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Pur pose of

A To introducethe TDHF theory and discuss its relevance willbDDFT .

A To explain theLinear-response theoryderivingRPA from TDHF .

A To show selected examples of application§DDFT for nuclear reactions
and demonstrate itssefulness

U To understand how we can describe complex nuclear reaction dynamic
microscopically from nucleonic degrees of freedom.




B The TDHF theory

The TDHF theory was first
proposed by Dirac in 1930

J -f
/f y ¢ P.A.M. Dirac,Proc. Cambridge

D.R.Hartree(18971958 V.A. Fock(18981974) P.A.M. Dirac (19021984) Philos. Soc26, 376 (1930)

Douglas RayneHartree https://www.hartree.stfc.ac.uk/Pages/DoudRaynerHartree.aspx
Vladimir Aleksandrovich-ock https://mathshistory.stndrews.ac.uk/Biographies/Fock/
PaulAdreanMaurice Dirachttps://en.wikipedia.org/wiki/Paul Dirac



https://www.hartree.stfc.ac.uk/Pages/Douglas-Rayner-Hartree.aspx
https://mathshistory.st-andrews.ac.uk/Biographies/Fock/
https://en.wikipedia.org/wiki/Paul_Dirac
https://doi.org/10.1017/S0305004100016108

RecallThe Hartreeck theatly Lecture 2)

V The Schrddinger equation can be derived fromranestricted variation:

*We will neglect spin & isospin degrees of freedc

SE 5 (V|H|V) 1|, (u|i|w) ]\If
- = —— |H|Y H|U) =E
w1~ Rl o Y ey 9]0 W A= aw
=)
Point! U Inthe HF theory, the many-body wave functionq

IS approximatedoy a singleSlater determinant.

Gbl(’rl) Gbl(’f'N)

\I’(T’l,...,?"N) — (I)('rl,...,'rN):— .
\/— :

¢N(T1) ¢N(?’N)

¢i(r)is asingle-particle orbital

= det{(b,;(’rj)}
(or wave function) of a nucleon v N! _
(-1M where M is the number of replacements which is necegsa
» to realize the sequenegé 35, from the ascending order, 12...N.
Ortho-normal condition: 1 Z[ ——————— ( 5) be (1) e (rn)
\ = oy 245808 ) o, (11 ¢
[ o1issriar =, VT g v
thus there hOIdS<‘1)|(I)> _1 Summation over all possible permutations;éf 35, e.9.:

123...N, 132...N, 213..N, ... (i.e. for N! patterns)
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TimeDependent Haftomk (TDH F) theoryWe will neglect spin & isospin degrees of freedc

V The timedependent Schrddinger equation can be derived framm@stricted variation:

5@ Gl / |(ihd, — H)|W(t))at’ » ihd, W (t)) = H| W (t

0
where(xlf(tl )| (t1)) = 1 was assumed; aritl = 55

=)
I
aw

Norm conservatio

S(w|w) = (B 0) + (U] &) = (WA + (] ]w) =0

Energy conservatio

dE

—= = (W[H|¥) + (U|H[V) = ih(¥|¥) —ih(¥|¥) =0
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TimeDependent Haftomk (TDH F) theoryWe will neglect spin & isospin degrees of freedc

V The timedependent Schrddinger equation can be derived framm@stricted variation:

05 3 ! / . A
5T (1) Gl f |(ih0, — H) | W (t'))dt » zh@t’\IJ(t» — H’lIJ ¢
Where(‘l’(h )[W(t;)) = 1 was assumed; ant = %
Point! U Inthe TDHF theory, the many-body wave function

d is approximatedby a singleSlater determinantfor all times

Time-derivative term (Others are the same as the static HF case)

Recall: N! terms contribute equally This operator acts on alp.wave functions on its right
(®|ihd,|®) = [dry--- [ dry ¢i(ri,t) - P (T, )mat sgn(&)ge (ri,t) - de (rn,t)
1 N
{€u}

Here it acts onIy on the neighbor

= Z Zbgn /gbl 1, t)de (71, t)dry x - [/gb it mat@g (ri, )dm] : /gb}‘v(rN,t)gng(rN,t)drN

