanism of enhancement of monopole strength, which occurs in light
neutron-excess (N > Z) systems.

In neutron-excess systems, cluster structures appear with a much more anomalous
feature than those in N = Z nuclei. Typical example of such anomalous structures can
be seen in Be isotopes. These isotopes are two-center superdeformed systems which build
on an « + « rotor of ®Be, and their properties are explained by the coupling of valence
neutrons and the a+a« rotor. Due to the coupling of the « cluster and excess neutrons, in
2Be=a+a+4N for example, various chemical-bonding structures, such as covalent, ionic
and atomic configurations coexist, and the structures change from level to level within a
small energy interval [7]. Since the a-neutron and neutron-neutron interactions are quite
weak, only a small amount of energy is required for neutrons’ rearrangements; hence, the
various chemical bonding structures appears with a strong degenerating features in ?Be.
A similar structure is also obtained in °Be [8], and such degenerating features could be
considered to be general in neutron-excess nuclei, which are weakly interacting systems
of clusters and excess neutrons.

Due to a strong degeneracy of various structures, a complicated behaviours are ob-
served in the energy distribution of monopole strength for *?Be [9]. The monopole strength
revealed the overlap behaviour of intermediate resonances (I' ~1~2 MeV) with the small
energy spacings of less than 1 MeV [9]. The strength are observed through the decays
into the ionic and atomic channels such as 6Heg_s.JrGHeg_S_ and a+8Heg_8. analog to ionic
electron configurations, where neutrons are trapped around one of « cores. The similar
monopole strength has also been measured for 2C, which is the N = Z system with the
same mass number as '2Be, but, in marked contrast to '?Be, there is no intermediate
structure in observed monopole distribution [10].

In this report, we shed light upon the enhancement of the monopole strength in neutron
excess systems by showing typical examples of '*12Be, which reveal the characteristic
structural changes due to the formation of chemical-bonding structures. Since monopole
excitations above the particle decays are measured through the breakup going to ionic (or
atomic) configurations, *Be — a+He (or “He+%He), the compound system and decaying
states must be treated in a unified manner. For this purpose, we apply the generalized
two-center cluster model (GTCM), which can handle the formation of the covalent states
and its decays into atomic and ionic configurations consistently.

In this model, covalent states and ionic (or atomic) states are smoothly connected
in the adiabatic energy surfaces (AESs), which are energies as a function of the a — «
distance parameter. This means that the “breakup” from the ground (covalent) state to
the ionic state can be controlled in the AESs, and we can find the smooth connection
of AES between the ground state and the excited state finally decays into atomic or
ionic channels. Therefore, it is possible to characterize the enhancement of the monopole
transition in terms of the smooth connection in AES, which is proposed as a new concept
of the “adiabatic conjunction”. The organization of the present report is the following.
In Sec. 2, the formulation of GTCM is briefly explained. The results are shown in Sec. 3.
In Subsec. 3.1, the detail analysis of the intrinsic structures of the AES and the 0" energy
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levels is done. The enhancement of the monopole transition for ?Be is investigated
in Subsec.3.2, while the monopole excitation of “Be, which is beyond the first order
perturbations, are discussed in Subsec.3.3. The final section is devoted to the summary
and discussion.

2 Formulation

In GTCM, the total wave function of ?Be is given by the superposition of the basis
{®J7K(S)}, where,

o (8) = 15{44{%(04)1/}1%(04)1—[1%‘(%)} : (1)

S

The a-cluster ¥, (a) (n=L, R) is expressed by the (0s)* configuration of the harmonic
oscillator (HO) centered at the left(L)- or right(R)- side with the relative distance pa-
rameter S [11]. The single-particle wave function for the four valence neutrons localized
around one of the « clusters is given by an atomic orbital (AO) ¢(pg, i, 7), and Op-orbitals
pr (k ==, y, z) around i (= L or R) with the spin 7 (= T or |). Here, {m;} are indices of
AO (p,i,7) and m represents a set of AOs for the four neutrons, m=(my, ms, ms, my).
The intrinsic basis functions with the full anti-symmetrization A are projected to the
eigenstate of the total spin J, its intrinsic angular projection K, and the total parity = by
the projection operator ]5[‘? In the present study, we discuss the monopole excitation,
which means the transitions among the J™=0" states. Thus, only a case of J=K=0 (%)
is considered.
The total wave function is finally given by taking the superposition over S, m as

L / dS 3 Cu(8) L (S) = . 2)

The coefficients for the 07 state (v-th 07), C% (S), are determined by solving a coupled
channel GCM (Generator Coordinate Method) equation [11]. The present calculation is
restricted to the axially symmetric (K = 0) case; however, we include all the possible AO
configurations for the four valence neutrons within this approximation. Therefore, the
model space of MO, where each valence neutron rotates around two centers simultane-
ously, is also covered [7]. As for the nucleon-nucleon (NN) interaction, we use the Volkov
No.2 and the G3RS for the central and spin-orbit parts, respectively. The parameters in
the interactions and the size parameter of HO are the same as those applied in Ref. [8, 12],
which successfully reproduce the properties of >12Be. The adopted parameter set reason-
ably reproduces the threshold energies of a+%He, s, ®*He, s +°He, s, and *He, ; + He, .
This reproduction is essential in the treatment of scattering phenomena.

3 Results

3.1 AESs and AS distributions

A series of adiabatic states (ASs), which are obtained by diagonalizing the total Hamil-
tonian at a fixed distance parameter S, forms the adiabatic energy surfaces (AESs). The
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wave function of u-th AS are symbolically written as
+
Ys(5) = X Dl(S) By (S) = Plig(S), (3)

where the mixing weight of D (S) are calculated at a fixed S. The lowest two AESs
are shown in Fig. 1, while the squared overlap of the lowest ASs and the full solutions,
| < ®45H(S)| W > |2, are shown in the inset.

