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Skyrme Energy density functional (Skryme EDF)

(i) particle density,

J

[ p(r) = p(r, 7),

Master eq. (variational principle)

w B,(r) - 51, (r)+1,(r) - Siy(r)

(ii) kinetic energy density, PR ;fds,. ‘2,?1‘('_) 0ty(r)+ Uy(r)dp,(r) +
- ’ r=r' q .
(iii) spin density, =0 . +C,(F) - ST(r)+ 2,(r)s,(r),
s(r) = s(r, r), . where
(iv) momentum density, I h2 n? 1
1 i +i(t +)p+5(t—14)0,
i(r) = 2 [(V=V)p(r, )] = 2mg(r) 2m
I 1 2 1 2
= - (1, =3V p+5(3t \
(V) spin current tensor, Uq(') tol (1+3x0)p —(xo +%)Pq] (1, =31,V p+15(31, +1,) Py

J.uv(r) = 21; [(V# - V;)sv(rs r’)]r=r’ s

(vi) kinetic energy density (vector part)
T(r) = [V V's(r, #)] s -

TR TG T (0 = (5= s)D)—1V,0 ¥ - (P47,
‘Eli = '_%(12 - tl):]_;']'%vs.o?(p"'pq)s
Iq(r) = _%(Il +‘2)j—%(12 _Il)jq—%ys.o.v X (s+sq)’
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Engel et. al, NPA (1975)
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Fig. 2. The calculated nucleon mean free path, 4, in a nuclear Fermi gas of temperature 7" and Fermi

energy, E; = 38 MeV. The nucleon mean free path is given as a function of its energy above the Fermi

energy, (E, — Ey), for various values of T. The curves are obtained by calculating the expression (9), which

assumes isotropic differential cross sections. The four circled points are computed from (¥) using more

realistic anisotropic cross sections and a temperature of T = 1. They show that the error involved in
the isotropic assumption is not important in the present discussion.

Collins-Griffin, NPA (1980)



B E{L Y 1

TITVA

o WM : N/ZIEDEH (N: FEFE. Z: FFFE)

=L RILF—DEFCYMETIZIEZEME (chemical equilibrium) EEENZ 2 EEH B,

B (mEEEL) IC&>TEX

o MEEHEIITER
O FEXRTERIL : NIZEIZ—FEEABED D,
X FEXBES : NIZ{EIXFELAREEE S,

1
1
1
1
1
1
—
~
[t
| IE— |
Tull}

S AV ERICEWT
ST EEIEDELDBREDE ETERSNDZDH?

RmENEEILT 556, HETELETEZON?



EXERINDE =

o NED1 0OBARBOENEE COEFREEZ-IBEIC. 102 A —4F—DIHREL
TN

Review:
RHEY : 10fm/10%*s = 0.3c Freiesleben-Kratz, Phys. Rep. (1984)
- MR & I3 F o 7 < REIR C:"!

>

e 102 A —4—DWRE WD T & TGDR(EAWMBFHIE ) & DERILAR I NI,
LAL. iv-GDR &LEER L TH B &,

e : BFaREk
E1,(t) [fm] E liﬁ ETE f8) Mg+ . .
T T|me[ 022 S] .4.5x10 5 6.0x10 s 75x10 s
"/“‘ ('\/\ .0 R e
A\ v iv-GDR "
\/\ «10 1;?1‘; time
1I4 u?Hm N (b)‘xsh:i”spb 75x10 " s 10510 %5
(HABESBEBRICRHETES? ) | |
"T--- 5.0 MeV/A —— 1.0 MeV/A « Iv-GDR )_»/' e Q
-0 MeV/A 0.25 MeV/A Baﬁz\ ,J\ -
LA
Y.l. et. al, EPJA (2008) iv-GMR Y.l. et. al, PRL (2010)

EEEFHNBEMRLTVD I EIZENEZD (iv-GDR EBARLTWS) KA ThiZiF
TIXBETERL, FDOLDICEBITNIZLI WD ...