1= l{a.u ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

- 5151 = 5N5N
N The same as for the obedy operator
=> fﬁ(ﬂﬂ thddi(r, t)dr Only the&, =i case, i.ef &, -+ - &, =12-.- N is nonvanishing.
i=1
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TimeDependent Haftomk (TDH F) theoryWe will neglect spin & isospin degrees of freedc

V The timedependent Schrddinger equation can be derived framm@stricted variation:

0.5 3 ! / . -
e ’/ (00, — )|w())de Wy ihdy[w(t)) = Bu(t
0
HF approximation wlhere<\If(t1 |W(t1)) = 1 was assumed; aritl = 5
U(t) = ®(xq, ..., zy,t) = mdet{¢i($j;t)}
iha(/)i(,g:’t) = /FLHF(r,r’)gbi(r’,t)dr’ : The TDHF equation
d :
£<¢2’¢3>:<¢1’(/)3 ¢z’¢g :—]dr/dr (r,7") g5 (v, 1)) (v fdr/dfwb r () (1, 1)

~ht=h
Energy conservatio V  ThePauli exclusion principleis automatically ensured for all times.

dEHF_ (SEHF 8¢,;(T‘,t) 5EHF 8¢;(T,t)
dt — 6¢i(r,t) Ot oot (r,t) Ot V  Total energy is conservedor all times.

T Si(r,t) (% 6gb§‘('r,t)) + 5pr(r,t) (‘E 5@(7’,1;)) N
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B®. TDDFTin atiny nutshell

)




RecallWhat is DHEf?Lecture 2)

A theory which gives us access to thexactsolution

Equivalent!
(for a special EDF) Hlp(rla ., N) = EY(ry, ..., 7N)

o> ———

Quantum Many-

- Kohn-Shamequation

[——v2+v Lot oty = 61
-~ This i IS thekkey!
u@

<s[o(r)] ZM’@( )

i=1

.....
g \

(Elp] = (wlp]| 1] W]p])

***** N

w.f. is a functional of density

P. Hohenberg and W. Kohn, Phys. Rel 35, 864 (1964)
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What is TDDFT?

TDDFT is a timedependent extension of DFT

TDSE for anN-body system

ih%lll(rl,...,m\r,t):ﬁ\IJ(rl,...,rN,t) ))

—

|W(t)) = [¥[p(t)]) for all time

pexact(r: f) — Pxks (’T’j f)

to Time
O S
TDKS eq. in TDDFT
0Gu(rit) [ R, Ir s (75 1)
) 0 ol )| 1)
m ))

E. Runge and E.K.U. Gross, Phys. Rev. L%2{.997 (1984); R. vaheeuwen Phys. Rev. Leti82, 3863 (1999).
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TDDFT in a tiny nutshalgérostheorem

E. Runge and E.K.U. Gross, Phys. Rev. L&#.997 (1984
Onebody density: Onebody current density: TDSEs:

prt) =N [arae [arspueP i) = 3o [arae [ara[w @9 - vove o] al - py nlY

— [;ﬂ‘lll

U=U(r,...,rn,1) H=T+V + Ve

The rate of change of the current density reads: H'=T+V+ Vi
ﬁ = ﬂ/dr ---/drN [(H\If)*v\lr— UV*V(HWV)+ (HY)VU* — \pv(Hq;)*] o (a)
ot 2m 2
8—f = l dro - - - dr [(H’\I;/)*V\I;f _ ‘I’/*V(H’\Ifl) + (H,\I”)ll”* o ‘lf/V(H’\II')*] > > > (b)
ot 2m 2 N

w G =88] = —plr O [l t) —vt(r] | ()

7 o(0)

*One can obtain equations for highander derivatives in the same manne

4 As in the case of static DFT, we have a TDKS sche&,
according to the following on-one correspondences:

. TDSE RG
Ht) = U(t) o j(rt) & p(r,t)

\ j

*Taking divergence of Ed.() and using the continuity equation, one can obtain equations for the de%tyf V-7=0
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TDDFT in Nuclear Physics

TDDFT is a versatile tool!!

