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e Part I: Motivation
nuclear reactions of astrophysical interest, reaction rates and cross sections,
charged-particle reactions, halo nuclei

e Part Il: Halo Nuclei
characteristic parameters, ground state properties, electromagentic excitation,
radial integrals, wave functions, transition strength and shape functions

e Part lll: Indirect Methods
o overview, transfer reactions, T matrix elements, spectroscopic factors
o Coulomb dissociation: theory, parameters, cross sections, higher-order effects
o ANC method: theory, continuum interaction
o Trojan-Horse method: theory, application, electron screening

e Summary

recurrent themes: asymptotics of wave functions, factorization
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Part |I:

Motivation
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Nuclear Reactions of Astophysical Interest

nuclear astrophysics

e nuclear reaction rates are basic input in many astrophysical models
(primordial nucleosynthesis, stellar evolution, novae, supernovae, . . . )

for various processes (pp chains, CNO cycles, s-, r-, p-, rp-process, . . . )

e ideally: direct measurement of reaction cross sections at relevant energies

but in most cases practically impossible (small cross sections, often unstable nuclei)

e alternative approaches ?

depend on type of reaction
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Types of Reactions

e radiative capture/ 12 A A
photo dissociation reactions: AL
10
(n,7), (2,7), (@), -/ CNOcycles
(vsn). (v,P), (v, 0). - .. ’ ,
e nuclear rearrangement reactions: . $
(p, @), (a;p), (PHe,2p), . .. pp chains
4 (a,y)
e weak interaction reactions: (B’Q/)/ (@p)
_ 2 | > (p.f), CHezp)
BT, B~ electron capture (EC) i | o) £ &), &0
) 0 4 6 8 10 (a) 12 14 16
here:

e only charged-particle reactions

e only reactions with electromagnetic or strong interaction

Indirect Methods and Halo Nuclei - 5

Stefan Typel




Reaction Rates and Cross Sections

astrophysical environment

nuclei in hot plasma L L I e —
E exp(-E/(KT))

= temperature-dependent distribution of

. - . 80
relative velocities v for reaction b+c¢c — ...

= relevant quantity: sol-

[au]

Maxwellian-averaged reaction rate
Gamov window

The =
b 1+5bc 20 -

with densities oy, 0. and

. 0 05 E/I15 15 2
=] E)E e kT off
o7 T [hbe / °() (kT)g/2

=> cross sections o needed in Gamov window of width AF
around effective energy F.g
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Gamov Window

parameters
e cffective energy 10— .
| ~Eexp(-E/(KT))
Fogt = 0.1220 11,/ (2, Z:T5)2/3 MeV ol
e width
60 -
AE = 0.2368 11, (2, Z) Ty MeV 3
“ G ind
with temperature Ty in 10° K or oY e
and reduced mass [y, = % in amu '
2010
reaction Eerr [keV]  o(FEes) [pb] . .,
SHe(®He,2p)™He 220 1.5 o o5 L 18
7 8 -3 eff
Be(p,v)°B 18.4 1.5 x 10
SHe(or,v)"Be 23.0 3.0 x 1077
14N (p,7)1°0 27.2 2.2 x 1077

for T =15.5 x 10° K (center of the sun)
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Charged-Particle Reactions

e Coulomb barrier in reaction b + ¢ — ... with charged nuclei b, ¢

= extremely small cross sections o(FE) with strong energy dependence
= astrophysical relevant energies (Gamov window) usually not accessible
= measurement at higher energies and extrapolation to low energies E

with help of astrophysical S factor S(FE) = o(FE)FE exp(27mn)
Sommerfeld parameter n = Z,Z.e?/(hv)
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Charged-Particle Reactions

e Coulomb barrier in reaction b + ¢ — ... with charged nuclei b, ¢

= extremely small cross sections o(FE) with strong energy dependence
= astrophysical relevant energies (Gamov window) usually not accessible
= measurement at higher energies and extrapolation to low energies E

with help of astrophysical S factor S(FE) = o(FE)FE exp(27mn)
Sommerfeld parameter n = Z,Z.e?/(hv)

e direct measurement very difficult, often unstable nuclei involved

= indirect methods
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Halo Nuclei

Light exotic nuclei:

19

8 17,

11 14,

il

6
e large neutron/proton excess N
o

. . . . . 4
e radioactive with short lifetimes E
c

- g 2
close to neutron/proton driplines s

= halo phenomenon observed %

e large size (i.e. interaction radius)

e large cross sections for electromagnetic
excitation to low energies in the continuum

e breakup rections: narrow relative-
momentum distributions of fragments

= extraction of spectroscopic information

2 4 6 8 10 12 14 16

neutron number N

e small separation energy of last
nucleon

e ground state well described in
single-particle picture
(nucleon + core)

essential features characterized by few low-energy constants = scaling laws
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Part Il:

Halo Nuclei
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Halo Nuclei - Characteristic Parameters

Indirect Methods and Halo Nuclei - 11

halo nucleus (a = b + ¢) with nucleon (b) + core (c) structure

with effective mass u = % and charge numbers 7, and Z.
@
e relevant scales of the system
origin energy momentum dimensionless quantity
ground state one-nucleon hg = /2uSh vy =qR
separation energy Sy inverse decay length g
scattering state relative energy E hk = \/2uE k=kR
in continuum relative momentum
Coulomb field Gamov energy h/ap with nuclear Bohr n; = \/gf = Q;B
2
Zy Zee? : E
Eqg = ( bhce ) % radius ap = ﬁ/\/Q/J,EG nr = TG = kiB

with radius R < typical size of the system
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Halo Nuclei - Characteristic Parameters

halo nucleus (a = b+ ¢) with nucleon (b) + core (c) structure

with effective mass u = % and charge numbers 7, and Z.
@
e relevant scales of the system

origin energy momentum dimensionless quantity

ground state one-nucleon hqg = /2uSh vy =qR
separation energy Sy inverse decay length g
scattering state relative energy E hk = \/2uE k=kR
in continuum relative momentum

Coulomb field Gamov energy h/ap with nuclear Bohr n; = \/gf = Q;B

NS

radius ap = h/\/2uFE¢g nr =1 ETG = k;B

7y Zee? 2
cet

with radius R < typical size of the system

e three independent dimensionless quantities = relevant for systematic expansions

K E 1
v =qR T = — _ n; = — = xn; (n; = ns = O for neutron + core systems)
Sh qap

(S. Typel and G. Baur, Nucl. Phys. A 759 (2005) 247)
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Neutron Halo Nuclei - Ground State Properties

square-well potential of radius R and separation energy S, i.e. v? = 2uS, R?/h?

e probability P,; to find the neutron
inside potential well (n = number of nodes)
in the limit v — O:
—Pn0—>0forl:0
— Pyu—20—-1)/2l4+1)forl >1

10
0.9k
o8k
0.7k
0.6f
0= 05}
04k
03}
02f
0.1f

0.0 Lt
10% 10
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Neutron Halo Nuclei - Ground State Properties

square-well potential of radius R and separation energy S, i.e. v? = 2uS, R?/h?