Around the region of the local minimum point (S ~3.2 fm), the double circles and
diamonds have the main components of (m,,)(7}5)* (A) and (75,,)*(07,)* (B), respec-
tively, and an interchange of the components occurs around the optimal distance S ~3.2
fm. When the o — o distance becomes larger than the optimal S, the energies of the two
AESs are increased, and the AES (B) are smoothly connected to the asymptotic channels
of a+%He, 5. (C), which becomes the lowest AS at the larger S. Therefore, we can clearly
observe the smooth connection of AES from the lowest minimum to the asymptotic state.
We call this smooth connection of AES the “adiabatic conjunction”. The conjunction
region on the increasing energy slope of the curve (B)—(C) have an enhanced component
of this asymptotic channels.

Two solutions corresponding to the lo-
cal minima (A) and (B) are obtained when
the total Hamiltonian is re-diagonalized
with the basis of all the ASs. The superpo-
sition of the local minimum states (B) be-
comes the ground 07 state (J¥*=! >), while
the main component in 03 (J¥*=2? >) is
the ASs around the second minimum (A).
Therefore, the 03 state has a main compo-

nent of (7737/2)2(#17/2)2, while (737/2)2(0172)2

is dominant in the ground 07 state. This

means that the 0] state can be considered

as the two neutrons’ excited state from the
+ 32 - )2

ground state ((075)°— (7 /5)").

Energy ( MeV)

Squared Overlap (a. u.)

In addition to 03, there appears the
05 state (|¥*=% >), the intrinsic struc-

tures of which can be seen in the inset of

Fig. 1. In the inset, the double circles and @D

the diamonds represent the squared over- 0 I 4 I 8 I 12
lap with the respective ASs in the lowest S(fm)

AES (#45'(S)). For example, the double
circles in the 07 state of the inset (bot- Figure 1: Adiabatic energy surfaces and the
tom panel) mean the squared overlap of distributions of adiabatic states in 07 (bot-
AS shown by the double circle in the low- tom panel) and 0§ (top panel). The dot-
est AES and the full solution of U*=!, The ted lines represent the threshold energies of
top panel show the similar overlap of 05 a+°Heg, (zero point of the energy) and
(] < @4 T=3 > |?). %He, ;s +%He, 5. See text for details.

The 0f and 03 states are constructed
by linear combinations of the ASs along the
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lowest surface, but their distribution on the distance S are very different to each other.
The distribution for 07 has a sharp peak around the optimal S value and hence, this state
are generated by the fluctuation of the ASs around the lowest minimum. The sharpness
of the distribution is due to the interchange of the main component in the lowest two
AESs. In contrast to 0, the distribution for 03 has a peak around S ~ 7 fm with a
large fluctuation, where there is no local minimum in the AES. This distribution are
calculated by imposing the scattering boundary condition because 05 are realized above
the threshold of a+3He [12]. Since the 03 state are generated from the ASs with a large
«a — « distance, this state can be interpreted as the excited state of the @ — « relative
motion from the ground state.

From the inset of Fig. 1, the relation of 0 and 03 can be characterized in terms of
the adiabatic conjunction observed in the lowest AES. The conjunction region, observed
in AES between (B) and (C), is decomposed into the energy levels of 0f and 03, which
have a main component of the internal AES with S < 3.2 fm (B) and the external AES
with S > 3.2 fm (C), respectively. The pair states of 0f and 03 are realized by the
orthogonality, which is arisen from the re-diagonalization of the total Hamiltonian. As
a result of this orthogonality condition, the ground state accompanies the excited state
with the clusters’ relative excitation.

3.2 Monopole transition in *Be

The AS distributions shown in Fig. 1 cor-
respond to the wave function expanded by

the AS basis. The wave function of the Monopole Tr. (a. u.) g
ground state (bottom panel) largely over- 8 05"

laps that of its accompanied state (top i @@ . |
panel) around S ~5 fm due to the for- 0." Sent. T
mation of the conjunction. This overlap 4t (®:®) .
region is strongly enhanced in the matrix -

element on the (isoscalar) monopole tran-

>
Q +
sition \2/ O @
> 0r e )
12 o A He + “He
_ 2 2
M(IS) = [<05[ Y ri|Of > % (4) 2 | . ]
i=1 L <| 8
wy g
which is defined by the radial coordinate ~4 g % 1
) ;- . . B B S 0
r; for the i-th nucleon. This is because the e O 3 |
monopole operator corresponds to the ra- 0t @
. 2 I
dius operator measured from the center-of- ) AN VO
-8 V(o ]
mass system. SP. Ex a/2 . 12
01 _’

The M(IS) to the cluster excited state I ]
which has an adiabatic conjunction in AES
is the strongest in all the transition. This Figure 2: Distribution of the monopole
strong enhancement can be clearly con- strength. Intrinsic structures for excited
firmed in Fig. 2. In '?Be, there appear states and their energy positions are shown
various excited-0t states, such as the cova- by the illustrations at the left side, while the
lent states (Of, 07, 0;), the ionic ones (()&:,f7 histograms at the right side shows the respec-
tive monopole strength. The arrow means
the energy position of the ground state.
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04) and the atomic one (0F), as shown in
Fig. 2. The detailed analysis of individual
structures is shown in Ref. [7].

