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Part 1

Introduction: nuclear reactions
and the Optical Potential
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Nuclear reactions: why do we care? Nuclear reactions around us

inertial confinement fusion waste management
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Why do we care? Nuclear reactions as an experimental tool

e transfer reactions probe nuclear response
to the addition of a nucleon
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e a variety of observables provide rich

information about nuclear structure:

e angular differential cross section
e absolute value

e position

e width (when in the continuum)
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Nuclear reactions of astrophysical interest (light elements)

CNOcycle

by Antonio Ciccolella

Big Bang nucleosynthesis reaction networks
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Nuclear reactions of astrophysical interest (heavy elements)
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Features of nuclear spectra probed by nuclear reactions
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Which reaction theories, and where?
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The Optical Potential is a projection of the many-body
Hamiltonian on the elastic channel
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* The “optical reduction” transforms a many-body operator into a one-body operator

* Itis a well-defined, in principle exact, mathematical operation
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The OP accounts for the composite nature of the target nucleus

_— - - + L excited states of the
composite system
L
. static, real, energy .
full optical

independent energy-dependent,

potential (OP)

(mean field) complex, dynamical
potential polarization
potential
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The OP accounts for the composite nature of the target nucleus

—_— = = O + E “ (Goal: connect the OP witm
3 the underlying

microscopic structure,

encoded in the spectrum
‘ Qf the levels ¢ J
static, real, ener
full optical &Y

independent energy-dependent,

potential (OP)

(mean field) complex, dynamical
potential polarization
potential
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The OP accounts for the composite nature of the target nucleus

coupling
vertex

zitsaﬁal excited
states Green’s
/ function , /
V(r, v, E) = Up(r) + >/ Uni(r)G(E — Ej,r,x")Usp(r')
1
; A

* The computed OP is energy dependent, non-local, complex, and dispersive
* The OP verifies the Kramers-Kronig dispersion relations between the real and the

imaginary part |
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Nuclear reaction theorist’s roadmap

start calculation
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resonances
overtap?

level dehsi&v
high?

Yes
Yes
direct reaction

/ \
Hauser-Feshbach
(DWBA,CC,...)

i Borh Approxima&iom
TALYS, YAHFC, AZURE cC: Cou,pi.eci Channels

DWRA: Distorted Wave

EMPIRE

b Lawrence Livermore National Laboratory N A‘S&é% 13

LLLLLLLL S-XXXXXX National Nucloar Security Administration



Nuclear reaction theorist’s roadmap
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There are different strategies for calculating the nucleon-nucleus
optical potential (OP)

phenomenological fit

4
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RPA calculation with
added imaginary part
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Blanchon et al. PRC 91 014612
(2015)

coupled-cluster ab initio with
non-zero n parameter

10000

— — Koning Delaroche ]
—— n=0MeV .

n=2 MeV 3
a—a M=5 MeV

do/dQ[mb/str]

10

Rotureau et al. PRC 98 044625
(2018)

Phenomenological fits are widely used, but are
disconnected from the structure and extrapolation
away from stability is risky

Microscopic theories often struggle to get absorption
right

Ab-initio approaches are only feasible for light nuclei
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

10P Publishing Journal of Physics G: Nuclear and Particle Physics
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

Mass Energy Mic. UQ

[Tl potentials were surveyed in this work
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

o

Mass Energy Mic. UQ

[Tl potentials were surveyed in this work

KD 24 <A <209 1 keV < E <200MeV
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NS x

e 5 dispersive potentials
* 6 microscopic (based on nuclear structure)
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

Mass Energy D. Mic. UuQ = = "
[Tl potentials were surveyed in this work ]
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

Mass Energy D. Mic. UuqQ = = .
[Tl potentials were surveyed in this work
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KDUQ 24 <A <209 lkeV <E<200MeV  x X
DM | C. 0, Ca, Ni, —00<E<200Mev v x  [V] » 5dispersive potentials
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

Mass Energy D. Mic. UQ
KD 24 <A <209 1 keV < E <200 MeV X X P
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DOM| C, O, Ca, Ni, — 00 < E <200 MeV v X u
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MR 12<Z<83 E <200 MeV v X X
MBR 12<Z<83 E <200 MeV v X X
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[Tl potentials were surveyed in this work

e 5 dispersive potentials
* 6 microscopic (based on nuclear structure)
3 include uncertainty quantification (UQ)

LRecommendationa

e Theory-experiment collaboration to address
isospin dependence away from stability
* Include UQ
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

Mass Energy D. Mic. UuqQ = = .
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

Mass Energy D. Mic. UuqQ ; = .
[Tl potentials were surveyed in this work
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Topical program recently held at FRIB to assess the status and
needs associated with Optical Potentials

Mass Energy D. Mic. UuqQ = = .
[Tl potentials were surveyed in this work
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Part 2

How we™ do it

* G. Sargsyan (MSU, FRIB Theory Fellow), J. Escher, K. Kravvaris, GP (LLNL)
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We calculate the OP by coupling the system to all excited states

coupling
vertex

static
potential

excited
states Green’s

function

U()Z(I')G(E — Ei, r, I‘/)Ui (I'/)

V(r,v; E) = Uy(r) +

1

* Excited states, static potential, and couplings, come from structure theory input
 But how do we get the Green’s function?
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The solution strategy is based on an iterative procedure

@--Ofr
V(r,r'; E) 7“)—|—ZUOZ-(I') (E — E;,r,v")Ujp(r")
*=%—O+¢ G(r,r’, E)—%E)I%)(E T—-V(r,v';E)+in) !
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The solution strategy is based on an iterative procedure

1

Dyson equation verified

G=Gy+Gy)VG

. . "‘l
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Both elastic and absorption cross sections can be calculated
from the OP

@:Q +§{;§a

(E — T — V(I', I‘,; E)) ¢ p— O > elastic scattering from phase shifts

. C absorption from imaginary part of
Ga bsN < ¢ ‘Im (Z{} L) l ¢ > polarization potential
L

. . ’Ql
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40Ca OP calculated in a weak coupling, collective model
approximation

Vie,x'; E) = Uy(r) + Z Upi(r)G(E — E;, v, v’ )Usp(r')

(the static potential is a simple Woods- \
Saxon

e asmallimaginary part W is included to
account for the lack of absorption of the
model

* thisis a consequence of the over-
simplification of the spectrum

&The small imaginary part spoils dispersiviy

From Rao, Reeves, and Satchler, NPA 207 (1973) 182
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40Ca OP calculated in a weak coupling, collective model
approximation

V(r,v;E) =Us(r) + Y Uni(r)G(E — E;,r,x')Usp (')

