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Non-elastic Cross Sections

Multi-channel Scattering

Use for inelastic, transfer, breakup channels (etc)
in addition to elastic.

Two channel (1=elastic, 2=reaction) make coupled channels:

[Ty + UL — Ex]ia(r) + Viouha(r)
[To + Us — BEx]ia(r) + Vartpi(r) = 0. (1)

Forward coupling:

Vo111 (r) gives effect of channel 1 on channel 2,
Back coupling:

Vi21o(r) gives effect of channel 2 on channel 1.
These equations can be solved as coupled channels.
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Non-elastic Cross Sections

Simplified Multi-channel Scattering gives DWBA

If channel 2 is weak, we can neglect the Vi21)(r) term: the back
effect on channel 1.

[T1+ Ui — Ex]ia(r) =0
[T2+ Uz — Ex]ibo(r) + Vorha(r) = 0. (2)
This equals the Born Approximation:

[Tl + Uy — El]z/zl(r) =0

Uo(r) = —[Ta + Uz — B ' Vardhn(r) (3)
So the DWBA scattering amplitude in channel 2 is
m
f(0) = — 5 5 (ke | Var | W) @

DWBA is often useful for non-elastic channels.
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A Code and a Book

Coupled Channels Calculations

Home
Documentation
Download
Relatad Programs
Special Functions

Contact

Fresco

Coupled Reaction Channels Calculations
www.fresco.org.uk

About Fresco

Fresco is a program developed by Ian Thompson over the period 1983 - 2006, to
perform coupled-reaction channels calculations in nuclear physics. It uses Fortran 9o or
Fortran g5 on Unix, Linux, Vax and Windows machines.

Sfresco is an additional version of Fresco, to provide Chi-squared searches of potential
and coupling parameters, and to fit additional R-matrix terms in hybrid models.

Free!
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A Code and a Book

Theory Book!

Nuclear Reactions
for Astrophysics

Nuclear Reactions for Astrophysics
1an J. Thompson and
Filomena M. Nunes

Principles, Calculation and Applications of Low-Energy Reactions —

Ian J. Thompson
L Livermore National Laboratory, Livermore, CA 94551, U.S.A.

and Filomena M. Nunes
National Superconducting Cyclotron Laboratory, East Lansing, MI 48824, U.5.A.

Cambridge University Press: http://www.cambridge.org/9780521856355
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Physics of Nuclear Reactions

» Halo Scattering: Elastic

» Halo Total Reaction Cross Section
» Transfer Reactions

> Breakup Reactions

» Halo Fusion Reactions
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Halo Scattering: Elastic

Depends on
» Folded potential from
densities e
» Halo breakup effects, i.e. 8642, N
» Polarisation potential CANIL data
from breakup channel 107 . . .
0 5 10 15 20

0., (degrees)
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Four- and Six-body Scattering

10" . - ——
|5He+p 717 MeV/nucleon |1
165
i d
3 150

23 24 25 26 27 28 -
rmg radius (tn)

dofdt [mb/(GeVic))]
)

---- 277 fm

10° | . P
0.00 0.01 0.02 0.03? 0.04 0.05
-+t [(GeVic)]

Al-Khalili and Tostevin, PRC 57 (1998) 1846y
Tostevin et al., PRC 56 (1997) R2929 E——

lan Thompson Reactions Theory |1



Elastic Scattering
Inelastic Scattering
Transfer Reactions
Breakup Reactions
Physics of Nuclear Reactions Fusion Reactions
Compound Nucleus Decays (after fusion)

Halo Total Reaction Cross Section

Depends on
» Densities and NN 1300
scattering, as usual Fo L 7
L I OL ¢~ ]
» But: effects of Halo - 1200 | or
. =) r ! o FB
Breal.<up (virtual and real) € 1100 L | o |
are big! & BEEES =S
v
» Use few-body Glauber, 1000 r . i 1
not Optical Limit Glauber 900 oy
» Do we scatter from 3.0 3.2 34 3.6 3.8 40 4.2
average positions? rms radius (fm)

Or average scattering
from positions?
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Inelastic Scattering

Need a structure model for the couplings:
rotational or vibrational model.

Consider here the rotational model with
excitation energies

h2
61 = 57 [0+ = K(K+1] (5)

The coupling interaction of multipole A
depends on the derivative of the optical
potential U(r) as

R n
Vi(r) = B\)ﬂ? U'(r) 11K A0 K), (6) R vy oK
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Example of Inelastic Scattering

a + “Ne(0"-2"-4") inelastic cross sections
T

10 T T
a-particle scattering on 2°Ne. . 0+ ground state
10 e 2+ state of °Ne 1
. —--- 4+ state
10

Choose here a rotational
model: 5> = 0.205.

Cross section (mb/sr)
e
S

10
Theory options: .
4+ - 4+ 4+ 10
[) [S [ .
| [ [ 10 1
| [ Lo
2+ L LNy Vv oo 10* ‘ ‘ ‘
‘A | ‘Al L A‘ | 0 10 20 30 40
. Lo+ ¥ ¥oo+ vy o+ Scattering angle (degrees)
First order Second order All orders

This is an all-order calculation.
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Transfer Interaction

From ¢,(r) projectile bound state (p=n-+c),
to ¢¢(r') target bound state (t=n+c’):

[Hp — epldp(r) =0 Hp = Te + V()
[Hy — et]pe(r) =0 He =Ty + Ve(r) (7)

The transfer interaction has two forms:

Vprior(R7 I’) = Vt(r/) + UC’C(RC) - U,(R)
Vpost(Rla r/) = Vp(r) + Uc’c(Rc) - Uf(R/) (8)

These should give the same cross sections.
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Transfer Reactions to Probe Single-Particle Structure

Weak, so use DWBA

One-nucleon transfers, (p,d)
shape shows L-value of orbital
magnitude gives spectroscopic
factor

Two-neutron transfers, (p,t)
Magnitude depends on s-wave
pairing in halo

Only relative magnitudes
reliably modeled.

