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AMUR (A MUlti-channel R-matrix Code)

Evaluation tool for the resonant cross-sections

Wigner-Eisenbud’s form.

s, ds(q)/dW, Pol(q)/dW

--- Parameters ---

KALMAN method (GLSQ) 

Parameter & covariance

--- Parameters, e.g., ---
- Renormalization
- Resolution, etc…

- Boundary condition (Rc, Bc)

Theoretical calculation Analysis of measurement

- Energy eigenvalue (El)
- Reduced-width amp. (gc) Dynamic link (Object-oriented)

u C++ classes (operated on, e.g., ROOT/CLING)

u Multi-threads

u Easy access to EXFOR (C4/C5)
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Test case @IAEA (Objective-1)

Very simple problem !

Objective : Simultaneous fit of experimental data for

2017

(to compare the result from different codes)
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Table 4: Additional levels for objective 2. All units and notation are the same as Table 2. Note,
there seems to be some conflicting results for the energies widths of these states in the compilations.

Level 6
Ex = 9.27
J⇡ = 7/2�

�↵ = ?
�p = 0.47
�total 1.93

Level 7
Ex = 9.9
J⇡ = 3/2�

�↵ = ?
�p = 1.65
�total 2.21

Table 5: Summary of data. For the absolute normalization, a “?” symbol indicates that the
published work does not give an overall systematic uncertainty. A “-” indicates that the data have
been normalized to other data. Both of these data sets should be treated as shape data only. Data
in the second half of the table are for objective 2 only. Thanks to Mark Paris and Gerry Hale for
giving more detailed (↵, p0) cross section data for the experiment reported in Ref. [9].

Ref. data type % syst. unc. file name source
[1] 3He(↵,↵)3He, d�

d⌦ 5 Barnard aa.dat EXFOR (A1269002)
[8] 3He(↵,↵)3He, d�

d⌦ ? Mohr aa.dat EXFOR (D0147002)
[10] 3He(↵,↵)3He, d�

d⌦ 5 Tombrello aa.dat EXFOR (A1039002, A1039003)
[9] 3He(↵,↵)3He, d�

d⌦ 1.5 Spiger aa.dat EXFOR (A1094006)
[9] 3He(↵, p0)6Li,

d�
d⌦ 1.5 Spiger ap0.dat EXFOR (A1094008)

[7] 6Li(p, p)6Li, d�
d⌦ 5 McCray pp.dat EXFOR (A1410002)

[4] 6Li(p, p)6Li, d�
d⌦ - Fasoli pp.dat EXFOR (D0135002, D0135003)

[6] 6Li(p, p)6Li, d�
d⌦ - Harrison pp.dat EXFOR (F0018002)

[3] 6Li(p,↵)3He, d�
d⌦ 9 Elwyn pa.dat EXFOR (F0012002), (F0012003)

[2] 6Li(p,↵)3He, d�
d⌦ 10 Lin pa.dat EXFOR (A1539002)

[5] 6Li(p, p1)6Li, 4⇡a0 - Harrison pp1.dat EXFOR (A1397003)
[5] 6Li(p, p1)6Li,

d�
d⌦ - Harrison pp1 ang dists.dat EXFOR (A1397002)

[9] 3He(↵, p1)6Li,
d�
d⌦ 1.5 Spiger ap1.dat EXFOR (A1094009)

APPENDIX 3

36

Experimental data to be fitted

Prepared by J. deBoer

Test case @IAEA (Objective-1) 2017
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Standard(?) Approach

distant

distant
(negative)

a+3He

p+6Li

Rcc0 = Rlevels
cc0 +Rdist.

cc0

6Li(p,a0), 6Li(p,p0),
3He(a,p0), 3He(a,a0)

6Li(p,a0), 6Li(p,p0),
3He(a,p0)

6Li(p,a0),
3He(a,p0), 3He(a,a0)

Fitting was
successful

successful

NOT
Successful !

