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Fusion & Transfer



Fusion



Fusion of heavy nuclei

Classical area: 2t f bdb
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Quantum area. Since 1+ S = kb > bdb 1+k12/ 2
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Fusion of heavy nuclei
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Barrier penetration model
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Fusion

I
: 64N + 04Ni
107 0=-48.8 MeV

7 Jiang et al, PRL 93, 012701 (2004)

Often BPM does not work

Coupled-channels and/or
microscopic models often necessary.
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CDCC fusion calculations

WITHOUT continuum-continuum couplings WITH continuum-continuum couplings
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Canto, Fusion 2011

Continuum-continuum couplings hinders fusion .... but what is the
mechanism?

Coupled channels one of the least controllable calculations: couplings can add
@S +-+--++-+ OF @S +++-+++ or ----+----, depending on the system

—> Suppression or enhancements are difficult to understand.



Fusion + Photon Emission
(radiative capture)



Nucleus + photon

Total wave function:
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‘ Transition amplitude for radiative capture:

() (1) (H)]..1 )y
<wnucleus wphtoon wnucleus> ~ <w ‘I’ Ylm (r)‘w >




- Tombrello, NP 71, 459 (1965)
PO"’CH"’IO' mOdel Robertson, PRC 7 (1973) 543

Potential
Ex: Gauss,
Woods-Saxon

= Internal structure neglected

= Schradinger equation:

h2 d2
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- 21 dr” W () + T
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2u T
Very simple to solve numerically for E < Oor E > O

initial state: scattering E; > O
final state: bound E;<O

Capture cross section (electric) @ r Qi
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Potential model
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Potential model
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Potential model
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Three-body potential models
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3 -body potential model - ex: hyperspherical harmonics

1
Jacobi coordinates (x, y)

< B
y
Hyperspherical harmonics
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Triple-alpha reaction rate

Ogata et al, Prog.Theor. Phys. 122, 1055 (2010)
finds 1020 factor larger than expected at low temperatures

See also, Suzuki, Descouvemont, arXiv:1308.4021
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Microscopic cluster models
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" - Mathed Includes the internal

structure of the
Q nuclei: ®,®,
r
GHTISYI’\'\I’\'\ZI“IZGTIOH

Hamiltonian:

H = ET+EV ¥ EV

1< i< j<k

W=7 CI)'CDZ' o(r)

T, = kinetic energy of nucleon i
Vi; = nucleon-nucleon effective interaction ¢, = ANC

W—n,1+1/2(r)

g(r) = <X(12) ‘A(I)l (I)Z 6(1' — 1'1’2)> e (I') %Clj
gscat (I' — OO) ~ Il(r) — SIOI(I‘)
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Resonating 6roup Method

Variational principle:
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Hill-Wheeler (1955)
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Resonating 6roup Method

Be

- Volkov (gaussians) effective interactions
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“"Ab-initio” models
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The ab-initio No-Core Shell Model
H=T

rel

H‘ll’l> =E,

+Vin+Vin+tee®

W)
W)= 2 A,

Diagonalize {<<I>m ‘H‘ D, >}

P, )

¢, = finite harmonic oscillator (HO) basis
- Jacobi relative coordinates

¢ N,.,.hQ model space Navratil, Vary, Barrett, PRC 62, 054311 (2000)

- Translational invariance preserved
- Effective interaction tailored to model-space ftruncation

Convergence to exact solution with increasing N, ,, for bound states.

No coupling to continuum. 22



“Ab-initio” model for LE reactions

- Accurate wave functions of 'Be - Ab-initio calculations

Navratil, CB, Caurier, PLB 2006
Navratil, CB, Caurier, PRC 2006
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“Ab-initio’ model with continuum

What one needs W g (r)

A g oun (r) C '
o(r) = <X(A)‘;4(I)(A'a)d>(a)6(r — rA_a’a)> o !
oea (T =) ~ 1,(1) =5,0,(r)

What one does Quaglioni, Navratil, PRL 2007, PRL 2009

[ ar[H(r,r) -EN(r.r)] g(r) =0 allr Hill-Wheeler (1955)

{E}(r,r') = <;%CI)(Aa)d)(a)(r'){i};%cbma)(I)(a)(r)>
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e.g. NCSM




No core shell model + Hill-Wheeler
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Resonance manipulation models

