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Reminder: Motivation

Present theories provide valuable information on angular momenta
...but have serious limitations in resonance cases

Example: 2°0(d,p)?'O inverse-kinematics

. . experiment - Intepreted the traditional wa
*  Problem: present theories rely heavily on one- P P Y

100 3
body overlap function of A and A+1 systems >~ B
F ey ]
F(r) = BT T 9% =2
IA (r) =< (pAl P > 10 — »
o carries structure information . o o
o not well-known in nuclear interior 3
o typically approximated by single-particle function e 121 R
10k S <
« Calculations converge very slowly Rl L feer ;
a K M
* Not appropriate for describing reactions g i
involving wide resonances R .
« Desired resonance properties (energies and 10| [
widths) cannot be reliably obtained F resonance ; e
) Fernandez-Dominguez et al, 3
] .+, PRC 84, 011301(R) (2011) ~
Mukhamedzhanov’s suggestion: Extend : "‘”\I_ 617
R-matrix description to transfer reactions F ST
F resonance \
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Mukhamedzhanov’s surface formalism for (d,p)

Features/Claims:

Model dependence contained in interior
term = Claim: term is small

Claim: surface term is dominant

Surface term can be written in terms of
reduced widths, the surface radius, and
derivatives of known functions.

Formalism valid for bound states and
resonances

Formalism derived for DWBA and CDCC

Claim: Exterior term vanishes in CDCC
implementation

Surface formulation
M= !\n(post)(o,a)}+\Msurf(a) + M(Prior)(a,oo)}

! Y »
model dependence asymptotic quantities

Msurf(a) = f(a’ CAF’ BnA)

B, = log derivative of |,F at surface radius a

ANC: C,F defined through: I, (r,n) 2 CAF W(kr,,)
related to reduced width amplitude C,F ~ y,

TORUS: tests & implementation of surface formalism for (d,p)

Status:

» Relative contributions of terms studied within DWBA = PRC 2014
* Implementation of M_,, ; within CDCC underway (lan)

« TBD: study of relative contributions within CDCC (Year 5)

« TBD: using R-matrix-type parametrization and fit real data (Year 5)




Mukhamedzhanov, PRC 84, 044616 (2011) - overview
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ll. Formalism for bound states
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C. Post-form CDCC
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Theory of deuteron stripping: From surface integrals to a generalized R-matrix approach

A. M. Mukhamedzhanov
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There are two main reasons for the absence of a practical theory of stripping to resonance states that
could be used by experimental groups: The numerical problem of the convergence of the distorted-wave Born
approximation (DWBA) matrix element when the full transition operator is included and the ambiguity over
what spectroscopic information can be extracted from the analysis of transfer reactions populating the resonance
states. The purpose of this paper is to address both questions. The theory of the deuteron stripping is developed,
which is based on the post continuum discretized coupled channels (CDCCs) formalism going beyond of the
DWBA and surface integral formulation of the reaction theory [A. S. Kadyrov ef al., Ann. Phys. 324, 1516
(2009)]. First, the formalism is developed for the DWBA and then it is extended to the CDCC formalism, which
is the ultimate goal of this work. The CDCC wave function takes into account not only the initial elastic d + A
channel but also its coupling to the deuteron breakup channel p + n + A missing in the DWBA. Stripping to both
bound states and resonances is included. The convergence problem for stripping to resonance states is solved
in the post CDCC formalism. The reaction amplitude is parametrized in terms of the reduced width amplitudes
(asymptotic normalization coefficients), inverse level matrix, boundary condition, and channel radius, which are
the same parameters used in the conventional R-matrix method. For stripping to resonance states, many-level and
one- and two-channel cases are considered. The theory provides a consistent tool to analyze both binary resonant
reactions and deuteron stripping in terms of the same parameters.

