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Outline

* Application of square-integrable basis to
continuum problems

- Resonances and E1 & SD responses of “He

Resonance is a metastable state in continuum that has
enough energy to breakup into two or more subsystems (Moiseyev)



Application of square-integrable
basis to continuum problems

Problems including continuum states

@®Decay of resonance
A* — B+b, C+d+e

@ Strength (response) function due to perturbation W
A+W — A* B+b, C+d+e

@Radiative capture reactions
A+ta — C+’Y

(Inverse process (photodisintegration): C+y — A+a)

@ Two-body scattering and reactions
A+a — B+b



Spectrum of “He Threshold ™ [MeV]

“He is doubly magic °r T 2p*zn
The first excited state is 0* - JTT
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Phase Shift (deg)

Scattering calculations produce
negative-parity resonances of *He?

. . . Microscopic R-matrix method
3 Py elastic-scattering phase shifts g _
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S.Aoyama, K.Aral, Y.S., P.Descouvemont, D.Baye, Few-Body Syst. 52 (2012)



Phase Shift (deg)
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Nontrivial to determine resonance parameters
Some technique is needed? (cf. Shimamura)



Basis functions

LS coupling T s
‘IJJMJ.TMT — ZCLS.TQD(LS)JMJ.TMT
LS

Lsymy.ay = AT xs| pa, 1707

Spin part (Isospin part)
X(S1285123...)SMg = [ . [[X% (I)X%(z)]SuX%(?’)]Slzg .o ]SMS

Orbital part  ECG-GV (correlated basis)

L Lyom, (Asut, uz) = exp(—XAx)[ Ve, (1x)Vr, (U2x)] M,

x=(x;) Asetof relative coordinates



Extension to N-particle system

Fop (T ZC exp(—ar?)r* Y, ()

Explicitly correlated Gaussian (ECG)

exp(—a,rg) — exp | — Z Ajj (’f‘r,; — T'j)2 — exp (—.’EACC)

ri—r; = Va4V gy FAz = Yo, Ayt -
Ay = A,

Angular functions with global vectors (GV)

P —=>Uixi +WoTs + «.. TUN_AEN_] = ux
1Yo (P) — |ax| P Y (W) = Vi ()

parameters a; U;

K.Varga, Y.S., Phys. Rev. C52 (1995)
Y.S.,K.Varga, Lecture Notes in Physics 54 (Springer, 1998)



Correlated Gaussian: - Boys K. Singer
Proc. R. Soc. London, Ser. A258 (1960)

Number of citations by decade to the
original works (Bovs, 1960) and (Singer, 19G0)

175

Bl Singer
Hl Bovys

Citations

19605 1970s 18805 19905 20005
Decades

Theory and application of explicitly correlated Gaussians

submitted to EAIP  atomic. molecular. condensed macter., nuclear



Energy {a.u.)

-0.04

-0.05

-0.06

-0.07

-0.08

lse

Resonances of Ps (eee*): CSM
H(Q) _ Te—?i@ T Ve—i@

e

.

i

Ps(n=2)+e
15th
12th 1
L Latht 14th
100 200 300 400
dimension
x107*
0.0 E"‘_g = 10
101 ; 2.2
{ ~ o)
3201 / H [
8 H =) %
g %‘ / E 28 Tg04 h!\
E-30} i s
! /
40 m&,_, M«»E&O.()l 24 68=009
g -0.07603 -0.076028
8=00z Re[E] (a.u.)

-0.076 -0.07595

RelF] (a.u.)

Basis functions to diagonalize H(0)
Real stabilization, SVM search
Search for complex energy poles

TABLE 1. Resonances of Ps™. E, and I' denote the resonance
energy and width. The first four resonances are in IS¢ while the last
three in 3S¢.

Present Ref. [9]

—FEx (au.) I' (au) —FEp (au) I" (au.)
0.0760297 4236X 1073 0.0760305(20) 4.275(100)x 10>
0.063667 8.99% 1077

0.0353329 7.68X107°  0.0353425(50) 7.25(50)x 1073
0.029845 552%107°

0.0635373564 8.1x107°

0.062505 74X107°

0.02935176 20X107°

J.Usukura,Y.S. PRA66(2002)



Energy (a.u.)

