nuclear interaction



Horribly phenomenological



Scaﬂ'er'ing Theor'y (simpler at high energies)
- 5 - k’
-—V+U|W=EY k

2u

Partial wave expansion:

u,(r)—— >L{H§_)(kr)—S,H§+)(kr)}

2
) ) L Outgoing wave

“Survival” amplitude
(5-matrix)

Incoming wave

S, =e”°| (5 =Phase shift)

2
‘Sl‘ = “Survival” probability <1
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Ei.. > DO MeV/nucleon

Eikonal Waves

k’
1 0

‘P(r) = S(b,z) e™"

7 —> 00

k

Y(r)=S(b)e™"

AE << E, 06<<1 radian,

after the collision:

S(b) =¢”*

exp{-hiv ] :U(r')dz'}

(b)

| AP/ W ppey, <<

)

Eikonal waves (reactions)

Harmonic oscillator (structure)

Pearls of qu
mechanics
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Eikonal Waves: Applications
(sometimes called “Glauber theory”)

Roy Glauber 2005 Nobel prize
(another “Glauber theory™)
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S-matrices (“survival” Amplitudes)

‘ ok b = impact parameter
‘ b | = kb (actually | + 1/2 = Kb)
S| SO)

transmission eikonal
absorption:

0 ! ) 0 '
kR | (discrete values) b

nuc

Ex: Elastic Scattering

: do
£(6) = 22(1 + 1)(1= )P (cosb) " 7O

N | £(O) =ik [ dbbJ,(kb){1- S(b)}
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Ex: elastic scattering

N 1 * ~ ~
x5 () = — [ daqp(@)p,(9) f,,(9) T (gb)

n

k 2
—_— nn ; _ﬁnn q
fnn (Q)_ 4]77 O’nn (l + ann)e
(from nn scattering)
g
101
100 | e
5 B
=
M |
\g 10-1 |
102 12C 4+ 12C
7 85 MeV/nucl
10_3 ‘ | | | |

0 4 8 12

OcwMm [degrees]

16

20

0.1

G/GRuth

79 4+ pp
84 MeV/nucleon

1E_2 ] | l |

0 2 4
0 [degrees]

solid curves: Glauber
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Nuclear diffraction in Coulomb excitation

3 nre--)* ' (+)
fmel fd rd r 1IIk' ( )qpf( )VC(I’,I’):I’ ( )Cpl( )
DWBA \ .

eikonal waves
—. 100
a
z |
s R
= 10 | semiclassical
o E
"CA ¥
o : i eikonal
) E
6> i Excitation of GDR
L - 1 1 followed by y-decay

0 2 3 4 5 6
Oc.m. deg)

208Pp (170,170’ y) at 84 MeV/nucleon
for fixed angle 6,=90°and « = 270°
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Coulomb excitation + Nuclear excitation

f;nel

fd3rd rW (r r)e,(r V. (r,r) @ (r)e,(r')

d€2

/

N
nel

(8)+ f

C
nel

‘2
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€.do/dO6 [b/rad]
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-
o

8B +Pb > 'Be + p + Pb
50 MeV/nucleon

Relevant for 7Be(p,y)8B (Sun)

Data: Kikuchi et al, PLB 391, 261 (1997)
Calc: Bertulani, Gai, NPA 636, 227 (1998)
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€.do/do [b/rad]
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counts

counts

counts

40

150

30}

[ 0.0 MeV < E_ <0.5MeV (a) ]

e Experiment

= Coulomb+Nuclear
=— Coulomb
— Nuclear

100

6Li+Pb > a+d+Pb
26 MeV/nucleon

Relevant for BBN

Data: Hammache et al., PRC 82 (2010) 065803
Calc: Stefan Typel
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counts

counts

counts

40

150

30

[ 0.0 MeV < E_ <0.5MeV (a) ]

e [Experiment

= Coulomb+Nuclear
=— Coulomb
— Nuclear

100

6Li+Pb > a+d+Pb
26 MeV/nucleon

Relevant for BBN

Data: Hammache et al., PRC 82 (2010) 065803
Calc: Stefan Typel

Evil wins!
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Rolling back. We forgot lots of things!