e probability P,; to find the neutron e rms radius ((’r2>nl)1/2 in the limit v — 0O
inside potential well (n = number of nodes) — (r g <y 2forl =0
in the limit v — O: — <T2>nz o fy_l forl =1
— P,—0forl =0 = (’I“2>nl diverges for s and p waves
— Py — (2l —-1)/(21 4+ 1) forl > 1 — (r?), finite  forl > 2
1.0 ~rromy—rrrmg—r-rrm
09| ]
o8|
07|
06
o= 051
04|
03f — 4 F -
02f- 1 F|I=as11 T ]
0.1 4 F 4 F =

102 10

halo effect exists only for low orbital angular momenta and small binding energies
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Electromagnetic Excitation

electromagnetic transition of type m = E, M and multipolarity A =1, ...

e photo dissociation cross section

A+1 (27)3 (EW)QA_ldB(w)\)
A [(2A + D2 \ ke dE

orx(a+vy—b+4c)=

e reduced transition probability

dB 2Jr +1

IE N kT pjslysid IMEN)| Jigilisie)|

(27 )3 12

Jfly (Jilide
e reduced matrix element (kJ¢jrlssjc||M(m)||Jijilisge)

e clectric transition = multipole operator M(FEAu) = Z(;\f)e Yy (7)

(§

A A
) . (A _ me m
with effective charge number Z 5’ = 7, (mb+mc) + Ze (_mb—l—l?mc)
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Radial Integrals

e example: breakup of 'Be — "Be + n

neutron halo nucleus with neutron separation energy S,, = 0.504 MeV
E1 transition from s wave bound state to p wave scattering state with energy E
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Radial Integrals

e example: breakup of 'Be — "Be + n

neutron halo nucleus with neutron separation energy S,, = 0.504 MeV

E1 transition from s wave bound state to p wave scattering state with energy E
= integrand in radial integral of reduced matrix element

—_— fli(r)
-1 — 90 — -1
= —_— glf(r)rfli(r) - - -

— V()

| I I I I I I I | | I | I | I | I
-2 -2 ]
O 10 20 30 40 50 O 10 20 30 40 50
r [fm] r [fm]
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Radial Integrals

e example: breakup of 'Be — "Be + n

neutron halo nucleus with neutron separation energy S,, = 0.504 MeV

E1 transition from s wave bound state to p wave scattering state with energy E
= integrand in radial integral of reduced matrix element

—_— fli(r)
-1 — 90 — -1
= —_— glf(r)rfli(r) - - -

— V()

I I I I I I I | | I | I | I | I |
-2 -2
O 10 20 30 40 50 O 10 20 30 40 50
r [fm] r [fm]
e E) transitions at low relative energies
= matrix elements determined by asymptotic of wave functions
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Wave Functions - General

relative motion of two-body system a=b+x(=c+y=d+z=...)

e many-body wave function W, is solution of Schrodinger equation

HY,=(T+V,) ¥, =FEV,

with potential V, = V,S + V) = V.§ + V] (Coulomb + nuclear interaction)
and boundary condition for bound/scattering state
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Wave Functions - General

Indirect Methods and Halo Nuclei - 15

relative motion of two-body system a=b+x(=c+y=d+z=...)

e many-body wave function W, is solution of Schrodinger equation
HY,=(T+V,)V¥,=FEVY,

with potential V, = V,S + V) = V.§ + V] (Coulomb + nuclear interaction)
and boundary condition for bound/scattering state

e for large distances 7, =7, — 7 , €tc.:
Coulomb interaction remains, short-range nuclear interaction vanishes
= universal asymptotic form of W, — ¢pdrVpe(Tee) + - -

for ryg,Tey,... — 00 with relative wave functions ¥z, ey, . . .

e exact solution: partial wave expansion

Stefan Typel



Wave Functions - Bound States

general form of asymptotics (without particle spins, a = (bx), (cy), . . .)

¢a(m) — Ti Z fal(ra)lflm(fa) for Taq — OO
>

with radial wave functions fo;(ra) = Co(O)W_,, 141/2(2¢aTa)

and angular parts Y;,,(7,) (spherical harmonic)
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Wave Functions - Bound States

general form of asymptotics (without particle spins, a = (bx), (cy), . . .)

wa(m) — Ti Z fozl(ra)lflm(fa) for Taq — OO
>

with radial wave functions fo;(ra) = Co(O)W_,, 141/2(2¢aTa)

and angular parts Y;,,(7,) (spherical harmonic)

o Whittaker function W_,  ;11/2(2¢a7a) — €xp (—gaTa)
with Sommerfeld parameter 7., bound-state parameter ¢,

AV AT
€.g. TNx = bh2;b:b v = V 2besbx/h

and separation energy Sj, of particle a into b and x

e asymptotic normalization coefficient (ANC) C%()
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Wave Functions - Scattering States

general form of asymptotics (without particle spins)

4 N A
D DR D0 () Vi Fe) Vi ) for ra = o

O = (ba), (), ..

with radial wave functions g(+)( o) = [Sa(bx)ul(ﬂ(na, kaTa) — (5a(bx)ul(_)(77a, kara)]

and angular parts Yi,, (o), Yim(ka) (spherical harmonics)

Indirect Methods and Halo Nuclei - 17 Stefan Typel




Wave Functions - Scattering States

general form of asymptotics (without particle spins)

47T 1 Ubx . A x /7
Ui = D by [ D 9ur (ra)iVim(Fe) Vi () for ra — o0

P W

ol

with radial wave functions g(+)(ra) = % [S(lx(bx)ul(ﬂ(na, kaTa) — 5a(bx)ul(_)(77a, kara)]

A

and angular parts Y}, (7o), Yim (ko) (spherical harmonics)

e Coulomb wave functions

+ X : . 73
ul( )(na, kora) = €T |G + iF)] — exp {:I:z [kara — 2N In(kora) — %} }
with Sommerfeld parameter 7,, momentum hEa, energy Fy, of relative motion
Zp Z el lipy myma
€8 T = bhzkb:b kbe = v/ 2ppe Bz /I Mbx = m

e S-matrix elements Sé<bx)

e.g. elastic scattering S. , = e?!o1+9()] with Coulomb and nuclear phase shifts
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Reduced Transition Probability and Shape Functions

e reduced transition probability for E'A transition [; — [:

dB(EN) o 12 20 4 G
dE [Zeff ] w2 D0 s

Slf()\) with spin factor Dy

— scaling of transition strength with ¢ through factor |C).|?/¢***3 with ANC

— scaling of (7, for neutron + core systems: Cy x /q, (), gli for I; > 1
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Reduced Transition Probability and Shape Functions

e reduced transition probability for E'A transition [; — [:

dB(E\) o 12 20 O
iE [Zeff ] a2 D 23

Sllf()\) with spin factor Dy

— scaling of transition strength with ¢ through factor |C).|?/¢***3 with ANC

— scaling of (; for neutron + core systems: Cy x /q, (), g for [; > 1

e dimensionless shape function Sllzf()\) = ‘Illzf()\)|

e dimensionless reduced radial integral

l > .

