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Introduction: modes of nuclear excitations; isospin transfer modes

Theory: building blocks

Covariant nuclear field theory (NFT):
response theory with non-local (in space & time) effective interaction

Applications to nuclear spin-isospin response:

Gamow-Teller resonance
spin-dipole resonance

Summary and outlook
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< Degrees of freedom Separation of the scales

at ~1-50 MeV excitation energies: Stk EEFASHGIn
single-particle & collective (vibrational, rotational) . 0 0. 0 O
NO complete separation of the scales! S ...
-Coupling between single-particle and collective: § d
-Coupling to continuum /0 5
as huclei are open quantum systems 2 S
S g

< Symmetries -> Egs. of motion

baryons, mesons

Energy (MeV)

940

neutron mass

140

pion mass

Galilean inv. -> Schradinger Eq.
Lorentz inv. -> Dirac & Klein-Gordon Egs.

protons, neutrons

Physics of Nuclei

< Interaction V\ : 3 basic concepts

Ab initio: from vacuum Vy -> in-medium Vi

8

proton separation
energy in lead

Density functional: an ansatz for in-medium Vyy
Configuration interaction: matrix elements for 0

in'medium VNN

collective coordinates

T2
vibrational
state in tin

nucleonic densities
and currents
0.043
rotational

state in uranium




Nucleotrs, mesens, phonors.! -
& | ‘

Short range:

G @ G Mean-field approximation

 ~140 MeV, m ~770 MeV, M ~783 MeV

. =

Strong coupling:
hon-perturbative techniques

Nucleon separation energies: ~1-10 MeV v

+ superfluidity!

Long range:
Emerging collec’rlve phonons ~1-10 MeV Time blocking



_——— Covar'idn»j-‘f'dénéi‘r'y;?wﬁf:‘riq:hq_l theory
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The nuclear fields are obtained by coupling
the nucleons through the exchange of effective mesons
through an effective Lagrangian.

Walecka model
+ later modifications - - - Lorentz
(P. Ring et al.) symmefry

(7%,1)=(0.0) (J% T)=(1- 0) (T T)=(1- 1)
S(r)=g,0(t)  V(r)=g o) +g, (1) +eAr)

/ /

Sigma-meson: Omega-meson:
attractive scalar field short-range repulsive

Rho-meson:
isovector field

A

Ennslp. 5,5 6] = Enniplp. 8] + Eyairli0, 7'

Enrrlp. o) = Triap + s + Y {Tri(0T00,)il 5 [ (5900 + Ulom)]a'r]

nucleons Interaction mesons
(as classical fields)
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-Coherent oscillations of the:

Dirac
sea

Smakp er"rur'*lg\hom» N

Continuum

Vibrational modes
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.No sea” approximation
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First step ‘beyond,refat éns‘ng‘mearlfxeld
quasiparticles couple ‘ro vibrations

o . Vibration
Additional "potential” N

= "self-energy" = ‘ _ Mkz
= "mass operator” N - ——
with energy dependence ko "Fish" diagram
hucleon coupling

Nambu-Gor'kov
2 X 2 matrices:

- ~ A e A
(5 —Hryp — E(E’)(a))G(a) =1
One-body propagator G: T~
Dyson's equation < Energy dependence

k K _k__K_k klczekz K

6 = 6+ 6,3 6




Bethe-Salpeter :

Equation (BSE): R - + _D(\ N W R
—— >« V — SZRMF
—_—— _ _ Sp
L~ +} R(w) = A(0) + A(0) [V + W(0)] R(w)
Self-
W(w) = O(w) - ©(0) consistency

( N Ue _ i 628
144 N> S P B 3G
—_— = | — —
oG G 36
. J Consistency

on 2p2h-level
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3p3h NpNh Approx.
Problem: § schemes
‘Melting’ \—@‘/ |[jl> Unphysicgrt] result:
diagrarns S~———— . cross sections
Tme — — — — — — —
Solution:
oleeH 5 1 , RS AAL S :
projection 6-0,0001,) = Lomers (B >2 > oY o) Partiall
operator: B0 801, = Zerli)ne | X —~ ﬁ R ?Ji';f(g dY
V.I. Tselyaev, : J@}; * g
Yad. Fiz. 50,1252 (1989)
Allowed terms: 1plh, 2p2h Blocked terms: 3p3h, 4p4h,...
"y b i PN %‘
N R R 6, o

