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0. Introduction: nucleus as a many-body system

1. Reaction theory )
1.1. Scattering states, cross sections

1.2 Born approximation >
1.3 Partial waves

1.4 Reactions, reaction amplitude, S-matrix
1.5 Optical potential J
1.6 Distorted waves, DW Born approximation
1.7 Resonance scattering,

1.8 R-Matrix approach

review briefly

2. Compound nuclear reactions

2.1 Compound nucleus

2.2 Low-energy neutron resonances

2.3 Bohr independence hypothesis

2.4 Hauser-Feshbach theory, Wigner-Ewing
2.5 Fluctuations

2.6 Level densities

3. Pre-equilibrium reactions



Reactions
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Reaction amplitude

(analogous to scattering amplitude in potential scattering)
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from Green function _solutior_1_9f the Coupled- Channels-eqs one obtains (similarly as in potential scattering)
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Optical Potential:

Effective description of scattering in the
presence of open channels
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Consequence of complex potential: damping
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Remarks to the microscopic understanding
of the Optical Potential:
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1. This s a formal expression; explicit calculation difficult, since sum over all states in Q (but possible

for certain classes of states)

effective interaction.

General principle: when limiting a wavefunction to a subspace of the complete space, one obtains an

If the Q-space contains open channels, the effective interaction becomes complex.

and imaginary part

Optical potential is analytic as a function of energy. - derive dispersion relations, connecting real




Dispersive Optical potential:

From ist microscopic derivation, the optical potential
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Distorted Wave Born Approximation (DWBA)
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can also be derived from the T-matrix formulation discussed above



Example: Transfer reaction A(a,b)B
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Example: Transfer reaction A(a,b)B
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Scattering by a complex potential: Reaction cross section

Partial wave expansion of scatt. amplitude J8) =5, Z (21 + 1)i(1 — m) Py cosB),

_ _ _ do, 1 < ¢
Differential cross section T = Z )(1 — m)Pi(cosB)

' =0
Total (elastic) cross section Op = TN Z @I+ —m®: X =xr/27 = 1/k
1=0

Absorption (reaction) cross sect. : e _i (1 Wl our ):me. % o i,
calculated from ingoing flux 2im ar ar

1=0
Total cross section 0, =0,+0,=2%> (2(+1)(1- Re7,)
Consequences:
> o, =*2Imf(0) Optical theorem, scattered particles missing in forward scattering ampl.
Ri%
-> max. reaction cross section n,=0 o= T Z (21 4+ 1) = 7 (R + X)*, geometrical + diffraction
=0 .
O_;nax =O-el, mt — 27[(R+ﬂ) tWICe!
it . du,/dr . in ex f + lkR 2lkR
- Express by log. deriative: f,=R o/ = fo+ify; F00 = fle Ny = Jo TR
ul r=R fo - lkR
0.0 pot o = HkERS,
- Cross sections: ro =
— 2ikR / \ 2ikR fR +(f1 kR)Z
fo—ikR e’ —1




Interference between resonance and potential scattering:
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Single particle resonances (shape resonances)

for simplicity, I=0, square well potential: A /\ /\ A /;

‘ N r / \j r
Resonance condition: fA(E=E)= RY: —0 |
maximal amplitude in interior: Uil g p=E, % %
afo ;V( r)y b—)V(r) v
expansion around E;, ~ fox(E) =O+(E_ER)8_E +...
E=E,
h formulae (2.p back 20tk il I L=-—k .
then, using formulae (2.p bac o, ,=%Ze"™ - a a ’
o, using formulae (2 0w (E—E,)+iT}/2| (o) IE)s,
with this log. derivative . i r (C-T,) e ékR;Zf,
r0 — 32 E
,0 k (E_ER)2+(F/2)2 (fR/ )ER
Breit-Wigner cross section
Interpretation:
i ife time: (—+Eo) =) 2 1
- relation to life time: y/(t) = Ae "¢ /TT‘V(E)‘ ~

(E-E,)’ +(h/21)’
>I'= % total width, I', entrance channel width, I'-I',=I'; exit channel width

- alternative analysis of resonance condition:
g OB s, =i SAE)=T+(E=Ep| %, aE) b
ER

F% = (aaﬁ BE)
> reduced s.p.width F% __ 5 %;) _. (ka
R Eg

delay time

-1
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R-Matrix Theory

- alternative to partial wave representation i
- useful for parametrizatin of compound nucleus reactions

:”l(rkr)ym(ﬁ . | R, =2 | |

Wellenfunktion

s ), = — _u LT
@ | R-“Matrix
—= 21 QLD =8, 1) AV VANVAN
h : 3
S, = S AVAVANVAN,

PR, At NN

™~ R, S, 0,=9, +arctan— hhhhh )

