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Some types of collisions




Very simple measurements can
tell us important things

TABLE L. Interaction cross sections (o) in millibarns.

—_— — _—

Target
Beam Be C Al
SLi 651 +6 688 £ 10 1010+ 11
Li 686 +4 736 £+ 6 1071 £7

8Li 727 +6 768 £ 9

°Li 739+5 796 + 6

L 1040 + 60

"Be 682 + 6 738+9 1050 + 17
Be 755 +6 806 +9 1174 £ 11

1°Be 71557 813+10 1153 16

First experimental hint that *Li was
special — simply a total interaction
Cross section

|. Tanihata et al, PRL 55, 2676 (1985)
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FIG. 3. Matter rms radius RT,,. Lines connecting iso-
topes are only guides for the eve. Differences in radii are

seen for isobars with 4 =6, 8, and 9. The ''Li isotope has a
much larger radius than other nuclei.



Coulomb trajectories

Lower energy —
does not penetrate nucleus

X 127° (65 MeV)

-, Distant trajectory
(Important for Coulomb
Excitation later on)

90°
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Trajectory (Important for nucleon
transfer later on)

Close collision
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\ TARGET
“Grazing angle™.
angle corresponding to the trajectory
for which the two nuclei just touch
each other

160+208pPh E(160)=130 MeV, V.~93 MeV
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‘ (Satchler, Direct Nuclear Reactions 1980, pp 36) ‘



Schematic evolution of elastic scattering with energy
and angle

Low energy/large impact @@

parameter - 0<Ogg
1 dominant trajectory

b>R;,
do/dQ ~ dog/dQ
Grazing trajectories from
either side interfere ® 9“'9@R
constructively — b~R12
“Fresnel” or “Coulomb- @@
nuclear” interference
and do/dQ > dog/dQ
Higher energy/small impact
parameter: o~ 0>0
absorption, 2 O — 5 GR
interfering trajectories: ® ‘ <R12

do/dQ<<doy/dc



Evolution of elastic-scattering
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The Optical Model

* The optical model is a schematic model of nuclear
scattering that sweeps all of the microscopic nuclear
structure under the rug.

|II

e |t is called “optical” because it treats the incident and
outgoing ﬁarticles as waves scattered by some ~spherical
region. Those waves can also be absorbed (“cloudy ball”)
and we can lose flux (particles), thus reducing the elastic
scattering cross section.

* The combined effects of many complex states are
averaged into a single nucleus-nucleus potential — called
the Optical Potential



Formalism and Optical Model scattering

Need a solution to Schrdodinger's equation

2 g2 B 2 ]
_h d u,z(r)Jr U(r)+h I(Ierl)
2m dr 2m r

u,(r)=Eu,(r)

The asymptotic solutions are waves and an approximate (Born) solution is:

do
~~ =1 (6,9)
dQ
A better treatment uses asymptotic solutions that are waves distorted by
the Coulomb Potential:
“Distorted-Wave Born Approximation” or DWBA

o f (6,0) = —%jexp(—il?'f')u (r')exp(ik - F*)dr’
7T

U(r) is the Optical Potential, consisting of:
Volume, surface, and I - S (real and imaginary)



Contributions to U(r)

e Coulomb part: V(r) = Z,Z,e%/r
e Real Nuclear part: V(r)

e Comes from the nuclear attraction
e Imaginary Nuclear Part (!): W(r)

 Why? Other things can happen so we can lose elastic flux!
There must be “absorption” of waves.

e Spin-Orbit (I - §) part: V(r)
 Why? There is a spin-orbit component to the nuclear force

so it seems natural to have one between nuclei. Also, it
seems to be needed to explain polarization data!

U(r)=Vc(r) + V(r) + 1IW(r) +Vgo(r)

Only the real parts contribute to elastic scattering



R:rO(A11/3+ A21/3) IS
the radius where the

potential is 2 its maximum.

“a

parameter. It describes the
“spread” of the potential

IS the “diffuseness”

about R.

Typically, the spin-orbit potential

Is described as

VSO o

_Cdg(ny &
r dr

a(r) ™

dg(r)/dr
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Volume

V, typically 50-100 MeV
I, typically 1.2 fm
a typically .5-.6 fm

0,

R r
Surface
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Inelastic scattering and channel coupling

Optical potential

(Ea — lgp — Ua)uoz =0

(Eqy — Ty — Ua)u?u —

Viar~ < @arlViner (1) g >

VVIB (T')NRO S— aflﬂ YA*I-‘ (F) Vibrational model

dr

Veor (r)~R, E'BL Y, (T)  Rotational model

Coupled differential equations

¢, are the intrinsic states in a A

collective model, and V., Is a
coupling potential

These correspond to
distortions of the
nuclear surface.