Ti i Xi ion = #Separation of the infegrations in the BSE kernel
me blocking approximation #R hpas a simple-pole s‘rr'%cfur'e (spectral representation)

= ,one-fish approxumahon! »» Strength function is positive definite!
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Spin-isospin Pespbnsel function
i |

response

interaction

Static:
RRPA <

N

Dynamic: ;

particle-
vibration
coupling

in time blocking

approximation

- W)= ROw) + R(w)W (@) R(w)

W(w) =V + Ve + Vir + ®(w) — @(0)  SuoTraction

") to avoid double
A g counting

V,(1,2) = g7 (87" )1(Byu)2D (11, 12)

Va(1.2) = — (L) A A1) (8292) D (11 x2),

M

V&T(l 2) = ( ( fﬂ ) 7?17521226(P1 — I‘Q)

q)/ﬁ@ koo ke (w) =
n;—=§ =& UHES

7, koka ke T ka keaks
— 5n5[5kk. HiRkeR2 "HiRe R4 Jfélck ;K1 iks
%&: ! 3%6: nw — Ek:1 Ekg _QM ? 4%T}UJ Ek5 EkQ QM
;=& méx ni—¢

13
_( 72;k1k37M3k2k4 + P)/,Lb;lfgklﬂylu;kélkg >:|
nw—EkB —EkQ _QM T]W—Ekl _Ek’4 — )




~sResponse to an exter

Strength function:

1

Polarizability:
HPP(W) — PTR(W)P = Z PgleR’flkél;kaS (w)Pkskal

/'/' k1kokska

External
field

CTRT Y




B(GT) [1/MeV]

BIVSM) [fm */MeV]

T ——

.Gamow-Teller Resonance: Wit
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pn-RRPA
pn-RTBA
GT+IVSM

Fig. & calculation

from T. Marketin -

(U Zagreb)
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Isovector
Spin Monopole
Resonance

bfffmﬁe'ﬁqmer—xtdm transferse.

\

Finite g:
a correction for
Isovector spin monopole

resonance
(IVSMR) - overtone of GTR

AL=0
. o qzrz AT=1
Jolgr) ~ 1 — T AS =1

.Microscopic” quenching of B(GT):
(i) relativistic effects,
(ii) ph+phonon configurations,

(iii) finite momentum transfer
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w.8pin-isospin response degwfif-TélIed’ka;_so%dhce in 28-

\

.Proton-neutron® relativistic time blocking approximation (pn-RTBA): p, m, phonons

017 T T T T T L A A L N A
A | Dirac sea |14r Fermisea 7 p — Z O(i)Tj(Ei)
______ e m— _? 0.6 L contribution d12L contribution - -
P 05| GT_ 17 GT_ 7
L [ 28 [ 28
< 04} Si —— pn-RRPA Si 7
= . — pn-RTBA
=, 03} {1 3} -
5 i
N ® 02} 1 2t i
0\ | | _
=\ orl 1.1 | AL=0
-------- —— N i AT =1
0’0 i 1. . 1 m 1 O P I \ _
1800 -1600 -1400 -1200 -10005 10 15 20 25 30 35 40 AS=1
Tkeda Sum r'ule = MeV] : : = [-MeV] -----
. 12 4 E
(model independent): _ | -
104
S.-S,=3(N-2), 6 GT_ Zgi
S+ = z B(GT i) 5 5_- 70% — pn-RRPA 100% (9
m ] 5 —— pn-RTBA ° ()
SR § (Eyyin = 90 MeV)
.Microscopic" quenching of B(GT): - |
(i) relativistic effects, ?] N
(ii) ph+phonon configurations, o
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Problem: finite basis

AL=0
AT =1
AS =1

M 1) >



2 4 6 8 10 O 5 10 15 20 25"
E.__ (MeV) E_ (MeV)

G-matrix+QRPA based on Skyrme DFT with m* =1 (D.-L. Fang & A. Fassler & B.A. Brown)
RTBA: Relativistic RPA + phonon coupling (T. Marketin & E.L.)