Fitting was

Fitting was

Experimental data

Experimental data

Experimental data

Energy limit
of this case

AMUR:
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6Li(p,a0)3He, 6Li(p,p0), 
McCray+ (1963)

qlab= 118°
qlab= 45.5°

3He(a,a0), 
Tombrello+ (1963)

Rcc0 = Rlevels
cc0 +Rdist.

cc0 +Rind.
cc

Elwyn+ (1979)

A Correction to Non-resonant Process
Distant poles (pseudo/distant levels) were added
independently for incident particles : p and a

Effect of !""#$%. is clearly observed here … 
With !""#$%. !""#$%. is switched off

Example results
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7Be*

p + 6Li

3He + 4He

Shape-elastic,
Direct process

Shape-elastic,
Direct process

…, However,
shape-elastic (direct process)
should be independent among the
different projectiles

Independent theoretical-backgrounds ?

More general R-matrix formalism could be :

Rcc0 = Rcc0 +Rdist.
cc0 +R1

c

Distant poles independent of
the incident particles, only to elastic
(correction to the hard-sphere  ?)

Share the compound system,
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The 13C(α, n) reaction and its role as a neutron source for the s process

M. Heil,1,* R. Detwiler,2,† R. E. Azuma,2,3 A. Couture,2,‡ J. Daly,2,§ J. Görres,2 F. Käppeler,1 R. Reifarth,1,‖ P. Tischhauser,2,¶

C. Ugalde,2,** and M. Wiescher2

1Forschungszentrum Karlsruhe, Institut für Kernphysik, Postfach 3640, D-76021 Karlsruhe, Germany
2University of Notre Dame, Department of Physics, Notre Dame, Indiana 46556, USA

3University of Toronto, Toronto, Ontario, M55 1A7, Canada
(Received 17 April 2008; published 12 August 2008)

The 13C(α, n)16O reaction constitutes the dominant neutron source for the main s process, which operates at a
thermal energy of kT = 8 keV. Since the cross section at stellar energies is very small, the reaction rate cannot be
directly determined and has to be extrapolated from cross section results obtained at higher energies. To remove
various discrepancies in the normalization of previous data sets and to subsequently improve the reliability of
the extrapolation, we performed measurements of the 13C(α, n)16O reaction in the energy range Ec.m. = 320–
700 keV. In addition, the double differential scattering cross section 13C(α,α)13C was measured in the energy range
Elab = 2.6–6.2 MeV for 28 angles. These data were used to constrain possible contributions from background
resonances for a reliable extrapolation with the multichannel R-matrix code SAMMY. As a result, the uncertainties
were significantly reduced, and a reaction rate of (4.6 ± 1.0) × 10−14 cm3/moles at kT = 8 keV (T = 0.1 ×
109 K) was determined.

DOI: 10.1103/PhysRevC.78.025803 PACS number(s): 25.55.Hp, 25.40.Lw, 25.55.Ci, 26.20.−f

I. INTRODUCTION

Current stellar models as well as stellar spectroscopy
strongly support the 13C(α, n)16O reaction as the dominant
neutron source for the main component of the s process in
thermally pulsing, low-mass, asymptotic giant branch (TP-
AGB) stars [1]. The energy generation in such stars occurs in
the H and He burning shells surrounding the inert C/O core.
The H and He burning shells are separated by a thin He-rich
intershell region. During H burning, the intershell becomes
more and more enriched in He until the He concentration
and the temperature are high enough for igniting He burning
at the bottom of the intershell. This He shell flash spreads out
through the full intershell. Because of the heat generated during
the He burning, the intershell becomes convective, and the star
expands and cools in the outer layers with the consequence that
H burning is temporarily terminated. The He shell flash ends
after about 200 yr when most of the He has been consumed;
the star contracts again and H burning is reactivated. These
alternating H and He burning phases are repeated up to 40
times.

*Present address: GSI Darmstadt, Planckstr. 1, D-64291 Darmstadt,
Germany; M.Heil@gsi.de

†Present address: University of Florida, Department of Nuclear
and Radiological Engineering, P.O. Box 118300, Gainesville,
FL 32611-8300, USA.

‡Present address: Los Alamos National Laboratory, Los Alamos,
NM 87545, USA.