WL DADELHY

BEOERRERNS, AEIIZRILE— (100MeV L) TRIFEAESZI LW E
Nbhh>TW5B,

—>N/ZEDERDZ IS ITAV MHREICHTL S (LA a HIFRE) ,

BRIDIZREBEICE>OTELD I EIHBEIRETERINE, BIEORRERZ
(TRT) RAAT B2 EIEFTERY, EE (MY PTDLHIC, EEDERKG
REWFELBH) .

“Ca + "He —

Mg + *°’Ne —
TlE, BERPRLCADT iv-GDRICEWRFELICK WHARETEEIEI 250 E
IDNEVWIIRILF—DEFREIXTUVRAED ZENERBERENSHBIThTW
7=,

—BEHICiv-GCDRE LTRMITSDIFERRICELWEFEEARSE D,



« RORIG=EBICE > TIRHEFELEZ 5,

208pp 413260 - [ J\
HLERMELS I NIX

N/Z {& : 126/82 82/50 **°Cn(2=132)
(1.54) (1.64)

N3 5IX, ERSNDKREDDT T XY

HEIEHETON/Z{E : 208/132 =1.58

REDNIZEZFD, COEIFEEDHCPAIDNIZEELEERDIDT, &
ZhIZEoSHIDPY &Y (RIS) DEISBWEEMRS NS,



R IS ET AR
IAROERIC A

6.0 MeV

) E/A

\v
40
=
=R

+8 L TERY (fragment) & HIE,

a

EER & LR

TNETNDERDFHIRIEASR,

F) ERIZESDLEEXT

RIGHTEE CEAMTIT TERGEDLE —

IEEEZR

time



« IREMIID D

B FEIFEEIE LR ERY

N/Z D& : 208/132 = 1.58 - 5
e : Pb+°°Sn

— 751 - - -

] gt T .. ﬁ :

= ] i ~ma ]

) - i -

o %7 I 0 % ]

g ] '] 1 - ]

- _— ] _ ] - ]

= 554 :_ i S L -

] 1] ] jo=
N i ] ] =
=z 2 ] ]
o=—-r—r--r—T 1T T n I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 1 1 I 1 1 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
1.5 16 1.7 1.8 1.9 20 21 : 1.5 16 1.7 18 19 20 2.1 1 5 16 1.7 18 19 20 2.1 1.5 1.6 1.7 18 19 20 21 N/Z
| ]

K75 : _

W 50 = - o

o '

QL 25+ - - . ul

N 1

> -_,_,..j.,.. = = B =

(7] D L] : I I L] L] L L] L] L] - L] 1

% 0 50 100 150 200 250 1o 50 100 150 200 250 q 50 100 150 200 250 0 50 100 150 200 250 Mass
1

= _ ' _ : _ _

E /A =5.0MeV : E /A = 6.0 MeV ; E /A =7.0MeV E /A =8.0MeV

|
HEMNEEICET S % o AN IS EL AW
(AR : £ 50% LI E) I*)lg“— (EEMEER - YD 50% Kii)
EFkE

(6.5MeV+0.5MeV) Y.l. et. al, PRL (2010)



B D B AR5 THaET L -

7 AL—4— TR TERDbEINBEDODI=S Y
THIIELEEDARBRADMRELRD” ERB T
END, EETIEAWZ &S IXIEME L DD, #EH
RETHADEFRKICEETN TV KERAHMOD
B &% B L TH B,

Mg IC S ENTWERTOGEHE

MEXHERE LY DY R VEE T, HEE &
FOoLK BRI ARAICKRFNMEEL T (BEER
fEldhsw) . RYBADImICHS

-
7
NS
4

2 24
Pb+**Mg
*B%@Jku’c Mg ICEENZRFRZEFSHRT
7

i Calculated by J. A. Maruhn



ELL@T'ﬂ: J: BE L ?\ ) l/ 4:\\ o /A ﬁ (Iwata-Otsuka-Maruhn-Itagaki)

7 I)l/\ L,# (%n% n@@]xdit@q]'l‘ﬂz?t E nQ32p,, )2f3 ezz 7 A+ A

|Z7J_J\¥ ‘k_ 7‘-\_ \,,\ L/T %?,'T % %)) T‘\{ng_a_%)*Z% % = zi:m” +47T60?'; A A, (AU} +’A”3)
AT L TRERAREIE R T E R "
& .