Predicted Energy levels of Ps, (e'ee*e*): CSM

Coulomb four-body Hamiltonian: symmetry wrt exchanges of
electrons, positrons, and charge reversal (D, Symmetry)
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-055 L i K.Varga,J.Usukura,Y.S.,
PRL80(1998)

Solid line: 0* resonance
Dashed line: 0* bound state "Bound’ againt autodissociation

but unbound for annihilation

J.Usukura,Y.S. PRA66(2002), Nucl.Instr. and Meth. B221(2004)



E [MeV]

LS channels for 4He

(LS) AVS’ + Coulomb+3NF

(00), (22):(11) V= 3 0, )0

(01), (21), (22):(10), (11), (12), (32) oy

(11):(22) (00) omitted

(10), (11), (12),(32):(21), (22) LLoj-0j, 1 7;.0,-0,T;7;

(11), (12), (31), (32):(20), (21), (22), (42).  Sij» SijTi - Tj. (L - 8)ijs (L - 8);jTi - T

Use of realistic forces is expensive numerically but has high predictive power
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Spectrum of “He
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"Real stabilization’ (BSA)

* The first excited state is 0* but not
a negative parity
******* = A variational calculation with
realistic forces reproduces spectrum
0——00 * The tensor force is crucial to account
,,,,,,, for the level splitting
2= *Most levels are broad resonances
that can be excited by spin-dipole
operators (weak interaction)
Study of EW response is interesting

20—

o W.Horiuchi, Y.S., PRC78 (2008)
MN+LS



Response and resonance

Response function for a suitable operator signals a resonance

S(p )\ E) Sf,u‘ <kpf‘ O)\H, ‘lPO> ‘25(Ef o EO o E)

Electric-dipole and spin-dipole excitations

N
1 :
El Z(’f‘i - mN),u§(1 — To,) Photoabsorption
=1
1 Isoscalar v-nucleus reaction
SD Z —xn) % aily, | Isovector (no direct measurement)
tt+, ) Charge-exchange

Jr=0-,1-,2" states of “He with T=0 and 1 can be excited by SD
By charge-exchange SD operator, resonances of “H and “Li are probed

W.Horiuchi,Y.S.,K.Arai, PRC85(2012) E1 response of “He
W. Horiuchi,Y.S., SD response with CSM is in progress

From response function to resonance



Complex scaling method

U(6) T — Wy e.gjk-az . e(—31119+3'0059)k.m

Continuum is made to damp asymptotically

1 _ o
S(p. A E)=——Tm)_ (Vo] OFUHO)R(O)U(6)O},
H.

Wo)
B 1
T E+Eo—H(0) +ie

R(6) =U(9)RU(H)

H('{;)‘l}v(e) — E,,(H)qf,,(f))

H(0) may be diagonalyzed on square-integrable basis
No smoothing procedure is necessary
Stability of S(E) wrt 0 is to be examined



Complex eigenvalues and
response function

DY (6)DX7 (6)

U, L
DY = ((,(6))°| OF,,(8) [U(6)T0)

DY = ((U(0)Wo)*| OF,(6) W, (8))
Contribution of eigenvalue v to S(E)

[/

EU(H) — :11(9) T ED — 3"}11“9)

" s

> DYY(0)DRY (6) = abM6) + i35 (6)
_,'_j_.




Complex energy plane

Difficulty of nuclear CSM:

1

Nuclear Hamiltonian is complicated

Short-range strong repulsion
Long-range OPEP attraction (S-D mixing)

Accurate solution is hard
® To cover the resonance

f ~ sarctan(I'/2ER)

® o T e—p?‘(cos 6+ sin 0)
Potential range increases to p cosf

Rotation by large angles leads to numerical instability

Only few excited states with same quantum number are required
cf. atomic case (several excited states but narrow widths)

Reviews on CSM Y.K.Ho, Phys.Rep99(1983)
N.Moiseyev, Phys. Rep.302(1998)
S.Aoyama, T.Myo,K.Kato,K.lkeda, PTP116(2006)



Photoabsorption of “He

W.Horiuchi, Y.S., K.Arai, PRC85 (2012)

(1)Use the realistic interaction
(2)Include coupling with final decay channels
(3)Check CSM results with microscopic R-matrix method (MRM)