7)) = ! / dr ™ [cos(0y,) By, (kr) + sin(31,) G, (k)| Wy, 1,11/2(2ar)
R

— depends only on ~, x, ; and phase shift 5zf

— analytical for neutron + core systems
(S. Typel and G. Baur, Nucl. Phys. A 759 (2005) 247)
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Shape Functions for Neutron 4+ Core Systems

e without final-state interaction (4;, = 0) 40

e characteristic shape of Sllzf()\)
depending on EA transition [; — [¢

e strong peak at small 2?2 = E./S,,

0.8

e hierarchy of maxima N%; o
(shift to larger 2 with increasing [y) 02
0.0

e variation with 80
(smaller sensitivity with larger [¢) 60

e analytical forms for v =0 w0

(extreme halo limit) e.g. 0
z(3 + x%)? 1.6

S)(1) =
N;_); 0.8
4%3 04
SH1) = 0.0

Indirect Methods and Halo Nuclei - 19

Elp->d 7]

—_— -
~ e

- -
—_——

O TTT 7T

1 2 3 4

E2d - s

2L LN

o 1 2 3 4

E2s - d

0 1 2 3 4

2
X

Els

Ny

S<
\\Q‘;‘~~
IIIIIIIIII

- P

1 CS<
0 1 2 3 4
_|||||||||||||||_
— Eld - p —
B R —
||||||||||||TT|;
0 1 2 3 4
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Shape Functions for Neutron + Core Systems ||

L] ] 0 0 4-0 LILIL LI LI LI . rri LILIL LILIL LI
e with final-state interaction (J;, # 0) o el -
use effective-range expansion A E
tan(élf) = —(:zwclf)mfJrl : e
0.0 L EE £ oo e o 0'0 ||+
. . 0 1 2 3 4 0 1 2 3 4
Wlth COnSta nt Scatterlng |ength 1.0 LI I LI I LI |_I_|.| I 8-0 LILL I LI I LI I rri
0.8 EI‘ - d\.4 _ /'/‘—ifi'd\» _
21 4+1 : p-d ] 6ol . P
arp = (leR) s = 06 7 S) LTl
N(/)‘_| 0.4_— ’:.
e “natural”’ values: v¢;, <1 02 DS~ T
. f 0.00 l 2 3 4 0.00 L1 1 1 L1 _1 2 11t 3 =1l 4
(Zero_range pOtentIal: aO — 1/q eXaCt) 80 |||||||I|||I||| 5-0 |||I|||I|||I||
60 E2d - s

e expansion of analytical forms for small ~:

- x2 2
SY(1) = ((131?7))4 [1 — 3+4x2'yc0 - .. ]
0 1 2 3 - 4 4
x3 1-6 LILIL LI LI LI
Si(1) = T [1— (14 32%)cy* +...] 5y AR

L. E2s - d -
e cffect of final-state interaction b
even for x — 0
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Shape Functions for Proton + Core Systems

4-O-IIIIIIIIIIIIIII ()-SIIIIIIIIIIIIIII_l

e without final-state interaction (6;, =0) _ _ I’ Elp_s -]

e halo limit v — 0

_ 0.0 ke
e increase of Sommerfeld parameter 7; Lo Il | f , f’ o
U = 0.8:— Elp-d _:
— i i 2 _ Epel N 0'6__ ]
shift of maximum to larger “ = Sy g.‘_” 04 J——.
_ C 021
— broadening of peak 0oL
| 0 1 2 3 4
— reduction of strength O

E2d—>S =

o
o
I

(scaling of Sllf(A) with exp(4n;))

an. 0
e™s, (2
3

— less sensitivity to ;, [¢

0 1 2 3 4

(Coulomb barrier dominates)

e highly charged core (= large nuclei)

= no halo effect
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Coulomb Dissociation of 'Be

e [/1 transition from s-wave halo ground

07 rrrrpyprrrirrprrorrrypyrrrrypynrrrrjyprnririrprnri
state (.5, = 504 keV, v = 0.41, B | ' ' | ' '
R = 2.78 fm) to p-wave continuum ;0'6___5'; — effective-range model ]

. . > oL . d del _
states with j = 3/2,1/2 Zosy  wanaitionto U2 bound ste
£

e effective-range expansion for phase shifts %o M40
; ; W o3k
tan &} = —(cjay)? ! =1
. _ . 5 02
with reduced scattering length ¢ B
e fit to experimental data from Coulomb 00

breakup of 'Be at 520 A-MeV on Pb 0
= ANC Cp = 0.724(8) fm~1/2

_ 5 exp. data: R. Palit et al., PRC 68 (2003) 034318
= spectroscopic factor C*S = 0.704(15)

i 1/2
= r3e/dQuied BCZ;teSerg IQeOngths o Cl/ u'nnaturally large
C%/Q = —0.41(86, —20) & existence of bound 1/27 state
¢’ " =2.77(13,-14) 320 keV above ground state

= reduced E'1 strength in continuum
(S. Typel and G. Baur, Phys. Rev. Lett. 93 (2004) 142502)

Indirect Methods and Halo Nuclei - 22 Stefan Typel




Part III:
Indirect Methods
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Indirect Methods - Overview |

Coulomb dissociation
G. Baur et al.,

NPA 458 (1986) 188

e study inverse of radiative
capture reaction
b(x,v)a < a(vy,z)b

e use Coulomb field of
target nucleus A as

source of photons
a(y,z)b & A(a,bx)A

4

absolute S factors
as a function of energy
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Indirect Methods - Overview |

Coulomb dissociation
G. Baur et al.,

NPA 458 (1986) 188

e study inverse of radiative
capture reaction
b(x,v)a < a(vy,z)b

e use Coulomb field of
target nucleus A as

source of photons
a(y,z)b & A(a,bx)A

4

absolute S factors
as a function of energy

Indirect Methods and Halo Nuclei - 24

ANC method
H. M. Xu et al.,

PRL 73 (1994) 2027

® extract asymptotic
normalization coefficient
of ground state wave
function of nucleus a
from transfer reactions

e calculate matrix elements
for radiative capture

reaction b(x, v)a

4

S factor at zero energy

Stefan Typel



Indirect Methods - Overview |

Coulomb dissociation ANC method Trojan-Horse method
G. Baur et al., H. M. Xu et al.,, G. Baur,
NPA 458 (1986) 188 PRL 73 (1994) 2027 PLB 178 (1986) 35
e study inverse of radiative e extract asymptotic e study three-body reaction
capture reaction normalization coefficient A4+a—-C+c+b
b(x,v)a < a(vy,x)b of ground state wave with Trojan horse
e use Coulomb field of function of nucleus a a=b+x
target nucleus A as from transfer reactions and spectator b
source of photons e calculate matrix elements ® extract cross section of
a(v,x)b < A(a,bx)A for radiative capture two-body reaction
reaction b(x, v)a A4+zxz—C+Hec
v J
absolute S factors U energy dependence

as a function of energy S factor at zero energy of S factor

theoretical description? relation of methods?
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Indirect Methods - Overview Il