EL., B.A. Brown, D.-L. Fang, T. Marketin, R.G.T. Zegers, PLB 730, 307 (2014)



_ Spin=dipole resonatice: B
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e'f’éq”diec‘dy ,;_ératfr'on;cap
e \ ‘

T. Marketin, E.L., D. Vretenar, P. Ring,

PLB 706, 477 (2012).
25 ' T ' \ ' | ' T
Il ool Tz N
B | — gZ;E / \ . o\l ',1 S m

Measured recently at RIKEN:
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1000 ———— — T
r |—— 0- RTBA 1
900 1- RTBA g SD R -_
oo | — 2-RTBA ]
78Ni
700 Total RTBA i
-------- Total RRPA
600 |- -
500 A= 200 keV |
400
300 [ ;
200 |-
100 N
0 ": JA—L L | A . h N 1 A e |
0 5 10 15 20 25 30 35 40 45 50

E [MeV]



- = vf;jj_,-—:'; (%—.T;*P Y 4 e l ‘!. i
- Summary andloutlook - -
Conclusions:

Fully self-consistent and covariant response theory (pn-RTBA)
is formulated and applied to spin-isospin excitations in

ordinary and exotic nuclei

The approach is tested and benchmarked by comparison to data and
to other existing approaches (non-rel. QRPA & shell-model)

The pn-RTBA has a great potential to describe simultaneously

the overall strength distribution up to high excitation energy,

fine structure and quenching of spin-isospin strength

Applications to beta-decay, double beta-decay, r-process etc.
Perspectives:

Extension to superfluid systems (underway)

Implementation of higher-order correlations, two-body currents

Understanding the role of 2- states in the phonon basis,
connecting QVC and tensor forces

Solution for the finite-basis problem, ...



Consistent |npu1' M L

for r-process

Nuclear matter,
Neutron stars, ...

nucleosyn‘rhesns
AT R 2 W R N :
——» —1 ,:_ —
D = Ren) + Re) + Re(n) + Rem 0
o g e O |
E O | e T e . N R a3 i — o
5 3p3h excitations: iterative PVC ! S 9
= T:) -, _i p e, P p v, P Pos . P! i: «— 3 g
28 h A M [ —— oL
Q o of ; . . . w Q
O a 2p2h excitations: Particle-Vibration Coupling A <)
n o P oM. P p p' p Pl— «— 8 (_1_3\'_
g E b kbR NG = 3
o =+ 2.
O« Iplh excitations: RQRPA 32E[R] o 3
-, : — «—— P wn
! ! h h' consistency OR? ! !
g Time- Ground state: Covariant EDFT G lized )
" eneralize
—| dependent .,g Sl > > EIRD || CEDFT 97
~ CEDFT 2?2 o w p al

DD-MES CEDFT:

> Ab initio Brickner +

4 adjustable parameters
L PRC 84, 054309 (2911)

I UNEDF: |

Toward ..ab initio" DFT from EFT

J

A
1
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Fragmentation of statedin odd_j&f\d}evéh,s);s‘rfékvr‘\s (schenﬂfjé’ .
= P~ |
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Single-particle structure Response
4 No correlations;  Correlations No correlations!  Correlations
|
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_______ 7
o mm mm mm mm e e Pt o e D i S it S M mm mm mm mm mm mm mm mm e e et e e et P 4 -

/
& / -—‘/
g - ir_:_ o —
Pt . \:\\:
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—1— Spectroscopic factors S, ——»




= Properthies of singlé—g&aﬁﬁcle*éf&@’s lrﬂ‘Z.:5b‘and N=8
- v | |

Particle-vibration coupling improves the description of the single-particle states
considerably and if the low-lying phonons are described well the single-particle
states are reproduced as well.

E(hy1/2)-E(g7,2) protons E(i13/2)-E(hg,2) neutrons

| Sn(Z=50) - isotopes._o—a ]| .
D/D/D_D—D—E\P’E'/D/D o oooooaoa CDFT

! i N _
N pe L\% N=82 isotones _|

ﬁhpvc '

O I '] [ | '] '] I '] '] '] '] I '] '] '] '] I [ | I '] '] [ | '] I '] [ | I [ | '] [ | '] I ']

50 60 70 80 50 60 70 80
Neutron number N Proton number Z




Nifelear todelsl’ «
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Nuclear Landscape

stable nuclei pex

......... . EEEEEEE Abinitio
------- Configuration Interaction
....... Density Functional Theory

DFT: major part of the nuclear chart => input for astrophysical modeling

Figure from: G.F. Bertsch, J. Phys.: Conf. Ser. 78, 012005 (2007)



- Smgle quaS‘rpar"rlclqureéns ]‘UHCTIOH

xﬂ.

