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IL NUCLEARE

La Fisica Nucleare ha portato a scoperte fondamentali ed ¢ tuttora un
campo di indagine alle frontiere della ricerca che permette in modo
peculiare ed esclusivo lo studio della materia elementare in condizioni
estreme.

Non meno importante ¢ il suo utilizzo in ricerche e applicazioni
tecnologiche di immediato interesse per la Societa, tra cui oggi sono
di particolare importanza la produzione controllata e sicura di energia
e le applicazioni mediche per la diagnosi e la terapia di tumori.

Conclusioni analoghe si raggiungono se si considerano le ricerche
sulla radioattivita: accanto a studi di carattere fondamentale, le appli-
cazioni di tipo medico ed industriale, per il controllo ambientale, la
sicurezza, la datazione di reperti sono innumerevoli.

Questa collana si propone la pubblicazione di testi volti a descrivere
questa variegata moltitudine di argomenti e a rappresentare una fonte
di informazioni obiettive e documentate.
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FOREWORD

The 13" edition of the Varenna Conference on Nuclear Reaction Mechanisms (NRM) is
dedicated both to Professors Mitsuji Kawai and Arthur Kerman, whose lasting and major
contributions to nuclear physics are briefly recalled in the following pages. It was an honor and
a great pleasure to listen to their talks in the traditional Wednesday evening special session, as
well as to benefit from their assiduous participation during the Conference week.

This featured, as is usual, 18 regular sessions, embracing the scope — well-established and
coherently evolving — of the Varenna NRM meetings, which includes nuclear structure and
reaction modelling, fission, nuclear data compilation and interpretation, detector performances,
facilities programs, and applications such as nuclear astrophysics, hadrontherapy, and nuclear
energy. The discussion of the various topics has been substantiated by more than 90 oral
presentations, documented in the rich collection of papers this book comprises (and in the
videos available on the Conference website), and animated by the stimulating interaction of
young scientists and renowned experts, both long standing and recent members of the Varenna
“family”, according to the well-chosen expression by Ettore Gadioli, the father of this
Conference series.

Encouraged by the broad and lively participation last June, with an attendance level that
challenged the Villa Monastero’s capacity, and by the valuable support of many colleagues and
different institutions, we look forward with enthusiasm to future editions. See you in 2015!

Francesco Cerutti Mark Chadwick Alfredo Ferrari Toshihiko Kawano






DEDICATION

MITSUJI KAWAI graduated from University of Tokyo in 1953. He became a professor of
Kyushu University in 1976, and had led the theoretical nuclear physics laboratory since then.
Currently he is a professor emeritus at Kyushu University, and is still very active in the
theoretical nuclear physics field on both research and education.

Prof. Kawai's first paper appeared in 1954, concerning High energy nucleon scattering by
nuclei. Since then he has published several hundred papers and co-authored several text books
including the famous Nuclear Matter and Nuclear Reaction (North-Holland, 1968), often
referred to as the Kikuchi-Kawai book. His book Nuclear Reaction Theory (Asakura Shoten, in
Japanese), co-authored with Prof. Yoshida of Tohoku University, is one of the most
comprehensive textbooks on the nuclear reaction theories in the world nowadays. He also has
served on important committees including Science Council of Japan, Center for Nuclear Study
(University of Tokyo), Yukawa Institute for Theoretical Physics (Kyoto University), Research
Center for Nuclear Physics (Osaka University), and so forth.

His involvement is extended over a wide range of nuclear reaction theories. For example, he
first wrote the scattering matrix as a sum of the direct reaction and the compound reaction parts,
which became a standard formula of the statistical nuclear reaction theory. This formula has a
very important feature, because the second term (the fluctuation part) disappears by energy-
average. His very famous paper Kawai-Kerman-McVoy, often called KKM, Modification of
Hauser-Feshbach calculations by direct-reaction channel coupling published in 1973, has been
cited more than 100 times and has provided an important basis for theories on statistical
compound nuclear reactions.

In 1980 Feshbach-Kerman-Koonin (FKK) first published a paper on the statistical multistep
compound (MSC) and direct (MSD) reaction theories to deal with the preequilibrium process in
the quantum mechanical framework. Despite many publications of FKK calculations since
1980, Prof. Kawai first pointed out a problem in the approximation made by FKK in the MSD
theory. This gave rise to a lot of discussions on the validity of the FKK theory, and finally it
was concluded in 1998 that the approximation cannot be justified. A paper on the Semi-
Classical Distorted Wave model (SCDW) published in 1990 by Luo and Kawai is one of the
MSD theories, which calculates the nucleon inelastic scattering process that leaves the residual
nucleus in its continuum state. The model was extended to the two-step reaction in 1992, and it
has been successfully applied to the pre-equilibrium process as an adjustable-parameter-free
MSD theory.

Prof. Kawai made significant contributions to the direct nuclear reaction theories. In 1965, his
computer code DWBA2 that calculates the reaction process based on the distorted wave Born
approximation (DWBA) was made available to many experimentalists to analyze their
experimental data. His contributions also include the second-order DWBA calculations,
Coupled (Reaction) Rearrangement Channels (CRC) and Continuum Discretized Coupled
Channels (CDCC) methods. Although the stripping and pick up reactions, in which
rearrangement is involved, are often analyzed by a perturbation theory based on a simple
DWBA, he developed the CRC method to solve these reaction processes rigorously, and
proposed a method to calculate microscopically the form-factor for one-nucleon transfer. In
addition, the theory was further extended to include a two-step process where the rearrangement
is involved. His research includes not only derivation of the fundamental equations but also
development of numerical methods to solve the coupled equations.

The CDCC method allowed to calculate complicated direct reaction mechanisms, e.g. the
projectile break-up in deuteron induced reactions. Since 1986, when a series of papers on
CDCC were published, CDCC has become very popular because of the increasing interest in the
reactions where loosely bound nuclei are involved, such as halo nuclei or rare isotopes. Even for



nucleon or heavy-ion induced reactions on a light element, CDCC can be applied as long as the
reaction system can be reduced to a three-body problem. The paper entitled Continuum-
Discretized Coupled-Channels calculations for 3-Body models of deuteron-nucleus
reactions published in 1987 has been cited more than 200 times. Nowadays CDCC is one of the
most powerful tools to understand nuclei off-stability, related to key issues in nuclear
astrophysics.



Professor MITSUJI KAWAI






Professor ARTHUR KERMAN is one of the most renowned scientists in nuclear physics, with
seminal contributions in numerous areas, and with long connections to the Varenna conference
research focus areas. His impact includes basic science advances; nuclear science impacting
applications; teaching; and advisory roles for the US government.

Arthur is a native of Montreal, and moved to the US as a professor at MIT. He was Director of
the Center for Theoretical Physics from 1976-1983 and of the Laboratory for Nuclear Science
from 1983-1992. He has longstanding advisory roles at the US National Laboratories, especially
Los Alamos, Livermore, and Oak Ridge, and at the Department of Energy. In these positions he
has been a tireless advocate for experimental and theoretical nuclear physics, for high-
performance computing, and for the importance of bringing high-quality science to bear on
problems of national importance.

Arthur's work in multistep reaction physics, beginning with a quantum formulation of the
importance of doorway states and intermediate structure, culminated in his FKK theory with
Feshbach and Koonin. Since its publication, this theory has transformed the preequilibrium
reaction community's efforts. His other research advances are too numerous to list in full, but
include Feshbach resonances and Bose-Einstein condensates, quark physics, Hartree-Fock
methods in fission, time-dependent variational principle methods, and so on. He is a Fellow of
the APS, the American Academy of Arts and Sciences, and the New York Academy of
Sciences.






Professor ARTHUR KERMAN
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Monday, June 11
9:00 — 11:00 Chairman: M.B. Chadwick

Some open problems in the statistical theory of nuclear reactions (30°)
Nuclear reaction modeling in nuclear data evaluation (30°)

Microscopic approach to the scattering of unstable nuclei at
intermediate incident energies (30”)

Nuclear data for neutron induced reactions on U-235 measured at
DANCE (30°)

11:30 - 13:00 Chairman: T. Kawano

Cluster gas states in light nuclei (30°)

AD initio calculations of light ion reactions (20”)

Eikonal reaction theory for neutron removal reactions (20”)

Derivation of eikonal corrections to the phase shift operator in the
analytical abrasion ablation model (20”)

15:00—17:10 Chairman: L. Canton

Importance of final state fluctuations in radiative capture reactions and
applications to surrogate reaction measurements (30”)

Level density for large number of particle hole states (20°)

What is imaginary part of coupling potential in coupled channel
calculation? (20”)

Emerging simplicity: Evidence for the formation of collectivity from
hadronic and EM probes (20°)

Rotating quasi molecular states in light nuclear systems (20’)
Investigation of nuclei far from stability by the use of mirror systems
(20%)

17:35—19:15 Chairman: N. Pietralla

Breakup of *C studied by CDCC with Cluster Orbital Shell Model
wave functions (20”)

CDCC analysis for breakup of three body projectiles (20°)

Comparison of breakup processes of *He and °Li with four body CDCC
(20°)

Resonances near the 4o threshold through the >C(°Li,d) reaction (20%)
Study of the “He,"Be-+’Be reactions at low energy (20°)



A. Mairani

1. Rinaldi

R. Peloso

M. Bruzzi

L. Sajo Bohus

Anna Ferrari

F.M. Nunes
A.N. Antonov

P. Danielewicz
J.A. Tostevin

A. Bacquias
J. Duan

A. Blanc
S.P. Simakov

T. Marchi

E. Rapisarda

J.J. van Zyl
G. Baiocco

B. Carlson

Tuesday, June 12
9:00 — 11:00 Chairman: L. Pinsky

FLUKA Monte Carlo calculations for hadrontherapy application (20”)
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intensity modulated radiotherapy (20)
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Symmetry energy from isobaric analog states (20°)

Probes of nucleon single particle configurations and correlations (20°)

15:00 - 16:40 Chairman: M. Herman

Study of (n,xny) reactions on *****U (20%)

Further analysis about predicted levels of *Be based on the neutron
double differential cross sections at E;=18 MeV (20°)

Neutron inelastic scattering cross section measurements on ' "Lu (20”)
48Ti(n,n'y)y production reaction as a candidate for a reference cross
section (20”)

*B production measurement at LNL (20°)

17:15 — 18:35 Chairman: G. Casini

The observation of a strong EO component in the 2+2 - 2+1 transition in
"Hg from the P decay of laser ionized thallium isotopes: a strong
signature for shape coexistence (20”)

Angular distributions of the analysing power in the excitation of low
lying states of **Co (20)

Towards a reconstruction of thermal properties of light nuclei from
fusion evaporation reactions (20°)

The compound nucleus: sequential evaporation vs. statistical
multifragmentation (20°)
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95MeV/u “C nuclear fragmentation measurements on thin targets for
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Measurement of charged and neutral particles production from an 80
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Scaling of hadronic continuum spectra from carbon (20°)

J-PARC status after the earthquake on 2011 March 11 (20”)

11:35— 13:05 Chairman: Alfredo Ferrari

Neutron inelastic scattering, recent experiments and their interpretation
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LANSCE present and future: A tribute to the contributions of Arthur
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Three decades of interacting with Arthur Kerman (157)
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Scary equations (30)
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Overview of fission research for precise criticality modelling (20”)
Measurement of the fission fragment angular distribution for Th-
232(n,f) at the CERN n_TOF facility (20°)

Monte Carlo Hauser Feshbach calculations of prompt fission neutrons
and gamma rays (20’)

Angular dependent TKE and mass distributions in >**U(n,f) (20”)
Transient effects in proton induced fission of ***Pb (20°)

Evolution of fission fragment isotopic yields with excitation energy
(20°)

11:30— 13:00 Chairman: P.M. Milazzo

Plasma Nuclear Science (30°)

Construction of deformed neutron stars steming from DBHF (20°)

The synthesis of neutron rich heavy elements due to quasi fission
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15:00 — 17:00 Chairman: D.P. McNabb
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Improved capture gamma ray libraries for nuclear applications (20°)
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Determination of 8B(p,y)gC reaction rate from °C breakup (20°)
Consistent analysis of all inclusive deuteron induced reactions at low
energies (20”)

Micro black hole formation and evaporation in ultra high energy
cosmic ray interactions with the Earth's atmosphere (20”)
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Abstract

For many years, Arthur Kerman has been a leading force in pushing for new
initiatives in science. In this paper, we present a short review of our mutual
interactions on many of these efforts.

1 Introduction

Let me begin by introducing myself. For those of you who do not know me, I have spent the past 40
years holding various positions, including being a Professor in the Department of Physics at the
University of Massachusetts Amherst, a consultant at both Lawrence Livermore National Laboratory
and Los Alamos National Laboratory, the Division Leader at Livermore for Nuclear Physics,
Elementary Particle Physics and Accelerator Physics, a Science Advisor to the National Nuclear
Security Administration in Washington, DC and a consulting employee of SAIC while continuing to
serve as an Advisor to the NNSA. In all of these roles, I have been lucky enough to interact often with
Professor Arthur Kerman, one of our guests of honor at this conference. In the short time available,
I’d like to reminisce a bit on some of those interactions. For those of you who would like a short story
even shorter, it might suffice to say that whenever you work on an exciting new science project,
Arthur is sure to tell you that he was involved in the very early stages of that project. While it
sometimes seems impossible for him to have actually done as much as he says, I know from
experience that it really is true. So let’s begin.

The hero of our story can be seen in Figure 1, a picture that was used with a short biography at
the start of one of the many advisory committees on which Arthur has sat. To give you a flavor of the
breadth of his activities in the advisory capacity, I list a few of the committees in Figure 2. As you can
see, in addition to his responsibilities at M.L.T., Arthur has served on the National Academy of
Sciences Committee on Inertial Confinement Fusion, on the NIF Programs Review Committee at
Livermore, on the Directorate and Division Review Committees at Livermore; the RHIC Policy
Committee at Brookhaven, the SLAC Scientific Policy Committee; the Secretary of Energy Fusion
Policy Advisory Committee; the White House Science Council Panel on Science and Technology in
the Government and many, many other important and influential bodies. Clearly the scientific
community and those in positions of setting policy relevant to science highly value Arthur’s
contributions. There is the opinion in some circles that if you want to find Arthur, just set up an
important advisory committee and he will be there at the first meeting.
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2 Directorate Review Committee

My first memory of interacting with Arthur concerns one of those advisory committees: Specifically, I
was asked to serve on the Director’s Review Committee (DRC) for the Physics Directorate at
Lawrence Livermore National Laboratory. At the time, these committees were relatively new (Arthur
had strongly advocated for their formation) and were asked for their advice not only on the work that
was on-going but also for their suggestions on future directions. As such they often wielded a lot of
power. The meeting of the DRC was a three-day affair covering the many science areas of the
Directorate. As the “new boy” on the Committee, I took careful notes on both the presentations and
the lively discussions that followed each talk. I was quite impressed not only with the breadth of the
science being presented -- nuclear physics, atomic physics and materials science — to name just a few —
but also with the active questioning across such a wide array of topics from my colleagues on the
Committee—from Arthur in particular. Arthur had a question or two for most speakers. I noticed that
he never seemed to take notes even though the DRC had to produce a written summary of their
observations and findings to present to the Director and the Associate Director sometime after the
meeting.