Coulomb dissociation ANC method Trojan-Horse method

B=(A+X) A C

a=(b+x) b a=(b+x) b a=(b+x) b
photon exchange transfer of particle to transfer of particle to
bound state continuum state

e similar reaction mechanisms: transfer of virtual particle
e final state with three particles (bound/continuum states)

e theoretical descripton with direct reaction theory

Indirect Methods and Halo Nuclei - 25 Stefan Typel




Indirect Methods - Overview llil

general characteristics:

e two-body reaction at low-energy is replaced by three-body reaction
at “high-energy” with large cross section

o Coulomb dissociation b(x,v)a = A(a,bx)A
o ANC method b(z,v)a = A(a, B)b a=(b+x) B=(A+7x)

o Trojan-horse method A(x,c)C = A(a,Cc)b

Indirect Methods and Halo Nuclei - 26 Stefan Typel




Indirect Methods - Overview llil

general characteristics:
e two-body reaction at low-energy is replaced by three-body reaction
at “high-energy” with large cross section

o Coulomb dissociation b(x,v)a = A(a,bx)A
o ANC method b(z,v)a = A(a, B)b a=(b+x) B=(A+7x)

o Trojan-horse method A(x,c)C = A(a,Cc)b

e transfer of virtual particle (photon v or nucleus x)
e relation of cross sections is found with the help of nuclear direct reaction theory

e theoretical approximations essential
e study of peripheral reactions
— asymptotics of wave functions relevant
— selection of suitable kinematical conditions important

Indirect Methods and Halo Nuclei - 26 Stefan Typel



Transfer Reactions - Cross Sections

e transfer reaction A +a — B+ bwitha=0b+ =z
to bound state of B=A + «

® Cross section

27T,LLAa 2 dngb -
do ="~ \Ty|"0(Eg + Epy — Eg — By — Q) 3=(0%X) b
Y hpAa| il 0(Ep + By — Ex Q)(Qwh)?’
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Transfer Reactions - Cross Sections

e transfer reaction A +a — B+ bwitha=0b+ =z
to bound state of B=A + «

® Cross section

27T,LLAa 2 dngb -
do = "2 |T;|"6(Eg + Ep — Ea — E, — a=(b+x) b
Y hpAa| il 0(Ep + By — Ex Q)(%h)3

with T-matrix in prior formulation T; = <\Ij(B_b)|Vf(l72| exp(ikaq - Taa)dada)

or in post formulation T; = (exp(ilZBb : FBb)gngbbWéi)PPS;))

\I!E;;)/\I!%_b): exact scattering wave functions in initial /final state

Vlé(lz)/Vng;): full potentials in initial /final state
e [-matrix element contains essential information on reaction process

2
s

e transferred particle z is virtual, i.e. By # 5+

e two poles in diagram = factorization
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T-Matrix Elements - Transformations

e introduce optical potentials U;; (ij = Aa, Bb) and

distorted waves XZ(;E) with (Tij + Uz‘j)Xz(-;t) _ Eisz(.;t)

e apply Gell-Mann—Goldberger relation a=(b+x) b
(Phys. Rev. 91 (1953) 398) =

o prior form Ty; = (Q;}Wf@ — UAa|xf4“;)qﬁAqﬁa> exact!

o post form Ty; = (xgb)qﬁgqﬁbwl%) — UBb|\I!f4“;)> exact!
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T-Matrix Elements - Transformations

e introduce optical potentials U,;; (ij = Aa, Bb) and

distorted waves X,E;t)

with (T’LJ + U’LJ)

e apply Gell-Mann—Goldberger relation
(Phys. Rev. 91 (1953) 398) =

o prior form Ty; = <\I!§3_,))|Vf(12 — UAa|Xf;;)qﬁAqﬁa> exact!

o post form Ty; = (X%_b)qﬁgqﬁbwl%) — UBb|\I!E4J;)> exact!

Xij

) _ p

e distorted-wave Born approximation (DWBA):

replace exact scattering wave functions

o prior form Ty; =~ (x
o post form T; =~ (x

Indirect Methods and Halo Nuclei - 28

(_

(—
Bb

Bb)q)i:c | foﬁ —Usa

'F V) — Up,

0

ij Xij

— XU

+)xa
Xf4a)q)bx>

+) xa
Xf4a) bx

)

a=(b+x)

dacda or U)o\ ope,
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Spectroscopic Factors

transfer reaction A+a— B+b

e overlap functions = wave function of transferred particle

by, = (Pl Pa) (I)Ex = (PaloB) a=(b+x) b
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Spectroscopic Factors

transfer reaction A+a— B+b

e overlap functions = wave function of transferred particle

by, = (Pl Pa) (I)Ex = (PaloB) a=(b+x) b

e approximation with spectroscopic amplitudes and single-particle wave functions

ga: ~ gxng(fﬁbx)¢x (I)ix ~ Aixng(FAx)qsx <¢gx|gpgx> — <¢éx|¢§x> =1

e spectroscopic factors S = (D¢ |®% ) ~ | AL | SE, = (25 |05 ,) ~ | AL,

’ 2
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Spectroscopic Factors

transfer reaction A+a— B+b

e overlap functions = wave function of transferred particle

by, = (Pl Pa) (I)ix = (PaloB) a=(b+x) b

e approximation with spectroscopic amplitudes and single-particle wave functions

e spectroscopic factors S = (D¢ |®% ) ~ | AL | SE = (8 |08 ) ~ ‘Aﬁmf
e T-matrix elements in DWBA

o post form: T(Bb)(Aa) <‘I)AxXBb)|VBb UBb|‘I)ba;XE4_Z)>
o prior form: T(Bb)(Aa) — <(I)EwX59_b)|VAa UAa|(I)beA—|_a)>

: 2 L
® Cross sections daoc‘T(Bb)(Aa)] = do =~ ngEwdaSp factorization!
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Coulomb Dissociation - ldea

target radiative capture b(x,7v)a
detailed balance 1]:
photo absorption a(~v, )b
projeCtile fragments equivalent photons in Coulomb field of target A 1}
@ [ 11\ Ob Coulomb dissociation A(a,bx)A
0 X (G. Baur, H. Rebel, C. Bertulani, Nucl. Phys. A 458 (1986) 188)
electric field
correspondence - }
(Fermi 1924, Weizsacker-Williams 1932) - - ——;— - —tﬁ—zz—ﬁgﬁ ————— ol el i

exotic nucleus

time-dependent electromagnetic field
of highly-charged nucleus A

during scattering of projectile a
ﬁ stable nucleus

Eexc~ few MeV

spectrum of (virtual, equivalent) photons only ground state transitions !