Among the various 07 states, the strong
enhancement occurs only for the transition to the 05 state (a+®He), which retains the
adiabatic conjunction with the ground state. A little enhancement can be seen for the
03 with the two neutrons’ excited configuration, (7r3_/2)2(7r1_/2)2, which corresponds to

the second local minimum in Fig. 1. This is due to the strong mixing of (7 ,)*(07),)”

and (7y,)%(7;,)* around the level crossing point in the AESs. The level crossing of
(7579)(m1)9)? and (m5)5)* (71 /5)? in the 07 and 05 state leads to a visible enhancement of

the monopole transition, but the strength for 03 is about two times the magnitude of the
strength for 0.

3.3 Monopole CDCC in ''Be

The matrix elements of monopole tran-
sitions correspond to the first order per-
turbation of nuclear excitation for a pro- 0.008
jectile, which is induced by the collision

with a target nucleus. In a realistic re- © 4
action process, however, the effect of the
multi-excitation of a projectile is quite
strong when the excited levels exist above
the particle decay threshold. This multi-
excitation effect is called the continuum-
continuum coupling in breakup reactions. | 0,
In order to investigate the monopole ex- oz & Distaénce(flé'l) 10
citation in a realistic reaction, we per- ]

form the coupled continuum-discretized 0,"
channel (CDCC) calculation, which is the N H
non-perturbed and non-adiabatic calcula- 0 I | . H_ﬂ_ﬂ . H
tion for the continuum-continuum cou- 0 4 8 12 16
pling. The CDCC of '*Be+'2C at £/ A=35 Decay energy (MeV)

MeV is solved based on the pseudo state

method [13, 14]. The double folding model Figure 3: Nuclear monopole breakup in the
with the DDM3Y NN interaction is em- ' Be+'?C reaction (E/A=35 MeV). The his-
ployed for constructing the 1°Be-'2C inter- tograms represent the squared magnitude of
actions [15]. As for the transition densi- the scattering matrix at the grazing partial
ties of “Be, we calculate from the wave wave (J ~40). The inset show the lowest
function obtained by the GTCM, while we two AESs in "Be. The size of the symbols
adopt the microscopic density for 2C cal- of the white circles, the double circles and

culated with 3a resonating group method the squares denote the magnitude of the ASs
[16]. included in the 07, 05 and 05 states.

The monopole transition is strongly en-
hanced in the CDCC calculation, and this

2
| Ste-i |

Energy (MeV )
o

|
-+

0.004
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enhancement can be clearly confirmed in Fig. 3. The strength going to the 03 state is
the most strongly enhanced. This state has an adiabatic conjunction with the ground
state, which can be confirmed in the inset of the same figure. The 0§ is generated by
the ASs plotted with the double circles, which have an adiabatic conjunction with 07
(white circles). The monopole excitation to the 03 state (second minimum with squares
in the inset) has a visible strength in the distribution, but its magnitude is small com-
pared with the conjunction state. Therefore, there is a possibility that the enhancement
of the monopole excitation is clearly observed in realistic nuclear reaction, in which the
multi-transition effect is induced by nuclear interaction.

4 Summary and discussion

In summary, we have studied a characteristic enhancement of the monopole excitation
of a neutron-excess system, 2Be, in connection to the structure of the adiabatic energy
surfaces (AESs) by applying GTCM. We found that the smooth connection of AES is
essential mechanism for the enhancement of a monopole excitation. We call this smooth
connection observed in the lowest AES the “adiabatic conjunction”. The adiabatic con-
junction in the AESs generates a pair of energy levels, corresponding the ground state
and its accompanied state with the cluster’s relative excitation. The overlap between the
pair state is large, and monopole operator strongly enhances the overlap of conjunction-
states. The similar enhancement by the adiabatic conjunction are clearly observed in
the CDCC calculation of °Be+'2C, which completely include the continuum-continuum
coupling. Therefore, there is a large possibility that a monopole excitation are observed
in a realistic nuclear breakup reaction.

It should be stressed that an enhancement by the adiabatic conjunction is a special
feature, which can be seen only in monopole excitations. Enhancement phenomena them-
selves have already been discussed in the (electric) transition with finite multi-poles, such
as a quadrupole, octupole and so on, but, in these finite multi-pole transitions, there is
no adiabatic conjunction between the initial and final states. This is because a transi-
tion with a finite multi-pole A from the 0, state corresponds to a matrix element of
< A|Ox[05, >, and [0, > and |\ > belong to different space of the total spin.

Although we have just calculated two systems of !?Be, the adiabatic conjunction
appears in general systems, and the enhancement pointed out by the present study could
be systematically observed in light neutron-excess nuclei. Systematic studies are now
proceeding.
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H1p,,,,1p,,,,1d;,,, 25, WUEZ FH 2, 1R IREEIT SK I AH B AEH & H
WCRHR U7, BRI VR & L CIosEsh &R 778 & 4845 L 7= SK IIT % A
Wiz, 160 OFEECIRIEMBI OB RIT K E <\ 1p,,,, 1py,, 1d,, BLE O 5 A e
D HF 5 OB 10%Ic b7~ 7= [1],