After the meeting, Arthur, the chair of the DRC, asked me to write up my notes in the form of a
report. I felt honored to be asked to do so and worked for quite some time to prepare my input to the
report for him. Once my report was done, it is my understanding that Arthur labeled that write-up as
the DRC report and went alone to see both of the senior LLNL administrators to report personally on
the recommendations of the DRC. I learned an important lesson from that experience — The important
aspects of a review are not what is written —rather senior administrators are much more likely to pay
attention to a one-on-one report and critique of their programs. The written report becomes archival
quickly while the oral comments often lead to change when change is needed.

3  The Superconducting Super Collider (SSC)

Many years ago, when the U.S, was beginning to formulate plans to build the next generation of high
energy particle accelerators, there was a call for proposals for the site of this major scientific prize. To
many of us in academia, Massachusetts seemed to be the perfect place to house the SSC: (1)
Massachusetts is home to a very large number of Universities active in High Energy Physics — with
many of the scientific leaders of the field resident there. (2) A large military base was being
decommissioned providing more than ample space for the accelerator complex. Such a space avoided
any complications regarding ownership of the land and interactions with home- or business-owners.
And (3) the governor of a neighboring state suggested using a newly constructed nuclear power plant
in his state as a source of electrical power for the SSC.

All of the stars seemed to be aligned. Arthur took the lead role in gathering together leaders in
HEP from the Massachusetts academic community. There were about 7 private universities (including
Harvard, MIT, Boston College, Boston University, Brandeis, Tufts, etc.) and one public University
(University of Massachusetts Amherst). We met many times at MIT to plan our proposal — our group
included Roy Schwitters of Harvard who eventually became the Director of the ill-fated SSC project.
During a few hectic months, we became experts in geology - was the land suitable for tunneling - and
a variety of other engineering aspects. We submitted a beautiful proposal that would have won—in
my opinion—except for one minor problem. A project of this size — several billion US dollars — had
to have the support of the Governor of the home state. Unfortunately, Governor Mike Dukakis
decided this project wasn’t high on his list of priorities and chose not to support it. (For those of you
who remember, Dukakis was not known for his political acumen as evidenced by his overwhelming
loss in presidential politics.)
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4 The French Program

At the NNSA, I manage an international agreement between the CEA/DAM in France and the
NNSA/DP in the United States entitled “ Cooperation in Fundamental Science Supporting Stockpile
Stewardship”. Under this agreement, scientists at Livermore, Los Alamos and Sandia National
Laboratories in the US are encouraged to collaborate with their counterparts at CEA (Bruyeres-le-
Chatel) on unclassified basic science projects, leading to publications in the open literature. This
effort began in 1998 when Daniel Gogny was assigned to spend time at Livermore investigating
possible collaborations. Various meetings then occurred between scientific leaders of both sides over
the next few years, with a formal agreement document signed in 2002.

Arthur was present at all of the formative meetings, strongly urging that the agreement go
forward. To be sure, there was always a very strong nuclear physics component in the interactions
between the two countries — collaborations that preceded the international agreement. Under the
agreement, there continue to be fruitful collaborations in nuclear physics.

In addition to his pushing for this agreement, Arthur has always attended the General Meetings
at which each of the active projects reports on the progress of their collaborative research. Held every
two years, these meetings alternate to sites in the two countries. In Figure 3, we have a picture that
was taken at the official banquet held at the Chateau D’Artigny near Tours in France. Obviously it
was a great scientific meeting and the banquet was extremely well received. See Figure 4 for another
picture from that affair.

5 N Division Advisory Committee

I served as the leader of the Livermore division that was concerned with Nuclear Physics, Elementary
Particle Physics and Accelerator Physics. Some of the major projects during the time I was leader
included: Building the SLAC-LBNL-LLNL B Factory; Accelerator Production of Tritium; Accelerator
Transmutation of Waste; PEREGRINE — a program to improve the treatment of cancer; the Rare
Isotope Accelerator; proton radiography; improved nuclear data; measurements of important nuclear
cross sections such as Pu(n,2n); and a host of other efforts.

During the 8 or 9 years that I served as leader, Arthur was always there to provide advice. For
example, he was a charter member of the N Division Advisory Committee that met annually to review
all our programs. A picture from one of those meetings is shown in Figure 5. (Arthur was never shy
about offering his advice and served on every committee that met during my tenure there.)

6 “Arthur-isms”

Having had the pleasure of working with him for many years, I have also had the chance to observe
him up close and personal. You might find some of these observations interesting.

1. Despite the ubiquity of laptops, IPAD’s and Smart Phones, Arthur does not use the computer.
He gets emails but only when he has someone print the message for him. Perhaps not being tied to the
Internet allows him to get so much done.

2. He seems semi-indestructible. He and I took an overnight “red-eye” flight from California to
Boston for an all-day presentation to the MIT Nuclear Engineering Department regarding either the
Accelerator Production of Tritium or Accelerator Transmutation of Waste Project. We both had heavy
loads consisting of briefcases and suitcases. We arrived at location of the briefing early in the
morning. [ struggled up the two flights of stairs hoping that some young graduate student would take
pity on me and help (to no avail). When I reached the landing, I turned around and to my surprise, |
saw Arthur trotting up the same set of stairs with his luggage as though he were completely fresh and
ten years younger than me.
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3. That is not to say he hasn’t been ill. A few years ago, Arthur was hospitalized and for that
reason was forced to cancel some of his schedule. In particular, he had been planning on joining the
group that was going to France for a meeting regarding the International Agreement on Fundamental
Science that was mentioned earlier. That episode was quite serious — not for the medical reasons
about which I am not expert—but for another factor that many thought was life threatening. Arthur
was hospitalized just a few weeks before the French meeting. We assumed that he had bought an
inexpensive non-refundable airline ticket. We were sure that if he had to cancel his trip and as a result
LOST the money on the ticket, that fact would kill him! As it turns out, Arthur had been smart — as
usual — and had not bought such a ticket and all ended well.

4. As a long-time consultant to Livermore, Arthur has — as you might expect—become an
expert on how to enjoy his time in the Livermore valley. On one of his visits, I offered to drive him
from the lab to his residence near the lab. I remind you that the laboratory treats its consultants very
well — providing more than adequate per diem allowances so that one can stay in any of the many
hotels within a 20-mile radius of the lab. Eager to see what arrangements a senior consultant had
made, [ was unprepared to see that Arthur lived in a trailer park in a fairly old Airstream trailer (Figure
6). Somehow, it did not fit with my preconceptions.

As it turns out, this trailer had some history and involved a battle between Arthur and the lab. I
believe Arthur wanted to park the trailer at the lab when he wasn’t visiting- moving it during those
periods when it was occupied. The lab management (the budget folks) did not want that to happen.
You’ll have to ask Arthur for all the details.

5. When I retired from Livermore and when I went to Washington on assignment, I often was
given a two-person office to use. Almost invariably, my office partner turned out to be Arthur. Since
we each tend to have busy schedules, this never posed a problem — in fact I admit to enjoying the
many discussions such close proximity encourages.

6. I was fortunate enough to attend Arthur’s 80™ birthday celebration at MIT, along with many
of the country’s luminaries in science who took time to attend. It was an impressive gathering.

7. Arthur either knows everyone of importance or had them as students. I continue to be
amazed at his ability to get appointments with everyone in DOE or at the laboratories — Steve Chu,
Steve Koonin as well as the laboratory directors. If you want something done, convince Arthur and
he’ll be an influential advocate.

8. Finally, I leave you with one of Arthur’s many wise observations that I treasure. We have
often argued about which of the many scientific facility investments should be made by the U.S.
government — through either the Department of Energy or the National Science Foundation. In this
era of tight budgets, one spends a great deal of effort making choices that are extremely difficult.
Arthur’s constant argument — with which I completely agree — is that the United States now spends a
smaller percentage of the Gross National Product on science than it did years ago. If we want a robust
economy in the future led by inventive bright young scientific minds, we should not be choosing
which scientific endeavor to pursue from a menu — WE SHOULD BE DOING THEM ALL!!

So, thank you Arthur and I look forward to many more years of interacting with you.
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Arthur Kerman

Fig.1: Arthur Kerman

National Academy of Sciences —Committee on Inertial Confinement Fusion

NIF Program Review Committee

Livermore Directorate Review Committee

Livermore/Los Alamos Division(s) Review Committee(s)

RHIC Policy Committee- Brookhaven

SLAC Scientific Policy Committee

Secretary of Energy Fusion Policy Advisory Committee

White House Science council Panel on Science and Technology in the Government
LANSCE Advisory Board

Fig. 2: A few of the Advisory Committees on which he has served (away from MIT)
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Fig.3: General Meeting under the DOE/NNSA CEA/DAM Agreement Held in France.

Fig. 4: Dinner at one of the General Meetings
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N Division Advisory Panel Livermore 1999

Fig. 5: Arthur (see arrow) served on every advisory panel for the LLNL
Division on Nuclear Physics, Elementary Particle Physics and Accelerator Physics.

Fig.6: Arthur’s Luxury Hotel near Livermore

39






Some Open Problems in the Statistical Theory of Nuclear Reactions

Hans A. Weidenmiiller
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Abstract
I address three important problems in the statistical theory of nuclear reactions
and in two cases sketch the solutions.

1 Introduction

The Varenna meeting honoured M. Kawai and A. Kerman for their contributions to the theory of nuclear
reactions. Much of the work of these authors relates to statistical properties of the scattering matrix.
For that reason, I chose to speak about three open problems in the statistical theory. For each of these
problems, a paper presenting a partial or complete solution has recently become available in the arXiv,
or will become available shortly. This is why I keep this summary very short. In the first two cases I
include a description of the solution found.

2 Distribution of Neutron Widths and
Random-Matrix Theory

Random-Matrix theory (RMT) predicts that the reduced s—wave neutron widths I'% follow the Porter—
Thomas distribution (PTD)
exp{—y/2}
Py) = —2L J/2 1
(y) (2ry) 12 )]

Here y is the ratio T'Y /(T'%) where brackets denote the average value. Early analyses using the Nuclear
Data Ensemble (NDE) supported that prediction [1]. A recent test in the Pt isotopes (about 450 reso-
nances) rejected the PTD with 99.997 per cent significance [2]. A recent re—analysis of the NDE (1245
widths) rejects the PTD with 98.17 per cent significance [3]. These results are at variance with other
work: The analysis of amplitude and width correlations for 1117 amplitudes from inelastic proton scat-
tering at TUNL supports RMT [4]. So do large—scale shell model calculations in the 1p shell [5]. Still,
the results of Refs. [2,3] question the validity of RMT in nuclei.

The method of analysis used in Refs. [2,3] uses an energy—dependent cutoff on the magnitude
of the reduced neutron widths. That cutoff effectively removes p—wave reduced widths with their char-
acteristic linear dependence on resonance energy. Recent simulations [6] have shown that that method
introduces a heavy bias. For the NDE the bias is so strong that the conclusions of Ref. [2] cannot be
upheld. Consistency of the NDE with RMT is likely, in contrast to the claims in Ref. [2]. The case of the
Pt isotopes is special: Close to the mass numbers of these nuclei the s—wave neutron strength function
has a maximum. That maximum is caused by a single—particle threshold state (the 4s—state of the shell
model). Such a state modifies the energy dependence of s—wave neutron widths. That modification is
the likely cause of the disagreement with the PTD in these isotopes [6]. In summary, the distribution of
neutron widths does not refute RMT.

3 Fluctuations of the Scattering Matrix and Quantum Chaos

In the RMT approach to the statistical theory of nuclear reactions [7], the statistical scattering matrix is
written as
Sab(E) = 6ap — 2im Yy WDy Wi )

pv
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where
D;w = E(s;u/ - H“u + i Z W;I,CWCV . (3)

Here a, b, c, . .. denote the channels, j, v, ... denote vectors in the Hilbert space H of quasibound states,
W, are real energy—independent coupling amplitudes, and H is the projection of the Hamiltonian onto
‘H. The matrix S is endowed with statistical properties by assuming that H is a member of the GOE,
the random—matrix ensemble of real symmetric matrices. Why is that assumption justified? There are
two arguments. (i) Spectral fluctuations in nuclei agree with predictions of RMT. That was discussed in
Section 2. (ii) Nuclei are chaotic quantum systems. That takes a little more explanation.

The spectral fluctuation properties of time—reversal invariant and rotationally symmetric bound
quantum systems that are fully chaotic in the classical limit, agree with those of the GOE. That fact,
conjectured in Ref. [8], was recently demonstrated for generic chaotic quantum systems [9] and proved
for the case of chaotic graphs [10]. In both cases, given the eigenvalues E), of the system, one considers
the level density p(E) = 3° , 0(E — Ej,) as a function of energy E and calculates the level correlation
function (p(E +¢)p(E —¢)) as a function of €. The brackets denote the energy average. The calculation
involves the semiclassical approximation and shows that both level correlation functions agree with the
GOE expression. Although the demonstration is confined to the level-level correlator, it is reasonable
to assume that equality holds also for all higher level correlation functions, and that chaotic quantum
systems generically have the same spectral fluctuation properties as predicted by RMT. By implication
chaotic nuclear dynamics would then cause RMT spectral fluctuations.

Scattering happens on open quantum systems and is characterized by the scattering matrix. In full
analogy to the case of bound chaotic quantum systems, we ask whether the S—matrix correlation function

(Sap(E + €)Sea(E — €)) — (Sab)(Sca) @

for scattering on chaotic quantum systems is the same as predicted in the framework of Egs. (3, 4) with
H replaced by the GOE. The latter is known in the form of a triple integral [7]. That is an important
question: An affirmative answer would show that the RMT description of the scattering matrix in Eqgs. (3,
4) and the results derived from it apply universally to chaotic quantum systems.

Little is known analytically about the S—matrix for quantum chaotic scattering in general, but
progress was made recently for chaotic scattering on quantum graphs [11]. The problem was extensively
studied in Refs. [12,13] where a formal expression for the S—matrix was derived and used for extensive
numerical simulations. Using that expression and the supersymmetry approach of Ref. [10], the authors
of Ref. [11] showed that the S—matrix correlation function for chaotic scattering on graphs is identical to
the GOE expression of Ref. [7]. The authors also derived analytical expressions for all S—matrix correla-
tion functions in the Ericson regime and, thus, the complete distribution of the S—matrix in that regime.
Their result shows that the distribution of S—matrix elements is Gaussian only for strong absorption in
all channels ((Sqp) = 0 for all a, b).

4 Nuclear Excitation by Lasers

Efforts are under way to generate a multi-MeV zeptosecond pulsed laser beam by coherent Compton
backscattering of laser light on a “sheet” of relativistic electrons [14]. That sheet is produced when the
pulse of a primary laser beam of very high intensity passes through a sufficiently thin target foil. The
device is presently under construction at the Nuclear Physics Pillar of the Extreme Light Infrastructure
(ELI) in Romania [15]. These facts call for a theoretical exploration of the expected nuclear excitation
processes.

The characteristic energy scales are: Photon energy F; ~ several MeV, number of photons per
laser pulse N ~ 10? — 10%, pulse width ~ 50 keV, effective width for dipole photon absorption N Caip
with I'g;, = several keV, spreading width for any simple nuclear mode of excitation I' ~ several MeV.
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These figures suggest the following three regimes for the nuclear excitation process. (i) In the pertur-
bative regime (basically defined by NT'g;, << T, the nuclear giant dipole mode is excited once or
twice [16]. Coherent excitation of many close-lying states with spin/parity 1~ carries a unique experi-
mental signal [17]. (ii) In the quasi—adiabatic regime where NT'g;, ~ I' the compound nucleus equili-
brates about as fast as it gets excited by photon absorption. Excitation to several 100 MeV is possible,
accompanied by neutron emission with subsequent excitation of the daughter nuclei by further dipole
absorption. (iii) In the strongly non-adiabatic regime (INI'g;p, >> I') the nucleus evaporates by multiple
nucleon emission.