Photoabsorption and radiative capture Photoabsorption
4 3
. V10 VoTo_.- y+*He — *H+p
Detailed balance =———2 — =21 3He+n
P2 P1 2H+p+n
From radiative capture cross section Radiative capture
to photoabsorption cross section SH+p — “He+y
(E) — 275+ 1 87 (E, N\ G4+ 1) *He+n — “Hety
Ocap T 2L+ 1D)Q2LA+1) b\ ke AQ2A+ N2 ’H+p+n — “He+y
1 el Jim: 2 difficult to evaluate
<Y sl el | ¢ )
Jil; €;
— 04(F)




Construction for continuum discretized basis

4
€
basis states for 1- Mup =D 5 (1= 73:)(ri — @),
® ‘Goldhaber —Teller’ type (ED) =t
(E1 sum rule)
_\I B / _\I 4 '_'\I
o, () A \” o gy,
~ S X3
. , \ﬂ:‘\_ll g :.“\, | “\_II . , }(;j‘w.ll
\_ \_/ \_/ N \_/ N
(i) Single-particle (i) 3N+N two-body (iii) d+p+n three-body
excitation disintegration disintegration
1200 bases 3000 3200

@® 3N + N cluster type
® 3N* + N cluster type
(Final state asymptotics)

A[q)gl)(i)yl(rl o x4):|1M?7(7?;)2T12310

A5 (D exp (= asxd) i x)x e D1], [05 101 @],



Comparison between CSM and MRM

D=5
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MRM results:
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channels of t+p
and h+n

E, [MeV]

T T T
B AV8'+3NF
CSM |
MRM ======-
| | |
T T T
B G3RS+3NF n
2 ] ] ]
20 25 30 35

40



., [mb]

Comparison between CSM and experiment
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Good agreement with most data
except for low-energy data of
Shima et al.
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“Giant resonance’
(collective motion of
protons against neutrons)
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S(IVO, A) [fm? MeV™]
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Estimation of resonance parameters from the behavior near peak



Sum rules

Non energy-weighted sum rule |

N

o - (

/ S(]) )\ E)dE — <g’0‘ ZH Oiz Oiu ‘QO> OJ)D\M - Z}Kri - RN) X O-ib\ﬂ' " (Z)

J0 1= 41
(

mo(p, A) SR t_(i)

eBoth sides are calculated independently
eAccurate, correlated ground-stpta raemrin frination i tiend

eCheck of the adequacy of basis - -
for SD excited configurations P re I I m I n a ry
AV8'+3NF
IS IVO IV+
A mo(p,A) SR mo(p,A) SR mo(p,A) SR
0 271 272 459 459 248 248

1 12,16 12.17 9.35  9.36 4.66  4.68
2 1798 18.02 18.36 18.38 9.18  9.19 (fm?)

IS
IVO
IV+
IV—



Resonance properties of “He

obtained from strength functions and complex energies

Er (MeV) [' (MeV)
JTT S(E) Exp. E(0) S(E) Exp. E(0)
00 20.54 21.01 20.42 1.1 0.84 0.96
270 22.04 21.84 21.66 3.1 2.01 2.12
271 23.09 23.33 23.62 5.6 5.01 5.00
171 2334 o070 oo o 20 5.31
170 24.44 P I L0 5.40
i Pre |m|nary .o
151 25.30 13.4 12.66 -

Good overall agreement

Average deviation of Ei: 0.4 MeV in S(E); 0.3 MeV in E(0)
I' tends to be slightly larger with S(E)

Difficulty for broad resonance in E(0)



Excitation energy [MeV]

Isobar diagram for A=4 nuclel
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Summary

oECG-GV basis functions to study electric- and spin-dipole responses of
“He with realistic nuclear forces

e Use of square-integrable basis is made possible through CSM

e All the negative-parity resonances of “He below 4N threshold are
satisfactorily reproduced

e A combined use of S(E) and E(0) 1s robust even for broad resonances

Outlook

@ Three T=0 resonances with 1-, 2-, 0" exist slightly above 2n+2p threshold,
decaying dominantly to d+d channel (I=1, P-wave)
Are these excited by IS SD operators?
Can further inclusion of d+d (d*) configurations reproduce them?

® 2" and 1* T=0 resonances just below 2n+2p threshold: 1S SQ (Y ,0) operator?

In collaboration with W. Horiuchi (Hokkaido)