WIZHEIR RPA OFPHE TH D3, x4 JRERIRIE D & CE Lz, i
RABITRE BB A 1% 20 fm DOERIZPA LiAOEEHL L, 40MeV LL T D4k
AWM ST, o b, AT p ., PRIFIZAWZO LR U 1R REEE
MWz, EofEHE oM ISd<Th 5, M1 IZTUEMRIRED
SREE AT & LTz, RPA OFREESAT () 1£ 21 MeV H7-0D D1 H>DE
— 7\ ZHEHT 5, TDDM (E#) (2 SRPA (1 4855 L0 b K& i
Dy E S 2%, 10 MeV 705 18 MeV ORIZTAFAET 2 HE T RO 30 %
272 %, ZAUZFERMEE FJE L7722, K 21X TDDM IZE £ b BRI
DA 2R LT 5, SRPAIZIEE e\ X 2 (o) DL R AEM R &
FEeiFEA 20 MeV LA F O IZT G L T\WD, 2D X HIZ 160 Ol
HARKRRE D 30 (IR R BB D SE N R Z VN, PPEF @RI e iR 38 D[R]
PRI LT RIBR 2GR AT o 7208, 160 O K 5 72 K & 7 FLECIRREA B
ORI R 5o o7 (1],
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60
= 9
=40 i
£ 30 i
G 90l
% 29 i
101

0

0

E [MeV]

1160 OUUEMCKIEDTREE /AT, R, SR, 1 SRR
IXZEnZFh TDDM, RPA. SRPA O R %2 #4,

______ V

(a) (b)
2 (a) TDDM & SRPA IZ& Fh b E Ko fmEEE, 11— 1
22L& 2Hi1— 2 ZEFLIRBEDFE S AR T, AR TR AR, AR
13485 % 759, (b) TDDM (28 £ 5 Ariamis, JEERIEME & ofs A
HET,

4 FBHET =)V IZAED seissors E— R

TDDM % 5 —DDJSHBI & U TURIEIEFEISHIFEDAT DA TV 5 Wik
FE'— AV P EFO RO DmARKE R L5, 22T
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(a) (b)

3z HFZEARm L -k 7 =L I KR scissors E— RN ORI,
(a) AR AETIT prolate ZEE 3% iE, (b) ZEEDIE & 23 2 Ji[a1 7> BAE K & Ak
FHEMERO RN T@ ICETETITE S,

IIETE LTz 18 TR S LTV 5 scissors E— RIZHY T2t E— N
BER D, K3DEIIT, 7 HFMIZHERRL7- 7 = /L IR0 KERRE
VIR HAER OB 1150 2 < T- 912, prolate B2 %, X3 (b)
DL, BRORE 22 FANbET 5 & BB EFERO RIS
PETEE LTI DOT, 2#i0EDLY TIRET 5, 20X 5 2Ll
FExfko T FIRENT 2 E— REMAKAED 538 Tl scissors £ — R & FE
ATWNWD, ZNETIZ, BELEHCIADRT oy v EEHITLIIET 5
scissors E— NIZBI SN T\ 5, Z 2 THEZ D scissors £— R3O 1-
MAEERZES 2@ ETDIHLNIATOEDTH D,

AE IR D T =b JEAD BRI O R T > v VIcP Tid
HDHATND L LT, M FARAENOZN O DL TD L S 2 Iv b
=7 W,

H =Y e,aa, +5 Y (@pha'p)aa;a,e,
d 2

Z2
Vv ::]rg-(l'—'S'Fzr)
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I T B CIADRT v v MTHHGT D RFIIRE 1R HE o D=k v
X—Tho o, Fi1rEN =410, 20, 35, 56, ...... DI YS L, fHAEEH
WM& EE B AEAER D51 780 & R AER MK LT, &
RENEFINS Y, ZZ2TEN=1006m, =20 1d #uE ok 1% 2
fEEEV= N =8 DR EZXRITT 5, Z OEMLIT prolate 2 L T\ 5 DT,
BHGAAHBAEF OB I35 A B E =R F— N AR /2 5, B4 (IR
FEOTRNX =2 BRI TR y=d° [hol OB TRLEZ, 22T, ol

I CADRT v o v LOBIREN, £ =Jhimo Thsb, y=150L X,

HF OBV —RNho FRETH Y . FEEREMBICE 5=

HFNF—H hw D 30% (LD T, HAEMEHNRHVRES S Z &Il d,

22.5
~
L
22.0
215 T T
0.0 0.5 1.0 1.5
X
M4 HEkgEozxr¥—Elw, EHESHITZh2h TDDM & HF ©
L o

B L, 1T Ko Tl L7z scissors & — RIZDUW\ T, <LX> D BRI 55

5 (@I Lz, FE#iAY TDDM, si#kA TDHF Off R 23K, X5 (b)
37—V = B 5 5 NS T d %, TDHF (ZIXIFFHFIREN 72
STWT, BESMS —DOREBIZET LTS,
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—0.06 T T
0 20 40 60 80
ot
(b)
5
4
3 1
u
(2]
1 1
1.0 1.5 20
E/w

5 (a) <|_X> ORI,  (b) Scissors &— N, FERR.
mEIEENENA TDDM, TDHF OEF-5fE R4 £,
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ZHE[0=2m, =) 5[/=2m, =42) L\ ) DRITER N AR
S TW5AHZ &I L%, TDDM O HJERFEDENLIEA D F 72 A% 571, scissors
T RO 274/ REICHYT 5| (d,,,) "0d,, ) " Ad,,) " (d,_,) ")

ThD, LIER>T, WS ONORMNES Y REAF— D&,
SREESIAT DA E T %, HALEMDOIROFRTIEZRNAY, SLEIRAER
BID RN RITIEAH T X 7200,

5 F&¥

TDHF % 2 (KFHBIA A S X 5 123E8E L7z TDDM OBl % 2 S35 L
oo 60 OES FEERAECE IR EE 2 & 0 BLFERIICFLR 3 512,
WG HRm A B AT RN VETH LS Z EER L TWAH, TDDM 1E—
DDOHEERGZ D,

