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DOE has made big investment in unstable
beams for nuclear science

* Goals of RIB investments:
— find how elements formed
— test nuclear forces
— limits of stability
— applications
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* FRIB allows answers
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Need Reaction Theory
to interpret experiments and extract physics

* FRIB collides nuclei to study them.
* to extract nuclear structure from
reactions of short-lived isotopes

* to predict neutron reactions

on these isotopes = H"ﬂ" i

Reactions of choice;
d,p), (d,n), (p,d) transfers.

* Level densities
£ ted FRIB From angular distribution we get L-value
P ' Xpecte From magnitude we get probabilities
¢ mltlal & flnal reach for (d p) If reaction is peripheral we get tail size.
4
(n,Y) states at beam of 104/ sec

» But reaction theory has been neglected in the last 30 years

TORUS brings together a significant fraction of US workforce
& provides training for future




Current reaction theories have deficiencies

* The ‘Distorted Wave Born Approximation’
— old tool still used extensively by experimentalists

° Higher-order pathS negleCted (except in optical parameters)
« deuteron breakup,

* core excitation,
* multistep transfers at low beam energies

* Current reaction theories
— include some of these higher-order processes, but not all.
— hard for transfers to resonances & only single-particle so far

— do not clarify what structure is actually measured
* Interior spectroscopic factor, or
« Surface ANC, or partial width, or pole residue?



Our Collaborative Work in Context

Existing theories .
& Reaction Benefits
New TORUS work theories: Interp_ret
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TORUS goals:
Develop new reaction theory for RIBs

1. Demonstrate need for full three-body models

2. New Coulomb-distorted Faddeev equations
to include all orders of breakup, core-excitation and transfers

3. New theory of transfers to R-matrix states
to measure partial widths of resonance

then: Extensions to capture reactions

These new breakthroughs 1, 2 and 3 made possible
through the TORUS collaboration:

We combine theory + computation + validation + links to experiments




Better 3-body models needed

« CDCC does not reproduce
Faddeev for:
« transfer at high energies
(~20 MeV/u)
 breakup at low energies
<10 MeV/u
« disagreement can be large
«— need better approach

« Faddeev implementation
is limited

* in many cases cannot
obtain stable results for
low energy
» Coulomb screening cannot
be used for Z>20

» most cases of interest at

FRIB Z>20 — need better

approach
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« AGS formalism with new technique for Coulomb (Texas A&M)
« Critical to include good optical potential information (Ohio)



New Coulomb-distorted Faddeev Equations
with Target Excitations

* d+A scattering needs Faddeev Equations:
— When rearrangement and breakup channels are open, many final channels:

d + A elastic ~
/p + (nA) transfer
d+ 4 < All strongly
~ | coupled
\ n + (pA) transfer together.
p+n+A4 breakup |

» Shortcomings of the original Faddeev equations

— Designed for 3—3 processes for the 3-body problem,
* but no target excitation and no Coulomb

— Modification of Faddeev egs to 2—2 gives Alt-Grassberger-Sandhas (AGS)
 Faddeev equations in the AGS form are formulated,
= inclusionof target excitations and-Coulomb interaction: PRC 09/2012



R-matrix method for (d,p) to reson.’s

* Binary resonant reactions are best given by R-matrix parameters:
 observable partial widths, resonance energies, channel radii
« the main tool for experimentalists

Now extended to low-energy deuteron stripping

o P

A(d,p)F l\ — ’\/3//’

A F A F

both for stripping to bound and resonance states.
many-level and many-channel cases are included
both narrow and broad resonances.

Provides a consistent tool to analyze both resonance binary reactions
and deuteron stripping reactions in terms of the same parameters.

A. VI, MuKnamedzhanov, Fnys. Rev C 84, 044010 (ZU11)



Integrated Capture Reactions

 Needed for astrophysics and other applications

» Use structure information derived from our reaction theories
to predict capture reactions for neutrons.

 Must include higher-order contributions, some give resonances.
« Some early calculations:

Calculation of capture %°Ni(n,y) Calculation of inelastic 2%Pb(p,p'y)
via giant-dipole resonance (GDR) via Isobaric Analog Resonances
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Direct-semidirect capture 139Sn(n,y)
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from: Phys. Rev. Lett. 109, 172501 (2012)



Theory Workforce

» Pls: bring together 6 reaction theorists
— Livermore Laboratory (2)
— Michigan State University (1)

Neelam Upadhyay

— Texas A&M University (1) at MSU
— Ohio University (1)
— Oak Ridge Laboratory (1)
« Training new Reaction Theorists: Y .
— 1 postdoc at MSU Vasily Eremenko | inga Hiophe

at OU

— 1 postdoc at TAMU

— 1 student at OU R
— collaborate with 2 students at MSU and OU ﬁ

 New national cooperative of reaction theorists



We often work with experimental groups
In Collaborations:
— with formulating their proposals
— with improving their understanding of their results

Specific Experiments:
— INFN: (p,o) reactions
— NSCL: 343646Ar(p,d) reactions
— TAMU + Rez: *C(d,p) reaction
— LLNL + Richmond: (p,d) and (p,t) surrogate reactions on actinides
— RIKEN: ®He polarized scattering
— LLNL + Richmond: (p,t) and (p,d) on rare earths
— ORNL: '°Be(d,p) in inverse kinematics
— ORNL: 19.1328n(d,p) in inverse kinematics
— Rutgers + LLNL: ®*Mo(d,py) surrogate for ®Mo(n,y)
— INFN: "O+d—"4C+p+a as Trojan horse for 170+n — *C+a



Publications and Presentations

in the first 27 months. Plus 13 conference talks & 25 other presentations.
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Conclusion

« TORUS builds the reaction-theory community
— brings together several reaction theorists in the US

* Enables collaborations not otherwise feasible

* New applications of exact three-body methods

» New codes useful to experimentalists

» Training young reaction theorists with futures in nuclear physics
* Website: http://www.reactiontheory.org/