DOI: 10.1103/PhysRevC.84.044616 PACS number(s): 24.30.—v, 25.45.Hi, 24.10.—i



Reminder: (d,p) formalism

Transition matrix element —- DWBA and CDCC approximations

Transition matrix element M:
* Connects initial to final wave function
« Cross section o ~ M2

M(post) = < q)f(-) | Ava | 1pi(+) >

—

DWBA 3-body
< QrXpr? | AVie | @gPa%aal” > < Qr e | AV e | @p W) >
<A Xpr | AV | @ xan™ > < AP e | AV | W3BM) >
CDCC
W.(*) : exact d+A scattering function < A" Xpe® | AV e | WEPCC) >

D) = @ Xp,:(') exit channel function

M(prior) = < lIJf(-) | AV 0 | q)i(+) >
|,F = < @u| @ > one-body overlap

AVgp=Voa + Vop — Uga




Surface formalism for DWBA

MBS = < ) | AV, | W) >

Transition matrix element M:
e Cross section o ~ M2

l * |s split into interior and exterior parts

DWBA

Mukhamed-
zhanov

<A™ %o | AV e | @4 xgat™) >

A" = < @al O > =147 (rn)

One-body overlap function of A and A+1 systems

3-body system
A

—

Interior + exterior

M(Post) = \M(Post)(Q,a) + M(Post)(g, =)
[ : \
Mgui(@) +MPrion(a, )

l

Surface formulation
M= M(post)(o,a) + Msurf(a) + M(prior)(a,oo)
\ ] | J

! Y )
model dependence asymptotic quantities

Msurf(a) = f(a’ CAF’ BnA)

B, = log derivative of |, at surface radius a

ANC: C,F defined through: I,F (r,x) D CAF W(kr,,)
related to reduced width amplitude C,F ~ y,a




Surface formalism for DWBA - bound states

DWBA
AV g = Upp + Vo — Upr

<|.Fv O AV (+) >
A Xpr') | AVpr | @qXaa = Vpn + Ual — [Upr] + (Upa — Uan). (1)

A" = < @al O > =147 (rn)

My ® (Kpr, Kar) = MPY(Kpr, Kaa)
Green’s Theorem: +Mg‘:vmnon(k"" +Kaa),  (14)
[ arronT - T
r<R
| M pr. kan) = (P 1| T = T |0axai)|, op,- - (16)
=3 dS[g(r)V  f(r) — f(r)Veg(r)]
K Jr=r
- / [ 8f(r) Bg(r)] /
= ——R" (r) — f(r)
2# f r=R
Surface term: /
|
MV (Kpr, kaa) = 2in REA/d"pFX Ky (rPF)feru
15 (raa) 2304 pa) X (Taa)
[¢d(rpn)x(+)(rd )M—[lf(ru)] e Pa =" a
A rNA raa=Raa
Formulae from Mukhamedzhanov, 7

PRC 84, 044616 (2011)



Surface formalism for DWBA - bound states

MY (Kpr, Kaa)

R . i
- 2#“,4 D JaMajaam | Jr M) (JaMalaamy,, | jnam ) (JpMpJa M| JaMa) Vi ajuates
" Jaatm gy My, My

3(pd(rpm )Xé::(rdA)
rna

/drpFX kp (rpF)/er.A YI.Am; (Faa) I:(Pd(rpn)xkﬂ(rdA)(BnA — 1)— Rsa

Taa=Rga

Asymptotic overlap: DW(prior) ,,_ Suggestion: Parametrize in
R Mex (Kpr.Kaa)  torms of ANC
FeA > Kaa . .
A]-AIM(R"A) RS l‘A+lanh$H(‘KnArnA)
ANC Surface formulation
Reduced-width amplitudes: M = M(post)(0,a) } Model dependent! Small?
R
Vatjasen = 1 3kt (Ra) + M, «a)
Hna Asymptotic quantities

K + M(Prion(3, )
R . -
- ZI:nAA a IK"AC:J Aluh(l)(“(nA Rya)

.. and analogously for Mericr

Boundary condition: N
| d[anh}::(i’(nArnA)] Also...

(1),
hlu(lKﬂA Rs:a) dr rea=Rea Msurf(a) — M(prior)(o,a) - M(pOSt)(o,a)

nA —




Numerical tests of the formalism (DWBA) — 4Ca(d,p) at E;=13, 19.3, 56 MeV

Anaular cross section — Surface term only Peak cross section relative to full calculation
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Surface formalism for CDCC - bound states

MEs) = < @) | AV

| 1pi(+) >

v

AV, = Ut 4 Vpn —

= Upr = [—Uprl + [Up 5 + Vpu].