Vortex-nucleus dynamics

500
400
E 300
© 200
100
12 | 16 20 24 Phys. Rev. Lettl17, 232701 (2016)
E [MeV] G.WI a z §,Kves RMagierski A. Bulgag and M.M. Forbes
Phys. Rev. B4, 051309(R) (2011)
|. Stetcy A. Bulgag P.Magierski and K.J. Roche LOW_energy hea\/yion reactions

L Time Ap =
Induced fission of24%Puy OO "o

ime= 12235.5 fm/c . ‘%7

Phys. Rev. Lettl16 122504 (2016) Phys. Rev. Lett119, 042501(2017)
A. Bulgag P.Magierski K.J. Roche, and Btetcu P.Magierski K.S.,and GWI a z § o ws

K. Sekizawa Lecture 5: TDHF & TDDFT and applications to nuclear reactions Tue., June 28, 2022



RPA can be derived as a small amplitude limit of
the TDHF theory

NLinear Response The




Note: Properties of theayndensity matrix in the HF basis

One-body density matrix is defined by: holehole, holeparticle )

(Po) k1 = < > ‘ Do =

Yop =

poisfi dempdt e)nt o

) P% = Po
L |HF> o 11_[1“'?- |0> : Slater determinant particle-hole particle-particle y
Because of its structure, it works agrajection operator: 4 " h
hh
L (1) (Am Awp) _ (Aw Au PoApo —( 0 o)
POE=10 0)\4p A/ L O 0
0 Ap
Ahh Ahp I 0\ _ (Awm 0 ity = (o op)
0 0/ \Ay 0
0 O
Defining o =1 —po , we also have 5 Sadiy = (Aph 0)
Ahh Ahp> ( 0 0 )
=0 9k )
0 App Apn  App ;. 00Aoy = (8 AO )
B (Ahh Ahp) (0 0) B (0 Ahp> »
a 0 1) \0 Ay oh = a0 Topo = pooo =0
N : J
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Linear Response Theory: from TDHF to RPA

Let 6s iantimerdepdndenteperturbationto the system,

ihyp(t) = [hlp(O)]+F(t),p(t)] + + + TDHF eq. (in a matrix form)
which inducesa smallamplitude density oscillationaround the equilibrium densify:

p(t) = po + dp(t)

We assume that the system is described by a s8igler determinant for all times:

(1) = [po + 8p(1)]> = pi + podp(t) + p(t)po + [0p(t)]> = po + dp(t) = p(t)

= o Neglect

podp(t)po =0 | V hhandpp
components of
o0dp(t)og =0 U jare zero

The density should oscillate with the same frequency as the perturbation, i.e.:

5)O(t) — p(l)e—iwt 4+ p(l)Teiwt
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Linear Response Theory: from TDHF to RPA

Now, welinearize the TDHF equation as follows: SR mlw
ihplt) = ih0p(t) = Wl + a0+ P(@) o+ op(e)] T IR o0 S e
-------- oh
= [Rlpolspo] + [R[pol, 6p(t)] + [ 5['?&3)]50(75),00] + [F(t), po] + [E(t)s55(t)]
= () : HF condition P ‘ Neglect (Both F and }

areassumed to be small)

For particlehole componenté wi t h mion d ewi {4, oreXinulg

[h[pﬂ]a 5p(t)] mi Z (vmgmkpj(mlz) - ,Ognzbszéki) eith

Note: In the HF basis h is diagonal

— Z <m0 57nnézj pgalu’]) Tt hki - Ekékl
nj
Shp(t)] _ dh[p(t)] v ((Oh[p(t)]
[ G 5”“)")“] ‘Z( 0 5’)(@),%-(-‘-’-@-@?_;(””)mk( 50(1) 5’)“))m
= 0k c .
(Sh[p(t)] o (p0) = Ok
‘( 0 5p(t)>m
5hml Dy i (1) i
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Linear Response Theory: from TDHF to RPA

Now, welinearize the TDHF equation as follows: AN Jp.
AP . . h[po + (5p(t)] ~ h[pg] -|- 5,0(t) = Z Wfim-ﬂiﬂ
ihp(t) = ihdp(t) = [hlpo + dp(t)]+F (), po + dp(t)] I