(R-matrix)
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R-matrix theory

Tnstead of solve
K d°W h* d°

_ =~ +VW = EY 2% Ve, =E 0,
2u dr 2u dr

i . with boundary conditions
a = channel radius

b = positive constant do. /dr
r (P;\ _ _b
&, a complete basis: Y = zAx(Px Q,
A
rd¥/dr| 1-bR Py E Y, ) KON EY
= Ty | T = “E, -E  '*" 2ua
R-matrix reduced width

(here one channel) (does not depend on E)
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One-channel R-Matrix theory
Outside the channel radiusa: W ~1+ 50

5
.kr/’ /\ elkr
e—l
S-matrix
Assume E near one of the E, 2 neglect all but channel «
Channgl radius rd¥/dr _ 1-b2 hzkcpi (a)
matching condition v 2 I =
_ : u
il ik resonance width
# S =1+ S e
(E,+A, -E)-il, /2 A __bL
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A | resonance shift
, | \
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Multi-channel R-Matrix theory
Generalize to possible many channels also using many a's

/?(m' - Y)\.OLY)\.OL' S(m' _ I(a) -1 _L*/?-
“ E. -E O(a)|1-L=2
1 rd¥/dr For each channel
oy | transition o 2 o’
. JU 2
Fmally: Oococ' = F‘aaa‘ — 50(0("

2 T
= pTococ'

transition (fransmission)
probability (matrix)
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R-Matrix theory - example
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Review: Descouvemont, Baye Rep. Prog. Phys. 73, 036301 (2010)
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Compound Nuclei
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Compound nucleus theory

Heisenberg relation: AEAt ~7 - for a state with width

-
h
> decay time: At~ T

a

I, 1,
If many decay channels = decay probability = Er T

Bohr hypothesis: formation independent of decay

\ -

Oococ' = O-CN (O() ?

a+b

or o o’

C + d . > X >
or Tformation decay
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Ewing- Weisskopf (1940)

detailed balance: gk 0.,

s

spin counting for CN:
g(xk(XZOCN((X)FOL' = goc'koc'z OCN((X')FOL

., T
ga'koc‘2 OCN(G') gockoc 2O-CN(O(’)

2
=g k., 0O,

m [ =gk, on(@

introducing density of levels p of final states:

(27, +1

JWe E, o (a)pE,)

“’CN“”} [+

)Moc Eoc OCN(a)p(Ea )dEoc
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Hauser-Feshbach (1952)

Herman Feshbach: include angular momentum in Ewing-Weisskopf theory

CN ang. mom.

\ YT, ()Y T, ()

EE 2 +1 5,1 sl
Oaor =172 ~ (21, + DI, +1) 2 2 LINE)

R

projectile spin

target spin transmission probability
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Hauser-Feshbach
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Transfer Reactions
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One-nucleon transfer (Born approximation)

Q = momentum transfer
Vi, Transfer interaction

POST or PRIOR
representation

transfer matrix element

M[Soc (R) ~ fd3l‘1 eiQ.rICP(a:)(R + rl)(VlA — <U>)(p(]?)(l’1)

dp

Transfer probability

coll

1 o i(E;-E, +(...
Py = J_ AtV (R)e"™ 5~ g

Mg, (D)‘zg(QﬁOﬁ)
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Multi-nucleon transfer (Born approximation)

Pt
- exp(-2aD
sin(0,,,/2) " (~2aD)
Ll
| %Zr+%Ca
01h L T

ZZyg’ 1
~ 2E sin(@cm / 2)

cm

More sophisticated
calculations necessary



Asymptotic Normalization
Coefficients
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Spectroscopic factors

* What is the amplitude for 12C + n in 13C?
 Define overlap function:

100) = (9, (€ )00 (€, 0 (€0, 31))

And the spectroscopic factor is fd3r IT,;(r) = S(4j)

An example: (7Li_qS +n),, < 8Ligs

0.40 |-

0.35 -

Single particle approach: os0 |
IZ(I’) — ’VS(EJ) (I)(l’) :;: o.zo:-

0.15 |-

0.10 |-

O<r<6fm .|
96% 0.000 1 1 4




Asymptotic Region
Single particle overlap function for r> Ry

P (r) rKN b(lj')i'dlgj)>(i'<r ) k- \2ue,
£’ =m, +m_ —m,

Model independent definition:
. (1) .
Ly (1) g K @0y (r) = Cybyyirchi (ir)

Asymptotic Normalization Coefficient
C. =K .b Contains information about the many-

) =) body physics at the tail of the w.f.