Indirect Methods and Halo Nuclei - 30 Stefan Typel




Coulomb Dissociation - Theory

Coulomb dissociation reaction: a4+ A —b+x+ A

with three-body final state in the continuum
= only approximate theoretical treatment
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Coulomb Dissociation - Theory

Coulomb dissociation reaction: a4+ A —b+x+ A

with three-body final state in the continuum
= only approximate theoretical treatment

e semiclassical methods
— classical description of projectile-target relative motion
(valid for heavy targets if N4, = ZaZ,e?/(hv) > 1 with beam velocity v)
— time-dependent perturbation V() of projectile system
— time-dependent perturbation theory
= excitation amplitude ay;
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Coulomb Dissociation - Theory

Coulomb dissociation reaction: a4+ A —b+x+ A

with three-body final state in the continuum
= only approximate theoretical treatment

e semiclassical methods
— classical description of projectile-target relative motion
(valid for heavy targets if N4, = ZaZ,e?/(hv) > 1 with beam velocity v)
— time-dependent perturbation V() of projectile system
— time-dependent perturbation theory
= excitation amplitude ay;

e quantal methods

— valid for all projectile/target combinations and all beam energies
— time-independent scattering theory

= T-matrix element T';

Indirect Methods and Halo Nuclei - 31 Stefan Typel



Coulomb Dissociation - Quantal Theory

e prior-form distorted-wave Born approximation (DWBA)
Tri = (X iy 405, [Vaa — Usaldadax ')

e neglection of nuclear interaction in Vi, and Uy,
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Coulomb Dissociation - Quantal Theory

e prior-form distorted-wave Born approximation (DWBA)
Tri = (X iy 405, [Vaa — Usaldadax ')

e neglection of nuclear interaction in Vi, and Uy,

a=(b+x) b
e multipole expansion of Coulomb potential in far-field approximation (7p; < 744)

ZW)

B _ ZaZye? | ZaZge:  ZaZge? e rp . A
Vaa — Una = =N + [Fo—7 Al [70—7 4] ~ArZ ae Z)\M 2A+1 A+1YAu(rbw)YAu(rAa)

A A
) . (A) _ my m
with effective charge numbers Z o’ = Z, (mermw) + Zs (_mb—l—l;nx)

—

and relative coordinates 7p, = T — Ty, Tag = T4 — Ty
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Coulomb Dissociation - Quantal Theory

e prior-form distorted-wave Born approximation (DWBA)
Tri = (X iy 405, [Vaa — Usaldadax ')

e neglection of nuclear interaction in Vi, and Uy,

a=(b+x) b
e multipole expansion of Coulomb potential in far-field approximation (7p; < 744)

ZW)

B _ ZaZye? | ZaZge:  ZaZge? e rp . A
Vaa — Una = =N + [Fo—7 Al [70—7 4] ~ArZ ae Z)\M 2A+1 A+1YAu(rbw)YAu(rAa)

A A
. . (A) m mp
with effective charge numbers Z o’ = Z, s ) T Ly — T
and relative coordinates 7, = T — Ty, TAq = T4 — Ty
— factorization of T-matrix element

A _ . A
Tyi ~ Zae Sy mag1 (Vi | Ze €05 (o) 160) (a2~ V3 (P a0) X )

M(EMu) electric multipole transition operator

=> transition matrix element X quantal Coulomb integral
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Coulomb Dissociation - Cross Section

Coulomb dissociation cross section
(with angular integration over relative momentum between fragments)
d*c 1

- — - b
~ dEp,dS2 A E’YZJ ety bt a)

T=FE M

e photo absorption cross section o)(a+v — b+ x)

dnﬂA

e virtual photon numbers 0

Indirect Methods and Halo Nuclei - 33

A=1,2....
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Coulomb Dissociation - Cross Section

Coulomb dissociation cross section
(with angular integration over relative momentum between fragments)

d? 1 dnx
= A orx(a+v— b+ x) fimr
dQaa

T=FE M A=1,2,...

e photo absorption cross section o,)(a+v — b+ x)

dnm\

e virtual photon numbers 0 that depend on kinematics:

o scattering angle ¥, 4 /impact parameter b
o projectile velocity v

o excitation energy E., = hw

calculation in

o non-relativistic approximation with Coulomb (hyperbolic) scattering trajectories
o relativistic approximation with straight-line trajectories

dngo dngi ~_ 4h2c2 : dnprq dnpi v_
= E2 enhancement anA/ 0y~ B2 M1 suppression 5=/ 4o~ &

\V]

Indirect Methods and Halo Nuclei - 33 Stefan Typel




Coulomb Dissociation - Relation of Cross Sections

\./ e Coulomb dissociation cross section

dnﬁ bY

| X d?c
. 77 b
/< dbedQAa Z o )\ a + Y + :C)dQAa
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Coulomb Dissociation - Relation of Cross Sections

\./ e Coulomb dissociation cross section

dnﬁ bY

| X d?o
I - — b
/< dbedQAa Z o )\ a + Y + x)dQAa

a=(b+x) b

e theorem of detailed balance

(2Jp + 1)(2J, + 1) ki

O'W)\(a,—l—’}/—>b—|—33): 2(2J _|_1) 1.2
a Y

07?)\([)-|—£U—>CL—|—’Y)

with photo absorption and radiative capture cross sections
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Coulomb Dissociation - Relation of Cross Sections

\./ e Coulomb dissociation cross section

dnﬁ bY

| X d?o
I - — b
/< dbedQAa Z o )\ a + Y + x)dQAa

a=(b+x) b

e theorem of detailed balance

(2Jp + 1)(2J, + 1) ki
2(2J, + 1) k2

omxa+y—b+1x)= oox(b+x — a+7)

with photo absorption and radiative capture cross sections

k% Q/beC2be
e phase space factor —= = > 1 for not too small £}
k?y (be + Sb:z:)2 ’

dn
dQAa

e virtual photon numbers > 1 for large Z 4 and for not too high Ey, (= &)

= large Coulomb dissociation cross sections

Indirect Methods and Halo Nuclei - 34 Stefan Typel




Coulomb Dissociation - Characteristic Parameters

A A i . .
\./ e adiabaticity parameter
: 4 - wb  duration of scattering process
///.< v excitation period
a=(b+x) b

¢ = 0: sudden excitation

£ > 1: adiabatic excitation
virtual photon spectrum (E1) ¢ ~ 1 = E™2 ~ yoh/b

excC

1.2

1.0

0.8 r

(&)

0.6 r

04

0.2 I ®) = E[K, (E)+K,(€)]

0.0 b
107

(Fermi 1924, Weizsacker-Williams 1932)
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Coulomb Dissociation - Characteristic Parameters

\./ e adiabaticity parameter

. - wb  duration of scattering process
/‘< 7 excitation period

a=(b+x) b _ _

¢ = 0: sudden excitation

£ > 1: adiabatic excitation
virtual photon spectrum (E1) ¢ ~ 1 = E™2 ~ yoh/b

excC

1.2
e strength parameter

Y = Zae(flIM(mA)]4) Zae  target charge

1.0

0.8 r

508 hobA M(mA) multipole operator
04 1
02 | &) = FIKEKE) < x small = first-order perturbation
oo L _ 0 1 theory sufficient

10 10

g x large = higher-order effects

(Fermi 1924, Weizsacker-Williams 1932)
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Coulomb Dissociation - Example: °B