,,,,,,,,, léh[p(t)]
’ op(t)

= () : HF condition Neglect (BothF andii }
areassumed to be small)

5;0(75),#’0] + [F(t), po] + [F(£)50p(t)]

1) —jw 0 1) —w Ohmi (1 —iw
e o © t:Z((Sm‘f*‘)W“ap )”ife e P

=A ma,mj =B mi,)n

In the same way, one can derive foriode-p a r t iingol) e c(ofim pwithhegpfit &

—iw Ohim —iw 0P 1) —jw
ﬁwpgwlrz € f=— 6p . pgblj)e - Z ((Sm - si)(smnaij + )p&jﬁ ! + Fz‘m(t)
nj

=B mai,Jmn = 4’4 mi,mnj

oh
Ho= Ukl ik p%) = Xnj, pﬁ) = Y,.;,it coincides with the RPA equation!

Regarding

pkll!
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With TDDFT, we can go well beyond RPA

Low-enerqy heawon reactions




How to describe h@avgactions

Once an EDF is given, there are no empirical parameters

1. Prepare ground states of projectile and target nuclei

KS (or HF) equations

G2 v )] |i(r) = = ()

2m
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How to describe h@avgactions

Once an EDF is given, there are no empirical parameters

1. Prepare ground states of projectile and target nuclei

KS (or HF) equations

[‘%W + valp(7)] [ 9i(r) = =i pi(r)

3. Give relative momentum, and let them coIIi(AI

2. Put them into a larger box

TDKS (or TDHF) equations ﬁ
8¢1‘ (7‘, t) 52 /'/ A 7,
h ot — | %vz T Uk [p(?”, t)] (bi(r? t) 5 - ///
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by Physics Fun @hysicsVideo on Twitter

Complex
Quantum Mechanical
Processes

Fitd

| Distribution: off
reaction outcomes /
£ y




1. Multinucleon transfer reactions



>Ni+29Pb atE;,=328.4 MeV K.S. and K. Yabana, PRB(2013)014614

TDDFT predicts two distinct transfer mechanisms

b=1.6 fm b=4 fm

Neck formation/breaking Fast charge equilibration

°© O°



TDDFT results: 8Ni+2%Pp (E,,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucle@ssmpact parameter

There appear two transfer mechanisms

10
Neutrons—e—

Protons:--@--
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TDDFT results: 8Ni+2%Pp (E,,,=328.4 MeV) K.S. and K. Yabana, PRE&(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms

10 ettt

O)

S o B OV e

1 2 3 4 5 6 7 8 9 10
b (fm)
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TDDFT results: 8Ni+2%Pp (E,,,=328.4 MeV) K.S. and K. Yabana, PRE&(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms

10 Charge equilibration process
8 Transfer towards opposite directions
6
< 4 Pb Ni
o : :
2 £y
1 1
0 ! i
] 1
i !

1 2 3 4 5 6 7 8 9 10
b (fm)
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TDDFT results: 58Ni+2%%Pp (E,,,=328.4 Me\)

O)

K. Sekizawa

There appear two transfer mechanisms

10

S o B OV e

|

2 3 4 5 6 7 8 9 10
b (fm)
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K.S. and K. Yabana, PRE8(2013)014614

Average number of transferred nucleessmpact parameter
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms

10
g Neck formation/breaking
6 Transfer towards the same direction
Z
O) 4
2
0
-2

|
1 2 3 4 5 6 7 8 9 10
b (fm)
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms

10
g Neck formation/breaking
6 Transfer towards the same direction
Z
O) 4
2
0
-2

|
1 2 3 4 5 6 7 8 9 10
b (fm)
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TDDFT results: 8Ni+2%Pp (E,,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucle@ssmpact parameter

There appear two transfer mechanisms

Neck formation/breaking Charge equilibration process

Transfer towards the same direction Transfer towards opposite directions

Pb

N
-
P

Smalll Impact parameter Large
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TDDFT results: 8Ni+2%Pp (E,,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Particlenumber projection method

