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Motivations

Challenges in predicting nuclear structure and reactions,
e.g.,

e Exotic nuclei, FRIB

* Astrophysics, radiative capture

* Fusion energy, ITER and NIF

These propel development of theories with predictive
power:
 Fundamental, unified ab initio nuclear theory for
nuclear structure and reactions



3ackground

Xisting methods, e.g.,
* No-core Shell Model with Continuum
* No-core Shell Model/Resonating Group Method
* Gamow Shell Model
 Harmonic Oscillator Representation of Scattering Equations
* Green’s Function Approaches
* Nuclear Lattice Effective Field Theory
* Many others

However, these successful methods may be challenged to retain
‘ull quantal coherence of all relevant nuclear processes



Ne introduce the time-dependent Basis
-unction (tBF) Method

" Ab initio approach

" Non-perturbative

" Retains full guantal interference

" Enables snapshots of dynamics

" Supercomputing directly applicable



ldea of tBF Method

1. Ab initio structure calculation 2. Scattering problem

H\ﬁ =E|B,)

{| 3 > | oD > * Scattering state = time-dependent superposition of eige
! — * Operators become matrices in eigen-basis representatic

1. Solve for the “target” system’s eigen-basis via ab initio calculation
2. Define the scattering state within this eigen-basis and evaluate H(t) in this basis
3. Solve the equation of motion in this eigen-basis




Ab initio Structure Calculation of Deuteron

Hamiltonian of the deuteron

Hrel — Trel + VNN

vith
P2
* Intrinsic kinetic energy T..m, = rel
re
2m
* Realistic inter-nucleon interaction VNN



4O Basis for NN Nuclear Structure Calculatior

» Nuclear interaction conserves total angular momentum
B,y —|{SIM,T.}) = "a,|nlSIM,T,)
n,l

* Excitation quanta for basis space truncation:

N = 2n+1
* 3DHO basis wave function in coordinate space

* Why 3DHO basis?

* Respects the symmetries of the nuclear system
* e.g., rotational and translational symmetries

* The center of mass motion can be easily removed



>P16 interaction adopted for the initial applicatior

Constructed by J-matrix inverse scattering theory
Reproduces NN scattering data
“16” means the interaction is fitted to reproduce some of the properties for 0
Reproduces selected properties of light nuclei
* e.g., %H, 3H, *He
Includes two-nucleon (NN) interaction only

Non-local interaction

The interaction in 3DHO representation (matrix elements)



implify the “continuum” => add a HO confining interaction
amiltonian for Quasi-deuteron in 3DHO Representation
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Diagonalization

Full Hamiltonian Eigen-energies on the diagonal
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'ime-Dependent Schrodinger Equation

Time-dependent full Hamiltonian

H(t) = Hoy+ Vin(?)

Equation of motion
* Schrodinger picture

‘0 . P .
@aw,@ = H(t)|¥;t)

* Interaction picture




olve Time-dependent Schrodinger Equation

Equation of motion in interaction picture

Formal solution




ransition Amplitudes of States

Vith the basis representation




Numerical Method 1: Euler Method

Direct evaluation of the time-evolution operator

with

t
T exp —27/ Vi(t) dt
Jto

2O iVi()0t + Ot | |1 = iVi(tner )t + O(682)| -~ |1 = iVi(t1)ot + O(6¢2)

* Fast in calculation
* Accurate up to (g5 12
* Hence poor numerical stability



Numerical Method 2: Multi-Step Differencing

Multi-step differencing (MSD?2) for the evolution:

e VIO )y = (1 — Vi (£)3t + O(iVi(£)3t)?) 3 t) 1
e VIO ety = (14 V7 (t)ot + O(iVr(t)5t)?)|v; )1

st + 6ty = |t — 8t); — 2iVi(8)St|;t)r + O(EVI(E)at)?) | t)

* MSD is an explicit method — it does not evaluate matrix inversions
e MSD?2 is accurate up to ()
« MSD4 is accurate up to (J¢)*, however less efficient

T. litaka, Phys. Rev. E 49 46

Weiiie Du et al.‘ in ireiara1



or Comparison:

First-Order Perturbation Theory

. , -
sty =T exp| — i / Vi(t) dt| |v; to)g
to

S 1= Vi(tn)ot| |1 =i Viltn_1)ot| -+ |1 —i Vi(t1)ot| s 1

— |1 —1 6t<V1(tn) + Vi(tn—1) +--- + VI(tl)) U3 to)1

Purposes for this comparison

* tBF method is non-perturbative
* tBF method evaluates all the higher-order effects