* the spectrum of 4°Ca is approximated by 6
collective vibrational states

* the deformation parameters [3, are constrained by
the experimental inelastic scattering cross section

41 ~ 40
AnT ¢ 1- 27 2t 3- 4+ 5-
E, (MeV) 18.0 3.9 8.0 3.73 8.0 4.48
B;(n) 0.087 0.143 0.309 0.354 0.254 0.192
o, (mb) 17 43 176 164 78 37

From Rao, Reeves, and Satchler, NPA 207 (1973) 182
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40Ca OP calculated in a weak coupling, collective model
approximation

/
Vir,rs F) =
* the couplings are surface peaked -
* by construction, the experimental = »
. . . . ~ U7
contribution of each vibrational state to .
the absorption cross section is reproduced o
; : T : . g t10 0 2 4 6 8 10
- (fm) r (fm)
dU (r)
Ai (4
AT ¢ - 2+ 2+ 3- 4+ 5- Upi(r) ~ B Y i ()
dr
E, (MeV) 18.0 3.9 8.0 3.73 8.0 4.48
B, (n) 0.087 0.143 0.309 0.354 0.254 0.192
oA (mb) 17 43 176 164 78 37

From Rao, Reeves, and Satchler, NPA 207 (1973) 182

B 0 ( "‘I
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We benchmark our results against Rao et al., and look at the

effect of iterations

p+*°Ca elastic scattering at 30.3 MeV

102 J

converged result

101_
s
E
o)
hS)
5 1009 4
ke
1011 .
1 iteration
10—2 . . . : : : : ;
0 20 40 60 80 100 120 140 160 180

0 (degrees)
e 1 iteration calculation agrees with Rao et al. (not

shown)
* Converged result different at large angles

n+4°Ca elastic scattering at 30.3 MeV

1 iterlation

| converged result
with no added W

do/dQ (mb/sr)

(=1
o
o

10—1 J

10—2.
0O 20 40 60 80 100 120 140 160 180
O (degrees)

Good result for neutrons just by removing Coulomb
Added non-dispersive imaginary part W not needed

for the converged result
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2Mg+n with valence shell model

excitation energy E;

angular momentum

R W NN WNRERFRENWNNWOERRENNWERERRNNONNGON

0

0.
e
2.
2
2.
3
3.
4.
4.
4.
4.
4.
5.
5.
5
5.
5.
5.
5.
6.
6.
6.
6.
6.
6.
6.
6.
6.

SIS T~ B T~ S T~ T~ .~ T~ O~ T~ B~ I~ O~ T~ I~ T~ Y~ T~ B~ T~ I~ T~ IS T~ I

0.584066
-0.716831
0.488705
-0.288311
0.318332
0.542416
0.0495903
-0.0298132
-0.584623
—-0.651056
0.100777
0.0975601
0.516883
—-0.0511968
—-0.283037
-0.219064
-0.0103979
0.132477
0.069005
0.094658
0.0353684
-0.159821
-0.174362
. 122727
.182001
.115995
.100457
«157325
.419452
NR2Q

step 1: 22Mg shell-model calculation

parity

spectroscopic
factor S;

~600 states from E;=0 to £=14.6 MeV

Shell model calculations by K. Kravvaris
with PSDPF interaction M Bouhelal, et
al., Nucl. Phys. A 864 (2011)
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2Mg+n with valence shell model

excitation energy E;
angular momentum

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

R W NN WNRERFRENWNNWOERRENNWERERRNNONNGON

0.584066
-0.716831
0.488705
-0.288311
0.318332
0.542416
0.0495903
-0.0298132
-0.584623
—-0.651056
0.100777
0.0975601
0.516883
-0.0511968
—-0.283037
-0.219064
-0.0103979
0.132477
0.069005
0.094658
0.0353684
-0.159821
-0.174362
0.122727
0.182001
0.115995
0.100457
0.157325
0.419452
0 ARKO

step 2: Static potential and couplings

parity

Vir,v'; E) = Uy(r) + Z Ui (v)G(E — E;,r, v )Usp(r')

spectroscopic
factor S;

real part

* static potential U,: real, local Woods-Saxon
adjusted to reproduce binding energy of
25Mg

* couplings U, : same Woods-Saxon, but
adjusted to each E;and multiplied by
spectroscopic factor S;

0 2 4 6 8 10
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2Mg+n with valence shell model

excitation energy E;
angular momentum

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

R W NN WNRERFRENWNNWOERRENNWERERRNNONNGON

0.584066
-0.716831
0.488705
-0.288311
0.318332
0.542416
0.0495903
-0.0298132
-0.584623
—-0.651056
0.100777
0.0975601
0.516883
-0.0511968
—-0.283037
-0.219064
-0.0103979
0.132477
0.069005
0.094658
0.0353684
-0.159821
-0.174362
0.122727
0.182001
0.115995
0.100457
0.157325
0.419452
0 ARKO

parity

step 3: Iterative procedure

wnﬂEpdum+z}@®Gw—Euww%w)

spectroscopic

Gr,r',E)=(E-T-V(r,r;E)) "
factor S;

04 * lterate until convergence is achieved

real part

* Consistency between potential and Green’s function is
achieved, as expressed by Dyson’s equation:

G(r,r'; ) = Go(r,v'; E) + Go(r,x’; E)V (r,r'; E)G(r,v'; E)
Go(r,v'; E) = (E—T — Uy(r)) "

————————7—, | As a bonus, we obtain the Green’s function
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The dynamical polarization potential is complex, energy-
dependent, dispersive, and non-local

real part | imaginary part

4 4 —6.4
- L2 7 =
E o = -128 @
N 1< = ~19.2 <
« S > - — '
3 —-25.6
| -32.0
-35 ‘
1 1 P —— | -38.4
: -42 .
e - —-44.8
0L sl -49 0 Se———.
0 1 2 3 4 5 6 0 1 2 3 4
r(fm) r(fm)
Voorl1,r’;E)= E . ; for E=1MeV
L
Lawrence Livermore National Laboratory NA‘S‘Z‘% 39
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Our **Mg calculation compares well with experiment

do/dQ (mb/sr)

104 st e’

0 20 40 60 80 100 120 140 160
O (degrees)

not surprisingly, the static
potential alone gives a
very wrong result!