The o’s and f’s tell us about the collectivity of the nuclei

The S, in particular give the magnitude of different multipole deformations



Coupling to rotational states

T T T T T a+154sm T T T T i T T T
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Fig. 134. Cross sections for 50-MeV alpha-exciation ground-state rotational band

1348 Curves are coupled-channel caleulation as describad in text. The data wese taken at ¢l
Berkeley Bi-in. Cycotron. f, — 0225 f§, =008, §, = —0.0I5 (from Harvey er al., 196
Hendrie o al, 1968 calculation by Glendenning 196%a),

Channel-coupling is needed to fit
the inelastic channels. Everything
IS treated simultaneously.

Fig. 133, Dhistorted-wave calculation with optical parameters that fit the clastic
section as shown (Bsted i Chapter 41 §; = 0.3, f; = 015 8, = 0073 DWBA, "*Sm |
Glendenning, 1%6%a).

Elastic scattering alone can be
fit with an optical model...



Continuum coupling: 11Be+%4Zn

11 64 |
| Be+Zn CDCC: ull 1
— - Td
. 1 - AN -+« CDCC: no continuum | -
Elastic scattering and ] (_:1_\ — — CDCC: nuclearonly | _
Coupled Channels =+ CGDCC: Coulomb only
DiPietro et al., PRC 85 EI
054607 (2012). ©
0.5+

— CDCC: full
— - CDCC: nuclear breakup only| 1

1000 -

20 40 60 80 100

do/d€Q (mb/sr)

Breakup events and
Coupled Channels

Continuum Discretized Coupled Channels




1°C+proton scattering

PHYSICAL REVIEW C 73, 024610 (2006)

Neutron-dominant quadrupole collective motion in '*C

H. J. Ong,"* N. Imai,* N. Aoi,” H. Sakurai,' Zs. Dombridi,” A. Saito,* Z. Elekes,” H. Baba,* K. Demichi,” Z. S. Fiilop,”

1. Gibelin,”® T. Gomi,” H. Hasegawa,” M. Ishihara,” H. Iwasaki,' S. Kanno,” S. Kawai,” T. Kubo,” K. Kurita,’

Y. U. Matsuyama,” S. Michimasa,” T. Minemura,” T. Motobayashi,” M. Notani,*' S. Ota,” H. K. Sakai.” S. Shimoura,*

E. Takeshita,” S. Takeuchi,” M. Tamaki.? Y. Togano,” K. Yamada,” Y. Yanagisawa,” and K. Yoneda®

4
10 E L] LI LI LI I L] 1 I L] l

—_— 12Be+p

TABLE I. Nuclear deformation parameter 8,,» and deformation
3  lengthé,, deduced from DWBA calculations.

---- CHS89
103 - ———— p+12c
= 3
(7 N S N -pt+ O
} p
‘-E* 102 - =
c : :
3
N
S
T 10l |- =
100 I |
0 2 4

61 (deg)

Large ratio of Mn/Mp indicates particular

sensitivity to neutron motion

Optical potential Bop ro (fm) 8 pp (fm)
CHS89 [14] 0.476(37) .16 1.39(11)
p+1%0 [15] 0.440(33) .14 1.26(9)
p+12C[15] 0.531(42) .10 1.47(12)
12Be+4p [16] 0.435(32) .48 1.62(12)

M, by | Opp | b, N

r— |
M, by | dem b, Z y

M, M,: proton and neutron matrix elements
b, b,: proton and neutron interaction strengths




PRL 96, (012501 (2006)

PHYSICAL REVIEW LETTERS week cuding

13 JANUARY 2006

220-proton scattering

25

20

(MeV)
o

=10

N = 14 Shell Closure in 220 Viewed through a Neutron Sensitive Probe

E. Becheva,' Y. Blumenfeld,' E. Khan,' D. Beaumel,' J. M. Daugas,” F. Delaunay,' Ch-E. Demonchy.” A. Drouart,”
M. Fallot." A. Gillibert,* L. Giot.” M. Grasso,"” N. Keeley." K. W. Kemper.” D.T. Khoa,” V. Lapoux.” V. Lima,'
A. Musumarra,” L. N;LJ]‘HH,J' E.C. Pollacco,! O. Rulir:,: P. Roussel-Chomaz.” J. E. Sauvestre,”
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FIG. | (color online). (a) Scatter plot
of recoiling proton energy versus scat-
tering angle in the laboratory frame for
the 220 beam. (b) 2?0 excitation energy
spectrum deduced from the proton Kine-
matics.

1. A. Scarpaci,' F. Skaza,* and H. S. Than’

g.s. “0(p,p’)
E,..,=46.6 MeV/A

beam
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FIG. 2. Elastic and 21+ inelastic angular distributions of 220 at
46.6 AMeV (dots). DWBA using the phenomenological KD
global optical potential (solid lines) and folding model (dashed
lines) calculations are shown (see text).



. . . 120 T T T T
Coulomb Excitation as a spectroscopic tool 6557 “Ni
- 2+ + it )
- - - —>
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Conclusions

e Simple scattering reactions can already inform us about nuclear
structure

e Since cross sections tend to be large, these can be extremely useful if
the intensity of the beam is small

 We should understand scattering reactions before we turn to the
more complex problem of extracting nuclear-structure information
from re-arrangement (transfer) reactions.
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