P, = (®|P,|®) @
R 1 27

P = — e!(m=Nv)0 g9 - Particlenumber projection operator
T Jo
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TDDFT results: 8Ni+2%Pp (E,,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Particlenumber projection method

A V
P, = (®|P,|®)
. 1 2m ‘ R

P, =— e'n=Nv)? 19 - Particlenumber projection operator
27T 0 4
1 I T :
Op — -
1p - ]
_2p ..... 7
c _3p .......... E
all 4p E
F//E .'.»"r ;'-l... ‘1" ‘I"'--I-.--..J L AL .
| 2 3 4 5 6 7 8

b (fm)

K. Sekizawa Lecture 5: TDHF & TDDFT and applications to nuclear reactions Tue., June 28, 2022



(TDDFT+GEMINI: K.S., PRO®6(2017)014615)

TDDFT results: 58Ni+2%%Pp (E,,,=328.4 Me\) K.S. and K. Yabana, PF8&(2013)014614

Transfer cross sections: TDDW$. Expt.

Comparable to measurements, disagreements for-masigon transfer

o(N,Z) =2r /0 b P (b) PP (b) db

® Expt
TDDFT preevap.
------- TDDFT postevap.

1

2832364044 2832364044 2832364044 2832364044 2832364044 2832364044 28323640 44
Neutron number

Expt.:L. Corradiet al, PR@®G6(2002)024606
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2. Quasifission processes



Towards synthesis of superheavy nuclei

Quasifission process

A fast (~10°-102° sec) fission process before compound nucleus formation (fusion)

Capture
Fusion ¢/ *\, Quasifission

4 K
Y

OER ™ Wsurv * Ocap * PCN
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Towards synthesis of superheavy nuclei

Quasifission process

A fast (~10°-102° sec) fission process before compound nucleus formation (fusion)

Capture

V QF is the predominant
process that hinders
SHE synthesis

OER " Wasary * Ocap * PenN

K. Sekizawa

Lecture 5: TDHF & TDDFT and applications to nuclear reactions Tue., June 28, 2022



“Ni+3 atE,;=390 MeV K.S. and K. Yabana, PRI3(2016)054616

Quasifission dynamics in TDDFT

Tip collision Side collision

Shell effects 0f%Pb More masssymmetric

24 Neutrons

12 Pr O

32 Neutrons
18 P
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*Ni+23% atE;,,=390 MeV K.S. and K. Yabana, PRG(2016)054616

TDDFT provides quantitative description of quasifission dynamics

TKE-A distribution: Comparison with experimental data

TDDET ' Experiment

TKE (MeV)

1 | I I |
150 200 250

50 100 150 200 250
A A

Expt.: E.M. Kozulin et al, PLB6862010)227
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At the frontiers in nuclear physics:

3. Synthesis of superheavy elements

[ Halso relevant to



Nucleosynthesis at accelerator facilities Superconducting ng Cyclotron (SRC

Vo
‘h:’ qn\ }
N‘)?‘; ‘:,,..#\44

Fusion!

The worldleading factory
of unstable nuclei!

RI Beam Factory (RIBF) @RIKEN

ScECR
FoRFON, ECR
RILAC ~_1)

Rare RI mass ring

RI Spin Lab —.
SAMURAI
s s,

« P S ; . zosg 2
o %,\R sg ,‘ N 4 s Lo — ‘,J.f:

s =2 I swowR1 7 o7 SRS 7
~_ 11 "t:""l.,. '. ’»y
: ~i"2$¢. - 2 Sty ) o
F i 1

e “.’1




Period

The periodic table isgrowing!

Synthesis of Asuperheavy el emento is the

. . 18
The Periodic Table s
2 4.003
2 13 14 15 16 17 ke
A A IVA VA VIA VIIA e
2A 3A 4A 5A 6A 7A
11 4 1 5 10.811 5 1 Al ',' 1 8 15 9 1 10
Be M ° N o Ne
Beryl Boron Nitre ygel N
| s22p’
12 13 14 15 1116 17 18 |

2d1s ne IVB VB VIB VIIB Vil B B AT ' : J
; 3B 4B 5B 6B 7B v 8 ¥ 1B 2B :
20 . 21 : 22 23 12 24 2|25 26 a4 D7 : 28 29 530
Ca Sc Ti \'} Cr Mn Fe Co Ni C
I 1 t Manganese | bal |