Things that make us all unhappy, but give us jobs.
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Rutherford is (was) wrong

Aguiar, Aleixo, Bertulani, PRC 42, 2180 (1990)
L=LL0+LNL0+LN2L0+W

| (v)z ~ ZZ,e

L'’ =—uc
2“ C

pro 11 v\ w2z [ (v) (v
- 8 |m’ m ¥
L1 2 |

r

6
LN2L0 _ M_CZ(Z) N Z12262
512\ ¢ 167

J\L

fsile) e ) e )
C C C Uc r C C ucr

—> —




Deviations from
Rutherford

| 208p 4 2085 20 , , , ,
55 = { —
I Eios = 100 MeV / nucieon
5.0 ] ! ! ] i (5 |-
0 10 20 30 40 50 60
b (fm)
10 -
important for elastic scattering:
experimental data often reported
as sk
dGelast _ )
dORuth
0
0 | 50 100 150 200 250

E:um (MeV /nvucleon)
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do,,

- 14.0

~,

A&:

=

o

O }3.5
|

b

O

o 3.0
o

208p,, 4 208
12.5 =
Eoe = 100 MeV/ nucleon
12.0 | L I l
0 2 4 6 10 2
® (degq)
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Coulomb excitation: orbital integrals with retardation

Aleixo, Bertulani, NPA 505, 448 (1989)

do ( do )
= X })exc
dQ dQ elast

= D[S (whu) M (2,

TAU

M ;(7Au) = <f‘EM Operator()t,u)‘i>
S (wAu) = orbital integrals

‘2
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S(El,1)

S(E2,2)

Deviations from
non-relativistic

1 405 (100 MeV/nucleon) + Au

Corrections important

I b’'s, | ’
Vi arge b's, large E, S,



40

Illlllll

L
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NR —
Deviations from
non-relativistic

— & from relativistic

—
pr—

—

| L™ 1111
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o
O
©
)
e
O
O
0
10

40S (100 MeV/nucleon) + Au
E, = 0.89 MeV
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1000
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De-excitation by y-ray emission

Statistical Tensors

W,(6,)=1+ Y B.O,(E,) P,(cosb, )

K=24

1:2 I 1
Exact/R
0.8 =
(E2)
B2
04 RE2 &
B,
0 I | I\
0 04 038 e
Ey [MeV]

Deviations from
from relativistic
theory

385 (100 MeV/nucleon) + Au
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We all know that:

* Relativitiy obviously important at GANIL, 6SI, MSU and
RIKEN

(we are talking dynamics)

* ‘Rather’ easy to include for Coulomb interaction
(transformation properties of E/M fields well known)

How about nuclear interaction?

» Transformation properties of nucleus-nucleus potentials
not exactly known

» Solution has to be based on QFT (QM + relativity)

» Can we save our DWBA, CC, or CDCC knowledge for
something practical?
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You won't find answers in a book.
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Clue: Proton-nucleus scattering at intermediate energies
* meson exchange, two-nucleon interaction

* mean field approximation, U, (w exchange), Ug (2T exchange)

[E-V=U, - B(mc* +Uy)| ¥ = ~itica- VW

-7

“OCa 500 Mev

hon-relativistic reduction

100§

Al i lld

R h\1d '
-—— V*+U —| -——U.,, 0L E
2m cent (sz) rdr SO ¢ ¢

u.,. =m*(U +US)+

a1 Bols..

(mb/sr)

do
dQ

] 2mc
1 Uso=Uy-Ug+-

O.lF

Arnold, Clark, PLB 84, 46 (1979)

1 L 1 1 ]
) 5 10 15 20 25 30 35 40
~C.m,
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Continuum (CDCC)

w,) =" E, I, M,) T(ET(E\JE = 5.
(pJJM>_ Et/hfr ‘E JM f l( ) ]( ) )

continuum discretization

continuum

Vs (R) = <¢a (r)‘U(Rﬂ')‘% (r)>

o (R =~ S (R R

Bertulani, Canto, NPA 539, 163 (1992)
111i+208Ph (100 MeV/nucleon)
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Theory movie in next 5 transparencies (enjoy!)®

Breakup

¢ =/
¢ (k)

/500
% | R (K)

A

Discretization

>
Zg.S.