8B and solar neutrinos

e pp chains: main source of
solar energy production

e flux of high-energy neutrinos
proportional to synthesized B

e precise knowledge of "Be(p,7)°B
S factor S17(F) in Gamov window
(E ~ 20 keV) required

e solar neutrino problem solved
with neutrino oscillation

e more precise direct capture data
available recently

= test case for
Coulomb dissociation method
see lecture by K. Simmerer

Indirect Methods and Halo Nuclei - 36

1 2
H(p,e+ve) H
| E," =042 MeV

I
2 3
H(p,y) He

*He("He,2p)‘He *He(ay) Be

"Be(e v 'Li ‘Be(py)’B
| E, = 0.862/0.384 MeV

1H(pe',ve)zH
| E, = 144 MeV

"Li(p,a)*He B->"Be +e +v,_

| E,"" =14 MeV

8 * 4 4
Be -> He+ He

Stefan Typel




Coulomb Dissociation - Higher-Order Effects |

interaction of fragments in final state
with target Coulomb field after breakup

= “post-acceleration” = multi-photon exchange !
= Coulomb dissociation cross section ///.<

not proportional to photo absorption cross section a=(b+x) b
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Coulomb Dissociation - Higher-Order Effects |

interaction of fragments in final state
with target Coulomb field after breakup
= “post-acceleration” = multi-photon exchange ! X

|
= Coulomb dissociation cross section /.<

not proportional to photo absorption cross section a=(b+x) b

theoretical approaches
e semiclassical description
o higher-order perturbation theory

o full dynamical calculation (solving the time-dependent Schrodinger equation)
o sudden approximation
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Coulomb Dissociation - Higher-Order Effects |

interaction of fragments in final state
with target Coulomb field after breakup

= “post-acceleration” = multi-photon exchange ! X
= Coulomb dissociation cross section /‘<
not proportional to photo absorption cross section a=(b+x) b

theoretical approaches
e semiclassical description

o higher-order perturbation theory

o full dynamical calculation (solving the time-dependent Schrodinger equation)
o sudden approximation

e quantal description

o post-form DWBA T, = <Xf4b X A gbAqb o ethve 77’5’3|V:I;|QZ5AQ5@X >
first order in V., all orders in V4, and V4,
= factorization, Bremsstrahlung integrals

Indirect Methods and Halo Nuclei - 37
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Coulomb Dissociation - Higher-Order Effects Il

Coulomb excitation of !Be
from ground state (7, s-wave, Ey = —504 keV)
to first excited state (3, p-wave, E; = —184 keV)

e excitation amplitude in sudden approximation
asudden = (f] exp(—idcou - T)|7) with

1) 2
for Fi - — 22272
momentum transter hqcoul = —5 €z

Stefan Typel
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Coulomb Dissociation - Higher-Order Effects Il

Coulomb excitation of !Be
from ground state (7, s-wave, Ey = —504 keV)
to first excited state (3, p-wave, E; = —184 keV)

e excitation amplitude in sudden approximation
asudden = (f] exp(—idcou - T)|7) with

. 27702
momentum transfer Agcou = —5—¢€.

e reduction factors

o probability 7(z) = |S|‘*‘—d|3“| depends on
z = (fyc‘j‘rﬂ% and v1 /70 = \/F1/FEy (analytical)

o cross section R(v) = o(>®) /g1

= simple scaling laws

(S. Typel and G. Baur, Eur. Phys. J. A 38 (2008) 355)

Indirect Methods and Halo Nuclei - 38

r(z)

ol

05 1.0 15 2.0

1-0 | 1 Ll T

0.9

. u ——
— - -
—_——

-

-+ Yo/y, =0.000
— Yy, = 0.604
- — Yy, = 1.000

} GANIL (38.6 A MeV)
) GANIL (430 A MeV)
A MSU (60.0 A MeV) ]
A RIKEN (64.0 A MeV) ]

0.2

0.4 0.6 0.8 1.0
v/c
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ANC Method - ldea

extract asymptotic normalization coefficient

@ " Q ) — Q ) ¥ for breakup of nucleus B into A + z
° or nucleus a into b + x

from cross section of transfer reaction

W T T TS A+a— B+b
- (P(r) - CW_n,|+1/2(2qr) .

with a=b+2 and B=A+=x
4

calculate astrophysical S factor S(FE)
in the limit £ — 0

r[fm] (H.M. Xu et al., Phys. Rev. Lett. 73 (1994) 2027)
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ANC Method - Theory |

e [-matrix element in post-form DWBA

e replace exact overlap functions by asymptotic form
with asymptotic normalization coefficients (ANCs)
and Whittaker functions

a=(b+x) b

Indirect Methods and Halo Nuclei - 40 Stefan Typel




ANC Method - Theory |

A+X)

e [-matrix element in post-form DWBA
e replace exact overlap functions by asymptotic form
with asymptotic normalization coefficients (ANCs)

and Whittaker functions
a=(b+x) b

e overlap functions (= wave function of transferred particle, neglecting spins)

CP (lg A
<¢b|¢a> ~ bx( )W—nbx,la—l—l/Q(Qberba:))/lama(rbx)¢x

A

Cx.(1
<¢A|¢B> ~ Am( B)W—nAx,lB+1/2(2QAmTAa:)YVZBmB(TAx)¢x

Stefan Typel
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ANC Method - Theory |

A+X)

e [-matrix element in post-form DWBA
e replace exact overlap functions by asymptotic form
with asymptotic normalization coefficients (ANCs)

and Whittaker functions
a=(b+x) b

e overlap functions (= wave function of transferred particle, neglecting spins)

CP (lg A
<¢b|¢a> ~ bx( )W—nbx,la—l—l/Q(QQbazrba:)leama(rbx)¢x

Cy (1 ~
<¢A|¢B> ~ Am( B)W—nAx,lB+1/2(2QAmTAx)YEBmB(TAa:)be

e cross section of transfer reaction to bound state

d do do
dQ(; ]2 0 with reduced DWBA cross section dﬂigb
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ANC Method - Theory |

A+X)

T-matrix element in post-form DWBA
replace exact overlap functions by asymptotic form
with asymptotic normalization coefficients (ANCs)

and Whittaker functions
a=(b+x) b

overlap functions (= wave function of transferred particle, neglecting spins)

Cy (lg N
<¢b|¢a> ~ bx( )W—nbx,la—l—l/Q(QQb:crbw)leama(rbx)¢x

Cy.(1 N
<¢A|¢B> ~ MW—nAx,lB+l/2(QQAmTAx)leBmB (TA$)¢$

cross section of transfer reaction to bound state
do 2 da _ _ do
— |C2 | ]C’Exl with reduced DWBA cross section
dQ gy dS)pp

two ANCs appear corresponding to two poles in diagram

ANC /Whittaker functions replace
spectroscopic factors/full single-particle wave functions
in conventional DWBA
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ANC Method - Theory II

e approximations only valid for weakly bound states/
peripheral reactions

e precise optical potentials for A+ a and B + b
scattering required

e one additional ANC needed

Indirect Methods and Halo Nuclei - 41
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ANC Method - Theory II

e approximations only valid for weakly bound states/
peripheral reactions

e precise optical potentials for A+ a and B + b
scattering required

e one additional ANC needed

a=(b+x) b

= calculate low-energy S factor of capture reaction b(x,v)a numerically

with extracted ANC C} (l,) and asymptotic wave function

e |C2|7 < S(0) unique relation?

e effect of final-state interaction V},?