§Present address: Center for Naval Analysis, 4825 Mark Center Dr.,
Alexandria, VA 22311-1850, USA.

‖Present address: GSI Darmstadt, Planckstr. 1, D-64291 Darmstadt,
Germany.

¶Present address: Microsoft Corp., Redmond, WA 98052, USA.
**Present address: Department of Physics, University of North

Carolina, CB3255, Chapel Hill, NC 27599, USA.

The main s process is assumed to take place during the
phase prior to the He flash when hydrogen is mixed from the
convective envelope into the He intershell after the preceding
thermal pulse. This mixing mechanism is not yet fully under-
stood and is presently the subject of several studies (see, e.g.,
Refs. [2–5]). The protons are captured by 12C, and 13C is
produced by the reaction sequence 12C(p, γ )13N(β−ν)13C.
This leads to the formation of the so-called 13C pocket, a
thin layer enriched in 13C. After some time, the temperature
reaches values of ≈0.1 × 109 K, high enough to generate
neutrons by the 13C(α, n)16O reaction, which triggers the s
process.

Because the abundances of the Fe-group nuclei in the 13C
pocket, which act as seed for the s process, are limited, the
neutron/seed ratio is large. This translates into a very efficient
production of heavy s-process nuclei over a long period of
time. Later, during the convective He shell flash, the freshly
synthesized s-process material of the 13C pocket is mixed and
diluted over the He intershell. A second neutron exposure
occurs when the temperature at the bottom of the convective
shell flash reaches values of (250–300) × 106 K liberating
neutrons by the 22Ne(α, n)25Mg reaction. This second neutron
exposure contributes only about 5% to the total exposure. It
is, therefore, not sufficient to produce s isotopes on a grand
scale, but it is strong enough to alter the abundance ratios of
the isotopes in s-process branchings. After the He flash, part of
the processed material is mixed into the convective envelope
and transported to the surface of the star.

The neutron density during the s process depends crucially
on three parameters that still carry some uncertainties: the rate
of the 13C(α, n)16O reaction, the amount of protons mixed
into the He-rich intershell, which determines the abundance
of 13C in the pocket, and finally the destruction of 13C via
13C(p, γ )14N reactions. This study will focus on the first
problem by seeking to reduce the uncertainty associated with
the 13C(α, n)16O cross section.

0556-2813/2008/78(2)/025803(17) 025803-1 ©2008 The American Physical Society

Heil’s Paper on 13C(a,n)

I think that was very excellent work.
• Experimental work for 13C(a,n)16O and 13C(a,a)13C
• R-matrix analysis for 16O(n,tot), 16O(n,n)16O, … 
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FIG. 8. (Color online) Differential cross section for elastic scat-
tering of α particles on 13C in the laboratory system at an angle of
165◦ compared with previous data [31,32]. The error bars correspond
to the statistical uncertainties only.

excitation may have also a significant impact on the cross
section at low energies. In particular, the 3/2+ state may
interfere directly with the broad 3/2+ resonance state at
7.248 MeV. In addition, contributions from the tails of broad
resonances at higher energy have to be considered as well.

In a compound system as complex as 17O above the α
threshold at 6.359 MeV, the R matrix can only be treated
reliably by considering all subthreshold states and resonances
over a wide energy range in order to take the interference
patterns for all possible reaction channels into account. This
implies that all available data for all reaction channels leading
to the 17O compound system should be included in the analysis.
Two recent attempts [7,34] limited the R-matrix approach to
the 13C(α, n)16O reaction channel in a limited energy range
near the α threshold while adopting information about the
considered resonance levels from the literature [35]. Such an
approach may suffer from systematic uncertainties, since the
tabulated values have been obtained under different assump-
tions concerning the choice of reaction model parameters.

The impact of other reaction channels such as 16O(n, n)16O,
16O(n,α)13C, and 13C(α,α)13C, which had been included in
an earlier multichannel R-matrix analysis of the 13C(α, n)16O
reaction [14], has led, for example, to a pronounced increase
in the low-energy S-factor data.