For the quasiadiabatic regime the theoretical approach developed for pre—equilibrium reactions
seems adequate. A set of coupled time—dependent master equations would describe photon absorption,
induced photon emission, internal nuclear equlibration, and neutron decay processes for a chain of nuclei.
To that end the densities of particle-hole states at high excitation energies (several 100 MeV) and large
particle-hole numbers are needed. In Ref. [18] we have developed an approach to calculate such densities.
That is described in the contribution by A. Palffy to this Conference.

In summary, laser—induced nuclear reactions promise to yield novel nuclear—physics information.
In the quasi—adiabatic regime, the population of compound-nucleus states far above the Yrast line will
make level densities at high excitation energies accessible for the first time. Multiple neutron evaporation
may lead to proton—rich nuclei far from the valley of stability.
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Abstract

This article presents the theoretical foundation of the continuum discretized
coupled-channels method (CDCC). The validity of the Glauber model is also
shown by extending the multiple scattering theory for nucleon-nucleus scat-
tering to nucleus-nucleus scattering. The multiple scattering theory is applied
to the scattering of unstable nuclei. This presentation is based on the recent
review article on CDCC (arXiv:1203.5392[nucl-th]).

1 Introduction

Nuclear reaction is one of fundamental reactions in Nature and a good tool of understanding nucleon-
nucleon (NN), nucleon-nucleus (NA) and nucleus-nucleus (AA) interactions and eventually structures
of nuclei. One of the most important current subjects in nuclear physics is understanding of unstable
nuclei. Unstable nuclei have exotic properties such as the halo structure [1-3] and the loss of magicity in
the “island of inversion” [4-9]. The term “island of inversion” was introduced by Warburton [4] to the
region of unstable nuclei from 3°Ne to >**Mg. In the island of inversion, the first-excited states have low
excitation energies and large B(FE2) values [5-9]. This indicates that the N = 20 magic number is not
valid. anymore. These novel quantum properties have inspired a lot of works.

Important experimental tools of analyzing properties of unstable nuclei are the reaction cross sec-
tion oy or the interaction cross section oy and the nucleon-removal cross section o_,, [1-3,10]. The
experimental exploration of halo nuclei is moving from lighter nuclei such as He and C isotopes to
relatively heavier nuclei such as Ne isotopes. Very lately o7 was measured by Takechi er al. [11] for
28-32Ne located near or in the island of inversion. Furthermore, a halo structure of 3'Ne was reported by
Nakamura et al. [12] with the experiment on 0_,,.

Understanding of unstable nuclei can be made by high-accuracy measurements and accurate the-
oretical analyses. The scattering of unstable nuclei have two features. The projectile is fragile and hence
the projectile breakup is important. Measurements of the elastic scattering are not easy because of weak
intensity of the secondary beam, and consequently, there is no reliable phenomenological optical poten-
tial. Therefore it is important to construct the microscopic reaction theory. This is a goal of the nuclear
reaction theory.

A pioneering work on the microscopic description of NA scattering was done by Watson [13].
Kerman, McManus and Thaler (KMT) reformulated the multiple scattering theory as a series expansion
in terms of an underlying NN ¢ matrix [14]. The KMT theory was extended to AA scattering [15].
Another important microscopic model is the Glauber model [16]. This model is useful particularly for
inclusive reactions. The theoretical foundation of the model can be obtained by the theory of Ref. 15. We
show the details in Sec. 3.1. The Glauber model is based on the eikonal and the adiabatic approximation.
The adiabatic approximation makes the breakup cross section diverge when the Coulomb interaction
is included. Hence the Glauber model was mainly applied to lighter targets in which the Coulomb
interaction is negligible. A way of making Coulomb corrections to the model has been proposed [17,18].

The continuum discretized coupled-channels method (CDCC) [19-21] is a fully quantum-mechanical
method of treating the projectile breakup process in exclusive reactions such as elastic and inelastic scat-
tering, elastic-breakup reactions and transferred reactions. The theoretical foundation of CDCC is shown

45



46 M. Yahiro, K. Ogata, T. Matsumoto, K. Minomo

by clarifying the relation between the Faddeev method and CDCC [22-24]. We will show the detail in
Sec. 2. Recent development and applications of CDCC are shown in Ref. [21].

The microscopic optical potential can be constructed by the g-matrix folding model [25-33]. For
NA scattering, the folding model has succeeded in describing the elastic scattering systematically [32].
In general, the microscopic optical potential constructed is non-local, but it can be localized with the
Brieva-Rook method [27]. The validity of this localization is shown in Ref. 34. For AA scattering at
intermediate and high incident energies, the folding model is also successful in describing the scattering,
since the projectile breakup is weak. This is discussed in Sec. 3. One can use the microscopic optical
potential as an input of CDCC calculations.

2 Theoretical foundation

Following Refs. 22-24, We consider the projectile (P) that is composed of two particles b and c¢. In
this case, the scattering of P on a target (A) can be described by the A+b+c three-body system. The
three-body scattering is governed by the three-body Schrodinger equation

[H-E¥=0 (1)
with the Hamiltonian
H =K, + Kr+ v(r) + Up(rp) + Ue(re), 2)

where K, and Kr are the kinetic energy operators associated with the relative coordinate r between b
and ¢ and the relative coordinate R between P and A, respectively, and v(r) is the interaction between b
and ¢, while Uj, (U,) is an optical potential between b (c) on A.

In CDCC, the total wave function ¥ is expanded in terms of the complete set of eigenfunctions of
Hamiltonian h = K, + v(r) [19,20]. The eigenfunctions consist of bound and continuum states. The
continuum states are characterized by orbital angular momentum ¢ and linear momentum £ of the b+c
subsystem. They are truncated as

k< kmax, €< fmax. 3

After making the truncations, we further discretize the k contiuum. Hence the modelspace P’ is described
as

N
P =" |0, “
=0

where the ¢; represent the bound and discretized-continuum states of h and N is the number of the ¢;.
The total wave function V¥ is hence approximated into

N
U~ Uepoe = P'U =Y ¢i(r)xi(R), (5)
i=0
where the coefficient y;(R) describes a motion of P in its state ¢;. The approximate total wave function
Uepec is obtained by solving the three-body Schrdinger equation (1) in the modelspace P’
P'[H — E]P'¥cpec = 0. (6)

The S-matrix elements calculated with CDCC depend on the size of the modelspace P’. This artifact
should be removed by confirming that the calculated S-matrix elements converge as the modelspace is
enlarged. Actually the convergence was first shown in Refs. 19,20,35. The next question to be addressed
is whether the converged S-matrix elements are exact.
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CDCC is based on three approximations, the {-truncation, the k-truncation and the discretization
of k-continuum. The ¢-truncation is most essential among these approximations, as shown below. Now
we introduce the projection operator P that only selects £ up to £yax. Obviously, P’ tends to P in the
limit of large %y ax and small width of momentum bin. The component PW has no asymptotic amplitudes
in the rearrangement channels. For example, let us consider a simple case of ¢, = 0. In this case,
PUP is the average of U = U, + U, over the angle of vector r. Hence the potential PUP becomes a
function of  and R. Thus PUP is a three-body potential that vanishes at large R and/or large r, so that
it does not generate any rearrangement channel.

The insertion of three-body distorting potentials does not change the mathematical properties of
the Faddeev equations [36]. Now we consider PUP as such a distorting potential in order to obtain the
distorted Faddeev equations,

(E-K,—Kr—v—PUP)a =vy + ¥.), 7
(E— K, — Kr —Uy)tp = (Up — PUyP)a + Uy, ®)
(B - K, — Krp—U:)Ve = (Uc — PUP) 4 + Ucthy, ()

where 14, 1, and 1. satisty the relation ¥ = ¢4 + 1, + .. If Egs. (7)-(9) are added, the original
three-body Schrodinger equqtion (1) is recovered. In an iterative approach to Egs. (7)-(9), the zeroth
order solution for 14 is obtained by setting the right-hand side of (7) to zero. The zeroth order solution
is nothing but Ycpcc. When Yepcc is inserted in Egs. (8)-(9), the equations do not generate any dis-
connected diagram, since ¥cpcc has no rearrangement channel in the asymptotic region. Furthermore,
the subtractions, U, — PUP and U, — PU.P, sizably weaken couplings of Wcpcc with 1, and 1)..
Thus Wepec is a good solution to the three-body Schrodinger equation (1), when /£y, is large enough.
Very lately, the CDCC solution was compared with the Faddeev solution through numerical calculations.
The two solutions agree with each other [24].

3 Microscopic reaction theory for AA scattering

The most fundamental equation to describe AA scattering is the many-body Schrodinger equation with
the realistic NN interaction v;;:

(K+hp+hr+ > v;—E)¥H =0, (10)
i€P,jeT

where K is the kinetic-energy operator for the relative motion between P and T and hp (ha) is the
internal Hamiltonian of P (T). The scattering of P from T can be described with a series of multiple
scattering in terms of v;;. In the series, one can first take a summation of ladder diagrams between the
same NN pair. The summation can be described by an effective NN interaction 7;; in nuclear medium.
Taking a resummation of the series in terms of 7;;, one can get the many-body Schrodinger equation with
Tij [15]

(K+hp+hr+ > mj—E)¥H =0. an
ieP,jeT

Here the number of v;; between P and T is assumed to be much larger than 1 and the antisymmetrization
between incident nucleons in P and target nucleons in T can be approximated by using 7;; that is properly
symmetrical with respect to the exchange of the colliding nucleons. The first assumption is good for AA
scattering, and the second one is known to be accurate at intermediate and high incident energies [37,38].
This theory of Ref. 15 is an extension of the KMT theory [14] for NA scattering to AA scattering.

Since 7;; describes NN scattering in nuclear medium, the Brueckner g-matrix is commonly used
as 7;; in many applications; see for example Refs. 25-33. The g-matrix interaction does not include any
effect induced by finite nucleus, e.g. effects of target collective excitations, because the interaction is
evaluated in infinite nuclear matter.
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3.1 Validity of the Glauber model

We show the validity of the Glauber model by using the many-body Schrodinger equation (11) with the
effective NN interaction, following Ref. 15. The Glauber model is based on the eikonal approximation
for NN scattering and the eikonal and adiabatic approximations for AA scattering. The condition for the
eikonal approximation to be good for NN collision in both free space and AA scattering is that

v(r)/el <1, ka>1, (12)

where e (k) is a kinetic energy (wave number) of NN collision, 7 is the relative coordinate between
two nucleons and a is a range of the realistic NN interaction v. This condition is not well satisfied for
the realistic NN potential that has a strong short-ranged repulsive core; for example, v ~ 2000 MeV at
r = 0 for AV18 [39]. In fact, the eikonal approximation is not good for NN scattering at intermediate
energies, as shown in the left panel of Fig. 1. To avoid this problem, a slowly-varying function such as
the Gaussian form has been used as a profile function in the Glauber model [40].

The usage of slowly-varying profile function and hence of slowing-varying NN interaction can be
justified by using the many-body Schrodinger equation (11). Applying the adiabtic and eikonal approxi-
mations to Eq. (11), one can obtain the S-matrix of AA scattering as

S = exp |:— ﬁﬂicl Z‘/_O:O dzijTij]7 (13)
)

where ;) stands for a velocity of P relative to A and z;; is the z-component of the relative coordinate 7;;
between two nucleons. In general, 7;; has much milder r dependence than the bare NN potential v;; [15].
In the case of large incident energies, for instance, 7;; is reduced to the ¢-matrix of NN scattering that is
a product of v;; and the wave operator of NN scattering. When v;; has a strong repulsive core at small 7,
the wave operator is largely suppressed there. This leads to the fact that the ¢ matrix is a slowly-varying
function of r [15]. The g matrix [26] proposed by Jeukenne, Lejeune and Mahaux (JLM) keeps this
property. The g matrix is thus more suitable than v;; as an input of the Glauber model. In fact, as shown
in the right panel of Fig. 1, the eikonal approximation is quite good for NN scattering at intermediate
energies, say 150 MeV, when the JLM g matrix is used. The usage of the g-matrix interaction has another
merit in the sense that the effective interaction includes nuclear medium effects.
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Fig. 1: (Color online) The on-shell NN scattering amplitude fxn(g) at the laboratory energy Exn = 150 MeV
calculated with the bare NN potential AV18 in the left panel and with the JLM ¢ matrix [26] in the right panel.
The solid (dashed) and dotted (dash-dotted) lines show, respectively, the real and imaginary parts of fxn(g) of the
exact (eikonal) calculation.
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3.2 Application of the g-matrix folding model to AA scattering

Following Refs. 41-43, we consider two types of effective NN interactions in the folding model: the
Love-Franey ¢-matrix interaction (1) [44], and the Melbourne interaction (gyvB) [32] constructed from
the Bonn-B realistic NN interaction [45]. For stable nuclei, we take the phenomenological proton-
density [46] deduced from the electron scattering by unfolding the finite-size effect of the proton charge.
The neutron density is assumed to have the same geometry as the corresponding proton one, since in the
present case the proton RMS radius deviates from the neutron one only by less than 1% in the Hartree-
Fock (HF) calculation. For Ne isotopes, the densities are constructed by antisymmetrized molecular
dynamics (AMD) [47] with the Gogny D1S interaction [48,49]

Figure 2 shows the results of the g- and ¢-matrix folding models for the angular distribution of
12C4+12C elastic scattering at 135 MeV/nucleon in the left panel and 74.25 MeV in the right panel. In the
left panel, the g-matrix folding model (solid line) well reproduces the data [50] with no free parameter,
whereas the ¢-matrix folding model (dashed line) does not. Also for the low incident energy in the right
panel, the g-matrix folding model (solid line) yields better agreement with the data [51] than the ¢-matrix
folding model (dashed line). For scattering angles larger than 50 degree, the solid line does not reproduce
the data perfectly. The deviation may come from effects of collective projectile and target excitations
that are not included in the g-matrix. The g-matrix folding model is thus quite reliable particularly for
intermediate incident energies.
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Fig. 2: (Color online) Angular distributions of 12C+'2C elastic cross sections at 135 MeV/nucleon in the left panel
and 74.25 MeV in the right panel. The solid (dashed) line stands for the results of DFM calculations with gvp
(tLr). The data is taken from Ref. [50] in the left panel and from Ref. [S1] in the right panel.

The left panel of Fig. 3 shows the reaction cross sections for the scattering of '2C from '2C, 2°Ne,
23Na, and 27 Al targets. The dotted and solid lines represent results of the g-folding calculations before
and after the normalization with F' = 0.978, respectively. Before the normalization procedure, the dotted
line slightly overestimates the mean values of data for A = 20-27. After the normalization procedure,
the solid line agrees with the mean values of data for all the targets. The normalization procedure is thus
reliable. The dashed line corresponds to the results of the ¢-folding calculations with no normalization.
The medium effect reduces the theoretical reaction cross sections by about 15% for all the targets.