@38 v 39 'I._, . 40 ‘41'. ; 42'. e 43 98507 44. '.,,. 7 45 . 46.. r..... November 2016
e oo Zir ‘ um N ,‘ ,._1.\_|.?.|~:.:\-I,I,\.I o .‘.,. .‘ s ,‘..\..,.,I\., R i ,I,. Pa |_-.... n Four mew aLememtS\\Warel addEd,

05| 56 7328 | B 7-11 2T SO i A S VS BT 6 B S 22171 T8

Ba Hf Ta W Re Os Ir Pt completing the severnth-sow!!

I 88 89-103 104 ‘..' 105 I' 106 I‘ 10?. " 108. I‘ 109 "' 110. I‘I
Ra © " “ke “bn "Sg  "Bn “hs "Mt "bs s | og.
 [p7 Tew|pg vorie[gg issosgg 14w|g1 14491362 103§ 15164 . -
| Lo, Ce | Pr | Nd | Pm | Sm | Eu | ( 113: Nh Nihonium)

B gg'ﬁ"‘;-_- 9°Th = P A 93N 94; i 95"\3_,‘ e 115: Ms (Moscovium
Series ,(,:ﬂ ot H"“'-""?‘." ,t:j, ,“‘.._,:__,R:., “‘"’"H“' ,",1” C 117: Ts 'Q'ennessinp
118: Og (Oganesson

Alkali Alkaline Transition Basic

5 X i Metalloid Nonmetal
Meta Earth Metal Metal L - .



Elenenb & Country of Disrcovery

usa (.um.v wndm f.uu ga  Au uu
0

.-—ﬂ-l—ll 0 ll

Demmark  Spain Swit Finland Itady ligan Romania

g

SIS

§%¥%§¥$”

Nihonium is the only one
.| discovered by Asian country:

The element 113

B rmamm

T

,,,,,,,,,
.......

Nov. 30, 2016: Name confirmed
June 8, 2016: Name announced
Dec. 31, 2015: Naming rights given



2019 was the 150tanniversary of
the Periodic Table!

I

IYPT 2019
CLOSING CEREMONY

Dec. 5, 2019@Tokyo Prince Hotel



IYPT2019 Special Tie
of the Elements

How special ?

(4 new elements)

GINZA TAYA,Tokyo & Kohei Tamao
-« VISIT OUR WEBSITE




Bismuth Zinc Fusion! Nihonium

A long way to synthesize S »
Nihonium G S 0

Atomic No. 83 Atomic No. 30 Atomic No. 113

Sep. 2003 |-->~100 days irradiation->~100 days irradiation-> ~360 days irradiation
expt. starteg
XP July 23, 2004 April 2, 2005 Aug. 12, 2012
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Yuri OganessianPure Appl. Chem/8, 889 (2006)




The north-east part of the nuclearrmap

We do need theoreticabpredictions!

Z =119, 120, ...

HOL TUSIOr

."\4 1 . w"‘ -
108 oot ﬂ-’gp_‘;ht-lomnducé%
6 3

N
G

Neutron capture

Bh. {pommdb"
comtynent
126 142 148 162

neutron number 184



The nextis: 119 ot20

TDDFT simulation for SHE synthesis
on asupercomputer
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Collaborative works are in progress with Kyoto Kindai U., and Kyushu U
cf. K.S. and K. Hagino, Phys. Rev.99, 051602(R) (2019



. Summary




Remarks on TDDFT (or TDHF, TDEDF)

V There Is no adjustable parameter on reaction dynamics

Parameters in an EDF are determined to reproduce known nuclear properties
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Summary of Lecture 5

Takeaway message

V TDDFT can properly describe the main reaction outcomes irelosvgy
heavyion re extended technique

Fluctuation extensions
SMF and +lLangevin
Width of mass, charge distributions, Providing input information for
correlation between/p transfers, other theoretical approaches

K. Sekizawa Lecture 5: TDHF & TDDFT and applications to nuclear reactions Tue., June 28, 2022