Doubled quasiparticle space: 1= =+1

f_ ST« Spectroscopic
Gl(e) = Z k o factors

e —m'E;
i M= e— Energies

One-body Green's function in N-body system (Lehmann):

W(E))on (WT(E))no
G(E.E2) = ( d d
(§.€52) Zﬂ: . (E£1N+1} _ Eéf\')) 440 + Model
b dependence
N (W) )Jom (W (E))mo of S|
- (N—-1) (N) ’
Mmoo < +( ‘T E )_ (j
Excited state (N+1) \

T Ground state

(W (E))no = (@NTVWl(e) M),
DNy,
(N)

(U())no = (@ V|W(€)



EL. et al, PRC 79, 054312 (2009)
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EL. et al, PRC 79, 054312 (2009)
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1968 5
I'=0.25 MeV

4 6 8§ 10 12 14 16 18
E_(MeV)

R. Massarczyk, R. Schwengner, F. Doenau, E. Litvinova, 6. Rusev et al.,
Phys. Rev. C 86, 014319 (2012)



RQTBA systematics for PDR:

A proper definition of Pygmy Dipole Resonance is important!
PDR = all states with the “isoscalar” underlying structure!

10 1406 A
| m Z=50(Sn) i
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NCD i 120G 13250 m
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Intruder orbits |
EL. et al. PRC 79, 054312 (2009)
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Eliminatiof of: the Spuribls state

C(x; 1)

W — Wo

op(xr;w,T) = +0p" (2w, T),  wp— 0 Condition 1
F(x, o) = F*M(x,2") + F*" (2, 2)

) =Co|f(x) + ['(x)T7" + (9(2) + ¢'(x)T7" )0’ | 5(r — 1),

p0(0)
Frest(ror’)y = Y ki f(@) fr(a’)
k=12
Bg)l) = /d.’L‘C(CIT,T)PEl(JT) =0 Condition 2

V. Tselyaev: S. Kamerdzhiev et al., PRC 58, 172 (1998)
M.I. Baznat et al., Sov. J. Nucl. Phys. 52, 627 (1990)
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Shell evolu’rm&m super‘g{s% = 120 lisotopes:
C)-i

Qﬂn’sﬂ%hrtlcle vibrafion coupling ¢ n d"relativistic framewe

Vibration corrections

1. Relativistic Mean Field: spherical minima ST
2. m: collapse of pairing, clear shell gap fo binding energy (RQRPA)
3. v: survival of pairing coexisting with the shell gap 9
4. Very soft nuclei: large amount of low-lying collective Eve = Z 0, Z ‘Ykli k2|
vibrational modes (~100 phonons below 15 MeV) ke ko
osbo A 1V Vibration corrections
ock 120 1 120 1— 431.:3 to a-decay Q-values
0.4F I ] — 34,
02F 1 _ — 3d,, 13 o. ——
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2 52
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T 3% T Aoy Vibrational corrections:
1 120 1 ¢
] 72 h
I 1 ‘ ‘ 1 ;“-’2 i 1. Impact on the shell gaps
VIR E TR S B B e '4_ o 2. Smearing out the shell
E [MeV] E [MeV] S effects ...

Shell stabilization & E.L., PRC 85, 021303(R) (2012)



. aRadiative neutrofeapture. m.,,gq; Hauser ¥F.eshbach mo@i L

standard Lorentzians-afid microscopic structure

E. L., H.P. Loens, K. Langanke, et al. l}lucl. Phys. A 823, 26 (2009).

1198n(n,y)1208n

.
10 115Sn(n,y)”6Sn

R
R s

o Exp (ENDF/B-VII.0)
1 0'2 { = RQTBA (microscopic)

1 = Thielemann & Arnould (1983)
m— RIPL-2 (theor)

3]
1055 10* 10° 10°
E_[eV]
10°

1298n(n,y)1308n




(nvystellar'reattion’ratds

E.L., HP. Loens, K. Langanke, et al. Nucl. Phys. A 823, 26 (2009).
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—
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1158n(n,y)1168n
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3
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; —— RQTBA (microscopic)
- =—— RIPL-2 (theor)
- = Thielemann & Arnould (1983)
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25(ny)"™Sn 1! 5n(n.y) SN
‘ ‘0 ‘7 11047 -1
10 10
T [GK] T [GK] _.