NYSE v

tional Nuclear Security Administration
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Our **Mg calculation compares well with experiment

we check for convergence by looking
at the volume integrals as a function

of the iteration

) (mb/sr)

1501
15/
r? 104 =O 100‘
E o 50, R
Real eal
% 0===-- Imaginary Oy====- Imaginary
\
2 s\ 50111,
— N AP e o o o o i ———
%—10“\/ ——————————————————————— -100/1 “,","\
QL 0 10 20 30 40 50 0 10 20 30 40 50
< 80] 100+
g 60—\/W 0/\/\/\"
5 40 _y | -100| 3
o 20 ~200 ,
=, Real N R L EEL L L LT
————— Imaginary 1y
-20] ~400"
~40} ~500 Real
[
—60",’\/'\* ---------------------- -6001 ----- Imaginary
8% 10 20 30 40 50 O 10 20 30 40 50
iterations iterations

80 100
O (degrees)

60

not surprisingly, the static

potential alone gives a
very wrong result!
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Our **Mg calculation compares well with experiment

Koning-Delaroche

10° : we check for convergence by looking
: our calculation . .
------ N at the volume integrals as a function
- ' of the iteration
201 150/
15

101} T 10[& =0 | 1%
- « 5] Real 201 Real
Q % 0{ ===-- Imaginary ) S Imaginary : : : : : : :
o) E \vl 10 60 80 100 120 140 160
g 100 4 = _5J‘ —501 "‘ 6 (degrees)
% Te —10“\'/ —————————————————————— -1001 YN m T s s e o
S @ o0 10 20 30 40 s0 0 10 20 30 40 50 .

107 £ 80 1001

& ig\/w 108"\/W not surprisingly, the static
> 1 =2 - A. =3 . .
10-2] S 2 . ~2001k , potential alone gives a
| ea _ IHA A e Tt
o [ P— Imaginary 300 Inll' Very Wrong reSUIt!
=20 —400"
10-%4 —404 ~5001 Real
| o»
—60*||,l\l‘~ —————————————————————— -600] -=--- Imaginary
0 20 40 60 80 100 120 140 160 805 10 20 30 40 50 0 10 20 30 40 50
6 (degrees) iterations iterations

o
VYSE
National Nuclear Security Administration
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The OP, the level density, and the y strength function are
connected through the same underlying physics

cumulative number of levels

600

cmulative level #
= () W =~ Ut
(-) () () () (-]
() () () () (-]
| | | | |

~ 0.151

-

-

E, (MeV)

92 4 6 8 10 12

14

transmission coefficients

0.30 7

0.25

0.20 1

S S S

T |
W N = O

0.104

0.05

0.00 =r——F——TF—F———T 1T
E (MeV)

We can explicitly check the limits of the statistical model (Hauser-

Feshbach approach)
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Part 3

Extending the scope: Green’s
Function Transfer (GFT)

NIYSE
INA S



The Green’s Function Transfer (GFT) formalism

{ elastic scattering between 2 nuclei x and Aj

~ N
V(rza, 45 E) > ‘ optical potential
A

b Lawrence Livermore National Laboratory N A‘ S
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The Green’s Function Transfer (GFT) formalism

( elastic scattering between 2 nuclei x and Aj

V(rza,Tya; E)
¢ i @

— ,
bo(rea, B) = F(rea) + G(E) V(E) F(rza)

Lippmann-schwinger equation

free wave
__

t Lawrence Livermore National Laboratory N A‘ S
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The Green’s Function Transfer (GFT) formalism

{ elastic scattering between 2 nuclei x and Aj

V(I'xA,I‘;A;E) >
K
A

optical potential

bo(rea, B) = F(rea) + G(E) V(E) F(rza)

w Lawrence Livermore National Laboratory NVYSE v
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The Green’s Function Transfer (GFT) formalism

[ elastic scattering between 2 nuclei x and Aj

V(rza,Tya; E)
¢ i @

Yo(rea, E) = F(rya) + G(E)V(E) F(rza) ) reaction cross section

Green’s)function 2
or = 2 (tho[ImV]¢o)

G(E) = (E-T, - V(E))™

t Lawrence Livermore National Laboratory NVYSE, 4
National Nuclear Security Administration

-PRES-xxxxxx



The Green’s Function Transfer (GFT) formalism

E\(=b+x)+A — b+B(=A+x)J

Voa(Tpa,Th4)

w Lawrence Livermore National Laboratory NVYSE 4
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The Green’s Function Transfer (GFT) formalism

[§(=b+x)+A — b+B(=A+x)J

b Lawrence Livermore National Laboratory N A‘ S.‘?fg 50
LLNL. National Nuclear
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The Green’s Function Transfer (GFT) formalism

E\(=b+x)+A — b+B(=A+x)J

intrinsic ground state of

nucleus a
Uo(rga,ry) = F(m(rxb) + G(E — Ep)P(ry) |V(E — Epy) + (m (rep)
)
(

free wave for nucleus a

t Lawrence Livermore National Laboratory N A'S 99 51
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The Green’s Function Transfer (GFT) formalism

E\(=b+x)+A — b+B(=A+x)J

A

Uo(rea,rs) = F(re)da(re) + G(E — Ey)P(ry) [V(E — Ep) + Up(rp) | F(ra)da(ran)

projector over b states P(ry) = / Ixo(rn; Kp)) (Xo(rs; Kb )| dkp
_ 1k
244

Ey,

. . "‘l
E Lawrence Livermore National Laboratory N A‘S«?ﬁ 52
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The Green’s Function Transfer (GFT) formalism

E\(=b+x)+A — b+B(=A+x)J

A

Uo(rpa,rs) = F(re)de(res) + G(E — Ep)P(ry) [V(E — Eb) + Up(rs) | F(ra)pa(ras)

Green’s function G(E) = (E — T, — V(E)) ™"
Same as for x-A scattering'

w Lawrence Livermore National Laboratory N A‘ Sf{é‘g 53
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The Green’s Function Transfer (GFT) formalism

E\(=b+x)+A — b+B(=A+x)J

A
Uo(ron,rp) = F(rs)da(res) {G(E _ Eb)P(@[V(E — Ey) + Up(ry) | F(ra)da(ran)

factorized propagator

t Lawrence Livermore National Laboratory NVYSE s
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The Green’s Function Transfer (GFT) formalism

E\(=b+x)+A — b+B(=A+x)J

A

(o (0 ko) [Wo(rea, re) = (Xo(re: ks)| (F(ra)@a(tss) + G(E — Ep)P(ry) [V(E — Ep) 4+ Up(rp) | F(re)da(ran))

project over b state to get x=A wavefunction

t Lawrence Livermore National Laboratory N A‘ Sf{é‘g 55
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The Green’s Function Transfer (GFT) formalism

PHYSICAL REVIEW C 92, 034611 (2015)
Establishing a theory for deuteron-induced surrogate reactions