But: full analysis requires
multi-step calculations

lan Thompson

58Ni(d,p)59Ni

104 |

2

do/dQ (arbitrary units)
5 3

100 - k N
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Stripping (Breakup) Reactions: Measuring Momentum

Probing the momentum content of bound states by breakup

reactions
separation \'/ . .
energy S, mcre-Sasmg
r Fixed £ v
b, (r) ! z
c >
Pi 0 Py
increasing
consider momentum {
components p"of the heavy  Fixed S\r
residue parallel to the beam
direction. In the projectile rest
frame ...............
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Stripping Reactions: Nuclear Structure

Glauber (eikonal) theory of breakup:

1:c

1;5

-~ N=14

N=8 T
& Modeling Group.,
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Stripping Reactions: Removing a Neutron

Reaction ?Be(1"C, 16Cv)X
Measured v from core decays helps to fix the final state

daidP, [mb/(GeVic)]

" Ey[MeV]
% 4.14
Ly 4.09
i 2 3.99
£0,2
admixture
A L7
£0,2
admixture
= 0
16C
L pure £2
o 53 5.4 55
P, (*C) [GeVie] but large!! =
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Halo Fusion: an Unsolved Problem

In low-energy Halo Fusion (near the Coulomb barrier):
Halo neutrons should affect fusion:

» Increase fusion, from neutron attractions & neutron flow

» Decrease complete fusion, from breakup

» Increase fusion, from molecular states & resonances

So: need experiments + good theories!
Some experiments already performed with ®He and °Be, but
theoretical interpretations are still unclear.

X Nuclear Theory

K> & Modeling Group

lan Thompson Reactions Theory |1




Elastic Scattering
Inelastic Scattering
Transfer Reactions
Breakup Reactions
Physics of Nuclear Reactions Fusion Reactions
Compound Nucleus Decays (after fusion)

Compound Nucleus Decays (after fusion)

Flux does not ‘disappear’ the nuclei fuse together, but reappears as
mixture of narrow resonances of the compound system.

Narrow resonances = long-lived = many oscillations to decay
Bohr hypothesis: decay independent of production method
So decay by all possible means «:
emission of v, n, p, a, maybe fission.

» Average the cross sections over (say) 0.1 MeV, (o,/4) to
cover many resonances

» Hauser-Feshbach theory gives the statistical branching ratios
between the channels a.

So we can calculate residual nuclear ground states after all wagmerm—

KE> & Modeling Group
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Transmission coefficients for CN production

‘Transmission coefficient’ To(E) = 1 — |S,(E)|? is the probability
of CN production for scattering at energy E.

Transmission coefficients for neutrons incident on %°Zr in various
partial waves L, using a global optical potential:

Transmission coefficient

10.0

10
Neutron energy (MeV, lab) O/ Nuclear Theory

K> & Modeling Group
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Decay paths and Branching Probabilities

>

So consider all possible exit channels o and normalize to total

v

Hauser-Feshbach cross section o — o/ (simple form):

ToTo
Z //T”

The same 7, are used for producing as for decaying.

(owalL; E)) = (2L+1)

v

v

If we do not know all the «, average over a level density p(E)

>/ Nuclear Theory
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Decay paths starting from neutron + AX:

(n,3n)

E

g

A2y

— Neg. parity
— Pos. parity
Isomer

J4A+1X

This is the framework for Hauser-Feshbach calculations.
They ignore interference effects between successive steps, so are
more semi-classical than quantum. T

Kk & Modeling cmup
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Result of a Hauser-Feshbach Calculation

Using the code TALYS:

n + "'Ta Hauser-Feshbach calculation
4 T T T

(n,3n)
(n,2n) to **Ta (gs)
- (n,2n) to **1a"
3l (n,2n) sum
(
(

n,n’)
n,y) capture to e

Residue cross sections (b)
N
r
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Evaluated Data for Nuclear Reactions

National libraries available, such as
ENDF: Evaluated Nuclear Data File, at NNDC.

Evaluated Nuclear Data File (ENDF)

ENDF ENDF/B-VIL1 released December 22, 2011

Core nuclear reaction database containing evaluated (recommended) ot v .
cross sections, spectra, angular distributions, fission product yields, :
thermal neutron scattering, photo-atomic and other data, with
emphasis on neutron-induced reactions. All data are stored in the
internationally adopted format (ENDF-6) maintained by CSEWG.
Due to performance Issues with the ENDF/B-VILO decay data
sublibrary we recommend ENDF/B-VIL1 decay data.

_((Basic Retrieval | I I (Gigmn
Target Library
fe* All @ Selected (Reset

56fe; fo-56; 26-fe-5
R ENDF/B-VIL1  (USA, 2011)
ENDF/B-VIlLb4 (USA2017)
JEFF-3.2 (Europe, 2014)|
JENDL-4.0u+  (Japan, 2016)
CENDL-3.1  (China, 2009)
ROSFOND  (Russia, 2010)

ea
n.%; ntot; n.g; nf; ninl; nnu*
Quantity

sig; da; de; da/de; res; cov™
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