Microscopic structure is important, e.g. PDR at the neutron threshold

1198n(n,y)1208n

Factor 3.7




— Dipole sFrengthein na{;ﬂonﬁrlch Auclei

within-Relativistic Quasiparticle Time Bloeking Apprommaﬁon (R}- TBA)

Test case: E1 (IVGDR) stable nuclei Neutron-rich Sn
800|'|'g;:'|'800_|'|'|};-3"|_ 8
600_— 116Sn 7 § 6
400 |- - > 4t
| [ . ‘g (a)
200 |- ~ 2F
1 5 o . i3
5 0 5 10 15 20 e Experiment” 55
T T T T T T T T 8 T T r RQTBA* L
600 |- - o600} - _ 130 —— RQTBA with
90 88 < 6F Sn detector response |
= 100k /T 4 L0k Sr i ] = + + (A. Klimkiewicz)
g < 4 4 + .
200 |- 200 - ~ 2}
0 O 15 0 25 0 5 10 15 20 25 30 35
E [MGV] E [MeV]
*E. L., P. Ring, and V. Tselyaev * P. Adrich, A. Klimkiewicz, M. Fallot et al.,
Phys. Rev. ¢ 78. 014312(2008) PRL 95, 132501 (2005)

**E. L., P.Ring, V. Tselyaev, K. Langanke
PRC 79, 054312 (2009)

Input for
r-process nucleosynthesis:
(n,y) cross sections
and reaction rates

E.L., H.P. Loens, K. Langanke, et al.
Nucl. Phys. A 823, 26 (2009).




s Nuclearresponse atifinite tehperature &89

Density matrix variation at T > O:
R(x:w, T) = 6RO (23w, T) +
+ / do'dx”" A(x,2";w, TYF (2", 2")oR (2" w,T)

Thermal .mean-field + pairing" propagator in the continuum :
E.L. et al., Phys. Atomic Nuclei 66, 558 (2003)

Az, 2" w, T) Z 01 () o ()32l (x /2—G12 e, T)Gsg(e+w, T)
1234 NS /

Ma’rsubar'a GF

Radiative strength function (RSF):

82

fEl(E’Y!T) - 7(

Im/da:P;l T)OR(x;w, T)

w=FE,+iA;A — 0  Exp.energy resolution



AR (s T)

- — Z vf(T)(l —n(T))Ry(r) Ry (1) Z T_&SS'

: l2ja
8 {gxm(r, ' u(T) = By(T) +w)
T (71)S+S’gbj2 (rrs (1) — E(T) — u))}
= i (O (D) Ry (r) Ry () > 15

1 279

% G (1 0(T) + EA(T) + )

+ ()5 Gy (s () + B1(T) =),

_w—,u(T)JrO—El(T) .

d1SCL ‘,!., ..
disc

= Z R1 R) )RQ( )TQ‘%SSI

v3(T)(1 = ny(T))
w + ;L(T) — €] — EQ(T)
(M - (1))
w—p(T) + e+ E1(T)

uz(T)na(T)
wH p(T) — e + Es(T)

X l:lg(w._ T) —+

ui (D) (1) + (=1 Mia(w,T)

1
L+ exp(E(T)/T)

ni (T)

u,4(T) = 1-v,%(T)

ﬁlg(w, T) = —Aph(w._ T)
< |(hud + vid) (E1 - ) - (ufud — vhod)u]

= Applo, 1) | = (udd + viud) (B1 + E»)

J\/flg(w, T) =

+ App(w. T)(Ey + EQ)} .
ni(T) —na(T)
(E1 — E2)? —w?’
1 —=ni(T) —na(T)
(B + E9)? —w?