1+ QO,R, a '

R;l[héi)] — (Q/ + Z'P;)(*)

gebundene
Zustdnde

with
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Complete set of basis fcts. in interior space (r<a) . {55 ’ (Ug (7')}

with w,(r=a)=0 . :
(single particle potential resonances) : Generalization to Reactions:
Expand any fct. ug in set and calculate R-Matrix Interior CC problem: EHE) =155,
5 Exterior channel fct. @.(r)
Vi . .p. .
R(E)=) - AE’ Y, =2z @] () ;ﬁg‘:ﬁed S-P Reduced widths
A Cr
2 _
. e 7. =) [ar ol
cross section =0~ k2 i 22
(for single resonace): (E- Eﬂo) +- Multi-channel R — Yoo
4 R-Matrix cc' E,—-FE
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The Compound Nucleus

Bohr picture
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4. Energy diagram illustrating the excitation of intermediate compound-

nucleus, T\rs in a nuclear reaction.
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Bohr independence hypothesis:

Formation and decay of CN independent

Single-particle states

stationary —>
levels

Filled
bound
levels

Many-particle states

Strongly fluctuating cross sections

Differential cross-section (arbitrary units)
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Fie. 11.8. Excitation functions for the reactions 2°Mg(p, po) and 26Mg(p, p2),
showing the decrease in the amplitude of the fluctuations as the energy increases.
This is due to the increasing contribution of direct processes to the reactions.
(O. Hausser, P. von Brentano, and T. Mayer-Kuckuk, Phys. Leit. 12, 226,

1964.)




Systematic behavior of cross sections

Angular differential cross

Angular differential cross

sections alpha scattering on
Mg in fine energy steps

sections for in a broad energy

range protons on different

nuclei
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Scattering matrix element

Averaging of cross sections

<S>

general relations

™

70— s

0E=-IZ—72[1 ——S[z, OR
2
op = og + UR:F(I — Re )
devide into average and fluctuating part

S=(S)+S,: (S,)=0

the average cross section is typically
given by the optical model

Average elastic, reaction and total
cross sections

Com) = 72 <I1 = 81D = Z {1 = B2 = KOI* + (8]
Comy = 73 <1 = [S|M) = 5 (1 = <IS|»),

(oxy = 21 = Re§) = 27 (1 — Ro (S))

Cross sections defined by the average S-Matrix

Gs = 73 |1 — (O,

Gn =73 (1= KO,

and
~ 27
or = 73 (1 — Re {S)).
Thus
<0T> = &'T)
However,

[A\VAVAVF yv s v rans ey

US> # [KSH

Tt is thus convenient to introduce the fluctuation cross-section
= 2 (81D — KO
OpL = 705 (<l l > l P

so that the observed energy-averaged cross-sections are related
calculated from (8) by the expressions
{ogy = Gm + OF

{ogy = 6r — Opp




Evaluation with CN resonances

To evaluate oy it is necessary to use the expliclt expression 10T THS
scattering amplitude in a resonance reaction (see Chapter 14):

iy \) (5.39)
ERUCTTY PR D S— B )
8_621 (1 ZE—Es’*“%‘lFS

Let the averaging over the resonances be aennea vy
1 E+3iI

gy =3[ sma (5.40)

—3I

so that

E+3I

1 i _____E_I;f_.__)dE
®=1[ - Ir=g

= o (1 - z”—?) (5.41)

S

Fn 1 N
tion 1y _Z L,
If we define the strength func D 1%

The cross-section for the formation of a compound nucleus

B4 gy rsrs

1
{ogw) = TZJE_M yE =By 7 12 d¥

_ 7 27 s 7 2nI,
“FT2T =D
Therefore
{og) = <°‘CN> - Opj.
But

{og) = {oen) — {oc)s

and therefore

om = {0gp).

(S = 0 (1 - Wgn).

Thus

I')\2 2aT,
(og) =']§2‘{1 - (1 - WD) } — Op =%"%- — OUppy

since I, « D.

The total energy-averaged elastic cross-section is thus the
total shape elastic and the total energy-averaged compou
cross-sections,

{og) = o5 + {ocg).

1 2 J12
= = (11— <P + 482,

the cross-terms vanishing because (8> = 0. Thus

do _ doyg dogg
e/ “ap T\ do




... thus relation between different cross sections:

o (total)
r o
| I
I o (elastic) _ Aa(reactions)_‘!
I~ "" |
I o (shape I l
| elasticy o(absorption) I J
N h I I
l i l
l= o (compound elastic) A olen.) o(d.i)l
l I
I I |
1 o(compound nucleus) o
Fre. 5.7. Diagram illustrating the various components of the total cross-
section.