3 TR
[1] M. Tohyama, Phys. Rev. C75 (2007) 044310.
[2] M. Tohyama, J. Phys. Soc. Jpn. 79 (2010) 114002.
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Canonical-basis TDHFB ZHAWciRELEETE

IE E—BR A0, I E 0O, lRE EXC, TH Bhm °, % £54C, Kfg —F A0
SRR B LR DRI A
BLF AT R e > 5 — P,
SR RITIRED e > 5 — ©

L

P& 3B % & A IR IR EENBIEGE I D CFT L WHER 2 B L. Hlig W (A < 70) 25
RO (A > 100) 1SS 28IBIREEZIT> 72, 2O L wIHERIERRK A Hartree-Fock-Bogoliubov
Mim (TDHFB) 2 IE#ERLREIR (Ch) IcF &z, WHHBIR 7 v & v oL sl 2% ) 5z AT %
foHang, &xldZOMEH%Z Ch-TDHFB & -5, Cb-TDHFB OfIBIGE R OK R IZ TDHFB
DI/MRIFEERITH 2 QRPAGIRE LIFFICRO—EZ /Y, 2 O05EaRA M 2F L TIF 23T IIL
7o 2 L TCb-TDHFB ZH\WT 74 VY R7 & =BT (IVD) IRE)DMIIEE O ZMEH R 2 EIT L |
FIERZ AL —HTicB b b E T I —F— N2 OB ORR %2 FHR 7, SHE D5
FIEEREBD LTI & —K PO S EMEROZIF L L Cllbi, EI—E—Flcksns,

1 Introduction

B EENBEBOEER XA RICIAD B R FIZEIRIC N L, 2 OB 2GR TE 2 LIff ST 5,
FLEIRBEIC D W Cld, BRICHIDN AT (MER) & BRI Z G0 RIc LD, 2T L
¥ =0, BIPE L EBRE A2 ARICRHEWICHNSTn 5, L L35, ik
B4 F 27 RO T, T OVEARTIAHIFIZIHR 2 T FTIICEEL <, FEERREO
JUIEHERL TR, —HTRIEDBEEA 4 v & — LRI B 1 5 FEEE o R I X
D FEHR AR ORI A T RE A IRBE IS 72 > T B, RIS BLERD Sl T, ANEE
BIRFROMIE L. Z OGN RO NERIIC D HEH SN T 5, NED
FELIRAE 2 AT £ 72 (X P9 2 410 b . T8 & RHBIDRIR Z HUD AL, 50527 AlRE 7o HstH A
BRDLNT W5,

JAHP R AL DR B2 TR B R, D7 & S E N HHRELZ D ANERE
Thd, HOKTIIAE DR A ZOSERENMREBICZ > TED, HIZEFEL TL KD TTH%
By TH D, GE> THRA RIEIREBICE VT, 2T & HBII I T E 2 WA R 2 Blb ¢ 7
MIn s, B L NHBEORIRZ & MmO Ma & LT, RE#EKFE Hartree-Fock-Bogoliubov B
il (TDHFB) & L < 1% Hartree-Fock-Bogoliubov ¥ (HFB) & #ER7-HLAER AT L (QRPA) D
HAGbE 2, ZRIREMTHEITT2HIE T o NS, LeLENS, TNEICHERZERMIZ
JEBICIRTH O, T 222 R L THITT 2 IR LG a X 2305, BE
TIF =Rt AR E) - o TDHFB([1] S PUEMZEE HFB+QRPA[2, 3, 4] IC XK 25183 H 5
3, R P OME % RHIICHR 2 HIEAS TIE RV, o, ALEKICRE ORSET
HBHAF HEER 1 — G2 5D T 2 I EFRNIRE) IR TIE T TR B E b IR S
JIIACIRAE I IZFEEMFRRNEE L, BAIF I NFEOMER R T 2 oDz iRET 2,

Z DFSIF LT ONEF Cigimz o 5, I L HHB ORI R ZHLD A, D FEFT g 2 e
A e U CHx I IEHERL R #R I X 5 TDHFB #5i (Cb-TDHFB) %843 %, Cb-TDHFB /5
BAoEHIZOWTBR, BN 2SI Ch-TDHFB %M 3 % %, Witz o xHHE % &
AT %, KRICERHNEIC X 2PIBEOFHHETEZ AL, SHRICHOREZBR S, fiR
TlE. %912 HFB+QRPA 5 & DB D 2412 3* Mg D 7 A Y A F 7 —PUEAGRE) O §5 5 %
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L EMEa A PO D Ry, TPYD DT A Y R Y =W TIREI O R ERD T, £ L TAL
%F CRPE OILIBIRAE L HfF S 5 © 7 S — LB 7 )L ¥ — I (~10[MeV]) IZ3EH L. Ne,
Mg, Si, S, Ar D74V b =7 DRMNLKERZ R L, RBICHwmz AR5,

2 Formulation

2.1 Canonical-basis TDHFB equations

41X Cb-TDHFB /2l TDHFB HEX & D EN T 2%, KA EM L b EH

% Ji1EDY Blocki & Flocard 12 & > TIREINT W3[5, L LAaHS Z0EH Tld TDHFB /7
FERD EDORRZAEITH 2 0 S 2> Tld e\, BEEITHIZER O TDHFB AHFEE © EEE
THHET, TOHICOVWTIHEHL W,

TDHF equation
£ HEEATHIFAN O TDHF Az IEHERRFORICH S A TA S, TDHF S

i p(t) = (). (1), )