4

e {m

Tﬂl'l

- (mAlﬁ)—l Z_(ﬂr'rfmA!ﬁ)—l
~BREEHR (0.3c) AR puin = min( o s) o
(1 =3&8)(1+38) (1 =38 —35)
bl v I - > N == PAN
_)@I*JEEL & 57 \‘\$%t H ﬁ% where m, e, €,, and r; are the nucleon mass, the charge
unit, the vacuum permittivity, and the usual nuclear radius
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TABLE 1. E(g /A values [MeV] obtained by TDHF calculations compared to those obtained by transforming the results of Eq. (1)
into the center-of-mass frame. For reference, the values obtained by the Fermi gas model with the standard garameter are also shown.

Collision TDHEF (SLy4d) TDHF (SkM*) Equation (1) Fermi gas
(i) 208pp + 2337 6.5+ 0.5 6.5+ 0.5 6.91 9.46
(i) 208ph + 132Xe 6.5+ 0.5 6.5+ 0.5 6.50 9.03
(iii) 208pp + 132§ 6.5+ 0.5 6.5+ 0.5 6.36 9.03
(iv) 208pp + 40Cq 3.5+ 0.5 3.5+0.5 3.66 5.14
(v) 208pp + 24Mg 2.5+ 0.5 2.5+0.5 2.36 352
(vi) 208pp + 240 2.5+ 0.5 2.5 +0.5 2.18 3.52
(vii) 208pp 4+ 160 1.5+ 0.5 1.5+0.5 1.75 2.50
(viii) 208ph + 4He <1.0 <1.0 0.48 0.70
(ix) 2Mg + 20 55+ 1.0 55+ 1.0 5.99 9.50
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Higher yeilds of exotic

elements at higher energies
Other expriments in agreement:

B. Gatty et. al. Nucl. Phys. (1975)
H. Breuer et. al. PRL (1979)

W. P. Tan et. al. PRC (2001)

P. M. Milazzo et. al. PRC (2002)
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Wall-window formula (Swiatecki, Phys. Scripta (1981); Swiatecki, Randrup, Dossing ...)

Fig. 1. The dinuclear cavity. In the dinucleus, the individual nucleons move in a leptodermous potential

that has two distinct parts, A and B. The two parts are joined by a small planar “window" whose normal

is chosen as the z-axis. The two dinuclear parts are endowed with the uniform translational velocities
U, and U.

Dossing-Randrup NPA (1987)
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1 FIG. 3. (Color online) Reduceq frictioon 1coefﬁciem as a t:unction ) BRICIHBREINTWBEE RS
of R/ Ry for the **Ca + *°Ca reaction at different ¢.m. energies. FEOMEIEEERRINTULAL,

Washiyama-Lacroix-Ayik PRC (2009)
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(a) Dissipation induced by spin polarization (b) State at full-overlap
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‘-Time
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o O0+70

T @ 2 B | /
Contact L- S B (r % p) S S) d T
x r

X 40Ca+40Ca

FIG. 2. (Coloronline)Spin distribution (the spin is projected onto
the y axis) of a composite nucleus at ¢ = 6.0 x 10~?* 5 is shown in
asquare (20 x 16 fm?®) on the reaction plane (SV-tls). For reference,
contours of the density distribution are also shown (contour — 0.01,
0.06, 0.11, and 0.16 fm—").