>$i

J

b

(7. R) = ¢y (ks ) 200 (Kos B + [ 9k F) (K, R)dlk

© PIXAR
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Breakup

¢ (k)

8s, (ko)

A

Discretization

7gs_’

j <ko>>

(T R) = ¢y ko, ) 300 (Kos R) + [ ¢k, ) (K, Ryl
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i B?akup

¢ (k)

79,3 ¢ (r(ko)

Discretization

— |
e » P&t

(7 R) = ¢y ko, 7) 300 (K s R) + [ ¢k, ) (K, Ryl

L}

Truncation and Discretization
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i B:/eakup

¢ (k)

783 ¢ o> (ko)

Discretization

—

Iy
e » P 8y

V(R = gk )oK B+ 3 [ 9k, ) (K R)dk

L]

Truncation and Discretization
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i B‘r/eakup

¢ (k)

733 ¢ 0> (ko)

Discretization

>
Zg.S.

S

>

(k,)

Y7, R) = gy (ko F) 10 (Ko B) + 3 20K R)[) 90k, P
i=1 -

Truncation and Discretization

L]
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i B‘r;akup

¢ (k)

—>
7;:"3 ¢ (ko)

Discretization

7% ]f (ko)

> J >

THE END.

0 R) = gy oo Pt (Koo R+ 33K R gk )k

L}

" (7, R) = 2&-(?»&- (K, R)

Truncation and Discretization
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Eikonal €DCC Y=Y S,(2.b) exp(ik ), (&)

J

= exp f V ] (ground state) V= VC T VN

ihv aSja(ZZ’b) = E<J\V\m> S,.(z,b) exp[—(km -k j)z] (excited states)

Note similarity with semiclassical % ——Na(DOV . (De i(Ex~E;)t/h
t.d. equation with z = vt dt E ®) k]( )

Corrections due to energy conservation (v # constant) straightforward

From S; calculate W and observables of interest
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Relativistic-CDCC Bertulani, PRL 94, 072701 (2005)

vV ek -U]WRr)=0 U=V, (2E-V,)

ﬁ \ X y Y(R,r)= 2 S (b,z) " ¢ (r)

......................................................................................................... - R = (b, Z)
Z
. _ i(k —ka)z
S 1.5, (0:0)= 3V, (025, (b2) "
2 : ik -
V°S<<ik d.S fa(Q)=-%fdb TS, (b2 =) =0, ]
Q=K -K, o= jlIM
V,=time-like =) Relativistic CDCC
component of 4 - vector — Lorentz invariant
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Pb(8B,p’Be) at 50 MeV/nucleon

1.00

0.10

do/de [b/rad]

- 0.100

€

0.010

L DATA: Kikuchi et al, 1997

LO
Bertulani, Gai, NPA 626, 227 (1998)

All orders

|
1

All orders
relativistic

Bertulani, PRL 94, 072701 (2005)

V, = Coulomb + nuclear
with relativistic
corrections

E=125-1.5MeV

AT

T R ISR B T
4 6 8 10

o
N

5-7% effeCT
O [degrees]
Y



Pb(8B,p’Be) at 83 MeV/nucleon

160 | I I I !

do/dE  [mb/MeV]
<3N

D
o

DATA: Davids et al,
2002

LO

all orders

all orders
relativistic

V, = Coulomb + nuclear
with relativistic
corrections

4-10% effect
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Transition: low to high energies 20

Eikonal scattering waves §i(Kl.,f€)
E-CDCC _ PN A . P
v = 200 G2 K R (E=e) i,

Energy conservation

® Boundary condition —

-Z Si(baz) TS 51.’0

G g
s

AS.(b,z) =0 ==

ih’K. d

i glgb)(z): Fi(i‘b)(z) glg‘b)(z)ei(Kf—K»z
Up dz zE

Eikonal scattering amplitude transformed info QM form

fi,l?) =EfLE =

EZJZ’ /2L+1m (Q)[Sb(]") 5]
~ 1K, \ 4x ’