2 2T p(t) IZRMEEE L e (R DB EATIICH D, h(t) IZREEKE L Z2—KRF IV =7 v
ZROT, AT p(t) Z UKL L 7 IEHE—RIREE TR T 5, Z OIEMEELE {|on(2))} 13 A
WCHIETEZRE LT b EARET 5 ((or(t)|di(t)) = dut)o

=D loe)w(t)]; (2)

N B3R e Fbd, IEERKIIEET 2 Al 2K TH 5, ZDFR%ZE->TTDHF
S EHSHAS L

Z{m (1 + 16:0) GO} = S OIsO) oD — [N OI®}Y. ()
k=1
I |op(t)) EOANEZR E B L
Plig - o]y =0, k=1 (@)

25, P3P =1-1 o)) (a(t)] & Lz, ZOREMEIEDOERLMEZ VT WS, 0
K& D W72 IE R RN S 7z TDHF AR % LT okkici %

|¢k( )) = h(t)|on(t) Z loi()me(t), k=1,---,N (5)

190 (1) BEETH 203, TS — MFITH D, IEEREDOELZEZWS 20D TH 5,
X (5) % Cb-TDHF SR E MRS, ZOfFFIIFIEMERED 2 =8 Y 4 BHUCOWTD T — PR
ZPEICBR L T3 h, BHEZOMEE nu(t) =0 & & D, #HRFEICH S TDHF HERIC %R %,
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Cb-TDHFB equation
Cb-TDHFB A3 B EfT7F7R o TDHFB A 58 & 3, TDHFB A

0
81&

= [H,R], (6)
22T RULEEATAIR &Ml SV R =7 Y H IR

_ [ »r K h A
R= (—/{" 1-— p*) ’ n (—A* —h*) '

X (6) & D ROBETI p(t) & XF 2V b w(t) HRE S FEB R

0

25 = A* — AR
i5:P [h, p] + & K, (7)
z—gt/f = hk+rh™+A(l—p") — pA. (8)

L b, JNERIEHER {on(t), op(t)} THEMZ 2,

TEHERLIR) —ﬁjﬁ%i)ﬂﬁ“%@%%i% DIEZER (V) > ¥ LFOWAT: pv,...) THE
Blg 5 L cl(t) =3, (ulén(t))c], TH B, ZOWETEMT, TDHFB DIRAE %IE@E?_JL(BCS
T EhRIE) CRR T % &

W (t)) = [ [ (ur(t) + vit)el(t)ef (£))]0), (9)
k>0
CCIEHMREEDRATZ ETEDL, k>0 DREOWELTE< 02D %, K% DIRGE
5&551’%%%00 {or(t), op(t) } \E—RiF 22 24587 5, SHBEDMEID G E . |ue(8)]? _pk(t)
15 LI 0DEERFD, FREZ OB TE LTI p(t) X IEHEILIE {64 (1), o5 ()} & HATER
pr(t) 2oV 2 HEMHHK S, T3 Bloch-Messiah DEHIZ X D RAES 11 5,
fEE ., BHOBICU ToREZMEMAT 5,

(uloe(®)or(t)) = (ulon(t)) (v]or(1), (10)

((uv|ow(t)¢ ’Zt)>> = (u|oe(t)or(t)) — (vl on(t)ou(t)), (11)
F7o, IEHERKRANOHEHE XU TORL 2T 5.
(1) = |0x(8)) (Dr(E)] + |0 (1)) (DR (1)]. (12)
INHEE T, BETH pt) ERNT VYV k() ZHEWZ D L
Pu(t) = %pk (| 7x (1) (13)
Fu(t) = if"vk )| @k (t)dr (1)), (14)

k>0

C 2T pilt) & ri(t) IR HAMERENHEETH D, BCS B2 MM T 256, 2h %2
N pp(t) = [or()?, ki (t) = up(t)vp(t) TH %, k &k DEIRICOVTIARTE L &, HERER
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HF + BCS TRl 2556 & & kXM BRI 5 245, FREEIOMEA I 5. HE
REOHEIEIE, 2 (13),(14) 1 EHERIE DA% R U pp(t) & wp(t) 1OHZHT 3 & |

pe() = Y (S0 o (O WD) = > (05(E)]10) 0, (8) (V] 61 (1)), (15)
kr(t) = > (r(t)dr(b) 1)k (1) (16)

pv

2 (15),(16) £ (13),(14) ZRH L T pr(t) & re(t) DRI %2 KD IR,

) = R (DAL — Me(1)RE(E), a7)

PO R(t) = () mee) + Al 20(8) — 1), (18)

Ailt) = ——ZAW 5(1) ) (19)
_ bk

m(t) = (SOOI} + i 64(1) (20)

ZITONAT v vV A, BEEOMAERY 225 Au(t) = 3 5 Vot THD, £t
X ry 787 XA =58 — Ak(t) 13 BCSEBDRED b D L FETH D,

Ag(t) = - Z £i(8)Virar — Virn) = — Z /fl(ﬂvkl},zz’» (21)
>0 >0

IEMESL (K, k) & (1, 0) DSRERUKAE S 2 2. ARDITHIESE Vi p b F 7 REHRAFIC T 5
B&IZ pp(t) & kp(t) ORFFEIE O E LT, > v 7% (17),(18) %Z TDHFB JifEX o [ #E
FIRFRD 6187, 2 OB CI3HHic TDHFB AR OEEA % L2721 <h b, TDHFB
ERETH D, LoLads, JOROIEMELRE & OIRFZEREIZ - RICHMA b DI 5 4%
Vo pr(t) & k() ZIEHEFRDE LM Z R L C pu () & ki (t) ISHEZEBHE 2 53, —#RIc
(19) 13 AL, (8) ~NDOMEHDS K e v, ZiUT, IRMERLKTERD SN2 “ARDIRTE |1 (1) or (1))
DA EAEH DITHNESE Vog 0 DIESARIT DR ZH D L TR WA TH S, T I TERL
I DERIZEAT 5,