(58)
CDCC
< 1aF xpe®) | AV | WEPCCH) > M P K, kga) = M7, K p)

= (R I8 | T-T WD) s
Surface term: (62)
MEPCCRD e ki)

, CDCC(+)
Ria (+) / CDCC(+) [ AT "A)] F + W, (rpF, Taa)

"~ 2pna ./drpFX_k #(pr) | A€ | s (Fpr. Fan) Irna [a o) draa raa=Raa
= —Mg,[fqm’(kp Kaa) = l:nAA > (JAMAJnA'"j.Al-’FMF) Note: CDCC post form has no prior-

Jnam j, oMy, M,

x(JnMnlnA’nlM|jnAij)}’nAj.,|lMfdrpFX(+) (rpF)/

X |:\piCDCC(+)(rva Faa)(Bra — 1) — Rpa

Formulae from Mukhamedzhanov,
PRC 84, 044616 (2011)

Tea

CDCC(+)
3\1',’ (rpFe rnA)

Oy

de, Y

|

extrior contribution in PRC 84 (2011):

Iaami, (r"A) MCDCC‘POSU(kp Fs de)
CDCC(post)
- Mmt ('\pF’ de)
CDCC(post)
raa=Raa -MSR‘A (ka9 de)?

Derivation for CDCC prior form does
give a prior-extrior contribution! (?7?7?)

10



Surface formalism for DWBA - resonance states

d+A = p + (n+A) B
b+B
Surface formulation f(r12, [A1], 1,F):

contribution hopefully small

M = M(post)(0,a)
b+B=n+A

+Msurf(a) _<b+B#n+A

+ M (prior)(g, ) b+B=n+A
_< b+B#n+A

Total post matrix element for b + B # n + A example:

MDW(post)(P, de)=2JT Z i’(sm,lm,IJFMF)(s’m,,I'mp|JFMF)(J,,M,,JAMA|s'm,,)(J,M,.J,,M,,IJde)
W'mgmymy My

N
x € Y, (—Kb5) Z [Tubsire(Epg)] A" [{X;,?If,v”,.|AVpp|godx§:))

v.r=I

Upekep .

Faa%Rea

2# (— )Of(llnA rna) Rpa (+) Rya
AV, ,
* RnA . (XPF TnA 01 (knA RnA) lm' (rnA) oA|PiXea raa=Raa N zﬂnA e
30a(rpn) Xy (an)
f drprx e (Tpr) f A2y, , Yim, (rm[wm,,,.)xm(rdA)(BM —1) = Ryp—— :
TnA raa=Raa
(117)

Analogously for CDCC resonance case 11




Concluding Notes

Surface formalism for studying resonances with (d,p):

» Uses successful R-matrix ideas to emphasize asymptotic properties of the
wave function

» Separation into interior and exterior leads to a surface term which can be
expressed in terms of familiar R-matrix parameters, thus providing meaningful
spectrosopic information

*  Our studies withing DWBA implementation show that the surface term is
dominant; dependence on model for nuclear interior is reduced

* Including breakup via CDCC removes is being implemented and tested
 More checks of the formalism itself are required
« Formalism paves way to move beyond conceptual and practical problems

The Surface formalism is a promising approach
for transfer reactions with unstable isotopes.

12



Study: testing the claims

The surface formalism: a closer look

Features:

* Model dependence contained in interior
term

» Surface term can be written in terms of
reduced widths, the surface radius, and
derivatives of known functions.

» Exterior term vanishes in CDCC
implementation

Questions:

* |s the surface term dominant?
Where?

* Do we get reduced dependence on
model for interior?

Under which circumstances?

« Can we extract useful spectroscopic
quantities from comparison to
experiment?