= S (r) = f drr 21(21j)(r) = K(le)f drr 2(])(21j)(r) = K(le)
0 0
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Transfer reaction
Cross section for A(d,p)B

2
O™ =M =L [V, )

With the single particle approximation

2
o™ =S| 0., VIO, W) s = e

S is the normalization (i.e. 'spectroscopic’) factor

A A
\ A(B+p IBP = CBP I
Bp
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Use of ANCs

* Find a peripheral transfer reaction
Measure angular distribution (abs. c.s.)
DWRBA calculation (optical model parameters)
Determine single particle ANCs

Use the information (ANCs) obtained for the
wavefunctions to calculate matrix elements of
astrophysical interest.
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Asymptotic normalization coefficients

B A

P

2
A
Gcapture ~ (CBp)

ANC’ s for'Be+p —°B
from mirror reaction
13C(7Li8Li)'2C

do/dQ (mbsr)
=
T H

a E\ | | I I “ I 1 1 | “ I “ Y “ I .\‘\“‘»H»‘».)WL* L1
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DW
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Bplaja "BpPlala - A M. Mukhamedzhanov et al.,
PRC 56, 1302 (1997)

44



Charge-exchange reactions

One step Two step Two step
(meson exchange) (nucleon pickup & stripping)
(a) - - —
. _ + (b)
(a) TDWBA(k 5k) = <X§<)‘U‘X§< )>
b ' — + Y +
Tl = 3¢, (i u(c )

v=0
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Effective interaction V),

VNN(r) \Y% ( )+V ( )(01- 02)+[VIC(1‘)+V£(I') (0-1. 0-2)](1:1, 1:2)
+[VT (r) +V. (r) (1:1- 1:2)]312(f-) FVB@) I (61 + 02)

Antisimetrization:  Vyn(r) = [1 - (—)IPX] Vo) Poir—-r

X

VLS (I‘) [ ((51 + 02) small and usually neglected
“

Notation:  V&(r) = Vg (r), Vi (r) = Viglr), V. (r) = Vi (r)
)=V

Varlr) = Vis(r), Vi(r) = Vi(r). Vi (r) = Vi (r)
Vio(r) = DVEECE Y () [o,@0.] [v ]

K=0,2
ST

) . S=0 S=1
K=0: central force %=1 o*'=0 C = 4x, /127

K=2: fensorforce 1™°=1, ¢""'=1 (2-0, C2 =257/5
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Effective interaction V),
Love, Franey, NPA 1981, 1985
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Two step (proton pickup & neutron-stripping)

2c('%C12N)'2B(1+.9.5.
Lenske, Wolter, Bohlen, PRL — 5 } c(*e )E/; 9-s.)
10 =

198%0(12C,12N)1ZB(1+’93) >

;3 15 MeV |

13N+11B Mc+13C

sS,p,d
n— 2
<p <p E
n—
3
S
120412C 12N+12B

Two step (double wt+p exchange)

Bertulani, NPA 1993

13C(13N,3C)3N 70 MeV/nuc.

-4
Oong ~ 107 x Oy
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ch exch
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ch.exch.

) = fdrrsz(pr)<JaTa

fd3rS

eXp 1q r] <bB‘U ‘aA>

i laA) =laA;J M TN :J M, TN

a“a " a?

eikonal + few pages of algebra
} CB, NPA 554, 493 (1993)
(kK'k)= Y Y C(KS;LL'JIMM'y) [ dbb S(b)J,(qb)

K=0,2 LLJJ
ST MMu

x [[dpp Ty u () VE(D) p* (p) p™_ (p)

= Y (LM, SulIM)i* Yy, (F

uM

2 6(rri— I.

|\ )
) > o
(\‘LSJ T J T
STRUCTURE INPUT
( ) 5 factorized

A
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Charge exchange at forward angles

aA—>bB k' E E fdbb S(b O(qb)fdpp J...(Pb) f)aA(P) f)bB(P)

()~1—>p q

- S(b) =1 but largest value of 1,4—;3 occurs when

Jo(qb) oscillates in phase J (pb)
— pP~q with

Forward scattering: 4~ 0 CB, NPA 554, 493 (1993)

~

Funass(60~0) =... 5 (0) 5 (0)x [dpp VE(p)x [ dbb,(qb) €*®

p0) =-+(Alo*a) <2 (0~0%)=-|(A] el

2

S

——TNL KA o7 a> well known. E.g. (a,A) = (n,p) then

(B| o*e[jp)|

Fermi and Gamow-Teller m.e. READ DIRECTLY from 3_0(@ NQO)
Q2

S0



Charge exchange at forward angles

Gamow-Teller Transition ¢ %L.i
I, = 172 & 17 MeV—tm®
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End Lecture 4
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