The right panel of Fig. 3 represents o for 2~32Ne + 12C systems at 240 MeV/nucleon. The g-

matrix folding model with the AMD density (solid line) reproduces the data [11], whereas the spherical
Hatree-Fock (HF) calculation with the Gogny DIS interaction (dotted line) underestimates the data. It
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Fig. 3: (Color online) Reaction cross sections for the scattering of '2C on stable nuclei from A = 12 to 27 in the
left panel and for the scattering of Ne isotopes from a '2C target at 240 MeV/nucleon in the right panel. In the left
panel, the data at 250.8 MeV/nucleon for 12C and 27 Al are taken from Ref. [52]. The data at 240 MeV/nucleon
for 20Ne and 2?Na are deduced from measured o7 at around 1 GeV/nucleon [53,54] with the Glauber model [11].
The solid (dotted) line stands for the results of the g-matrix folding model after (before) the normalization with
F = 0.978, whereas the dashed line corresponds to results of the ¢-matrix folding model. In the right panel, the
solid (dotted) line represents the results of AMD (spherical HF) calculations. The dashed line with a closed square
is the result of the AMD calculation with the tail and breakup corrections. The closed square represents the result
of the AMD+RGM calculation with breakup correction. The experimental data for A = 28 — 32 are taken from
Ref. 11.

should be noted that the nuclei with A > 30 are unbound in the spherical calculations, where A is the
mass number of P. The enhancement from the dotted line to the solid line stems from the deformation of
P. The g-matrix folding model with the AMD density thus yields results consistent with the data except
31Ne. The underestimation of this model for 3'Ne comes from the inaccuracy of the AMD density in its
tail region.

The tail correction to the AMD density can be made as below. The ground state of 3'Ne is de-
scribed by the **Ne+n cluster model with excitations of 3°Ne. The cluster-model calculation can be done
with the resonating group method (RGM) in which the ground and excited states of 3*Ne are constructed
with AMD. This AMD+RGM calculation is quite time consuming, but it is done for 3'Ne. The tail
correction to o is 35 mb. The reaction cross section with the tail correction (a square symbol) well re-
produces the experimental data [11] with no adjustable parameter. Consequently, 3! Ne is a halo nucleus
with large deformation.

4 Summary

We have shown recent developments of CDCC and the microscopic reaction theory as an underlying
theory of CDCC. This talk is based on the recent review article of Ref. 21.

First we have shown the theoretical foundation of CDCC by comparing the Faddeev method and
CDCC. The primary approximation in CDCC is the ¢-truncation P. The /-truncation changes the two-
body potentials, U, and U., to three-body ones. The theoretical foundation of the ¢-truncation is inves-
tigated with the distorted Faddeev equations where the three-body potentials PU,P and PU.P are in-
serted. The CDCC solution is the zeroth-order solution to the distorted Faddeev equations. The first-order
solution is strongly weakened by the suppression of coupling potentials, U, — PU,P and U, — PU.P.
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The CDCC solution is thus a good solution to the three-body Schrodinger equation, when £y, is large
enough. The theoretical statement based on the distorted Faddeev equations is numerically confirmed to
be true by a direct comparison between the CDCC and Faddeev solutions [24].

As an underlying theory of CDCC, we have constructed a microscopic reaction theory for AA
scattering, using the multiple scattering theory. This is an extension of the KMT theory for nucleon-
nucleus scattering to nucleus-nucleus scattering. The input of the theory is the g-matrix NN interaction
instead of the realistic one. The g-matrix has much milder r-dependence, so that the Glauber model
becomes reliable when the model starts from the microscopic reaction theory of Ref. 15. The Glauber
model is applicable for the scattering of lighter projectiles from lighter targets at intermediate and high
incident energies, since Coulomb breakup is weak there.

Using the g-matrix folding model, one can construct the microscopic optical potential with pro-
jectile and target densities calculated by fully microscopic structure theories such as AMD and HF. This
fully microscopic framework has been applied to the scattering of stable nuclei and unstable neutron-
rich Ne-isotopes at intermediate incident energies with success of reproducing the data. In “the Island
of inversion” region, the nuclei are strongly deformed, and 3!'Ne is a halo nucleus with strong defor-
mation. The reliable microscopic optical potential can be used as an input of CDCC calculations. This
microscopic version of CDCC is quite useful to analyze the scattering of unstable nuclei.
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Derivation of Eikonal Corrections to the Phase Shift Operators in the
Analytical Abrasion-Ablation Model
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Abstract

The analytical abrasion-ablation model has been used for quantitative
predictions of the neutron and light ion spectra from nucleus-nucleus and
nucleon-nucleus collisions. The abrasion stage of the present model utilizes
Glauber’s multiple scattering theory and applies a small angle
approximation. However the validity of the small angle approximation for
the current model is unclear for systems with three or more particles in the
final state as well as for light ions and nucleons. In this work, we have re-
derived the phase shift operator, y, for the calculation of nuclear cross-
sections in of the abrasion-ablation model using an approximation developed
by Wallace based on converting the partial wave series to a Fourier Bessel
expansion, using Legendre functions and thereby eliminating the small angle
approximation. We have computed differential cross-sections for various
projectile-target data sets at different energies and scattering angles, and
compare our model results to results from the previous model and published
experimental data.

1 Introduction

The ionizing space radiation environment is a major concern in planning for deep space, long duration
exploratory missions. The space ionizing radiation environment is very complex in nature and consists
of wide varieties of particles over a large energy range. Analytical models for quantitative prediction
of neutrons and light ions spectra from high and intermediate energy interactions provide a basis for
modelling of production and transport of ion fragments produced during such interactions, while also
providing important insight in the assessment of radiation damage during long duration deep space
missions [1],[2]. The analytical abrasion-ablation model, based on Eikonal approximations as derived
in the Glauber multiple scattering theory, has been widely used to describe the physics of secondary
particle production and transport during high energy nucleus-nucleus and nucleon-nucleus
collisions[3],[4].

The abrasion-ablation model is based on a fragmentation theory that describes the secondary
particle production from high energy interactions as a two step process[4], [5]. In the first step, the
abrasion or knockout process, an incoming projectile, P, moving with some initial velocity
(momentum) collides with a relatively stationary target T. During collision their overlapping volumes
get sheared off and produce light ion and nucleon clusters. After the collision the remaining parts of
the projectile and target nuclei continue in their original trajectory with near pre-collision velocities.
However, the projectile pre-fragment is now in excited state and emits nucleons, light ion clusters and
gamma rays to decay to ground state. This second step is known as the ablation process. The abrasion-
ablation model usually takes into account only projectile fragmentation. Target fragmentation is
generally accounted for by swapping the projectile and target in the model with appropriate frame
transformations. Theoretical formulations of the abrasion process are often based on Glauber multiple
scattering theory and apply the optical limit potential approximation to the nucleus-nucleus multiple
scattering series expansion in terms of an Eikonal approximation [4],[6], while the ablation part of the
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model is based on the classical evaporation model of Weiskopf and Ewing, which treats the particle
emission as a statistical process [5],[7].

The motivation behind this work is the inherent small angle approximation used in Eikonal
expansions in the Glauber multiple scattering series, which serve as the foundation in the formulation
of the abrasion model. The Eikonal expansions in the Glauber model are treated in terms of a high
energy, small angle approximation, which assumes that the total Eikonal phase for the scattering is
equal to the sum of individual phases for the scattering of the projectile by the target and also confines
the scattering to the plane of the incident momentum [3], [4]. While the Glauber model has been
successfully used in many applications, the validity of the model for three or more particles in the final
state is unclear and, since light ion transport (Z < 2) is basically a three dimensional problem, it cannot
be properly described by the Glauber model, which is limited to the plane of incident momentum
[31,[8]. In this work, we have used the higher order correction terms to the phase shift operator in the
calculation of the scattering amplitude in the Glauber model, as developed by Wallace who converted
the partial wave series into a Fourier-Bessel expansion, based on expansion of the Legendre
polynomials [9],[10], [11]. This creates an infinite series for the phase shift operator, where the
leading term is same as the Glauber model and higher order terms are corrections to the phase shift
operator. The expansion is exact in the sense that no small angle approximation is made. Based on
Wallace’s approach, we have developed four higher order correction terms to the phase shift operator
for use in the development of the abrasion model. We have also used Gaussian approximations for the
nuclear densities for the purpose of computational simplicity. A comparison of predictions
incorporating two and four higher order terms to the phase shift with predictions from the previous
model and experimental data [12] for various heavy ion data sets is presented.

2 Abrasion-Ablation Formulation

2.1 Abrasion Formalism

During a nuclear interaction, the cross section for abrading ‘n’ projectile nucleons can be given as
[13]:

o :[:PJZnJ.[l—P(E)TP(l;)AF bdb )

A
Where the binomial coefficient [ P] describes the number of possible combinations of nucleons that
n

can be emitted from an ensemble of A, identical nucleons with A, = A, —n.

In the above Eq.(1), P(b) is the nucleon non-removal probability expressed as a function of impact

parameter ‘b’ and can be expressed as:

—2Imy (5 )
AP

P(l_;) =exp (2

with the Eikonal phase function } (5 ) given in terms of Glauber model by Eq.(3):
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- 1 % R
x\b)=—— |V (F)dz (3)
()= [V()
In the above Eq.(3), Vv ( 7) is the optical potential and ‘v’ is the relative velocity of the incoming
particle in the incident momentum plane ‘z’.
Eq.(1) treats all nucleons as identical objects. To differentiate between protons and neutrons in the
projectile nucleus, a simple approach of substituting the binomial in Eq.(1) for all nucleons with
binomials for protons and neutrons can be used [14]. Thus substituting Eq.(2) into Eq.(1) and
separating the binomials to account for nucleon species, we can rewrite Eq.(1) as

n+z Ap—n—z

Oz =£NPJ(ZPj27rJ‘ I—exp —_Mjl(b) exp —_2ImZ(b) bdb 4)

n < P Ap

where o, is the cross section for abrading n out of N,neutrons and zout of Z,protons. It is

implicitly assumed in the above expression, for simplicity, that the neutron and proton distributions in
the projectile are completely uncorrelated.

The total absorption cross section be expressed in terms of abrasion cross section as a summation over
all projectile nucleons as

o-abs = Z O, (5)

which is

G =27 [1 —pr(5)" :|bdb ©)

The momentum distributions of the projectile fragments are derived using the work by Haneishi and
Fujita [15] for the derivation of nucleon momentum distributions in the rest frame of the projectile and
can be expressed as

2pA2

1

3 _p?
n(p) =n, Zci exp[ 3 j (7
o1

where p is the momentum of the nucleon in the projectile rest frame, p,; is the momentum width
parameter given in terms of the Fermi momentum k. and n, is the normalization constant. . The

values for C; and p, are taken from Cucinotta et al. [3].

For the abrasion process, the nucleon momentum distribution can now be given as

d3O' n 3 _p?
[_dpn3 lbr Z[ZG,,J(HO ;C,. eXp(2§Z Jj (8)
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2.2 Ablation Formalism

In the ablation process, the excited prefragment nuclei from the abrasion process give up their excess
energy and decay to their ground states by evaporating nucleons, light ion clusters and gamma rays.
The nucleon emission spectra from the ablation process are described by using the Weisskopf-Ewing
statistical decay model, which describes the probability of emission as a competing process [14], [7].
The probability function for the emission of particles used herein is from the works by Cucinotta et al.
[3] and Kikuchi and Kawai [16], and is given as

1,8 ECcyW, (Ej -E) )
(E[-S})
[ RG.E)E

0

. 2
E(.]’Ei) =

The neutron momentum distribution for the ablation process can be described in terms of this
probability function as

3
(2] ~Son (a2, n (0 (10
dp abl J

where the total momentum distribution from both abrasion and ablation processes is

d’c d’c d’c
p total p abr p abl

3 Derivation of the Phase Function Correction Terms

Wallace obtains the higher order correction terms to the phase shift operator in the Glauber model by
deriving a relationship between partial wave representation and impact parameter representation of the
scattering amplitude using an expansion of Legendre polynomials in terms of zero order Bessel
functions [9],[17]. In his work, Wallace formulates a relationship between the Eikonal phase factor
and the phase shift, thus creating an infinite series, where the first term is same as the Glauber model
and higher order terms are correction terms. The total Eikonal phase is the sum of the zero order term
and higher order correction terms in Wallace’s model. Each term can be expressed as [11], [18]

__ww [(bo a1 = % 12
2,(b) = k(nﬂ)![[kab 6ka} [V @2+ 2% dz (12)

with r = (5% +z%)”

Calculation of the phase function requires knowledge of the optical potential. For purposes of this
work, we use the optical potential term as given in [2] for the nucleus-nucleus scattering and its further
approximation in the context of high energy scattering, using a one body Schrodinger equation, as

V(F)=2mA+Ade3z pr () [ ypp (R+5+2)7(e,5) (13)
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with o, ( Z) and p, (5c'+ y+Z ) being the target and projectile single particle nuclear densities
respectively and 7 (e, y) being the two particle transition amplitude. The single particle densities,

calculated from their experimentally determined charge distributions, were assumed in previous work
[19], to have Harmonic Well (HW) distributions for lighter nuclei (A< 20) and Wood-Saxon
distribution for the heavier nuclei (A > 20). For the purpose of simplicity, in this work the densities
have been assumed to have simple Gaussian distributionsl, given as

PA(F)=C exp(-Dr?) (14)
with i = P,T representing the projectile and target constituents respectively. A justification of this
simplification is presented in more detail in [1].

Using the single particle densities from Eq. (14) and applying them to calculate the optical potential,
we can now write the zero order phase function term and the four higher order correction terms as

2.(b) :%\/%M oxp(—Nb?) (15)

7.(b)= ﬁ \/%MZ (4NB* +1)exp(—2Nb*) (16)

X :—lzlk2 \/%M3 (—36 b4N2)exp(—3Nb2) 17)

2= 481]{3 \/%M“ (—24b°N —192b'N? +5126°N* —3) exp(~4Nb*) (18)
2 =— 24(1)k4 \/ng (80006°N* ~100005*N* ) exp(~5Nb*) (19)

with - (D) = 2,(D)+ x.(B)+ .(D) + 2. (D) + 2, (D) + ...

Njw

3 . -3 1 D;
M =7 Ap AL CpCro(e)[ ale)+i |(27B(e)) 2 ([DP +T(€)J] Dy + D, — 1
" 2B(e)
(20)
D2
D, — r
N=|{D, - Dy - )
(238 :
© D, + D, — Dy
(o35
2B(e)

In the above equations, it can be clearly seen that the zero order term is exactly the same as the
Glauber model and the higher order terms are correction terms.
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4 Results and Conclusion

The study showed that the contributions of the higher order terms in the calculation of total and
abrasion cross sections were only significant for the first two correction terms, especially at the lower
energy regions. The contributions of the correction terms became smaller with increasing energy and
were not significant enough for the third and fourth order correction terms. Comparison to the
experimental data [12] show that the neutron double differential cross section predictions improved
with the addition of two higher order correction terms. At angles larger than 30 degrees, the current
work under predicts the cross section, which is due to the lack of isobar formation and decay channel
in the current model. Overall there was a significant improvement in cross section prediction with
addition of two correction terms, while third and fourth order term contributions were not significant.

The comparisons for two and four correction terms and the comparison to the experimental data are

shown below:

Energy os., o o, o, o

(MeV/N) = ZZ,' ZZ; ZZ,‘ ZZ,‘

(mb) (mb) (mb) (mb) (mb)
100 784.32 1368.40 1640.73 1690.05 1688.81
200 77421 1074.81 1119.02 1122.45 1122.45
300 773.91 1022.38 1050.22 1051.92 1051.92
500 780.40 1035.56 1060.73 1062.08 1062.82
1000 783.19 1004.09 1019.68 1020.28 1020.28
3000 781.38 864.69 866.73 866.76 866.76
5000 781.60 833.82 834.58 834.59 834.59
10000 781.97 805.01 805.15 805.15 805.15

Table 1: Total Abrasion Cross Section with Correction Terms for ?C on *’Al at 10 Degrees

Fig.1: Comparison of neutron differential cross section from abrasion process for 400 MeV/nucleon "N on '*C
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Fig. 2: Comparison to the experimental data for 400 MeV/nucleon "N beam colliding on '>C Target
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Abstract

We present an accurate method of treating neutron removal reactions and it’s
applications. According to the method, the nuclear and Coulomb breakup pro-
cesses are consistently treated by the method of the continuum discretized cou-
pled channels. This method is referred to as the eikonal reaction theory (ERT).
We analyze the two types of removal reactions of > Ne and He with ERT.