= = > M) ((wlon()ér(1))). (22)
k>0
:hCiij%Bzﬁ\@ij‘ﬁ%:/“/“\”}I/O)]f%‘f{if)%%%%T%o Eﬁggﬁﬁﬁfci Akl_: —Akékl é'_
T2HTHS, £ (22) 13 (19) 1TFE L &\,
D EFcoft alo P CiRIEEREORMEEORXE L TUTOLDEEATE 3,

2 106(0)) = (1) —nellon(0), i 1g(t)) = [h(t) — mellox(h). (23)

413K (17),(18),(23) D=2 b ¥ T, Cb-TDHFB IR LA TV 5, &R
IEHEFL S [R] DBISIE S 2 R L . BT 2V X — OWIFHE, 2R FEOWEHE 2 REFET 5,
SAHBE M 854, Ch-TDHFB /522 TDHF AfE=clis L, EIRAE Tk HF+BCS D4k
JEIR & &£L<&%ounéwﬁﬁi%%mmu%%%®$o
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2.2 Linear-Response calculation with time-dependent scheme

T 3R EFEEON 237 0T, EhEEZ L fIEE OIETFIHICOWTER S, %
TIIRAE |Wo) 23R, BRI TH DI (Vi (t) = —nFo(t) 2 52 5,

Wy ) = e |Wy), (24)

Fl3—EOBHEETTTA VYR =BT T AV AN 5 —UEMTETH 5, nldiHoiE
JERRT, M52 527 Vo) 2 RIS EOLIRE & L CHMRBE2HET 5, n 25+
NS WS, F ORRIRE L 22 EHE O FLIRIREESE D 12 B 1) 250 T IXEIBNIC R 5,

[Wo+) =~ |‘1’0>+i772|‘1’n><‘1’n|ﬁ|‘1’0>7 (25)

(W) F(t)

12

(Wo| F'|Wo) + inz (W, | F[Tg)[? (et — eint), (26)
" E,=E,—Ey>0

|,,) IZEIRREZ R L, E, 13 |T,) DAL 2L —%2KbT, ORI L 72 F oWt
fliZ M L. Fourier £#1% H\» T FIZx ¥ 2 WENMRI S(F; F) 2L T okiciE s h s,

SEF) = 3 (W F| W) 26(E — By (27)
- —niﬂlm :&t (F(t) — F(0))ePT/2, (28)

f(t) = (@) F[¥(t)) TH Y. Tldsmoothing 789 X —% Tdh %, SGOMIE n 1358 7% b D%
S, BT LOENETUINEVIEFERCOITTIE A, iR E-FIEKFEL T b, B
HI M S & 2 4y, EBRICE O OETEITLIET 5, BUTF O TR IHEHRIF LEdo Fie
S TR ONTMESMBEK TS 5,

3 Results and Discussion

Z DOffiitld Cb-TDHFB 2 W 7PN DR 2 8§, ATl Skyrme HHAEH D SkM*
NIA=FXy FZ2HOTED, MEEICIZE, R—NVE (EER Gy) AL, 2D Gy
ZEH L 7B Cb-TDHFB JFH2D ny, N Z2Z RSN ET 72 5 (6], FHEZERIE = RonD HE
fEZeRC, WEIBIEL {0k (1)), |05 (1))} KT & A E Y DHBEZRFD (|on(t)) = |ou(ri, 031)),
o==+1/2), HET 2RO E ZPET LG TICOWTHLIIFLE—hy L 7I1Ck>
TIRDTV D [6], ZNFEOBUIK FEDFEREIC: D, W OBUIFHRZERO KR E X L%
THRIETRE 2, Tox 0722, CER IR0 9 b, & 2FEEDOEROHIF I
WENDHEEHVS, AL THVZEMESERIZ A < 70 DFEFZICH L CRE 12(fm] &7
[l 0.8[fm] D22, A > 70 DJEFZDG G 48 15[fm] & A& IAIRE 1.0[fm] DZ2[H 28R L
7oo BT ROBIZRK K Z 15,000 MEEEICR S,

3.1 Comparison Cb-TDHFB with HFB+QRPA

Cb-TDHFB D#IEIE DS TDHFB OMUMRIFELITH 5 HFB+QRPA & DIEFIZE
WIS, BT, BEREINEOLDEN HFB + QRPA ORI & Hig L,
Cb-TDHFB O E®ME%ZRT, £7. Cb-TDHFB OFHE a2 ZA MoV THENT %, MEOK
BIK T 2L ¥ — E1ESMEBIC N T 5, RN EHERER 2R,
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Isoscalar quadrupole mode of Mg

Mg FPUEMGA (7a L — A LA ThE @iz TtHd 5, M1k 2o Mg
DT AV XA 7 —BIPUEMIREIE — F (Qax; K = 0,2) IT oun’(;}fj«xf%@f%%l (i),(ii) &
Cb-TDHFB % W72 5HEFE R TH b, (iil),(iv) IFET HFB+QRPA SR OFEENR L TH 5,
(iii),(iv) I Z ZNZENSE R 3] & 2] Ik BHEREZERD L T 5, (i),(iii) iméﬁﬁaﬁ@%ﬁ
AETHD, (i),(iv) FRAEVEEE 7 —a v JOEREHAENZ AN TR LIRTH 5,
KR DR DI (FR) LR () 133 Mg D Qa0 E— F & QuE—FZ2EDbLL T3, (i) & (iil).
(i) & (iv) DELLDOFERDE—7 DMEIRIZIF LTS, —HFEE— 7@méf IZAEDY
L TWB5, u*uiCbTDHFBfﬂﬂrfm%iﬁHEﬁ#Hk[,] THOLLNTWVEHDDE
WHALEDLNTVRE DR EEZ NS, [2,3] TREMBITHEEKRFLZDDEZHVT LS

125 3
20
100 [ Q2 === 4 .