A4ph(w. T) =

App(w,T) =




- Giant-Dipole Re esonance’l |

within Rela’ruvus’rlc Quasiparticle Ti nesBlocking Appr‘oxnma’rlon (RQ A)*

A AL=1
) AT =1
AS=0
800 T
600k 116 —
= - Sn .
£ 400 o - 400 -
b A - fe
rah W VORI
- — iz ey L —]
200 200 4R
! AN :
0
5 15 20
L E I L T T T
600 |- - 600} —
L 90 /| 1 | 88 i
— /T i X
< 400} A 4 a0} St i —
g B /|
©
200 }- 200
0 0 '
5

*E. L., P.Ring, and V. Tselyaev
Phys. Rev. C78 014312°(2008)



p— :“*_:. - _ » ‘?3:? o= 11
= Fragmentation of ‘pygily dipole resonanse

E.L.,P.Ring, and V. Tselyaev, Phys. Rev. C 78, 014312 (2008)

Low-lying dipole strength in 116Sn

Experiment™ Fine structure  Gross structure
I ' I ' 25 I ' I ' I
_ E1 ''"Sn |t [~ Rorea
>0L |— RQTBA |
[ A=2keV 1 | A=20keV
. surface
1 NA/\/\/\-vibrations

B(E1)] [10 %e*m?]

VIVIVN

a N

6000 8000 0 4 6
Energy [keV]

Integral
5-8 MeV:
> B(E1)t [e?2 fm?]

PM up to 3p3h
C\} onomar'ev) RQTBA 2p2h RQRPA 1plh vs EQT’?A 8:5(1)2(25)

RQTBA 2p2h
* K. Govaert et al. RQTBA 0.27
PRCB7 2229 (1698) \RQ /




_-—-__—-q

EﬂQ’ITIe$‘In 6‘NI at 10.3

4
I 68Ni | -0.04000
= E1
= | Neutrons Protons 0.03000
=2
Nﬁ L M -0.02000
_ U% l
0 g 10 12 -0.01000
E [MeV]
E.L., P.Ring, V.Tselyaev, -0.005000
PRL 105, 02252 (2010) 7
\—Z
. 0.005000
Experiment:
: 0.01000
% . 0,03 0.02000
8 10 p(r) — /O(T‘)leo(f')q 0,01
&) = 0,00 0.03000
P ++ g-o,oy \\/ -
! J /| E=10.3 MeV
0.04000

50 7.5 100 125 0.0 ' u
E M . K . . . . . . .
nergy [MeV] Exper‘lmen.r: T3 4 & 5 T 2 u

r [fm]

O Wieland et al. Coulomb excitation
PRL 102, 092502 (2009) of 68Ni at 600 AMeV




ensities in $5Nilat 10,3 MV

RQEBA dipole transitiond

SEw

Neutrons

0,03

0,02+

0,01+

' 0,00

=, -0,014
N -0,02+

-0,03

-0,04

E =10.3 MeV

o 2 4 6 8 10 12 14
r [fm]

Theory: RQTBA-2
4 L -

I 68Ni

I El

2,

;' .JUU{UJ/

6 8 10 12
E [MeV]

E.L., P.Ring, V.Tselyaev,

PRL 105, 02252 (2010)

S[e" fin” / MeV]

Experiment:
2
C 15
>
O w
&)

5.0 75 10.0 125
Energy [MeV]

O.Wieland et al.,
PRL 102, 092502 (2009)



J. Endres, E.L., D. Savran et al., | & E. Lanza, A. Vitturi, EL., D. Savran,
PRL 105. 212503 (2010) subm. to PRC (2013)
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— 1000 |
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2g+phonon 2 phonon First two-phonon state 1-;: 3~ @ 27
E(1) B(E1) 1
M 5 —— 30 ——————t
4 I " Sn * ] E o Sn
— 3[® ® =« ®] D 20
é . * 1% e & * N
= 2r «RQTBA2 1 = 5l & ® 5
@ 120 @ wo « Exp-1 1= °
Sn 1 (@) o Exp-2 @ ' (b) o [
0 - L L 1 m (M S I R —
20— RQRPA I12°Snl ) 20 RQRPA o T 112 116 120 124 112 116 120 124
— 16| — RITBA (a), 16 — RQTBA-2 Sn 5 ()] A A
E o° I 4 |
> s * , Pygmy dipole resonance in neutron-rich Ni:
E L | ] 2g+phonon vs 2 phonon
o~ 200 20 l;.l. .l,
0, 2,4 6 2 A2 6 8 3 o 3 3
“n ALl 7 68Ni 2 70Ni 72Ni
) 54“1 6 8 10 07 L?‘ 6 £2 EZ 2
s 3|1 1
5 . ot &1 =1 1
Does not exist 37 ® 2 " <
0 S0 0
6 8 10 12 6 8 10 12 6 8 10 12
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E.L., P.Ring, V.Tselyaev, PRL 105, 02252 (2010) [MeV] E [MeV] E [MeV]
PRC 88, 044320 (2013) Data: O. Wieland et al., PRL 102, 092502 (2009)