1 Introduction

Unstable nuclei have exotic properties such as the halo structure [1-3] and the change of magicity for
nuclei in the region called “island of inversion” [4]. One of the important experimental tools for exploring
such exotic properties is the nucleon removal reaction; see for example Ref. [5]. Very recently, a halo
structure of 3!'Ne has been reported following the experiment on the one-neutron removal reaction o_,
at 230 MeV/nucleon not only for a '2C target but also for a 2°®Pb target [6]. This is the heaviest halo
nucleus at the present stage confirmed experimentally, which also resides within the region of “island of
inversion”.

The nucleon removal reaction is composed of the exclusive elastic breakup component and the
inclusive nucleon-stripping component. For analyses of such exclusive and inclusive reactions, Glauber
model [7] is often used. This model, however, becomes breakdown for Coulomb breakup reactions
because of the adiabatic approximation. Meanwhile, the method of continuum discretized coupled chan-
nels (CDCC) [8,9] is highly reliable for describing exclusive reactions but not applicable to inclusive
reactions. Both method have different demerits.

In this paper, we introduce an accurate method of treating the one-neutron removal reaction at
intermediate incident energies induced by both nuclear and Coulomb interactions. In the method, the
nuclear and Coulomb breakup processes are accurately treated using CDCC without making the adiabatic
approximation to the latter, so that the calculated cross section is reliable even in the presence of the
Coulomb interaction. Thus, this method called the eikonal reaction theory (ERT) [10] is an essential
extension of the Glauber model and CDCC. ERT is applied to the one-neutron removal from 3!Ne and
the two-neutron removal from SHe for both light (*2C) and heavy (?98Pb) targets and we show that ERT
is useful for describing neutron removal reactions.

2 Eikonal reaction theory (ERT)

We consider as the scattering of a two-body projectile (P) composed of a core nucleus (c¢) and a valence
neutron (n). Including a target (A), we take the three-body (c+n+A) system shown as Fig. 1

The starting point is the three-body Schrodinger equation,
h2
~3; VR e+ US) + U o) + U ) — Bl W(RT) =0, (D)

where  is the reduced mass between P and A. The three-dimensional vector R = (b, Z) stands for the

coordinate between P and A, whereas r, (x = n or ¢) is the coordinate between x and A and r means

the coordinate between c and n. The operator hy, is the internal Hamiltonian of the projectile. UT(LNUCI) is

the nuclear part of the optical potential between n and A, and U, (Nuel) and U§C°““

nuclear and Coulomb parts of the optical potential between ¢ and A.

are, respectively, the
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i — A

Fig. 1: The three-body model for a two-body projectile

First we make a product assumption for the total wave function so that it is devided into the plane
wave part O and the remainder v,

¥ =O0y(R,7), )

1 i - 2u(E—h hK

— K2 KEM7 = 3)
N h K

we apply the eikonal approximation to the product form (2), namely, V%’L/} is neglected in the kinetic
energy term. It leads to the following equation,

O

d Aro A
— =0'UOy. 4
i ¥ “
The scattering matrix as a formal solution to Eq.(4) is
S = exp [ —ip / dzO" (UMD 4+ o 4 U,SN“D)O]. )
—00

Here, P is the “time” ordering (Z ordering) operator which describes the multistep scattering processes
accurately.

In the Glauber model, the adiabatic approximation is made, in which hp is replaced with the
ground-state energy of the projectile, and hence OTUO and P in Eq. 5 are reduced to U/(hvg) and 1,
respectively, where vy is the velocity of P in the ground state relative to A. At intermediate energies, this
treatment is known to be valid for short-range nuclear interactions, but not for the long-range Coulomb
interactions. Therefore, we make the adiabatic approximation in the evaluation of only OATU,(I,NUCI)OA, ie.,
we use

O'uNNO — UMD / (hw) - ©)

U,(INHCI) /(hvg) is just a number so that this term is commutable with the operators O and P. As a result,
S can be separated into the core part S, and the neutron part .S,,,

S~ 8.8, (7

with

&~
[

o ~ A~
exp {—i’P / dZOT(UC(N“CU + UC<C°“1>)0} , ®)

—00

S, = exp{fﬁ / az UT(LNHCU}. ©)
0
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This separation of S is the essence of ERT. It should be noted that one cannot evaluate S, directly with
Eq. (8), since it includes the operators O and P.

The one-neutron removal cross section is composed of stripping (o,
Cross sections.

n:str) and elastic breakup (o)

O_n = On:str + Tpu (10)

Ot and are written by Se, S, and the projectile ground-state wave function ¢,

Opistr = /d2b<900HS(“2(1 - |Sn‘2)‘500>
= [or = opu) = [or(=1) = opu(—n)]; (11

where o, 0, are the total reaction and elastic breakup cross sections, respectively,

OR /de[l B ‘<W0’Scsn‘<p0>|2} ’ (42

Oy — /dzb[<<po“scsn|2‘<p0> - ’<‘P0‘S<:Sn|§00>‘2} ) (13)

and o (—n), oy, (—n) correspond to the total reaction and elastic breakup, respectively, in which S.S,,
is replaced with S.. They are solution to the following equation,

2
{f%vﬁz + hp + UND (7)) + UL (1) — E| U(R,7) = 0. (14)

Eqgs.(1) and (14) can be solved with CDCC. This means that ERT makes CDCC applicable to inclusive
reactions.

3 One-neutron removal from 3'Ne

We apply ERT to the one-neutron removal reactions for the 3'Ne+'2C scattering at 230 MeV/nucleon
and the 3 Ne-+298Pb scattering at 234 MeV/nucleon with a three-body (*°Ne+n-+A) model. The optical
potentials for the n-target and 3°Ne-target subsystems are obtained by folding the effective nucleon-
nucleon interaction [11] with one-body nuclear densities. The densities of P and A are constructed by
the same method as in Ref. [12]. We assume the ground state of >'Ne to be either the *Ne(0) @ 1p3/2
or the 3'Ne(0") ® 0f7/2, with the one-neutron separation energy S, = 0.33 MeV [13]. As for the
breakup states, we include s-, p-, d-, f-, and g-waves up to the relative momentum between 3°Ne and n
of 0.8 fm~!. For more detailed numerical inputs, see Ref. [10].

Table 1 shows the elastic-breakup cross section oy , the one-neutron stripping cross section o,,.q,
the one-neutron removal cross section _,,, and the spectroscopic factor S = o= /o™ for '2C and
208pp targets. S calculated with the 1p3/2 ground-state neutron configuration little depends on the target
and less than unity, but that with the 0f7/2 configuration does not satisfy these conditions. Therefore, we
can infer that the major component of the ground state of >'Ne is 2**Ne(0%) @ 1p3/2 with S ~ 0.69. We
adopt this configuration in the following.

Since the potential between 3°Ne and n is not well known, we change each of the potential pa-
rameters by 30% and see how this ambiguity of the potential affects the resulting value of S. We obtain
S = 0.693 +0.133 + 0.061 for a '2C target and S = 0.682 + 0.133 + 0.062 for a 2°8Pb target; the sec-
ond and third numbers following the mean value stand for the theoretical and experimental uncertainties,
respectively. Thus, S includes a sizable theoretical uncertainty. This situation completely changes if we
look at the asymptotic normalization coefficient C'anc, i.e., Canc = 0.320 £ 0.010 £ 0.028 fm—1/2
for a 12C target and Canc = 0.318 + 0.008 + 0.029 fm~ /2 for a 298Pb target. Thus, Canc has a
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Table 1: Integrated cross sections and the spectroscopic factor for the 3'Ne-12C scattering at 230 MeV/nucleon
and the 3! Ne-298Pb scattering at 234 MeV/nucleon. The cross sections are presented in unit of mb and the data are
taken from Ref. 6.

12C target 208pb target
P32 frp  Exp. P32 f7;2  Exp.
ORB 233 33 7995 730 (540)
Gre 90 20 244 53
fo 114 32 79 1044 126 712
S 0.693 247 0.682 5.65

much smaller theoretical uncertainty than S. This means that the one-nucleon removal reaction is quite
peripheral.

The experimental value of S), has a large error, S,, = 0.29 4+ 1.64 MeV [13], so we also see
the .S,, dependence of Canc and S When S;, = 0.1 MeV, Canc = 0.128 + 0.003 £ 0.011 fm—1/2
and S = 0.530 £ 0.084 =+ 0.047 for a '2C target, and Canc = 0.105 % 0.004 + 0.010 fm—'/2 and
S = 0.358 & 0.057 & 0.033 for a 2°%Pb target. These values are plotted in Fig. 2. C'anc and S are
sensitive to the value of S,,. We can see from the S,, dependence of S for a 2°8Pb target that S < 1 when
Sp < 0.6 MeV. It is thus necessary to determine .S,, experimentally in the future to evaluate Canc and
S properly. However, we can say at least that Canc has a smaller theoretical error and weaker target
dependence than S for any value of .S,,.

1
Q
E: 081 Spectroscopic factor
"g —e— C target
f -4 Pb target
S 0.6
2
&
.2
& 04r ANC
% - C target
= a2 P target
o 0.2
(=9
12)

0 . . . .

0 0.2 0.4 0.6 0.8 1

Neutron separation energy (MeV)

Fig. 2:

4 Two-neutron removal from °He

ERT could be easily extended to three-body projectile. Combining this four-body ERT with four-body
CDCC [14,15], we can calculate two-neutron removal cross sections. ERT is applied to two-neutron
removal reactions of *He on '2C and 2%*Pb targets at 240 MeV/nucleon. In this case, the projectile is
treated as a three-body (« + n 4 n) system and hence four-body CDCC is used.

We use the microscopic folding potentials obtained by folding the Melbourne nucleon-nucleon
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g-matrix interaction [16] with the densities obtained by the spherical Hartree-Fock calculation with the
Gogny D18 interaction. [17,18] The present framework has no adjustable parameters. the three-body
calculation of ®He and the model space of the reaction calculation is the same as in Ref. [15], with which
good convergence is achieved.

Table 2: Integrated cross sections for two-neutron removal reaction of SHe on '2C and 20%Pb targets at
240 MeV/nucleon. The cross sections are presented in unit of mb and the experimental data are taken from
Ref. [19].

12C target 208pb target
Calc. Exp. Calc. Exp.
Opstr 1534 127+ 14 353.6 320 +£90
Oopstr 290 33 £23 1489 180 £ 100
0_9, 1985 190 £18 1016.6 1150 £ 90

Table 2 shows the one- and two-neutron stripping cross sections, 0,,.;, and oy, .., respectively,
and the two-neutron removal cross section o_,,. The present framework well reproduces the exper-
imental data [19] with no adjustable parameters. Thus, we can clearly see the reliability of ERT for
two-neutron removal reactions on both light and heavy targets.

5 Summary

We have presented an accurate method, which called the eikonal reaction theory (ERT), of treating the
neutron removal reaction at intermediate energies. According to the method, the nuclear and Coulomb
breakup processes are accurately and consistently treated by the framework of CDCC. ERT is an exten-
tion of the Glauber model and CDCC.

Canc and S of the last neutron in 3!Ne are evaluated from the measured one-neutron removal
reaction. For the 1p3/2 orbit, S and C'anc have weak target dependence and S < 1. On the other hand,
for the 1£7/2 orbit, S and Canc have strong target dependence and S > 1. These results indicate that
the last neutron mainly occupy the 1p3/2 orbit. Canc has a smaller theoretical error and weaker target-
dependence than S. Thus, C'anc is determined more accurately than S. This means that the one-neutron
removal reaction is quite peripheral. We could understand the one-neutron removal from 3'Ne within the
naive shell model.

The application of ERT to two-neutron removal reactions of He is also shown. The present
framework well reproduces the experimental data with no adjustable parameters. It was clearly shown
that ERT is useful for describing neutron-removal reactions.
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Abstract

In recent years, significant progress has been made in ab initio nuclear struc-
ture and reaction calculations based on input from QCD employing Hamilto-
nians constructed within chiral effective field theory. In this contribution, we
present one of such promising techniques capable of describing simultaneously
both bound and scattering states in light nuclei. By combining the resonating-
group method (RGM) with the ab initio no-core shell model (NCSM), we com-
plement a microscopic cluster approach with the use of realistic interactions
and a microscopic and consistent description of the clusters. We discuss appli-
cations to light nuclei scattering, radiative capture and fusion reactions.

1 Introduction

Nuclei are quantum many-body systems with both bound and unbound states. One of the major chal-
lenges for theoretical nuclear physics is to provide a unified description of structural and reaction prop-
erties of nuclei that is based on the fundamental underlying physics: the constituent nucleons and the
QCD-based realistic interactions among them. A predictive theory of reactions of light nuclei is needed
for many reasons.

First, it would greatly help our understanding of nuclear reactions important for astrophysics.
Some of the outstanding light-nucleus uncertainty sources in astrophysics applications include: reactions
leading to the nucleosynthesis of ®B (and the production of the solar neutrinos measured in terrestrial ex-
periments) such as the "Be(p,v )®B and 3He(c,y )" Be radiative capture rates; the thermonuclear reaction
rates of a capture on ®Be and '2C nuclei during the stellar helium burning.

Furthermore, nuclear reactions are one of the best tools for studying exotic nuclei, which have
become the focus of the next generation experiments with rare-isotope beams. These are nuclei for which
most low-lying states are unbound, so that a rigorous analysis requires scattering boundary conditions.
In addition, much of the information we have on the structure of these short-lived systems is inferred
from reactions with other nuclei.

Finally, low-energy fusion reactions represent the primary energy-generation mechanism in stars,
and could potentially be used for future energy generation on earth. Examples of these latter reactions
include the d+>H— n+*He fusion used at ITER and at the National Ignition Facility (NIF). Even though
there have been many experimental investigations of the cross sections of this reaction, there are still open
issues. A first-principles theory based on accurate two-nucleon (/N V) and three-nucleon (NN N) forces
will provide the predictive power to reduce the uncertainty in the reaction rate at very low temperatures;
provide an understanding of the reaction rate dependence on the polarization induced by the strong
magnetic fields (characteristic of both inertial and magnetic confinement); and clarify the influence of
non-local thermal equilibrium in plasma environments.

In this contribution, we describe the recently introduced ab initio many-body approach to reactions
on light nuclei [1] that combines the resonating-group method (RGM) [2] with the ab initio no-core shell
model (NCSM) [3]. We discuss examples of calculations relevant for nuclear astrophysics, 7Be(p,y)SB
radiative capture, calculations of the d-3He and d-*H fusion reactions, and investigations of the ground-
state (g.s.) resonance of the exotic nucleus “He.