Hybrid scattering amplitude is given by

H _ L Q
fi,o = ELZOfL

fE Ogata., et al, PRC68, 064609 (2003)
L=L-+1

o0



Relativistic €DCC 1

Form factor of non-rel. E-CDCC

cc cc

F(Z)=(®. |U,, +U,,|®,) """ = ZFV’“ (Z)
Lorentz tranform of form factor and coordinates

F(Z) = fomnV FV (v Z)

1/y (A=1, m'-m = 0)
C01'11 =1y ()l,=2,m'—m=il) nucl =1

A.m'—m A.m'—-m

1 (otherwise)

"

Assumptions
Ogata, Bertulani, PTP 121 (2009), 1399

v' Point charges for 1, 2 and A PTP. 123 (2010) 701
v" Neglecting far-field (r; > R) contribution

v' Correction to nuclear form factor 91



92
Reaction
208Ph (8B, 7Be+p) at 250 A MeV and 100 A MeV
208pp(11Be, 1°Be+n) at 250 A MeV and 100 A MeV

Projectile wave function and distorting potential
Standard Woods-Saxon

Modelspace
8B 11Be
| =3 | =3 8B or ""Be
Ns=20, N, =10, Ns =20, Ng=10, 208pPh
Nf=5 Nf=5 -
e =10 MeV e =10 MeV (3
- =200 fm - =200 fm KAL)
Ra= 900 fm Ria= 450 fm
N, = 138 N, = 166

Q2



Pb(®B,p’Be) at 250 MeV/nucleon

Breakup X-sec. [b/(MeV deg)]

5

93

— rel.

— — nonrel.

|

20 2
% — rel
> 20 N '
5} - \ — — nonrel.
S 4r [
S : \
s |
' " 0 = 0.06°
% 2F \
g. - \
u \
- 1 N
L - ~
— —
m 0 N 1 1
0 1 2 3 4
& (MeV)
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Pb(®B,p’Be) at 250 MeV/nucleon

all orders

|02 — Onrl

;?E" 15

=

= |

=2 we |
%
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Please don't be

scared, yet
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Please don't be scared, yet

But things can get much

worse
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Relativistic MF nucleus-nucleus potential
Long, Bertulani, PRC 83, 024907 (2011). o, ®, p and y exchange

E = fd3r2%(‘i)/'v+ M)y,
+; S [drdr 'Ew (), (X, (£,6)D, (1 - ')y, (0, (')

¢=0.,0,0,y
o(rr') = -g, (r)g, (r')
L, (rr) =~(e.r"), (8u1),
[ (rr) = _(gp)/“%)r ' (gpyu%)r'

Fy(r,r')=2—2[y“(l—tz)] [yu(l r)

ﬁ ___________

mg|r-r'|
D, - l e |
4 -1 ~ . ~
| Xp =X, +0, yp =Y,
D = Lorentz transform
" r-r] z, =y(z, + Rcos0)
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E(A,A ,v)=E(A)+EQA, V)+E(4,A,,v)

E(A,A,,V)= E [dr[a’r 'Ewta(r)wpb(r)l”(rr) D,(r-r")y, Oy, ")

$=0.,0,0.y

Ex: o and o contributions

1 | o
o= [a&r [d’r g,@x) p,,@x)D,(r-1")p, )8, )

E,=[d'r[d’r g,x)p, @)D, (r-r)p,, ),

PO =Dy, @), p,m)= Y P, @)y, )

Projectile densities boosted to the target frame
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Results for 12C + 12C

V. . (MeV)

00



Contribution of different fields

V.. (MeV)

100



Dependence on energy and impact parameter

V.. (MeV)

V.., (MeV)
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12¢ + 12¢
Elastic scattering

relativistic

_____ non-relativistic

200MeV/nucleo % /j

10-3 : I . I A | | | 1 Ly

0O 2 4 6 8 10 12

0, .. (deg) .



Conclusions:

Too many. And my time is out.

But pictures are worth a thousand words™.
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Conclusions:

Too many. And my time is out.

But pictures are worth a thousand words™.

* Locker room of FC Lybia
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Thank you so, much.

‘:":'-'.'—___‘".‘ | - ‘\
The Nuclear' Astrophysics group at Catania.
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