(ny) via comp@und nucfeqs y-fransikions

between excited stafes |n The quasrcon’rmule

Low-energy enhancement of y-strength Correlations due to coupling
A. Voinov et al., PRL 93, 142504 (2004) To single-particle continuum
M. Guttormsen et al., PRC 71, 044307 (2005) _

Oslo method

Continuum

M. Wiedeking et al., PRL 108, 162503 (2012):

B E;=3MeV + Guttormsen et al. [13]
A E;=4MeV = Quadratic fit to [13]
O E;=5MeV

A E;= 6MeV
® E;=7MeV A &7

f(E,) (arb. units)

. T
A . I
o 1 2 3 4 5 6 7 8 107 ¢ ||||““|||
EV(MGV) |T|||| ]
A “'llll ]
(n,y) reaction rate (enh.) ’ ‘ oL 1\;“ ' |
: - S Th | Cd ]
(n,y) reaction rate (no enh.) il :
10° koo, _,“L. 4 \ R —
A.C. Larsen, S. Goriely, PRC 014318 (2010)
Oslo data 30 40 50 60 70 80 90 100 110



s Mechanism 6fthe BéE ﬁoﬂ_hnafﬂy'iﬁ at low EAS

Continuum
'ﬁ,i(Ez'_. T) — (1 — 'L-‘g-g (T) )Tl.z'(Ei'._ T) 9
""""""""""""""""" 1)
i
ni(E;, T) = v2(T)(1 —n;(E;, T))
1. Saturation of RSF with A B
at A =10 keV for T>0 ] T=117MeV,a=100keV | ||,
1E-5 - ---T=1.17 MeV, A=10 keV
2. The low-energy RSF is not ] T MeV.aslkeV
. -0 y
a tail of the GDR and not a part of _ g 122 LN
PDR! ‘7% 1E-7-;81 €y &3 Sn ) ; '; ”lh‘ |1 lil ‘
= 1E-815H l R, 'M”W{' ‘J
3. The nature of RSF at E,-> 0 U P e
Is continuum transitions 189y A7
from the thermally unblocked states 110y e
{.--- T=0, A=100 keV
4. Spurious translation mode should be BT/ -==-T=0, A=10 keV
eliminated exactly ol T TRV
o 1 2 3 4 5 6 7 8 9 10
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“ssow-energy I it B%F“The’";R§Eé”‘l}=evé’,‘:e;vfca?\”;MO iIsotope
~ i~ A =7

S

1E-6 ¢

T = 1.43 MeV
T =1.26 MeV
| T=0

T =1.59 MeV

= Exp-1

« Exp-2

TCQRPA
A=100 keV ]
N R T

1E-10 L
0

= Exp-2

T+ T ' T 1 T LI | L
F—— T =1.55MeV 96 j
| T=1.35MeV Mo i -
77777 T=1.15MeV AT
_______ T = 0 f ’ ‘\./'E
Tt S A A

"""""""""""""""

TCQRPA

, A=100keV
I NI RN I NI SENPEN RN EE RN R T

1 2 3 4 5 6 7 8 9 10

E [MeV]

Theory: E. Litvinova, N. Belov,
PRC 88, 031302(R)(2013)

N
a = aggsg == Tpin (RIPL-3)

a =19y +9x)/6 =T,

(microscopic)
Exp-1: NLD norm-1,
M. Guttormsen et al., PRC 71, 044307 (2005)

Exp-2: NLD norm-2,
S. Goriely et al., PRC 78, 064307 (2008)

R Rineiirvivim 98e « .
i =1.52 Me .
[ T=1.27 MeV Mo AN
- T=1.02 MeV R
1E-7f-———-T=0 RV
E o Exp-1 \.;f“f\f %
— = Exp-2 /
< ,
< 1E-8 .
U
1E-9 ]
TCQRPA
A=100keV 1
" " [l "

T R S
o 1 2 3 4 5 6 7 8 9 10

E [MeV]
Data: A.C. Larsen, S. Goriely, PRC 014318 (2010)



1
f_IMeV"]

1
f IMeV']

1E-6 p—

1E-7 |

~\’!“Low—enefg;1f?ﬁi t onF\éfRS’F : in felizzgn,

T=1.17 MeV

—— No upbend?