67
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2 Abinitio NCSM/RGM

The ab initio nuclear reaction approach that we are developing is an extension of the ab initio no-core
shell model (NCSM) [3]. The innovation which allows us to go beyond bound states and treat reactions
is the use of cluster basis states in the spirit of the resonating-group method,

|7, 7) = [( [A=a0i I T) |a 0oL T3) ) Vi (7a-0.0) VD 8 = razaa) : (1

TTA—a,a

in which each nucleon cluster is described within the NCSM. The above translational invariant cluster
basis states describe two nuclei (a target and a projectile composed of A—a and a nucleons, respectively)
whose centers of mass are separated by the relative coordinate 74 _, , and that are traveling in a 250 7 wave
or relative motion (with s the channel spin, ¢ the relative momentum, and .J the total angular momentum
of the system). Additional quantum numbers characterizing the basis states are parity 7 = 7179 (—1)*
and total isospin 7'. For the intrinsic (antisymmetric) wave functions of the two nuclei we employ the
eigenstates |[A—a I Ty) and |a apl;?T5) of the (A — a)- and a-nucleon intrinsic Hamiltonians,
respectively, as obtained within the NCSM approach. These are characterized by the spin-parity, isospin
and energy labels I, T;, and oy, respectively, where ¢ = 1,2. In our notation, all these quantum
numbers are grouped into a cumulative index v = {A—a a I T1; a asl;?T5; st}. Finally, we note
that the channel states (1) are not antisymmetric with respect to exchanges of nucleons pertaining to
different clusters. Therefore, to preserve the Pauli principle one has to introduce the appropriate inter-

cluster antisymmetrizer, schematically A, = % <1 +>p #d(—)pP> , where the sum runs over

all possible permutations of nucleons P different from the identical one that can be carried out between
two different clusters and p is the number of interchanges characterizing them.

The channel states (1), fully antisimmetrized by the action of the antisymmetrization operator A,
are used as a continuous basis set to expand the many-body wave function,

1 2. 1J7T¢,.
7Ty Z/ drr? A, |¢J"T>7W ('), @)

r

where x;!" T (r) represent continuous amplitudes determined by solving the orthogonalized RGM equa-
tions:

r/ r

JTT (0 J T
Z/dr/ /2 ZHfo]i;"IT( o )Xl/ (T‘) EX)/ ( ) (3)

Here N T(r,r") and HW, (r,r"), commonly referred to as integration kernels, are respectively the
overlap (or norm) and Hamiltonian matrix elements over the antisymmetrized basis (1), i.e.:

N

vlr! vlr! ,/ (4)

where H is the microscopic A—nucleon Hamiltonian and F is the total energy in the center of mass
(c.m.) frame. The calculation of the above many-body matrix elements, which contain all the nuclear
structure and antisymmetrization properties of the system under consideration, represents the main task
in performing RGM calculations. Further details are given in Refs. [4,5]. In the applications presented
in Sec. 3 and 4 we employ SRG-evolved [6,7] chiral N3LO [8] NN potentials (SRG-N®LO).

3 Applications
3.1 The "Be(p,v)®B radiative capture

The "Be(p,7 )®B radiative capture is the final step in the nucleosynthetic chain leading to ®B and one of
the main inputs of the standard model of solar neutrinos. Recently, we have performed the first ab initio
many-body calculation [9], of this reaction starting from the SRG-N3LO NN interaction with A = 1.86
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fm—1L. Using p-"Be channel states including the five lowest Ny = 10 eigenstates of "Be (the %_

ground and the %_ ,%_, and first and second g_ excited states), we solved Eq. (3) first with bound-state

boundary conditions to find the bound state of ®B, and then with scattering boundary conditions to find
the p-"Be scattering wave functions. Former and latter wave functions were later used to calculate the
capture cross section, which, at solar energies, is dominated by non-resonant E1 transitions from p-"Be
S- and D-waves into the weakly-bound ground state of 8B. All stages of the calculation were based on
the same harmonic oscillator (HO) frequency of /2 = 18 MeV, which minimizes the g.s. energy of "Be.
The largest model space achievable for the present calculation within the full NCSM basis is Npyax = 10.
At this basis size, the "Be g.s. energy is very close to convergence as indicated by a fairly flat frequency
dependence in the range 16 < A2 < 20 MeV, and the vicinity to the Ny,.x = 12 result obtained within
the importance-truncated NCSM [10, 11]. The choice of A = 1.86 fm~! in the SRG evolution of the
N3LO NN interaction leads to a single 2t bound state for ®B with a separation energy of 136 keV
quite close to the observed one (137 keV). This is very important for the description of the low-energy
behavior of the 7Be(p,v )®B astrophysical S-factor, known as S17. We note that the NN N interaction
induced by the SRG evolution of the NN potential is repulsive in the A-range ~ 1.8-2.1 fm~', and, in
very light nuclei, its contributions are canceled to a good extent by those of the initial attractive chiral
NN N force (which is also SRG evolved) [12,13].

The resulting S17 astrophysical factor is compared to several experimental data sets in Figure 1.
Energy dependence and absolute magnitude follow closely the trend of the indirect Coulomb breakup
measurements of Shiimann et al. [14, 15], while somewhat underestimating the direct data of Junghans
et al. [16]. The resonance, particularly evident in these and Filippone’s data, is due to the M1 capture,
which does not contribute to a theoretical calculation outside of the narrow 3B 17 resonance and is
negligible at astrophysical energies [17,18]. The M1 operator, for which any dependence upon two-
body currents needs to be included explicitly, poses more uncertainties than the Siegert’s £'1 operator.
We plan to calculate its contribution in the future. The shape is also quite similar to that obtained within
the microscopic three-cluster model [19] (see the dashed line in Fig. 1 (a)) used, after scaling to the data,
in the most recent Sy7 evaluation [18]. The contributions from the initial 1~, 2~ and 3~ partial waves
are shown in panel (b) of Fig. 1.

The convergence of our results with respect to the size of the HO model space was assessed by
means of calculations up to Np,.x = 12 within the importance-truncation NCSM scheme [10, 11] with
(due to computational limitations) only the first three eigenstates of "Be. The Ny = 10 and 12 S-
factors are very close. As for the convergence in the number of "Be states, we explored it by means of
calculations including up to 8 "Be eigenstates in a Ny ,x = 8 basis (larger Ny,.x values are currently
out of reach with more then five "Be states). Based on this analysis, we conclude that the use of an
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Fig. 1: Calculated "Be(p,y)®B S-factor as function of the energy in the c.m. compared to data and the micro-
scopic cluster-model calculations of Ref. [19] with the Minnesota (MN) interaction (a). Only E1 transitions were
considered. Initial-state partial wave contributions are shown in panel (b). Calculation as described in the text.
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Nmax = 10 HO model space is justified and the limitation to five "Be eigenstates is quite reasonable.
Finally, our calculated S17(0) = 19.4(7) MeV b is on the lower side, but consistent with the latest
evaluation 20.8 4 0.7(expt)£1.4(theory) [18].

3.2 The 3H(d, n)*He and >He(d, p)*He fusion reactions

The *H(d, n)*He and *He(d, p)*He fusion reactions have important implications first and foremost for
fusion energy generation, but also for nuclear astrophysics, and atomic physics. Indeed, the deuterium-
tritium fusion is the easiest reaction to achieve on earth and is pursued by research facilities directed
at reaching fusion power by either inertial (e.g., NIF) or magnetic (e.g., ITER) confinement. Both
3H(d,n)*He and *He(d, p)*He affect the predictions of Big Bang nuclosynthesis for light-nucleus abun-
dances. In addition, the deuterium-3He fusion is also an object of interest for atomic physics, due to the
substantial electron-screening effects presented by this reaction.

In the following we present the first ab initio many-body calculations [20] of these reactions start-
ing from the SRG-N3LO NN interaction with A = 1.5 fm~*, for which we reproduce the experimental
Q-value of both reactions within 1%. We adopted HO model spaces up to Ny = 13 with a fre-
quency of AQ = 14 MeV. The channel basis includes n-*He (p-*He), d-*H (d-*He), d*-*H (d*-*He)
and d™*-3H (d"*-3He) binary cluster states, where d* and d’* denote 35;-3D; and 3D, deuterium excited
pseudostates, respectively, and the >H (*He) and “He nuclei are in their ground state.

Figure 2 (left) presents the results obtained for the *He(d, p)*He S-factor. The deuteron deforma-
tion and its virtual breakup, approximated by means of d pseudostates, play a crucial role. The S-factor
increases dramatically with the number of pseudostates until convergence is reached for 9d* + 5d'*. The
dependence upon the HO basis size is illustrated by the *H(d, n)*He results of Fig. 2 (right). The con-
vergence is satisfactory and we expect that an Ny, =15 calculation, which is currently out of reach,
would not yield significantly different results. The experimental position of the 3He(d, p)*He S-factor is
reproduced within few tens of keV. Correspondingly, we find an overall fair agreement with experiment
for this reaction, if we exclude the region at very low energy, where the accelerator data are enhanced
by laboratory electron screening. The H(d, n)*He S-factor is not described as well with A=1.5 fm~".
Due to the very low activation energy of this reaction, the S-factor (particularly peak position and height)
is extremely sensitive to higher-order effects in the nuclear interaction, such as three-nucleon force (not
yet included in the calculation) and missing isospin-breaking effects in the integration kernels (which are
obtained in the isospin formalism). To compensate for these missing higher-order effects in the interac-
tion and reproduce the position of the *H(d, n)*He S-factor, we performed additional calculations using
lower A values. This led to the theoretical S-factor of Fig. 2 (right) (obtained for A=1.45 fm~1), that is in
overall better agreement with data. although it presents a slichtlv narrower and somewhat overestimated
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Fig. 2: Calculated S-factor of the *He(d, p)*He (left) and *H(d, n)*He (right) reaction compared to experimental
data. Left: Convergence with the number of deuterium pseudostates in the 3S;-2D; (d*) and 3 D5 (d'*) channels.
Right: Convergence with the size of the basis Nyax.
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Fig. 3: Dependence of the NCSM/RGM (blue lines) and NCSMC (red lines) *He + n diagonal phase shifts of the
"He 3 /2~ g.s.on the number of 6He states included in the binary-cluster basis. The short-dashed, dashed, and solid
curves correspond to calculations with the “He 0 g.s. only, 0", 2% states, and 0T, 2+, 2+ states, respectively.

peak. This calculation would suggest that some electron-screening enhancement could also be present in
the *H(d, n)"He measured S factor below 10 keV c.m. energy. However, these results cannot be consid-
ered conclusive until more accurate calculations using a complete nuclear interaction (that includes the
three-nucleon force) are performed. Work in this direction is under way.

4 No-core shell model with continuum: Application to unbound "He

We can improve on the NCSM/RGM formalism with a more general unified approach, the no-core shell
model with continuum (NCSMC), based on the coupling of the A-nucleon NCSM eigenstates with the
NCSM/RGM binary-cluster states. We augment the NCSM/RGM ansatz for the A-body wave function
by means of an expansion over A-body NCSM eigenstates \A/\J ™T') according to:

AR Zc,\|A)\I” Y+ /drr H)A [Ty, (5)

The NCSM sector of the basis provides an effective description of the short- to medium-range A-body
structure, while the NCSM/RGM cluster states make the theory able to handle the scattering physics
of the system. The discrete, ¢y, and the continuous, x, (r) (see Eq. 2) unknowns of the NCSMC wave
functions are obtained as solutions of coupled equations that generalize Eq. 3.

This formalism can be applied successfully even to exotic unbound systems like "He. The ground
state of this nucleus is a 3/2~ resonance at 0.43 MeV above the neutron and He threshold. In Fig. 3,
we present the dependence of the 3/2 g.s. phase shifts on the number of He eigenstates included
in the NCSM/RGM (blue lines) and NCSMC (red lines) calculations. The NCSM/RGM calculation
with the ®He target restricted to its g.s. does not produce a "He 3/2~ resonance (the phase shift does
not reach 90 degrees). A 2P; /2 resonance does appear once the Q{r state of He is coupled, and the
resonance position further moves to lower energy with the inclusion of the second 27 state of *He. On
the contrary, the 2 P; /2 resonance is already present in the NCSMC calculation that includes four 3 /2~
NCSM "He eignestates with only the g.s. of He. Adding the 2] state of ®He generates a modest shift of
the resonance to a still lower energy while the second 27 state of He has no significant influence. We
further observe that the resonance position in the NCSMC calculation is lower than the NCSM/RGM one
by about 0.7 MeV. This difference is due to the additional correlations brought by the “He eigenstates that
are coupled to the n+5He binary-cluster states in the NCSMC and that compensate for higher excited
states of the He target omitted in the NCSM/RGM sector of the basis. While NCSM/RGM calculations
with a large number of cluster excited states can become prohibitively expensive, the coupling of a few
NCSM eigenstates of the composite system is straightforward. More details can be found in Ref. [21].
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5 Conclusions and Outlook

We gave an overview of the NCSM/RGM, an ab initio many-body approach capable of providing a
unified description of structural and reaction properties of light nuclei, by combining the RGM with
the use of realistic interactions, and a microscopic and consistent description of the nucleon clusters,
achieved via the ab initio NCSM. Since the publication of the first results [1,4,22], obtained for nucleon-
nucleus collisions, the NSCM/RGM has grown into a powerful approach for the description of light-ion
fusion reactions. The formalism has been extended to include two-nucleon (deuteron) projectiles [5],
as well as complex reactions with both nucleon-nucleus and deuteron-nucleus channels [20], based on
realistic NNV interactions. Further extensions of the approach to include the three-nucleon components
of the nuclear interaction and three-cluster channel states are under way.
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Importance of final-state fluctuations in radiative capture reactions and
applications to surrogate reaction measurements

F.S. Dietrich
Lawrence Livermore National Laboratory, Livermore, CA 94551, USA

Abstract

Fluctuation effects in the final state of a direct reaction leading to unbound
states were studied by Kerman and McVoy (KM). A simplified form of the KM
theory has provided the key to the interpretation of a Y (% ) ?9Zr* measure-
ment in which the residual “°Zr* nucleus was formed at excitation energies
up to ~28 MeV, well above the proton separation energy in “°Zr. The same
modified KM theory can be applied to other processes, such as the use of the
(d, p) reaction to insert a neutron into a target to form a compound nucleus, as
an alternative to direct formation by neutron bombardment. This is an example
of the surrogate reaction mechanism, currently being developed for the indi-
rect measurement of reactions on unstable targets. Leakage of the final-state
neutron into the continuum invalidates the mechanism and thus its magnitude
must be estimated. We use the modified KM theory to estimate this effect.

1 Introduction

A treatment of fluctuation effects in the final state of a direct reaction leading to highly-excited states
in the residual nucleus was given by Kerman and McVoy (KM) [1], using an extension of the reaction
framework developed by Kawai, Kerman and McVoy (KKM) [2]. The KM theory provides a basis
for understanding the formation and subsequent decay of a compound nucleus B* resulting from direct
reactions such as A(d, p)B*.

We will show how a simplified form of the KM theory provided the key to the interpretation of the
89Y (y ) 90Zr* reaction measurement [3] with 19.6-MeV polarized protons, in which the residual 20Zr*
nucleus was formed at excitation energies up to ~28 MeV, well above the proton separation energy
in %Zr. A straightforward extension of the direct-semidirect capture theory to unbound final states
completely failed to explain the observed gamma spectra and angular distributions, but the addition of an
absorptive term for the final-state proton obtained from the modified KM theory solved the problem and
yielded an excellent reproduction of the observed gamma spectra, angular distributions, and analyzing
powers [3].