Surface formulation
M= !\n(post)(o,a)}+\Msurf(a) + M(Prior)(a,oo)}

! Y »
model dependence asymptotic quantities

Msurf(a) = f(a’ CAF’ BnA)

B, = log derivative of |,F at surface radius a

ANC: C,F defined through: I, (r,n) 2 CAF W(kr,,)
related to reduced width amplitude C,F ~ y,

Tests completed:
« 99Zr(d,p) for E;=11 MeV

— 91Zr gs, 1%t excited state, 2f,, resonance

- 48Ca(d,p) for E;=13, 19.3, 56 MeV

— 49Ca gs, 15t excited state

* 200(d,p) for E;=21 MeV

— 210 gs, 1%t excited state, 1d;;, and 1f;, resonances

« Akram:
— 12C(d,p) for E;=30 MeV
— 40Ca(d,p) for E;=34.4 MeV
— 209Pb(d,p) for E;=52 MeV

13



Internal, surface, external contributions — °°Zr(d,p) at E;=11 MeV

Peak cross section relative to full calculation
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Escher, Thompson, Mukhamedzhanov, JPCS (2012). 14



The surface contribution — °°Zr(d,p) at E;=11 MeV

Angular cross section — Surface term only Peak cross section relative to full calculation
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* The surface term is dominant, but corrections remain




Effect of varying the beam energy — 48Ca(d,p) at E;=13, 19.3, 56 MeV

Anaular cross section — Surface term only Peak cross section relative to full calculation

N——T—T—T——T—T—T"—T——T—
(a) E, = 13.0 MeV

2

LEN N S B B B S N S EE S N N B R R R R

exact 7 '_ 49 _'
T . - 49Ca gs (3/2-) ]
6.0 fim 4

—-=—— 7.0fn

8.0 fm N
e cxperiment

]
——
O

&

E
T

Cross section [mb/sr)
82 8
— i = o
T
-
i w
i =
! (1)
<
1

Nomalized peak cross section

—
=
T

(c) E,; = 19.3 MeV

Surface term
approximation | Z,,[
improves with :
decreasing
energy

Cross section [mb/sr]
o

=)

Normalized peak ¢
o o o o
-

o e oD o
T

il

b bt et et
-
T
’
-,
|

— b2
>
-~
4
’

1

Cross section [mb/sr]
12
L B
1

o i
T

=)
T
ai\
\
L \'k
£ '\‘_‘
e
s —
|
|
E
1 1

o
r
.

Nomalized peak cross section

I
I
/

1

!

]

|

1
1
1
]
)
I
]
{

o o o o
S
I

Calculations for
. _ 49Ca 15t (1/2-) give
R TR R R - R R T similar results

Angle [deq]




Cross section [mivsr)

Cross section [mivar)

100

The oxygen case - 2°0 at E ;=21 MeV

Angular cross section — Surface term only
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b & &

Cross section [mb/sr)
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Resonances — %Zr at E ;=11 MeV

Angular cross section — Surface term only
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* Results similar to bound-state cases
» Surface term dominant at larger radii
* [nterior/exterior terms still contribute
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Resonances - 2°0 at E ;=21 MeV

Angular cross section — Surface term only Peak cross section relative to full calculation
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Moving forward - 2°0 at E =21 MeV

Angular cross section at smaller radius

Angular cross section at peak radius




TORUS Collaboration

ReactionTheory.org’

TORUS: Theory of Reactions for Unstable iSotopes
A Topical Collaboration for Nuclear Theory

Collaboration

Research Propasal

Research Papers

Research Talks

TORUS internal

Theory of Reactions
for Unstable iSotopes

A Topical Collaboration to develop new methods that will
advance nuclear reaction theory for unstable isotopes by using
three-body techniques to improve direct-reaction calculations
and by developing a new partial-fusion theory to integrate
descriptions of direct and compound-nucleus reactions. This
multi-institution collaborative effort is directly relevant to three
areas of interest identified in the solicitation: (b) properties of

Waorkshops nuclei far from stability; (c) microscopic studies of nuclear input
parameters for astrophysics and (e) microscopic nuclear
- reaction theory.
Laboratories
Experiments
Site Details
www.ReactionTheory.org Webmaster: DT@ReactionTheory.org

© jotero.com

TORUS members

Ian Thompson (LLNL)
Jutta Escher (LLNL)

Filomena Nunes (MSU)
Charlotte Elster (OU)

V. Eremenko (PD, OSU)
L. Hlophe (Student, OSU)
Goran Arbanas (ORNL)

21