The large amount of new experimental low-energy α

capture and scattering data necessitates a new, comprehensive
R-matrix study. To increase the reliability of the extrapolation
toward low energies, a multichannel R-matrix analysis was
carried out using the code SAMMY [36] including all open
reaction channels for the 13C+α and the 16O+n system.
In this approach, we have fitted simultaneously all avail-
able experimental data on 13C+α and 16O+n reaction and
scattering channels including the full set of bound states in
17O and unbound resonance states up to 10 MeV excitation
energy. Since the entrance channel configurations 16O+n and
13C+α cannot be fitted simultaneously with the R-matrix code
SAMMY, both configurations were treated separately, and the

O+n [fm]16
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FIG. 9. (Color online) Variation of the radii for the 13C+α and
the 16O+n channels.

resonance parameters were varied until the sum of the χ2

values of all individual runs was minimized.
Since the 13C(α, n)16O cross section at low energies is most

important for the purpose of this analysis, the χ2 values of the
high- and low-energy data sets were weighted by factors 10
[16,37] and 20 (Refs. [10,15,18] and this work), respectively.
This is justified, because the small number of data points at
low energies would otherwise have no significant impact, and
the overall χ2 value would be dominated by the numerous
data for the elastic scattering cross section and the total cross
section of 16O.

To check the results for the effect of the channel radius,
fits were performed for various combinations of channel radii
(Fig. 9). The best solutions were obtained for a radius of
5.2 fm for the 13C+α channel and 4.0 fm for the 16O+n
channel.

In the following sections, we describe the various reaction
and scattering data sets and the normalization procedures
necessary for generating a consistent set of cross section data,
and discuss the quality of the resulting fits.

A. Total neutron cross section of 16O

Various data sets for the total neutron cross section of 16O
are available in the literature. For an R-matrix analysis, data
sets covering a large energy range are especially valuable.
The four selected sets listed in Table IV have superior energy
resolution and cover the neutron energy range from 0.8 keV
up to 10 MeV. The data of Cierjacks et al. [38] had to be
renormalized by a factor of 0.95 to be consistent with the
other sets.

Figure 10 shows the excellent agreement between the
17 118 data points of the references in Table IV and the
R-matrix fit. The respective χ2 values of the individual data
sets are given in the table.

B. Double differential cross section 16O(n, n)16O

The data sets used for this reaction channel are listed in
Table V. The data of Lane et al. [42] cover the neutron energy
range between 0.1 and 1.9 MeV corresponding to the excitation
energies of α bound states in 17O. The data show a small energy
shift compared to the results of Shouky et al. [43], which was

025803-7

However, in page 7

The same situation, as my analysis for 7Be* 
10

Heil’s Paper on 13C(a,n)
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Summary/Conclusion(?)

Additional distant poles are probably needed for the 
elastic scatt. process (independent distant poles for the 
incident particle)

The same situation is found in study of Heil et al.

It was very difficult (impossible?) to fit experimental data
of (p,p) and (a,a) simultaneously with the normal 
approach on the R-matrix fit.



Appendix: α sub-library of JENDL-5

Neutron spectrum from

thick BN + α-particles (5.5MeV)

• In JENDL/AN-2005, neutron emission data of the (α,xn) reactions 

up to 15 MeV were evaluated on the 17 light nuclei (Li – Si).

→They were validated by experimental thick target neutron yields.

• Following the work by NNL, energy and angular distribution are

modified (thanks to J.-C. Sublet and S. Okumura (IAEA)).

D.P. Griesheimer et al., Nucl. Eng. Technol. 49, 1199 (2017).
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Objective 1
Table 1: Particle pair information for 7Be compound system. Masses are in amu, separation and
excitation energies in MeV, and channel radii in fm.

particle pair 1
light particle: 4He

J = 0
⇡ = +
M = 4.0026
Z = 2

heavy particle: 3He
J = 0.5
⇡ = +
M = 3.01603
Z = 2

Excitation Energy = 0
Separation Energy = 1.587

particle pair 2
light particle: 1H

J = 0.5
⇡ = +
M = 1.0078
Z = 1

heavy particle: 6Li
J = 1
⇡ = +
M = 6.0151
Z = 3

Excitation Energy = 0
Separation Energy = 5.6068

APPENDIX 3

34

Table 2: Observable level parameters for the 7Be compound system. Energies are in MeV, ANCs
in fm�1/2, partial widths in MeV, reduced width amplitudes (�) are in MeV1/2. Superscripts
correspond to (s, l) for each width, subscripts to the particle pair.