The same modified KM theory can be applied to other direct reactions forming an unstable final
state. A case of contemporary interest is the use of the (d, p) reaction to insert a neutron into a target
to form an unstable compound nucleus, as an alternative to direct formation of the compound system
by neutron bombardment. This is an example of the surrogate reaction mechanism, which is being
developed for the indirect measurement of statistical reactions on rare or unstable targets. This topic has
been covered in a recent review article [4]. Since it is assumed in applications of the surrogate reaction
technique that the final-state neutron damps into a compound nucleus, leakage of the captured neutron
into the continuum invalidates the surrogate mechanism, and thus its magnitude must be estimated. The
modified KM theory (as well as closely related approaches [5,6]) can estimate the leakage fraction, and
preliminary estimates have been made [4]. Since the direct-semidirect (n,y ) radiative-capture reaction
deposits a neutron into a nucleus in a manner similar to the (d,p) stripping reaction, we can use the
capture reaction to get an estimate of the leakage. We show estimates of the leakage probability as a
function of the orbital angular momentum of the deposited neutron, and conclude that it is significant (of
the order of 50% for low angular momenta).
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It has so far been assumed that the surrogate compound nucleus decays according to simple
Hauser-Feshbach branching ratios, but this ignores possible correlations between the decay channels
and the direct-reaction formation process. This part of the problem will require application of the full
KM theory.

‘We now show a few of the key results from the KKM, KM, and direct-semidirect capture theories
that will be relevant to the following discussion.

In KKM [2], the S matrix element connecting entrance channel ¢ and exit channel ¢ is written as
an optical-potential background term plus a sum over resonances identified by ¢,
9qcYqc’

Scc’(E) :SC(:’(E‘)fZ E_b@qa

)]
where g is an amplitude for decay from the state g into the channel ¢, and & is the (complex) energy of
q. By construction, the energy average over an interval containing many states ¢ is zero. The fluctuation
(compound) cross section in the large width-to-spacing limit, I'/D > 1, is defined in terms of certain
averages over the resonance parameters,

/
27 «
Xz:c’ = (ﬁ) <gchqc’>i]‘ (2)

In KM [1], it was recognized that population of resonances ¢ in a 2-body entrance channel c could
be accomplished via a direct transfer reaction as well. An example would be the replacement of the
absorption reaction n + A — B* by the stripping reaction A(d, p)B*. The expression in KM analogous
to Eq. 1 is for the 7" matrix,

M RqY9qc

o 3)

Tre = TRC + Z
q

where T'p, is the usual direct amplitude (calculated, e.g., in DWBA) and Mg, is the replacement for
the KKM amplitude g,.. The factor Mg, is defined in terms of an amplitude m g, (r) for finding the
deposited particle at position 7 in channel ¢y,

MRe, (7 Z / dr' ME (g (/7). 4)

co

where Z\/[Ff; (r') is the direct-reaction amplitude for depositing the particle at spatial position r’ in channel
¢o, which is then propagated to position r in channel ¢; by the Green’s function ¢ (+). Then M Rq 18

Mpy = Z/drchl(r)mR,;l (r), (5)

where Vi, (1) is the interaction that captures the particle at r in channel ¢; into the resonant state ¢. The
main result from KM that is relevant to the present work was obtained by calculating the inclusive cross
section, i.e., the sum over all final channels c. After several approximations, KM found the expression

Stoh) =t S [ drimn o) Weut), ©

where W, (r) is the imaginary part of the optical potential acting on the captured particle after the
transfer reaction.

Direct-semidirect capture (DSD) is a well-known process that may be regarded as the DWBA
theory for radiative capture, mainly useful for nucleons. One calculates matrix elements of an effective
radial operator, which for electric radiation of multipolarity L is

1 1
L /
Qr =qrr” + - — hy (r), 7
L=ar (Eq,—ETes—i-zF/Q EV—I—ETCS) £(7) ™
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where the first term represents direct capture and ¢y, is a kinematic effective charge. The second (semidi-
rect) term describes capture through excitation and subsequent gamma emission of a giant resonance at
excitation energy E,.; with width T'; 1/, (r) is a radial form factor describing the excitation. The sec-
ond part of the semidirect term represents excitation by the particle in the final state (core polarization).
Nearly all calculations preceding the work described here [3], such as that described in Ref. [7], were for
capture of a continuum nucleon into a bound final state.

2 Radiative capture to unbound states
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Fig. 1: Gamma spectra at 125° from the ?Y (7 ) reaction with protons protons polarized up and down along an
axis perpendicular to the reaction plane.

We describe the work on radiative capture in chronological order to emphasize the important con-
tributions of Prof. Arthur Kerman to this project. Before this work, several candidate mechanisms were
proposed to explain the spectra of nucleon-induced gamma spectra populating both bound and unbound
final states. These included equilibrium statistical emission, preequilibrium or multistep reactions (e.g.,
intermediate nucleon emission preceding the gamma), and DSD (although this had been implemented
only for direct capture in light nuclei [8]).

To clarify this problem, we carried out measurements of the angular distributions and analyzing
power of gammas emitted in the 7Y (j3 ) reaction with 19.6 MeV polarized protons [3]. Spectra were
measured at 5 angles between 30° and 150° with both signs of the proton polarization along an axis
perpendicular to the reaction plane. The spectra at 125°, shown in Fig. 1, exhibit significant polarization
effects above ~17 MeV. Gammas above 19.6 MeV correspond to bound final states in the residual “°Zr;
those below, to states in which the captured proton is unbound and may be emitted into the continuum.

To explain the results, we first implemented a straightforward DSD capture calculation with a con-
tinuum (optical-model) final state wave function, similar to what was done in Ref. [8]. This calculation
underestimated the magnitude of the cross section by 7 orders of magnitude. We soon realized that this
discrepancy was due to the fact that the emission of the captured proton was suppressed by the Coulomb
barrier, and that instead the proton was absorbed.

At this point Prof. Kerman pointed out that the KM paper could be applied to this problem. We im-
plemented Eqs. 4 and 6 shown above, using an on-shell approximation for the Green’s function in Eq. 4,
and found that the discrepancy in the magnitude was reduced to a mere 2 orders of magnitude! We then
calculated the full Green’s function and obtained an excellent reproduction of the angular distributions
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and analyzing powers as well as the spectral shapes. During this last stage we re-examined the theory
and found that the inclusive cross section, which is all that is needed for the present case, can be derived
more easily by applying closure to the final states, without requiring the approximations used to get the
KM expression of Eq. 6. The resultant expressions are given in Ref. [3], in which the double-differential
cross section for the full extended DSD theory can be expressed as a sum of two components,

do

——— =o01+0 8

dB,d0, LT ®
where o is identical to the KM expression of Eq. 6 (in a slightly different notation) and represents
compound-nucleus absorption in the final state. o is the direct escape contribution, which is the straight-
forward extension of DSD using a continuum final state wave function. This term is negligible in the
present case as noted above, but, as will be seen below, it is significant for neutron capture since there is
no Coulomb barrier.
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Fig. 2: 90° spectrum of the gammas from the 3?Y (p,7 ) reaction, together with the full DSD and Hauser-Feshbach
calculations.

Figure 2 shows the gamma spectrum at 90°, together with the extended DSD calculations and
equilibrium statistical (Hauser-Feshbach) calculations of the spectra using two commonly used models
for the gamma strength function. We see that there is no apparent need for reaction mechanisms other
than those shown in the figure, at least up to ~20 MeV incident energy. In carrying out this calculation,
we have included direct E1, E2, and E3 radiation as well as semidirect E1.

3 Application to surrogate reactions

The compound nuclear reaction, illustrated in the top portion of Fig. 3, may be difficult or impossible to
measure if the target A is rare or unstable. An alternative approach, the surrogate reaction technique [4],
involves forming the same compound nucleus in a direct reaction on a different target, as shown in the
bottom portion of the figure. Corrections using nuclear reaction theory are required, since the spin-
parity distribution of the compound system is different in the two cases, and the final state of the direct
reaction may emit particles before an equilibrium compound nucleus is formed (i.e., incomplete or partial
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Fig. 3: Schematic picture of the formation of a compound nucleus B* via either an absorption reaction a + A —
B*, or a direct interaction D(d, b)B*. In both cases, the compound nucleus subsequently decays into the various
open channels.

fusion). Note that the relation between the desired and surrogate reactions is exactly the same as between
the KKM and KM theories.

A particularly interesting case is the use of a (d, p) reaction as a surrogate for neutron absorption on
an unstable target, since it may be useful for the determination of astrophysical neutron capture reactions.
Since the (n,7 ) process described by the extended DSD theory and the (d, p) reaction deposit a neutron
onto a target in a similar manner, we can use a DSD calculation to give relevant estimates of both the
spin distributions and the compound formation probability. The compound formation probability is easily
obtainable since the calculation separately identifies the compound formation and the neutron escape (o1
and o9, respectively, in Eq. 8).

In Fig. 4 we show calculations of the cross sections and compound formation probabilities for the
89Y (n,7 ) reaction at 19.6 MeV incident energy. These quantities are shown as a function of the orbital
angular momentum L of the captured neutron, for three values of the energy available for neutron escape,
1,5,and 11 MeV.

The upper panels of the graph show a striking odd-even effect in the dependence of the cross
section on L. This is a consequence of the single-particle spectroscopy of the captured neutron in the
potential well of the 39Y target, and can be associated with the alternation of even and odd parities in
the major shells in a harmonic oscillator potential. The lower panels show that for low L and low escape
energies the compound formation probability is rather low, of the order of 0.5. For increasing L, the
angular momentum barrier increases and eventually becomes large enough to inhibit escape, so that the
formation probability approaches unity. Both of these effects are large enough that they will need to
be carefully taken into account in the analysis of (d,p) surrogate reactions. Some preliminary escape
calculations for (d,p) surrogate reactions using a similar reaction theory [5,6] have been reported in
Ref. [4].

4 Conclusions

The extended DSD theory, supplemented by Hauser-Feshbach, describes capture to both bound and
unbound regions. Together with further work not shown here, there is no evident need for multistep
contributions up to approximately 33 MeV. The theoretical result for inclusive reactions agrees with the
expression in KM, but obtaining it does not require detailed treatment of resonance structure as in KM.
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Fig. 4: Cross section and compound-nucleus formation probability for radiative capture to unbound final states in
the 89Y (n,7 ) reaction at 19.6 MeV incident energy, as a function of the orbital angular momentum of the neutron
following capture. Results are shown for final-state neutron escape energies of 1,5, and 11 MeV. The upper graphs
show the cross sections, which are the angle-integrated values calculated from the extended DSD theory. The lower
graphs show the probability that a compound nucleus is formed.

The theory predicts the ratio of compound formation to direct escape of the particle after capture.
In comparing %Y (p,y) and %Y (n,y), we find that for protons the compound formation dominates
hugely because of the Coulomb barrier. However, for neutrons, the neutron escapes a significant fraction
of the time.

The calculation of escape vs. compound formation for neutron capture has been useful in under-
standing and quantifying the challenges in using (d, p) as a surrogate reaction to form the same compound
nucleus as in neutron absorption.

It is important to realize that the treatment of inclusive reactions discussed here is not sufficient to
understand possible correlations between compound decay channels and the formation of the compound
nucleus by a direct reaction. If these are important, the statistical properties of the full KM theory will
be required. As a pertinent example, the cross sections for formation of the compound resonances in the
(d, p) reaction may very well be correlated with the neutron decay widths of these resonances.
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Abstract

The calculation of the neutron double differential cross sections for p+’Be
reaction is performed. The secondary outgoing neutrons only coming from
the (n,np2a) reaction channel through four different emission processes, are
illustrated in detail. Since two predicted levels of ‘Be, ie.,
E(Jm)I'=9(5/2")1000 and 10(5/27)1000 have been proposed in 2009, in this
work those two predicted levels are analyzed further based on the neutron
double differential cross sections at E,=18 MeV. The calculated results
indicate that the fittings would be improved obviously while the predicted
levels have been employed.

1 Introduction

’Be has been selected as the material for controlled thermonuclear reactors for a long time. For
improving neutron economy in thermal and fast-fission reactors and in the design of accelerator-driven
spallation neutron sources, *Be is still a very useful material[1], because of the relatively large (n,2n)
cross section, low mass and low neutron-capture cross section.

A model for description of light particles induced light nucleus reaction was proposed in
1999[2] and improved in 2009 by Jingshang Zhang[3]. The key point of this model is that the angular
momentum and parity conservation is taken into account properly in the emission process from a
compound nucleus to the discrete levels of the residual nuclei with pre-equilibrium mechanism. The
double-differential cross sections of total outgoing neutrons for a series of light nucleus reactions, such
as 7Li[4,5], '"“"'B[6,7], "*C[2], "“N[8], '®O[9] and '’F[10], have been analyzed successfully by using
this model. Furthermore, in 2009[11], the calculation and analysis of the double-differential cross
sections from neutron induced ’Be reactions had been performed based on the updated level
schemes[12]. The model calculations are very sensitive to the level schemes, because all of the
residual states are discrete levels in light nucleus reactions. Although the updated level scheme of *Be
had been employed in the calculation, there were still some deficiencies between contributions from
the 9" and 10" levels. In view of the much higher energy interval, we predicted that there were two
new levels between the 9" level 7.94(5/2) and the 10" level 11.238(7/2%). The calculated results
indicted the fittings would be improved obviously, while the predicted levels 9.0(5/2%) and 10.0(5/2%)
had been employed in the calculation[11]. Now, in this work, the calculation and analysis of the
double-differential cross sections from p+°Be reactions are performed to verify the validity of those
two predicted levels. The level scheme of *Be employed in this calculation has been listed in Table I
including those two predicted levels.
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Energy(MeV) Spin and parity Energy width (keV)
g.s. 3/2° stable
1.684 1/2* 217
24294 52 0.78
2.78 1/2 1080
3.049 5/2* 282
4.704 3/2* 743
5.59 3/2 1330
6.38 7/2 1210
6.76 9/2* 1330
7.94 5/2 1000
9.0 5/2* 1000
100 52* 1000
11.283 7/2 575
11.81 5/2 400
13.79 T 590
14.3922 3/2 0.381
14.48 5/2° 800
15.10 ? 350
15.97 ? 300
16.671 52 41
16.9752 1/2° 0.389
17.298 5/2° 200
17.493 712" 47

Table 1. The level scheme of *Be taken from Ref[12]

*Labels the predicted levels; g.s. =ground state; ? indictes the abcent data
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The emitted neutron of p+°Be reactions only come from the (p,np2a) channel with four different
reaction approaches. On the basis of the statistical theory[3], we calculate the total outgoing neutron
double differential cross sections at 18 MeV incident proton energies using updated levels, while two
predicted levels are (or not) employed. The results show that two predicted levels, i.e.,
E(Jm)I'=9.0(5/2")1000 and 10.0(5/2%)1000, as labeled asterisk in Table I, obviously improve the
agreement with the experimental data[13].

This article proceeds as follow. In Sec.II, the opened channels of p+ Be reaction are analyzed in
detail. The comparisons are performed between the model calculation and the experimental data in
next section, while the two predicted levels are (or not) employed. In the last section a brief summary
is given.