Y Larger microscopic level density
: parameter a

1E-8 |

1E9L /-

=> Lower upper limit for the
tfemperature at S,

Other effects

(ideally, all to be combined in one approach)
TCQRPA 1
A=100keV 1

1E-1o;’:"'- ar— At 3-4 MeV:
] — -2-phonon state (as above)

§ T=1.3MeV 1168n o]

|- T = 1.03 MeV e
157' 55 Mo e 2 Above 4-5 MeV:

T Y *Coupling to vibrations (as above),

[ ] *Thermal fluctuations:
1E-8 M. Gallardo et al., NPA443, 415 (1985)
eol A° ] *More correct for y-emission:

¥y rcorPA .final temperature”,

A=100keV | V. Plujko, NPA649, 209¢ (1999)
B 2 s 4 s 6 7 8 9 10 sz\/(E*—fj—Er}:)/ﬂ-

E [MeV]
Theory: E. Litvinova, N. Belov, Data: H.K. Toft et al., PRC 81, 064311 (2010),

PRC 88, 031302(R)(2013) PRC 83, 044320 (2011)
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Relativistic mepin figld 1.1

Errlp 6] = Trl(ap + Bm); +Z{T7 (BTm)] T / B(wm)zw(@m)l o)

~Adm(T ) + U (9m(r)) = F Z Vi (1) 8L Vi (r) Mesons
K no sea
RHB - Epyp h? —m— )\ A
Hamiltonian Heppyp = — — | |
oR —A* —hP* +m+ A\

| | RMF
Dirac h_,D = ap + B(m + [0, (r
Hamiltonian P+ ; mfmr) ef,zlrzy

[l (r)) = | Eigenstates 1y, (7)) =







J ine structure Qfépec’rm %z(‘r order' clarr,rela’rlons
)

from " 2q+phono 2 phonons

P. Schuck, Z. Phys. A 279, 31 (1976) & Mode Coupling Theory
V.I. Tselyaev, PRC 75, 024306 (2007) Time Blocking

d m56 A(n) m78() Replacement of the uncorrelated
12, (W Z 56,78 (W =1 wn) V34 propagator inside the & amplitude
R6T8,n,m by QRPA response

Nuclear response: R=A+A (V + @ - CBO) R

Poles may appear at lower energies:

'2g+phonon’ response: I ‘2 phonon’ r'esponse:
QIJIJ(w) - zuk aijku/(w [ Ei'- Ek ~ Qu) @Iji'j'(w) = zu IJIJ/(UJ v Qu)
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3p3h: S S e

two-fish approximation, ...
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— Oy a K
M= Response function Lnflfve neutral-‘channel

response R(w) = R°(w )—I—RO( W (w)R(w)
interaction W(w) = V + Vo +V, + Ve + P(w) — ®(0)
~ S el e
| |Subtraction
. 0 0 to avoid double
v (1,2) = _9071D (1,2)7; counting
Stare < Vo(L,2) = +9,(7°7,)1 DL (1,2) (777,
vy (1,2) = +g,(Y° 7, Ph 71 - 72D5 (1, 2) (777, 7)2

\

Dynamic: q

@21164 kgkg( ) o

pGrTiCIC' 5 l;gk ,ynkfk* 7 k . ’Yn i*k

- . 2235 [5 2: pikeko ! pikeky 5 2: piki ks ks
wbraTnon ne | PRk nw — By, — By, —Q, T Oksky nw — Ey, — B, — Q,
coupling 3 ke ks

UHS n;—&* niéx m—¢
( Wp;klkglylu;kgk'zl f}/ﬂ;kfﬁ]flﬁyﬂ;k4k2 >:|
_ + Q

nw — Ekg — EkQ — QH nw — Elﬁ — Ek4 —

in time blocking
approximation