G. Potel,""2 F. M. Nunes,"3 and I.. J. Thompson2

A

Vo (rea, B) = " (r0) + G(E — Bp) [V(E — Ep)v"™ + (xo|Us(rs) | F(ra) da(tap)

M (L) = /xZ(rbB,kb)qba(rxb)F(raA) dr,, ——— Hussein-McVoy term

~~

24 inclusive x=A cross
oL (E, Ep) = —— ()l |ImV(E — E ,
w (B, Ey) hk, WoTmM( o) section
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LLNL-PRES-xxxxxx tional Nuclear Security Administration



DWBA vs GFT

aio” D~ [(alVIe)* o fTT(E) ~ (G(E) (V(E) + Up) "M [ImV(B)|G(E) (V(E) + Uy) ™)

100

80

60

40

L

20

. . ( ,‘.l
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DWBA vs GFT

aio” D~ [(alVIe)* o fTT(E) ~ (G(B) (V(E) + Up) "M [ImV(B)|G(E) (V(E) + Uy) ™)

discrete final states continuous function of E
100 rrrr

80

60

|

i

40

20

B 0 ( "‘I
@ Lawrence Livermore National Laboratory N A‘S‘@i‘\ 58
LLNL-P! National Nuclear Security Administration

RES-xxXxxx



DWBA vs GFT

aio” D~ [(alVIe)* o fTT(E) ~ (G(E) (V(E) + Up) "M [ImV(B)|G(E) (V(E) + Uy) ™)

consistent normalization

extracted S=c,,,/oy, (]| S
{ 80
60

40

20

B 0 ( "‘I
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DWBA vs GFT

aio” D~ [(alVIe)* o fTT(E) ~ (G(E) (V(E) + Up) "M [ImV(B)|G(E) (V(E) + Uy) ™)

100 1 I LI

80 continuum T

easy

continuum hard 60

¢ ’

¢

i

B 0 ( "‘I
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DWBA vs GFT

oo P~ [l VIgo) | oFTT(E) ~ (G(B) (V(E) + Uy) "M [ImV(E)|G(E) (V(E) + Up) )

, C aE) =E-T-vE) )

* Consistency between structure and reactions
* Same ingredients as x=A scattering
* Need for tools for inverting Hamiltonians with

_ | non-local potentials
x AN Y,

»

—
e ————

. " "‘l
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Compound nucleus reaction: *>Mo(d,py) with Koning-Delaroche OP

40

—— Total
351 — Total EB
< 30+ === Total NEB
2 ——- NEB for £=0
S 23 ——- NEBfori=1
E 5ol NEB for /=2
%J\; | —-- NEBfor{=3
5 151 . NEBfor (>3
S 10}
5.
o I
4

Excitation Energy (MeV)

e Absorption of the neutron as a function of
excitation energy and spin computed with
GFT formalism

* We used the phenomenological Koning-
Delaroche OP
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Compound nucleus reaction: *>Mo(d,py) with Koning-Delaroche OP

* vyrays observed in coincidence with

protons
* transitions from both °>Mo and °°Mo are
identified
y — EEXE[SN—O.G,SN—O.S] MeV

104} ET? —— FEox €[Sy +1.0,Sy+1.1] MeV
.E '
8
>
L 103t
=)
(7]
£ .
3 102
S 10%

101

500 400 600 800 1000 1200 1400 1600

y-ray energy (keV)

Lawrence Livermore National Laboratory
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Compound nucleus reaction: *>Mo(d,py) with Koning-Delaroche OP

Ppy(Eex)

10°

107!

10—2_

1Qf3_

Excitation Energy (MeV)

fitting :i\ .
‘range:
T :
it
II lziTIIIITI¥111117117§III
— 2707 :778 keV
—— 2} -27:720 keV
—— 67 »47:812 keV (x 0.5)
4% »2%:1091 keV (x 1.5)
—— 3} -27:1200 keV
6 7 8 9 10 11

Hauser-Feshbach parameters determined by

fit of selected y lines (J. Escher)
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Compound nucleus reaction: *>Mo(d,py) with Koning-Delaroche OP

PHYSICAL REVIEW LETTERS 122, 052502 (2019)

Towards Neutron Capture on Exotic Nuclei: Demonstrating (d py)
as a Surrogate Reaction for (n,y)

A. Ratkiewicz,l’z’* J.A. Cizewski,2 J.E. Escher,1 G. Potel,3’4 J.T. Burke,1 R.J. Casperson,1
M. McCleskey,5 R.A.E. Austin,6 S. Bur(:her,2 R. O. Hughes,l’7 B. Manning,2 S.D. Pain,8
W.A. Peters,9 S. Rice,2 T. J. Ross,7 N.D. Scielzo,1 C. Shand,z’10 and K. Smith'!

100 5
o
< ~ _ \
S _ * The obtained Hauser-Feshbach parameters
- are used to calculate (n,y)
2 T+ Kapchigashev (1964) N * We found an excellent agreement with the
h _,| + DeL. Musgrove (1976) .
O 107 —-—- ENDF/B-VIII.O L dlreCt measurement. J

Weisskopf-Ewing Approximation
—— 9Mo(d, p) Surrogate Data (this work) N
1073 - -
1072 1071 100
Neutron Energy (MeV)
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Compound nucleus reaction: *>Mo(d,py) with Koning-Delaroche OP

PHYSICAL REVIEW LETTERS 122, 052502 (2019)

Towards Neutron Capture on Exotic Nuclei: Demonstrating (d py)
as a Surrogate Reaction for (n,y)

A. Ratkiewicz,l’z’* J.A. Cizewski,2 J.E. Escher,1 G. Potel,3’4 J.T. Burke,1 R.J. Casperson,1
M. McCleskey,5 R.A.E. Austin,6 S. Bur(:her,2 R. O. Hughes,l’7 B. Manning,2 S.D. Pain,8
W.A. Peters,9 S. Rice,2 T. J. Ross,7 N.D. Scielzo,1 C. Shand,z’10 and K. Smith'!

a failure to account for the initial spin distribution

. __— (Weisskopf-Ewing approximation) leads to poor
_ O / results!
O
< ~ _ \
S _ * The obtained Hauser-Feshbach parameters
- are used to calculate (n,y)
2 T+ Kapchigashev (1964) N * We found an excellent agreement with the
h _,| + DeL. Musgrove (1976) .
O 107 —-—- ENDF/B-VIII.O L dlreCt measurement. J

Weisskopf-Ewing Approximation
—— 9Mo(d, p) Surrogate Data (this work) N
1073 - -
1072 1071 10°
Neutron Energy (MeV)
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Direct reaction: °Li(d,p) with Nuclear Field Theory (NFT)