(i) -

75

W
o

S(E;Qq) [fm*MeV]

\

|
0O 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40
E[MeV]

X 1: (i) 564 H OMERE O Ch-TDHFB F15., (i) AEVEI & 7 —u v I OBREHEHEH %
Br\v>72 Cb-TDHFB 2 X 2 5H8., (i) 584 H OIS O 2T HFB+QRPA §HE [3]. (iv) AE ¥
Wl ) & 7 —a v ) OREM B 2 PR\ 72 2 HFB+QRPA 515 [2]

Computational cost (Isovector dipole mode of !™>Yb)

I2Yh IZHIINEREWZTH D, B TH S, K231 Yb DT A VX7 & =R 4ikE) (E1)
E—FI1ZRL72bDT, (A) IFEEHFB+QRPA GIEDFERTH D [4). (B) i Cb-TDHFB D
MIPISESRIHEIC K DB o iR ch 5, YbIZ 7w L — A TR (K =0) L5
il (K = 1) O 2 DIREID B OIS, &% DD 12[MeV] (3 DUEHR (%) iﬁﬁﬂaﬁﬁ@i&
ﬁi?}h@ﬂf 17[MeV] AHE DR IZFHET I OIRE 2 #b L T %, FER(GR) 1320 E—7 D
MEFRHLL TS, E—7 DlEIZH 53 Cb-TDHFB @%ﬁf*%@t 7 {71 QRPA DFME
FERE XKL TS, fMHEaA MOV TEKLT S L, (A) TIEH 10° CPU hour TH D
10,000CPU DIAGHEIEDI NI TH %, (B) DEFHRL2 A FZ £ 300CPU hour T 1CPU T

PEAREY 72 BT D1
1 9 . 9 . (Ne/A)r;  for protons
= —————=rY; Yo Fg1 =
Q2k h(l T oro) {7" 2K (1) +77Ys K(r)}’ E1 {—(Ze/A)ri for neutrons
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AR TH S, Ch-TDHFB 347 Wil a X F TEWAKOWE 2 X5 FHnHK 5,

10

SK (fm?MevV)

S(E;ED) [¢° fm*/MeV]

0 5 10 15 20 25
E (MeV)

30 0 5 10 15 20 25 30

Energy [ MeV ]

2: (A) 2 HFB+QRPA 3145 [4](B)Cb-TDHFB i€ X 2 $UIERTE, BEIZ K =08 K =1
DTAYRY Y —BBTFIREE— F2Lb L, EEZZ>0Mz£bT,

3.2 Appearance of low-energy E1 strength

Cb-TDHFB % i\ > CRIFEICEZ 2L X — D F1 & — FIZO W TRz, FAR7A%MIE Ne, Mg,
SiLS, At D7 A Y b —=7TdhH 5, E1E— FDOMESTAMEED 10MeV] LT D ¥ — 27 DIk
T2HE? TR OBIBIC L TR, M31ENe & MgD 74V b—=7DfEREZR L, X
413 Si,S,Ar DFEREZRLTE D, FEH{IZ Cb-TDHFB 12 X 2#55 T, it iZ HF+RPA OF5H
7] TH 5, HMEEIFEIGZ P ETREEED L Tw 5,

m(Eg)/ m; [%]

Ne —&— |

Mg —8—

(HF+RPA --©--

8 10 12 14 16 18 20 22 24 26 28 30
Neutron Number

3: R RV ¥ — (10[MeV]) @ E1 53 DA
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B X Dlifieic e > T d k., BHbnhs &z o s,

4 Conclusion

B2 IINHBE 2 &A, BIVOHBE LI AWRFHZD I A F 2 7 A %2H|X25 512, Cb-
TDHFB & \» 9 Jji%%Z2 ¥ L7, Cb-TDHFB (& TDHFB D IE#ERLK TR IC L, SHHEI D LB %L
IZ BCS 2T 25 CEH XN 5, Co-TDHFB X HEBALIE 2 A P 208 E L
By, ZRICPEEEMTOFEITBHENES TH Y, TEOZFHBEZID Ao s,
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DI TH D, Fx DFEFRIEH 300CPU hour RETH SN/ bDTH 5, Chb-TDHFB 23IEH
WS WEHE A P CHEORREZE2HZ R L 72,

RN REFEOH & L CE S I — B LIFIEN 2R 2L X — D E1BESAR IOV THAN
72o ZDFER, KT RV X —D B1EES T s % p WE S O(RiE A #EE) & 2 K OfuE o b
AEEZLEZ oD, WHBEORIRITILEIRBO LI IR L 5.2 Z DFSH. E158Ey
RIS NG, £, WNHEHEIIC X 0 ERICHuEDS S A I L8003, B1 MR O o

WohIichHbns,

DL E DGR & g & Ch-TDHFB 25032 &85 4 + 2 7 A% Z 51k E L TIEL S
FELCE D, G a X b BIEFEIT/NES K BRI O EYTH 5, 5% IAHIFEO F T
B WG RMIN 2 % § 90, RIBFHE (a2 4d) ICEH T 2 25 L Tw 5,
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