Y.l.-Maruhn, PRC (2011)
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Spin-orbit force: — Relativistic effect

A A Tl AN e A N
L-S=—-ih (l X p) '.(0' + O ) . *Spin polarization
’ ’ Large dissipation

Tensor force (long range part):  —~ OPEP
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John P. Schiffer, APS Viewpoint (2010)
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Otsuka et. al. PRLs 2000 ~2010

Lesinski-Bender-Bennaceur-Duguet-Meyer PRC (2007)
Colo-Sagawa-Fracasso-Bortignon, PLB (2007)
Bender-Bennaceur-Duguet-Heenen-Lesinski-Meyer PRC (2009)

Suckling-Stevenson EPL (2010) & &
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Form factor of spin mean-field

TV IVHEGERICRET 5 o [MeV fm]
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OZREE. EERELVEREL AL
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« KkTVY )l/j] DI ODEKRY js = FIG. 3. (Color online) Snapshots of the x component of W,(r)
WERFRZICDOWTKELBRBIEDDD ar=60x1025 projected on the reaction plane (SV-tls). The

Mo 7=, values are plotted in a square (16 x 16 fm?) on the reaction plane
separately for the spin-current tensor and spin-orbit contributions,

2 l:°‘/$}1,5§7]?§ﬁt®§‘7]%’6‘ 2 ;ijL-, and for protons (¢ = p) and neutrons (g = n), respectively. The

3 — o = ik maximum amplitude |W| of the function is shown in the lower
E/J‘ T )l/j] I3 3 /kjr'Ell:k right-hand side of each plot.

Y.l.-Maruhn, PRC (2011)
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Oyamatsu NPA (1993)

Watanabe-Sonoda-Maruyama-Sato-Yasuoka-
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Phase ||
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Lb . 202 (= pfp)

Fig. 1. (color online) Time evolution of a 3-nucleus simultaneous collision in a cubic space with periodic bound- { }
ary condition. The box size is 64 fm x 32 fm x 64 fm. Phase I I & I I I COEXS“

Y.I., ArXiv1107.0464 (2011)
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Y.l., unpublished
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FIG. 3. (Color online) Internuclear potentials obtained from
Eq. (6) shown for the evolution of the '°0+?*Ne system at E.,, =
50 MeV (solid curves). The two curves correspond to different
orientations of the Ne nucleus. The corresponding proximity potential
curves are also shown (dashed curves).
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FIG. 1. (Color online) Evolution of diffusion coefficients cal-
culated in the SMF approach for */Ca + *'Ca (top), **Ni + %Ni
(middle), and ®Zr + *Zr (bottom) collisions at different center-of-

mass energies.

Washiyama-Ayik-Lacroix PRC(R) (2009)
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FIG. 1 (color online). Isodensities at half the saturation den-
sity, i.e.. po/2 = 0.08 fm 3, in 28U + 238U central collision at a
center of mass energy E.,, = 900 MeV. Evolutions associated
to the three initial configurations xx, yx, and yy are plotted in the

left, middle, and right column, respectively. Snapshots are given
at times ¢ = 0, 15, 27, and 42 X 107?? s from top to bottom.
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Fig. 9. Time evolution of the total density for °®Pb + *®U. The impact parameter is fixed to be 9.2 fm. We have separated
into three parts as shown in 810 fm/c for the case of E.., = 5.0MeV /A, and in 405 fm/¢c for the case of E., = 8.0MeV /A,
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Nucleon transfer: Yabana et al. (Tsukuba group) and many groups
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FIG. 3 (color online). Potential energy curves for the collision
of the *He + ®Be system as a function of R for three initial
alignments of the Be nucleus and at E., = 2 MeV.
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Figure 1.
(a) Ton-ion potential for the '*Zr4+'9Xe system at three different energies.
(b) New shape isomer of 2'°Pu found from the transition state.
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Hashimoto et al Pairing (TDHFB)

Inakura et. al (Systematics)

Stevenson, Fracasso ( 1) — X, UK)

Full tensor in TDHF
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