. SJ— independent
' Far&tte model

S1/2
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Direct reaction: °Li(d,p) with Nuclear Field Theory (NFT)

s ]

. S1/2
0.5 .
Li
0.5
1 Pi/2
1.5

d5/2

S12

S12

RPA quadrupole
phonon
(E. Vigezzi talk yesterday)
PVC vertex

attractive self-
energy contribution
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Direct reaction: °Li(d,p) with Nuclear Field Theory (NFT)

ﬂ S12
1.5
2+
1 51/2 ds»
s F’.l/Z
0.5

Lt S1/2

Pauli-blocking,
-1 Pl/z o P repulsive contribution

-1.5
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Direct reaction: °Li(d,p) with Nuclear Field Theory (NFT)

J S112
1.5+

2+
1 51/2 ds»
/ S12 Pl/z
0.5 L .
% ' 10} : S1/2 } parity inversion!
; ""L‘d ‘ LL *
0.5 4 . P12
\
1 Pi/z o P
1.5
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Direct reaction: °Li(d,p) with Nuclear Field Theory (NFT)

T s
e
0.5 . .
Li=i°Li
0 ________________________________________________________________
0.5
T

- -1 .
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Direct reaction: °Li(d,p) with Nuclear Field Theory (NFT)

f 1o Cavallaro et al., PRL 118, 012701 (2017)
1.5+
o+ Barranco, GP, Vigezzi, Broglia PRC 101, 031305(R) (2020)
s d5/2
1 1/2 3.5 —
1/2 S .
s P/ 307 . OLi(d,p)
0.5 42
0
-0.5
-1 Pl/z Pl P 00 05 10 15 20 25 30 '7 35 4.0 45
E, (MeV)
15 theoretical description validated by

experiment

Lawrence Livermore National Laboratory A‘Sq.o‘ 72

LLNL-PRES-xxxxxx juclear Security Administration




Applications: population of low-lying dipole states in 2°Sn(1°)
with (d,p) reactions

PHYSICAL REVIEW LETTERS 127, 242501 (2021)

Microscopic Structure of the Low-Energy Electric Dipole Response of 2Sn

M. Weinert ,1’* M Spieker ,2 G. Potel ,3 N. Tsoneva ,4 M. Miischer ,1 J. Wilhe:lmy,1 and A. Zilges !

1250 | | 21 . 400 F 1198n(d,py) 3 1 I (c) QPM + Reaction
21 <
o - = 0.5 _
% 1000 ; 200 | 3 05F d | | l :
T 750 F 1 ”~ A R 1 VY (19
é 0 | ! ‘\E ,_ T T | J
S 500 6 7 8 g 1 :
© 2% 2 10 F :
- 27 [+ 2
20 : o Sn 100 b () QPM
0 ] 1 ll | YTV D A 4| = E | L L I I |3
1 2 3 4 5 6 7 8 9 4 5 6 7 8 9
Ex [MeV] Ex [MeV]

[ Structure of *29Sn calculated within the Quasiparticle Phonon Model (QPM) by N. Tsoneva )

. . (24
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The GFT formalism suggests an R-matrix parametrization for the
indirect cross section

Rep. Prog. Phys. 73 (2010) 036301 (44pp)

1000 The R-matrix theory
= p+12C 0=146.9° P Descouvemont' and D Baye'?
g
% 500 | /_\
S do(F)
2
0 S S—" S y X ‘Tz()(E )‘
0 0.5 1 1.5 2 O
E (MeV)
— Yip Y 0q
Tio(E) =V Pi(E)R(E) )

Yy (Ep — E)opg — 2. VicVje(Se(E) + iP(E))
LT—matrix partial widths and energy parameters fitted from datﬂ

. . (75
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The GFT formalism suggests an R-matrix parametrization for the

indirect

cross section

\.

(connection between direct and indirect R-matrix parameter

exam[ote:
« direct: a scattering (T,(E))
«  Uadireck: (5Li,d). (T'4(E))

5 )

y

t Lawrence Livermore National Laboratory
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The GFT formalism suggests an R-matrix parametrization for the
indirect cross section

(connection between direct and indirect R-matrix parameters\
exampte:
« direct: a scattering (T,(E))
k. indireck: (5Li,d). (T4(E)) y
indirect
T=-rmakbrix

TH(E) = | To(Ew) gl B) dk.

/

direct
T-makrix

. . "‘l
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The GFT formalism suggests an R-matrix parametrization for the
indirect cross section

(connection between direct and indirect R-matrix parameters\
exampte:
« direct: a scattering (T,(E))
k. indireck: (5Li,d). (T4(E)) y
272
tndirect _ nk
T=-rmakbrix B

direct
T-makrix

. . "l
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The GFT formalism suggests an R-matrix parametrization for the

indirect cross section

e.xam[ote:

(connection between direct and indirect R-matrix parameters\

» direct: a scattering (T,(E))
K. indireck: (5Li,d). (T4(E))

by

|
indirect () ."
T-makrix
a" b
/ L 8 broadening h
direct factor
T-matrix 906 E) = [0 (0003 B) F* (1,10 di
N WV,

w Lawrence Livermore National Laboratory
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The GFT formalism suggests an R-matrix parametrization for the
indirect cross section

indireck
T-makrix

1= [ VREIRE)Y G

exam[ote:
« direck: o scattering

- indirect: (°Li,d)

(connection between direct and indirect R-matrix parameters\

by

%p’YOq

prq

)0pg — D VicVie(

factor

g(k) dk.

(&
broadeutw

g(k) = / WHM (ry0) F*(rpa, k) drea
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The GFT formalism suggests an R-matrix parametrization for the
indirect cross section

(connection between direct and indirect R-matrix parameters\
e.xam[ote:

« direck: o scattering
«  indirect: (6Li,d)

indirect )
T-makrix
’Yip’YOq
— P; E P E : k) dk.
rh = [ VREIR S0 D N T KXz R AV K
!

g(k) = / WHM (ry0) F*(rpa, k) drea

L\ ke
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The GFT formalism suggests an R-matrix parametrization for the
indirect cross section

If the broadening distribution is narrow, the T-matrix can be evaluated at

the peak
e This is essentially the approximation made by Barker in Aust. J. Phys. 20

(341) 1967 for isolated resonances

%p’YOq
= P;(Ey)Py(E , k) dk.
rh = [ VREIR S0 D N T KXz R V) K
T ~ \[PABp) Po(EPe) Y T e / g(k) dk.
o4 (Ep — B} )5pq_zc%c’YjC(Sc(Ek ) + 1P (ERT))

Sp—
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Conclusions and some perspectives

(.