= systematic model calculations

Indirect Methods and Halo Nuclei - 41 Stefan Typel




ANC Method - Continuum Interaction

e effects of interaction in continuum states
— modification of shape of cross section,
S factor (i.e. energy dependence)
— change of S(0) even though § — 0

e calculation of zero-energy S factor S(0)
in single-particle model with Woods-Saxon
potential with different depths V
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ANC Method - Continuum Interaction

e effects of interaction in continuum states

— modification of shape of cross section,
S factor (i.e. energy dependence)
— change of S(0) even though § — 0

e calculation of zero-energy S factor S(0)
in single-particle model with Woods-Saxon
potential with different depths V

e example: E'1 s — p wave capture
for different nuclei with proton+-core structure
= stronger variation of S(0) with Vj

with larger proton separation energy

e simple relation ANC < S(0) only
correct for weakly bound nuclei

S. Typel and G. Baur, Nucl. Phys. A 759 (2005) 245

Indirect Methods and Halo Nuclei - 42

= !
N
T

=
o
T

S(0,V,)/S(0,0)

o
0
T T

— "Be(py)®B (0.137 MeV)
— Hcp.y)PN (0.601 MeV)
— ®B(p,y)°C (1.296 MeV)

V, [Mev]
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Trojan-Horse Method - Idea

replace two-body reaction

X°LEONO ety e

by three-body reaction
A+a—>CHc+b

+ a O @+@+@ with Trojan horse a =0+

and spectator b

e small momentum transfer to spectator

. . . ... REKAANUWUEVOL LTTTO.
—> quasi-free scattering dominates HH
Homer, Odyssey VIII, 503

e large relative energy of system A + a
—> no suppression of cross section
=> no electron screening

e small relative energies of system A + x accessible
=> application to nuclear astrophysics

(G. Baur, Phys. Lett. B 178 (1986) 35)

Indirect Methods and Halo Nuclei - 43
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Trojan-Horse Method - Theory |

e T-matrix element in post-form DWBA with B = C' + ¢ g g

T(Bb)(Aa) = (B [V — Uppldadax )

e use asymptotic form of scattering wave function
OB = \Ifgc) in reaction channel C +c¢c— A+«
(“surface approximation™)

a=(b+x) b
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Trojan-Horse Method - Theory |

e T-matrix element post-form DWBA with B = C + ¢

T(Bb)(Aa) = (B [V — Uppldadax ) c

e use asymptotic form of scattering wave function
OB = \Ifgc) in reaction channel C +c¢c— A+«
(“surface approximation™)

a=(b+x) b

= overlap function (= wave function of transferred particle, neglecting spins)

<¢A|\chc kc ?“A \/ :jic ZZm & (rag)i lYlm(rAw)YlZz(l%CC)gbw

with &(raz) = & [Sfélwcul“)(mx; kaotaz) — S avceuy ) (1as; kAxTAx)}

and S-matrix element SY .. of reaction C(c,z)A

(S. Typel and G. Baur, Ann. Phys. (N.Y.) 305 (2003) 228)
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Trojan-Horse Method - Theory ||

e post-form DWBA T-matrix element with surface
approximation for ax % Cc
= factorization c

T(Bb)(Aa) X sz Sfikxcc a=(b+x) b

u K AzT Az ~ -
x (U Maskastandy, (7, Vo dux 5y | Vs — Unbldax')

EcerAx
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Trojan-Horse Method - Theory ||

e post-form DWBA T-matrix element with surface
approximation for ax % Cc
= factorization c

T(Bb)(Aa) X sz Sfikxcc a=(b+x) b

u K AzT Az ~ -
x (U Maskastandy, (7, Vo dux 5y | Vs — Unbldax')

kcer Az
= cross section of transfer reaction to continuum (single channel, Az # Cc)
dQppdQccdBoe A dQpdQecdEc,

with reduced DWBA cross section
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Trojan-Horse Method - Theory ||

e post-form DWBA T-matrix element with surface
approximation for ax % Cc
= factorization c

T(Bb)(Aa) X sz S,likxcc a=(b+x) b

u(+) K AzT Az ~ -
x (U Maskastandy, (7, Vo dux 5y | Vs — Unbldax')

EcerAx

= cross section of transfer reaction to continuum (single channel, Az # Cc)

d30' ‘2 d35'l

A5 doud B, ‘SELXCECC Q0 d0edEc, with reduced DWBA cross section

e S-matrix elements S, .. determine cross section

2
do

dQAa:

(C’+c—>A+a:):%
kbx

Z SIZLX:BC'CYYZO (fo)
l
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Trojan-Horse Method - Theory Il

additional approximations
(not necessary in general, but convenient)
e potential Vg, — Uy = Vap + Vi — Uy = Vb C

e plane waves for distorted waves xgg_), XS;)

a=(b+x) b
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Trojan-Horse Method - Theory Il

additional approximations
(not necessary in general, but convenient)

L potential VBb — UBb = VAb + be — UBb ~ be ¢

e plane waves for distorted waves x};—), XS;)

a=(b+x) b
e T-matrix element in PWBA with surface approximation

T(Bb)(Aa) X Zlm Szl4*ch<¢ZE¢b exXp (i@Bb ’ Fbw) |Vwb|¢a>

(+) L ~ - =
(bl 6 oxp (G a0 )

with momentum transfers
@ _ E . /’LAQSE Q — E _ ME
Aa — NWAa M Bb Bb — WBb My Aa

e factorization with three factors:
— two factors for two poles in diagram
— additional matrix element, depends on kinematics (74.!)
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Trojan-Horse Method - Theory IV

additional approximations
(not necessary in general, but convenient)
e potential Vg, — Upy = Vi c

e plane waves for distorted waves x};—), XS;)

a=(b+x) b
= cross section of transfer reaction to continuum (single channel)
o KW(Q )dgl (A Cc) Ti(kaz) with kinematic factor K
= —(Azx — Cc ») with kinemati r
dQppdQodEc, PYa0 n

e momentum distribution W(@Bb) — |i)gx(@Bb)|2

depending on momentum transfer to spectator b = quasi-free scattering conditions

d
e cross section %(Aaz — (C'c) of two-body reaction

e penetration factor Tj(ka,) =~ k3 exp (2mnay)
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Trojan-Horse Method - Theory IV

additional approximations
(not necessary in general, but convenient)
e potential Vg, — Upy = Vi c

e plane waves for distorted waves x};—b), XS;)

a=(b+x) b
= cross section of transfer reaction to continuum (single channel)
Ao > doy . . .
= KW(Qpy)—(Ax — Cc) Ti(ka,) with kinematic factor K

dQppdQo.dEc. ds2

e momentum distribution W(@Bb) — |i)gx(@Bb)|2

depending on momentum transfer to spectator b = quasi-free scattering conditions

do
e cross section d?) (Azx — C¢) of two-body reaction

e penetration factor Tj(ka,) =~ k3 exp (2mnay)