2  Reaction channels

In view of p+’Be reactions with incident proton energy E,<20MeV, the opened reaction channels, the
corresponding reaction Q-values and the threshold energy Ey, in unit of MeV are listed as follows

(1

y+'°B Q0 =6.586 E, =0.0000

n+°B Q=-1.85 E, =2.0571

p+°Be 0 =0.00 E,, =0.0000

a+°Li =2.127 E,, =0.0000

p+’Be—'""B — Q "

*He+'Li Q=-11202 E, =12.4558

d+*Be 0 =0.559 E,, =0.0000

t+'Be Q=-12082 E,=13.4342

*He+’Li  Q=-4.434 E, =4.9303

After the neutron is emitted from the compound nucleus 198, the residual nucleus is °B which
could emit the proton continuously with the residual nucleus *Be. *Be is unstable and can be separated
into two alpha particles. Thus, this reaction is one of decay modes to the (p, np2a) reaction channel.
The residual nucleus *Be” is yielded through proton emission. Of course the proton emission leaving
’Be in the ground belongs to (n, p) channel. In fact, neutron can be emitted from *Be” in first three
levels with unstable residual nucleus *Be, which belongs to (n, pn2a) channel. Furthermore, the alpha
particles emission will appear above the fourth level of *Be with unstable residual nucleus *He which
can be separated into neutron and alpha spontaneously, therefore this decay mode also belongs to (n,
pn2c) channel. In this calculation *He emission is taken into account with unstable residual nucleus
°Li, as well known, which can be separated into proton and alpha particle. Hence, this reaction also is
one of decay modes to the (p, np2a) reaction channel. The reaction mechanisms to *Be(p.np2c.)
channel involved in the model calculation are shown as follows
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n+’B — p+°Be — 2«

o 1o o k<3 n+*Be — 2«
p+ Be—> "B —>< p+ Be —> — (p.,np2x)
k>4 oa+’He > n+a

He+’Li >n+a+’Li— p+a

@3]

The symbol k refers to the order number of the excited level of the *Be.

3 Calculated results and analysis

The LUNF code[8] based on the light nucleus reaction model for p+°Be reactions has been developed
and used for calculating all kinds of the reaction cross sections, the angular distributions and the
double-differential cross sections of all kinds of outgoing particles from each partial reaction channel.

The calculation of the double-differential cross sections of total outgoing neutron from each
reaction channels has been performed. The comparisons of the calculated results, which the predicted
levels have been employed (red solid line) or not been employed (black dash line), with the
experimental data measured by V.V. Verbinski[13] in 1969 are shown in Fig.1 and Fig.2 at E;=18
MeV for outgoing angles of 0°, 20°, 40°, 60°, 80°, 100°, 120°, 145° and 170°, respectively. As shown in
the two figures, all of the fittings agree very well with the measurements after the predicted levels
9.0(5/2")1000 and 10.0(5/27)1000 have been added to the level scheme of °Be, otherwise the
calculated results would deviate obviously from the experimental measurements.

+’Be E=18MeV 0 =80deg

1 8 NP 7 S,
10" o V.V.Verbinski(1969)
with predicted levels

d’sldQde(mb/MeV=*sr)

Outgoing neutron energy(MeV)

Fig.1: The energy-angular spectra of 0°, 20°, 40°,60° and 80° at E,=18MeV. The red solid lines and the black
dash lines correspond to the results that the predicted levels have or not been added, respectively. The
experimental data are taken from Ref[13].
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p+’Be E =18MeV  0,=170deg

with predicted levels
- - - - without predicted levels
T T T T

10’
10° TS a0 o
10" O V.V.Verbinski(1969)

6, =145deg

d’sldQde(mbiMeVssr)
=
PP T T

T T
0 2 4 6 8 10 12 14
Outgoing neutron energy(MeV)

Fig.2: The same as FIG.1 but for outgoing angles of 100°, 120°, 145° and 170°.

In p+9Be reaction, the total outgoing neutron energy angular spectrum mainly comes from the
contribution of the (p, np2a) reaction, as given by Eq.(2), which include four reaction mechanisms.
Actually, the mechanisms related to the predicted levels are (p, pn)®Be” and (p, po)’He' reaction
modes. As an example, for 0,=60" at E,=18 MeV, the partial spectra of the emitted neutron from (p,
pn)*Be” and (p, po)’He” are shown in Fig.3 and Fig.4. Obviously, the predicted levels 9.0(5/2%) and
10.0(5/2%) can emit the secondary neutron and o particle from (p,pn)*Be” and (p, pa)’He ", respectively,
so each level could give two neutron spectra. Therefore, four new outgoing neutron partial spectra are
added. From Fig.3 and Fig.4, one can see that there are obvious contributions coming from the
predicted levels to the total spectrum. And if they were absent in the model calculation, the results of
total double-differential cross sections would deviate obviously from the experimental measurements
in the outgoing neutron region 5 — 10 MeV.
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102 T T T T
p+'Be E =18MeV

0,=60deg

T T T
o V.V.Verbinski(1969)
————— without predivted levels
—— with predicted levels

partial spectra of (p,pn)°B4

d’sldQde(mb/MeVssr)

Outgoing neutron energy(MeV)

Fig.3:The comparison between the calculated results, which the predicted levels have been employed(red solid
line) or not been employed (black dash line), and experimental data with Outgoing angle of 60° at E,=18 MeV.
The red dot lines correspond to the partial spectra of predicted levels through (p.pn)°*Be” reaction.

10° — T -
p+’Be E =18MeV
0,=60deg

T T y T T T

o V.V.Verbinski(1969)
***** without predivted levels
— with predivted levels
partial spectra of (p,pu)sHe

d’s/dads(mb/MeVssr)

10° L L G L 2
o} 2 4 6 8 10 12 14 16

Outgoing neutron energy(MeV)

Fig.4:The same as FIG.3 but for (p,pa)’He  reaction.

4 Summary

The total outgoing neutron energy-angular spectra for p+Be reactions have been calculated and
analyzed by the statistical theory for light nucleus reactions. In p+°Be reactions, the total outgoing
neutron energy-angular spectra mainly come from (p,pn2a) reaction channel with four different
reaction processes.
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The calculated results indicate the fittings would be improved obviously, while the predicted
levels 9.0(5/2%) and 10.0(5/2") have been employed both for the situation of neutron or proton
inducing. In this calculation we further verified the validity of the predicted levels. Although the same
spins, parities and energy width with the situation of neutron inducing have been adopted in this
calculation, they are not precise enough. At last, we hope the two predicted levels could be validated
by experiment.
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Nucleon elastic scattering off doubly closed-shell nuclei within HF+RPA
with Gogny force
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Abstract

The nucleon-nucleus optical potential is determined within the Hartree-Fock
(HF) approximation and the Random Phase Approximation (RPA) using the
Gogny DIS force consistently. The scattering problem is solved for the calcu-
lated non-local potential without any localization procedure. An application is
presented for proton scattering off “°Ca and 2°*Pb.

1 Introduction

Nucleon elastic scattering has been studied with several microscopic approaches, among them we can
cite the nuclear structure method: HF+RPA [1,2], the nuclear matter method [3], the Faddeev RPA [4],
the coupled channels method [5] and the coupled-cluster theory [6]. The nuclear matter method provides
a satisfactory description of nucleon elastic scattering at incident energies above approximately 50 MeV,
but an accurate description at lower energy has not yet been completed. In this work, we use the nuclear
structure method without some of the approximations used in a previous work [2] and with a better
description of the target spectroscopic information. We couple the elastic channel to all the excitations
in the target predicted by the RPA method [7]. We use the Gogny D1S force [8] consistently to generate
both the HF and the RPA contributions to the optical potential. In particular we do not approximate
the intermediate propagator by a Coulomb wave and we generate the HF propagator in the continuum
(including resonances). We show the effect of a RPA treatment of the target’s excitations compared to a
particle-hole treatment on the reaction cross section. We also study the impact of the correct treatment
of the intermediate propagator on the reaction cross section.

2 Formalism

The nuclear structure approach is exposed in Ref. [1]. At the HF+RPA approximation, the optical poten-

tial reads,
V =Vur +Vrpa — Vpp. (1)

The HF contribution is
Vir(.r) = [ dryofemn)pea)ste - 1) — o(e,)p(r. ), @

where p(r) and p(r,r’) are respectively the local and non-local matter densities of the target’s ground
state. Vi is obtained in coordinate space [9] in order to get the correct asymptotic behavior of the wave
functions. The first term in the right hand of Eq. 2 is the direct term which is local. The second term, the
exchange term, is non-local because of the finite range of the Gogny interaction v. The Gogny interaction
isreal, so is Vy .

The RPA contribution is

. 1 —ny
Vapale.x' B) = 1 L (o + )
rpA(r, T, B) 0t N%;jkl - Nij Xkl \BE eyt Ex—in  E—ex—En+in
X Fin (o) Fn (), 3)
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where there is a summation over discrete A states and an integration over continuum A\ states. n) is the
occupation number of \ state. We couple the elastic channel to all the excitations in the target predicted
by the RPA/D1S method [7]. We consider excitations with total angular momentum J from O to 14 for
all parities. ng)
In Egs. 3 and 5,

and Fyy are respectively the RPA amplitudes and the energy of the N*" excited state.

@un:/fn@umwwnu—mmmwum @)

where P is an operator exchanging two particles. The ¢’s are solutions of (T'+ V)¢ = e¢. Spin of
the particles is taken into account but not explicitly written in the present equations for simplicity.
The particle-hole potential V},;, accounting for double counting in Vrp4 in Eq. 1 reads,

) )\ l—n)\
Vou(r,r',E) = lim Z:n g P i
ph(T, ) e, Ng;]kz J Oi JZ(E—E)\+€i_€j—Z77 E—eyx—e+ei+in
X i (0) Fyp (). ®)

The potential V' in Eq. 1 is non-local, complex and energy dependent. In configuration space, it reads
(r|[VIr’) = V(r,r’) = V(r,7 cos(r,r’)). (6)
The partial wave expansion of the potential is

V(l‘,l‘ Z l1/2 VJZ T )y]lf/g(f'/) (7)
glm

The integro-differential Schrodinger equation,

mr., (l+1
*ﬂ fjl(r) (+ )

mu} [t i yar = Bfato) ®)

is solved for each partial wave (j, [), where fj;(r) = r¢;;(r) and E is the incident beam energy. Solutions
of these equations are obtained following R. H. Hooverman’s method for discrete states [10] and J.
Raynal’s method for continuum states [11].

3 Results

The phase-shifts for a proton scattered off “°Ca in HF approximation are shown in Fig. 1. We observe
several resonances for different partial waves when the phase-shift ¢ increases rapidly through an odd
multiple of 7/2. The Levinson theorem, that relates the value of the phase-shift at zero energy to the
number, N, of bound states for a given (7,1) is verified thus §;;(0)(rad/7) = Nj;. The ¢5’s are then
used to determine Vrp4 and V., Egs. 3 and 5.

In Figs. 2 and 3, we look at the contribution of the imaginary part of the RPA potential summed over all
partial waves that reads,

2 1
W(Rs) =3 74+ I, (r,1")) ©)
lj

with R = 3(r + /) and s =  — 1. In particular we consider the diagonal contribution, W (R, 0) for
protons scattered off 293Pb at several incident energies. By convention, the imaginary part of the RPA
potential is positive for an absorptive potential. We only consider the coupling to the first 3~ excitation
at 3.4 MeV in 298Pb. W (R,0) is picked at the surface of the nucleus due to collectivity of the first
3~ excitation. Indeed the potential qualitatively behaves as the square of the radial transition density
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Fig. 1: p + “°Ca HF phase-shift for different partial waves (j, 1) vs. incident energy.

for a given RPA excited state. The radial transition density is well known to be surface-peaked in the
case of a vibrational collective state such as the first 3~ excitation in 2°8Pb. In Fig. 3, we see that the
contribution to the potential increases from zero incident energy to about 30 MeV then decreases as the
incident energy increases. This behavior is dictated by two factors. (i) For £ < 3.4 MeV the channel is
not open so ZmVgp4 = 0. At E =3.4 MeV and above the channel is open and give a contribution to
ImVgpa. (ii) The intermediate wave ¢, oscillates more and more as F increases, since the intermediate
wave energy, that is €y = E'— Erp4, increases as well. Slow as well as rapid oscillations kill ZmVgp 4.
Consequently, W (R, 0) increases between E = 3.4 MeV and 30 MeV and then decreases for higher
incident energies.

20 CEZ0M _
> 02l —E=40 MeV || E025- 1
é’ | —E =50 MeV >
st \| (= E=70 MeV | - fE
T ol ] :
< ‘80,151 -
B 0,05 ~ s

% 5 15 1 0.1¢ \ ‘ : i

r (fm) 0 20 80 100

40 60
E (MeV)

Fig.2: W(R,0), Eq. 9, for p+208Pb scattering for
several incident energies. Coupling to the first 3~
excited state at F,,. =3.4 MeV.

Fig. 3: Same as Fig. 2 but with the maximum value
of W(R0) vs. proton incident energy, E.

In Figs. 4 and 5, we display the imaginary part of the RPA potential for p + 2°°Pb at E = 3.5 MeV. We
consider the first partial wave j = 1/2 and [ = 0 and couple to the first 3~ state. The two lines in red
and blue in Fig. 4 indicate the two R values for which we show the non-locality in Fig. 5. The potential
non-locality is almost Gaussian, but with a small emissive part (negative potential) at s ~ 1.5 fm. Our
results confirm that the choice of a Gaussian non-locality by Perey and Buck for their phenomenological
non-local optical potential [12] is a good approximation.

In Figs. 6 and 7, we present some reaction cross section calculations, o, for p4-4°Ca and for several
incident energies. We see that the contribution of the RPA potential to the absorption is null for small
incident energies as no inelastic channel is open. The contribution increases as inelastic channels open. In
Fig. 6, we compare the reaction cross section obtained from Vi p+ZmVgp 4 (rpa) without removing the
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Fig. 4: Imvgpa(r,r) for p+298Pb scattering for Fig. 5: Non-locality for the two values of R defined
j = 1/2and [ = 0. Coupling to the first 3~ ex- in Fig. 4 inred (R =~ 5.5 fm) and in blue (R ~ 6.2
cited state E.,. =3.4 MeV. fm).

double counting term V,,;, and the one from Vg + 2ZmV,), (2ph). In both cases we use distorted waves
in the HF field (DW) to estimate ¢). Below 40 MeV incident energy, Vi r + ZmVgip provides more
absorption than Vg + 2ZmV),, due to collectivity. Above 40 MeV, both cross sections are equivalent
because in the RPA description of the target high energy excited states are near from being pure ph
excitations and the ph contribution is double counted in RPA.

1000 T T T T 1000
800~ 800
— 1pa — rpa DW
— 2ph — rpa Coul
_/.é\ 600 g 600 —
2 +ca DW «
O 400 p a O 400 P +40Ca 4
200 - N 200 - B
. . | . | 0 . . | . | . |
% 2 0 e 50 o 20 40 0 50
E (MeV) E (MeV
Fig. 6: Reaction cross sections for p+4°Ca for Fig. 7: Reaction cross sections for p+°Ca for
Vur + ImVgpa and Vgp + QZmVph with ¢ a Vur + ImVgrpa with ¢, a distorted wave (DW)
distorted wave. and a Coulomb wave (Coul).

In Fig. 7, we compare the reaction cross sections for Vg r + ZmVgrpa calculated with ¢ treated as a
Coulomb wave (Coul) or as a distorted wave (DW). The DW treatment of the intermediate wave increases
the absorption. It is explained by the action of the HF field that concentrates the ¢, wave function at
small radii and by the inclusion of resonances as depicted in Fig. 1. To illustrate this last feature, we
show on Fig. 8 the effect of resonances on the reaction cross section o i calculated considering only the
coupling to the first 1~ state in “°Ca. We compare oy obtained with a distorted wave (DW) or a Coulomb
wave (Coul) for ¢ . The effect of resonances is important and considerably increases the absorption. We
indicate to which resonance each of the bumps corresponds.
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Fig. 8: Reaction cross section vs. incident proton energy with V' = Vg p + ZmVgp 4. Coupling to the first 1~ in
40Ca (E¢ye=9.7 MeV). Comparison between ¢, treated as a Coulomb wave (Coul) or a wave distorted by the HF
potential (DW).

4 Conclusion

We have presented a calculation of nucleon-nucleus scattering within the nuclear stru