The calculation of the OP provides a flexible and versatile connection between h
structure and reactions, including 3-body reactions (with GFT)
! It can be used across different regimes (compound vs direct; bound vs unbound...)

S

whals nexk?

[- Implement the recommendations of the community. A
* Disentangle direct, pre-equilibrium, and compound reactions.
* Explore the limits of validity of the statistical model.

e Systematic implementation for deformed nuclei

\. /

- ; \/ v
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Thank you!
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Teaser: °He structure with 8He(d,p)

E*—S,, MeV
0. 11 12 13
1+ 9 9 ;L 4Be sB he
He? -
—
O i ~
—1F
ol — 25112
3+
—4F+
5k N =7 isotones 1py)

is °He parity-inverted?

the parity of the unbound °He
ground state is still
controversial
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Teaser: °He structure with 8He(d,p)

E*—S,, MeV
" 9He‘7 YLi UBe B c
ol ——
Z

1k
ol — 251
3k
4+
5k N =17 isotones 1py)

is °He parity-inverted?

the parity of the unbound °He
ground state is still
controversial

K. Fossez, J. Rotureau, W. Nazarewicz.

Phys. Rev. C 98 (2018) 061302(R)

E-E(*He) (MeV)

1 _ 5/27 L=
B 2t o 1/27
A | | - - =5/2%
2t _
3/27 oo
ot
=1/27
B . 0t _=— -1/2 +
He chain 0

G-DMRG N .
Xp

5 6 7 8 9 10

we use a structure approach
with explicit inclusion of the
continuum (K. Fossez)
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Teaser: °He structure with 8He(d,p)

K. Fossez, J. Rotureau, W. Nazarewicz.

R Phys. Rev. C 98 (2018) 061302(R) n+3He elastic scattering
* s e
10 . 11 12 13 ' ' ' ' ' ' 1600
1 9He? - sl 4Be 5B eC ol GDMRG = | 100,
0r — = ol v 5/27 = | 1200,
_1k > o
) ot 1/27 41000 -
2+ = 2511 = e B -7 =5/2" E
| T 2 | W o 5999
3t 5_/ 1 N 3/2 = f:; 600 |
[ﬂ _ [ —
-4 ' 4001
4 €3 ol |
_5F N =17 isotones 11 —v2 2001
I He chain otem SME _or ] O’\J , , , , . . .
is °He parity-inverted? 6 7 s 0 10 200 02> 030 elitron energy (Mev) o T E%
A
the parity of the unbound °He we use a structure approach with the GFT formalism we
ground state is still with explicit inclusion of the can “translate” neutron
controversial continuum (K. Fossez) elastic scattering into (d,p)
Cross sections
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Teaser: °He structure with 8He(d,p)

K. Fossez, J. Rotureau, W. Nazarewicz.

R Phys. Rev. C 98 (2018) 061302(R) n+°He elastic scattering
k s e
105 . 11 12 13 ' ' ' ' ' ' 1600 4
' 9He? g Lok d © 3t GPMRG g | - 14001
o = _2F VE - i (| 7 1200 -
_1k = N Y §1000-
Y — 25112 A IC - =5/2" £
— 2t _ ~— 800
é 0 %
-3t D 32 - B 600
& 1 ot RS
-4 ' 4001
4 el | 200
_5F N =7 isotones 11 —v2 1
' He chain e O’\J , - N
is °He parity-inverted? T O O R T T 2%
A
we are partnering with experimentalists Y. Ayyad and A. Macchiavelli
to prepare a proposal for the 8He(d,p)°’He measurement at FRIB
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Thank you for your attention!

Jutta Escher, Kostas Kravvaris

K. Fossez (FSU)
. Lawrence A. O. Macchiavelli (ORNL)

Live_rmore Y. Ayyad (U of Santiago de Compostela)
National

Laboratory

3Mo: A. Ratkiewicz, J. Escher, J. Burke, R. Casperson, R. Hughes,

Grlgor Sargsyan N. Scielzo (LLNL), J. Cizewski, S. Burcher, B. Manning, S. Rice, C.

Shand (Rutgers), M. McCleskey (TAMU), R. Austin (St Mary's), S.

' Theory Alliance Pain (ORNL), W. Peters (U of Tennessee), T. Ross (U of Richmond)
‘ FACILITY FOR RARE ISOTOPE BEAMS and K. Smith (LANL).

1206n: M. Weinert, M. Muscher, J. Wilhelmy, A. Zilges (U of
Cologne), M. Spieker (FSU), N. Tsoneva (ELI-NP).

. . (24
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Neutron capture process (n,y)

neutron

incident energy
O

target nucleus

J

neutron emission
threshold
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Neutron capture process (n,y)

favorite 0P

here !

 The absorption probability of the
neutron is calculated with the
OP
o * Within the Hauser-Feshbach
formalism, it is encoded in the
J transmission coefficients
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Neutron capture process (n,y)
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Neutron capture process (n,y)

E/\

Sn
* Neutron emission competes with
E‘a Y emission
‘ * 7y emission probability is
calculated from the y strength
0 function
* if y wins, the neutron is captured
J in a bound state

. . "l
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A surrogate for (n,y): (d,py) with the GFT formalism

deuteron

* Neutron scattering cannot be
performed on radioactive nuclei

* Surrogate inverse kinematics
(d,py) reactions can be
performed instead

* The process is described within

I Green’s Function Transfer (GFT)

formalism
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A surrogate for (n,y): (d,py) with the GFT formalism

* As afirst step, the OP breaks the
‘ deuteron
 We assume that the proton
doesn’t play any subsequent role
(spectator approximation)

O

ko o&&ea&or

| —

. q \ / o
Lawrence Livermore National Laboratory N A ngé“ 94
LLNL-PRES-xxxxxx National Nuclear Security Administration



A surrogate for (n,y): (d,py) with the GFT formalism

e The Green’s function is used to

'gt_ _O+ describe the neutron-nucleus

propagation
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A surrogate for (n,y): (d,py) with the GFT formalism

tnsert the
¢ here !

e The Green’s function is used to
+ describe the neutron-nucleus
propagation
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A surrogate for (n,y): (d,py) with the GFT formalism

e The Green’s function is used to
describe the neutron-nucleus
propagation
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A surrogate for (n,y): (d,py) with the GFT formalism

 The restis history!