Level 1
Ex = 0
J⇡ = 3/2�

(ANC,�)1/2,1↵ = 5.0,1.8
Level 2

Ex = 0.429
J⇡ = 1/2�

(ANC,�)1/2,1↵ = 5.0,3.0
Level 3

Ex = 4.56
J⇡ = 7/2�

�1/2,3
↵ = 0.157

Level 4
Ex = 6.75
J⇡ = 5/2�

�1/2,3
↵ = 1.345

�3/2,1
p0 = 0.003

Level 5
Ex = 7.23
J⇡ = 5/2�

�1/2,3
↵ = 0.293

�3/2,1
p0 = 0.508

Table 3: Additional particle pair information for objective 2. Units are the same as in Table 1.

particle pair 3
light particle: 1H

J = 0.5
⇡ = +
M = 1.0078
Z = 1

heavy particle: 6Li
J = 3
⇡ = +
M = 6.0151
Z = 3

Excitation Energy = 2.186
Separation Energy = 5.6068

APPENDIX 3

35

Table 4: Additional levels for objective 2. All units and notation are the same as Table 2. Note,
there seems to be some conflicting results for the energies widths of these states in the compilations.

Level 6
Ex = 9.27
J⇡ = 7/2�

�↵ = ?
�p = 0.47
�total 1.93

Level 7
Ex = 9.9
J⇡ = 3/2�

�↵ = ?
�p = 1.65
�total 2.21

Table 5: Summary of data. For the absolute normalization, a “?” symbol indicates that the
published work does not give an overall systematic uncertainty. A “-” indicates that the data have
been normalized to other data. Both of these data sets should be treated as shape data only. Data
in the second half of the table are for objective 2 only. Thanks to Mark Paris and Gerry Hale for
giving more detailed (↵, p0) cross section data for the experiment reported in Ref. [9].

Ref. data type % syst. unc. file name source
[1] 3He(↵,↵)3He, d�

d⌦ 5 Barnard aa.dat EXFOR (A1269002)
[8] 3He(↵,↵)3He, d�

d⌦ ? Mohr aa.dat EXFOR (D0147002)
[10] 3He(↵,↵)3He, d�

d⌦ 5 Tombrello aa.dat EXFOR (A1039002, A1039003)
[9] 3He(↵,↵)3He, d�

d⌦ 1.5 Spiger aa.dat EXFOR (A1094006)
[9] 3He(↵, p0)6Li,

d�
d⌦ 1.5 Spiger ap0.dat EXFOR (A1094008)

[7] 6Li(p, p)6Li, d�
d⌦ 5 McCray pp.dat EXFOR (A1410002)

[4] 6Li(p, p)6Li, d�
d⌦ - Fasoli pp.dat EXFOR (D0135002, D0135003)

[6] 6Li(p, p)6Li, d�
d⌦ - Harrison pp.dat EXFOR (F0018002)

[3] 6Li(p,↵)3He, d�
d⌦ 9 Elwyn pa.dat EXFOR (F0012002), (F0012003)

[2] 6Li(p,↵)3He, d�
d⌦ 10 Lin pa.dat EXFOR (A1539002)

[5] 6Li(p, p1)6Li, 4⇡a0 - Harrison pp1.dat EXFOR (A1397003)
[5] 6Li(p, p1)6Li,

d�
d⌦ - Harrison pp1 ang dists.dat EXFOR (A1397002)

[9] 3He(↵, p1)6Li,
d�
d⌦ 1.5 Spiger ap1.dat EXFOR (A1094009)

APPENDIX 3

36

Include Levels 1-5 together
with distant poles at El=20 MeV

Boundary parameters are fixed to
B=-l, R=1.4(A1

1/3+A2
1/3) fm