First Mode
Deuterium

Proble
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m: Coulomb Excitation of
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etup: Coulomb Excitation of Deuterium System

—)

H,: target Hamil
H(t) = Ho+V(t)

eI Y A (0 Coulomb fielc
V(t) = /p(ﬁ,t)go(ﬁ,t) dR heavy ion
proton
A p: Charge densit
i 1 distribution of
“()

/”/ 7
4 deuteron
ncutron




reatment of time-varying Coulomb field

In the basis representation, the operator for the Coulomb interactic
becomes a matrix

We take a multipole decomposition for the Coulomb field and keep

only the E1 multipole component
K. Alder et al., Rev. Mod. Phys. 28, 432 (1956)
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E1 transition between bases
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1 Matrix Element in Basis Representation

1 transition matrix element in the basis representation is evaluated b
e Basis functions from the ab initio structure calculation

ﬁi>_>‘{SJMJTz}i>:Za;Z J z>

n,l

* And the analytic form of the E1 operator in 3DHO representation
<njl-S-J-JV[~|inﬂ(f)|nklkSkaMk>

:\/; Z Z 5SJSA Ms M (l mlJS mSJ"]M )(lkmlkSkms’v‘JkMk)
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,
\/nj + lj + % 5ank — 4 /nj5nj,nk+1 for lk = lj +1
\/nk + I, + % On;ne — V/TkOnyn;+1  for l; =1 +1

0 else




sis Set for Deuteron in Current Calculation

/ basis states are solved via ab initio method . | i <tate

= Polarization antiparallel to z-ax
(3$,3D)) M=—1 —0.65289 MeV ) " El radiative transitions

(35,2Dy) M= 0 —0.65289 MeV
(3S$1,2°Dy) M =+1 —0.65289 MeV

3P, M= 0 12.0733 MeV
3P, M=—1 12.7585 MeV g
P M= 0 127585 MeV g

3Py M=+1 12.7585 MeV |

NTSE proceeding, Weijie Du et al. 2017




ransition Probabilities
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igher-Order Effects
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= Revealed by non-
perturbative tBF



xcitation of Intrinsic Energy

0.4
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ok functions of time
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xcitation of Orbital Angular Momentum
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xpansion of r.m.s. Point Charge Radius

r.m.s. radius of the
deuterium system
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Jynamics: Charge Density Distribution of Initial np syste

= The Initial iolarization B anti—iarallel to the z-axis



“hange in Charge Density Distribution of Scatterec
1p System (x-z plane) at T=0.23 MeV!

= The difference in
charge density
distributions between
the evolved and the
initial np system

" Note the polarization
of the charge density
distribution




“hange in Charge Density Distribution of Scatterec
1p System (x-y plane) at T=1.975 MeV!

= Density fluctuation

= Excitation of orbita
angular momentur




Jynamics Revealed by Animation (x-y Plane)

T=-0.7Mev™ How to interpret?

" The polarization of chars
Density [fm-?] distribution when Hi
o 00006 approaches

= The excitation of rotatio
degree of freedom

" The excitation of
oscillational degree of
freedom




Recent Progress
Peng Yin, et al., in preparation




mplement Rutherford Trajectories
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1 States Implementing Daejeon16 NN-interaction
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1stic Cross Section and Average Excitation Ene
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Summary

Time-dependent Basis Function (tBF) 1s motivated by progress both ir
experimental nuclear physics and in supercomputing techniques

tBF 1s a non-perturbative ab initio method for time-dependent problen
tBF 1s particularly suitable for strong, time-dependent, field problems
tBF evaluates at the amplitude level - full quantal coherence 1s retaine

tBF 1s aimed to provide insights into fundamental structure/reaction
1ssues 1n a detailed and differentiated manner for nuclear reactions




L
Outlook

Observables: difterential cross sections with polarization, inclusive non-ling
inelastic response, contributions of 2-body currents, higher-order
electromagnetic couplings, . . .

Perform calculation 1n larger basis space and study convergence with respe
to density of states in the continuum

Study the sensitivity with respect to the nuclear Hamiltonian
Include strong force 1n the background field

More realistic center of mass motion
* Trajectory from QMD
* Direct computation of relative motion of the two nuclei (e.g. RGM)

Extend mnvestigations on constraints for the symmetry energy from scatterir

Announcement

New faculty position in Nuclear Theory at Iowa State University with
support from the DOE Fundamental Interactions Topical Collaboration
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Daejeon, South Korea
October 29 — November 2, 2018

https://indico.ibs.re.kr/event/216/




Thank youl!