@ Lawrence Livermore National Laboratory N A‘Sﬁé‘g 98
LLNL-PI National Nuclear Security Administration

RES-xxXxxx



A surrogate for (n,y): (d,py) with the GFT formalism

E/\

Sull- -‘;\—/i/\,\ﬁ
 The restis history!

p * The photon is detected in
‘ coincidence with the proton
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Capture processes: direct capture

@ >
\ continuum with no

resonances (or too weak)

- an o an oo ™ = o
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Capture processes: direct capture

.
*
*
-
*
*
*
-
*
*
*
*
*
*
*
.
-
L4
*
-
*
*
*
*
*
-
*
*
*
*
.
.0
*

.0
*
-
.O
*

‘e
‘e
.

.0
-
*
.0
*

4
.O
*
.0
*

i = (7| Algy)

process favored if strong resonances are not

present
electromagnetic T-matrix accounts for the
guantum amplitude from the scattering state

to the final bound state
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Self energy in a nutshell

nucleon in vacuum with external field U

(E-T—-U)xo=0

w Lawrence Livermore National Laboratory N A‘Sq(\ffi“ 102
LLNL. National N jon

-PRES-xxxxxx tional Nuclear Security Administrati



Self energy in a nutshell

nucleon in vacuum with external field U
(E — T — U) X0 — O
nucleon in a medium with 2 intrinsic states ¢, and ¢,

U = ¢oxo + P1X1

@ Lawrence Livermore National Laboratory N A‘S&“é‘\ 103
LLNL-PI National Nuclear Security Administration

RES-xxXxxx



Self energy in a nutshell

nucleon in vacuum with external field U
(E-T—-U)xo=0
nucleon in a medium with 2 intrinsic states ¢, and ¢,

U = ¢oxo + P1X1

the nucleon couples to the medium
(F =T —=U)xo = Unx1
(E—El —T—U)Xl = USHXQ

. . ( "‘l
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Self energy in a nutshell

the nucleon couples to the medium
(F =T —=U)xo = Unx1
(E—El —T—U)Xl = Uéleo

we manipulate the second equation

X1 = %lg%) (E—e =T —U+in) " Ulxo = G(E - e)Ug1 X0

. . ( "‘I
@ Lawrence Livermore National Laboratory N A‘S’i%‘\ 105
LLNL-PI National Nuclear Security Administration

RES-xxXxxx



Self energy in a nutshell

the nucleon couples to the medium
(F =T —=U)xo = Unx1
(E—El —T—U)Xl = Uéleo

we manipulate the second equation

. Cov—1
X1 = %lg}) (EF—e1 =T —=U+1m) Uyxo=G(E —e€1)Up X0
where we have defined the Green’s function

G(E) = lim (BT - U +in) "

. . ( "‘I
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Self energy in a nutshell

the nucleon couples to the medium
(E—=T—=U)xo=Uonix1
(E—e —T —=U)x1 = Ug xo
substituting in the first equation

(E—T —U)xo =UpnG(E —€1)Uj1x0

. . "l
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Self energy in a nutshell

the nucleon couples to the medium
(E—=T—=U)xo=Uonix1
(E—e —T —=U)x1 = Ug xo
substituting in the first equation

(E—T —U)xo =UpnG(E —€1)Uj1x0

we define the optical potential

[V(E) — U + Uy G(E — el)U(’)‘lj

(F—T—-V(E))xo=0

. . "l
@ Lawrence Livermore National Laboratory N A‘S;?‘é‘\ 108
LLNL-PI National Nuclear Security Administrati
ity jon

RES-xxXxxx



Self energy in a nutshell

the nucleon couples to the medium
(B =T —-U)xo0=Uoix1
(E—e1—T-U)x1=Ujxo

ak.a the
self enerqgy:

substituting in the first equation
(E — T — U) X0 — U()lG(E — 61)U51X0
we define the optical potentiaLS

[V(E) — U + Uy G(E — el)U(’)‘J

(F—T—-V(E))xo=0
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Self energy in a nutshell

' Ql‘; 1



Dispersion (Kramers-Kronig) relations

e U (MU (') Uy (r)Uon (7)) (B =T — U —in)
VIE) =l o~ (E—T—U)2+12
UG (m)Uo (') B ) :
ReV(E) = Z s mV(E) =~ (r)Uos (Y)0(E T~ U)
ReV(E) = —% / ( EIIEVT(?)U) IE'

B 0 ("‘l
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Applications: Dispersive Optical Model (DOM); Ca(d,p)

Eur. Phys. J. A (2017) 53: 178 THE EUROPEAN
Toward a complete theory for predicting inclusive deuteron PHYSICAL JOURNAL A
breakup away from stability

G. Potel'»?, G. Perdikakis’»?3:® B.V. Carlson*:¢, M.C. Atkinson®, W.H. Dickhoff>, J.E. Escher®, M.S. Hussein® "8,
J. Lei”d, W. Li', A.O. Macchiavelli'®, A.M. Moro?, F.M. Nunes"!'!, S.D. Pain'?, and J. Rotureau'

6_ 'llllIllllIllllllllllllllllllllllllll 6‘_
: ’ 40 : o[ — -0 60
5B |‘ Ca(dp) .. (a)_: SEi - ¢=1[PCaldp)
S Ei '|| i ] =1
(0] 4:-:| *. . - ] 4:_ —= /=3
= I'.n 2N ] - (=4
S A 2V ] g ;
s 3 T / \" 3 3E R
= L f NI / \ - - SN
SENTH, ” A ; - R \
3 23—:' IIl //" ‘\\ - 2F "/ \
'% _II I. /‘, \\ - L / L. \
)l ',u\;-/' N ] - ro NN
o PRGN N PEa [ o N
:’|| || . - N E E ’// _ - - \‘\. Y
0 0 llias 0
~10-5 0 5 10 15 20 25 30 "5 0 5 10 15 20 25 30 0 5 10 15 20 25

E, (MeV)
* Dispersive: reproduction of positive and negative energy cross section

* Controlled extrapolation to exotic nuclei
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Applications: Dispersive Optical Model (DOM); Ca(d,p)

E (MeV)

is °'Ca bound?

J‘IT

5/2*
K/y

4.75

SB0FrTTT——— T T T T T T
-340 -‘-\ \
-360 o =NN + 3NF__
Experiment’ NO (but too close
+-+NN onl
o . to be conclusive)
420
440 . . /_v..,.::)-
-460 N N ==
480 ‘\k‘ E
\‘—~0
-500 e 2
3‘9 4]0 4]I 4‘2 4‘7 4]8 4]9 5‘(‘)A51I 5‘2 5‘3 5‘4 5‘5 5‘6 5‘9 6‘() ()ll (;2
53Ca 55Ca
Re(E] I Re[f] T  ReE]/ T NO
1.99 1.97 1.63 1.33 1.14 0.62

4.43

do/dE (mb/MeV)

0.23

2.19 0.02

—
N

—_ 52"

1.5

23
E(MeV)

3 35 4

8
6
4_
.
— on'| |
9

coupled cluster
Hagen et al., PRL
109, 032502 (2012)

®0Ca(d,p) with
DOM
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Applications: Dispersive Optical Model (DOM); Ca(d,p)

inversion of 9/2+ and 5/2+ orbitals?

'320 TrTrr1r  rrrrrrrrorrrT LU
-340 ".\ \
R SN —«NN+3NF,,
-380 R \'\\ o—e Experiment
RN -+ NN only
< -400 AN
() N
2 420
m
-440 .—l.‘_._-
-460 N
480 g YES coupled cluster
500 TN Hagen et al., PRL
3‘94‘04‘14‘2 1;71;84;95IOA5I15I25I35I45I55I6 5‘96‘06‘]6‘2 109’ 032502 (2012)

$3Cq /(Ca 61Cy
Jn_—Re{E] T R[] T RJE]/ T NO

l’5/2+\’ 1.99 1.97 1.63 133,114 \’ 062/
9/2% 4.75 0.28 443 023 ‘219 0.02
;L < N

N—

14 i T ]
0.8 1
> : NEB |
2046 10+ : E
E,, st : %0Ca(d,p) with
. 6 1
% — st ! DOM
5" —_ |t :
1
%. ((\5.5 1.5 é : 2i5 3.5 4
E(MeV)
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Applications: Dispersive Optical Model (DOM); Ca(d,p)

B0 T TTT TT T T T T T T T T T
E " E
-340 R \
B AN ««NN+3NF_|
N eff

2380 F o—e Experiment
+ -+ NN only
£ 00k
= a0k
= 440 F - E .
ol “.--*===1  transfer strength function
asof . i informs about widths coupled cluster
ook RN Hagen et al., PRL
35904122 Jvisigs'fu'zs'zs&s'ssk 35606762 109, 032502 (2012)
SSCa SSCa 61Ca
JT Re[E] r Re[E] r Re[E] r
5/2+% 1.99 1.97 1.63 1.33 .14 /0.62\
9/2* 475 0.28 4.43 0.23 219 ‘002 /

0-87 : i T T T T : T T : T T T i
E ! ! 11’ ' ' NEB 1
0.6 1 1 10+ 1 1 i .
5 : - I : , ®°Ca(d,p) with
= o4 : of : ]
] I : — st L I ] DOM
g o : — op*| JL ! ]
%.5 é * ZI.S 3 35 i 4 ((\5.5 1 15 é * 215 35 4
E(MeV) E(MeV)
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An extension to holes: The Green’s function knockout (GFK) and
the asymmetry plot

(talk by J. GdGmez Camacho)

101J9l9pP
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An extension to holes: The Green’s function knockout (GFK) and
the asymmetry plot

PHYSICAL REVIEW C 107, 014607 (2023)

Green’s function knockout formalism

C. Hebborn®">" and G. Potel > (talk by J. GdGmez Camacho)

do 2ppr (E, )
— = P(L+s,) hole optical potential
dE:._ d<Q2 K2k ¢
fer PT(P) ¢}(lfNT)(r) Gopt (E ) ,O(fNT)(I‘)
_SN
<2 (@M lmOnE|e)
Ey=—8—s{ hole Green’s function

sum over energies below
particle threshold
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When we include the coupling to the electromagnetic field, we
can compute the (n,y) cross section

electromagnetic coupling A(r)

ot~ < fim (3{F39) 6

e\
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When we include the coupling to the electromagnetic field, we

can compute the (n,y) cross section
photon
hwi L hwi
. L
42 2
L L

hw; -
V=--O=fi =
L L
electromagnetic coupling A(r)

Ghe coupling of the system with an electric photon of multipolarity A is
Ai(r) = 1Y) Ty 0

where T; ; is the partial y width, calculated with, e.g., the shell model J
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An equivalent expansion in powers of the couplings can shed
light on direct, preequilibrium, and compound processes

. unperturbed
— - - + E L propagator G,
: total K »

propagator G

equivalent
expansio‘ j
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An equivalent expansion in powers of the couplings can shed
light on direct, preequilibrium, and compound processes

w~

—— d i
shape elastic Y~ ~/ "’
direct
mow does this compare with the Hauser- ) L
Feshbach distinction between direct and g4
compound, based on energy-averaged S- . ,
@atrix - o Y

preequilibrium + compound
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An equivalent expansion in powers of the couplings can shed
light on direct, preequilibrium, and compound processes

0.30:
0.25—2 73
0.20-2
&~ 0.15-2 j
010°
0.05-5 ) N 2
000—E - +Z + Z J + (X X
£ 0 1 2 3 4 5 6 7 8 9 ' . ¢
E (MeV) i{} . gdl.f
shape elastic \ Y~ ~/ "’
direct
mow does this compare with the Hauser- ) L
Feshbach distinction between direct and 4%
compound, based on energy-averaged S- . )
@atrix - o Y

preequilibrium + compound

o
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Some strong single-particle states are also strong y absorbers/emitters

some states couple strongly
to the neutron channel

0.5 0100 wm  w *® 1
o 0.001F
g 0. 1
D X ]
o . - A!A&A:‘ﬂ‘
'5.0' w0l L ﬁ‘. i
§ 0 5 10 15
So. ]
0 A B Positive parity
Q u . .
Q 4 Negative parity
0. i

™ A A ]

A g B4 ‘a ]

B e ——
5 10 15

Excitation Energy (MeV)

ANNALS OF PHYSICS: 63, 171-218 (1971)
Partial Width Correlations and Common Doorway States

A. M. LANE

PHYSICAL REVIEW LETTERS 125, 102503 (2020)

Accessing the Single-Particle Structure of the Pygmy Dipole Resonance in 2**Pb

M. Spieker ,1’* A. Heusler ,2 B. A. Brown ,3 “ T. Faestermann ,5 R. Hertenberger ,6 G. Potel ,7 M. Scheck ,8’9
N. Tsoneva®,'® M. Weinert®,'" H.-F. Wirth,® and A. Zilges®"'

PHYSICAL REVIEW LETTERS 127, 242501 (2021)

Microscopic Structure of the Low-Energy Electric Dipole Response of 12’Sn

M. Weinert ,1’* M Spieker ,2 G. Potel ,3 N. Tsoneva ,4 M. Miischer ,1 J. Wilhelmy,l and A. Zilges !
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