= cancels suppression of two-body cross section by Coulomb barrier for 4, — 0
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Trojan-Horse Method - Application

e selection of Trojan horse a = b+ x = momentum transfer Q. [au]
(eg. H=n+p, Sli=a+d, ...) S99 80 0 5 100
with binding energy ¢, > 0 and '
well known ground state wave function
— momentum distribution W (Qpy)

e width of momentum distribution W
< Fermi motion of x inside a

Bb)
o
_®

'cht cht

o
o
™1

o«
N
I T

o
o

k
p

mentum distribution W(Q
o
T

1 0 T I T | ! |
5 08-(_ range of:accasibleenergi%_)
8, v I I
— | o

%06 | normalization
5-17 _ |
_ 04 I
‘% I | scaled THM dat
a 1 |° a
o~ 020 Ey 1 [« absolutedirect data] -
- \ I
L I I I L I L I L
0'8.0 0.2 04 0.6 0.8 1.0

energy E, [au]
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Trojan-Horse Method - Application

e selection of Trojan horse a = b+ x momentum trangfer Q.. [a.u]
Bb '

2 _ 6 _ 3
(eg. ‘ H=n+p °Li=a+d, ...) S 40 80 0 "5 100
with binding energy ¢, > 0 and 3 T | '
. o 0.8 ' -
well known ground state wave function s | Qu/ |\ Qu :
c c c = 0.6F .
= momentum distribution W (Qpp) § ™ |
|
. . . . Q L —
e width of momentum distribution W 5 |
& Fermi motion of x inside a £ 02F | .
— . e i |
e condition ()pp = 0 defines % 0.0 EEE——
“quasi-free energy” in A + x system E
qf B
EAwZEAa(l—u—g;ﬁ>—ea<<EAa 10————————
r < [« rangeof accessible energies
— a 0.8 : i
e cutoff in () determines range of ~ 00l " normalization
. c < V.
accessible energies F 4, around Eff{; LN |
_ 04 I
o L
e small m.omentum tran.sfer 8L oo [+ scded THM dta |
= dominance of quasi-free process e
. . . . 0. M R S T IR
e normalization of cross section to direct data 00 02 04 ~06 08 10

energy E, [au]

at higher E 4,
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Trojan-Horse Method - Example:

e direct reaction: °Li(p,a)>He 20,
o experimental data oF
(J. Elwyn et al., Phys. Rev. C 20 (1979) 1084) s
. . . —. OF
o differential cross section B o
E af
do/dQ) =, BiP(cos0) g
2F
o non-resonant s wave and o
. . 2
resonant p wave contribution o
o S matrix from R-matrix fit 505 i e 25 30
- L] L] e
= simulation of THM experiment P
500 3000 —————
- HE,, = 13.9 MeV ;
‘§400 2500
g | 1 2000
® 300
8 - 1 1500
5200_ | 1000
.
(&] L
%.OIOI.SllfOIlI.SIZI.OIZ.S %.O I 0 15

.5 1.0
E [MeV] E [MeV]

Indirect Methods and Halo Nuclei - 50 Stefan Typel




Trojan-Horse Method - Example:

e direct reaction: °Li(p,«)°He 20—
o experimental data

(J. Elwyn et al., Phys. Rev. C 20 (1979) 1084)
o differential cross section

do/dQ) =, BiP(cos0)

o non-resonant s wave and
resonant p wave contribution
o S matrix from R-matrix fit
= simulation of THM experiment

B, [mb/s]

chNoONRONONBOOO O
P ryfryryryryryryryryryprgta T T

. 15 2.0 I 25 I 3.0
E [MeV]

8

e THM: 2H(6Li,a®He)n T SOMeT]
o experiments with 13.9/25 MeV SLi beam

(A. Tumino et al., Phys. Rev. C 67 (2003) 065803)

o B9 = —0.24/1.35 MeV
o h@Qpy < 30 MeV/c
o finite cross section at £/ = 0 MeV!

2500

8

1 2000

T § T

1 1500

8

% | 1000

g

500

Cross section [arb. units]

N . .
005 10 15 20 25 Y0 05 10 15

E [MeV] E [MeV]

o ;
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Trojan-Horse Method - Electron Screening

direct experiments:

e reduction of Coulomb barrier by . — bare potential
electron cloud of target nucleus [ - - screened potential
. . 500 - — screening potential
e enhanced cross section at low energies T
Texp(E) = Obare(F) f(E) with I [ |
= 400
f(E) = exp(mnU./E) and <

electron screening potential energy U. > 5

e discrepancy between experimental !
observation and theoretical models,

: 0
explanation?
stellar conditions:
-200 111 ||||l 1 |||||||l R IIIIIIII T
e clectron screening in plasma 1 1|’O [fr#])O 1000 rloﬁol%]looo
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Trojan-Horse Method - Example: *H(°Li,a)*He

e direct reaction: *H(°Li,a)*He
o experiment with gas target

(S. Engstler et al., Z. Phys. A 342 (1992) 471)
o S(0) =174 MeV b

(corrected for electron screening)
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Trojan-Horse Method - Example: *H(°Li,a)*He

e direct reaction: 2H(°Li,a)*He

o experiment with gas target 30 2y
(S. Engstler et al., Z. Phys. A 342 (1992) 471) 525-_ + _ electron screening
o S(0) =17.4 MeV b 2 1 #hu
(corrected for electron screening) :20__ “’m |
%15_— ¢ normalization—_
e THM: SLi(SLi,ccr)*He 5 107 [o direct data
o experiment with 6 MeV °Li beam wf,!; 5t | H‘t'(\)/'#ﬂtﬁ data
(C. Spitaleri et al., Phys. Rev. C 63 (2001) 055801; q-;) L I]I_(I)O L .1000
A. Musumarra et al., Phys. Rev. C 64 (2001) 068801) E [keV]
o B = 25 keV
o target and projectile breakup
ol=0, hQpp < 35 MeV/c e electron screening potential:
o normalization to direct data U.(direct) = (330 £ 120) eV
for £ > 600 keV U (THM) = (320 + 50) eV
= S(0) = (16.9£0.5) MeV b U.(theory) = 186 eV (adiabatic limit)
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Trojan-Horse Method - Extensions

e analysis only in simple theoretical approximations
= full DWBA calculations needed for quasi-free scattering conditions
with consistent treatment of bound/scattering/resonant states
(numerically very demanding)

e finite cross section at £ 4, = 0 = continue to E4, < 0:
investigation of subthreshold resonances

e extension to radiative capture reactions possible
= additional approach independent from Coulomb dissociation and ANC methods

e study elastic scattering without Coulomb contribution = optical potentials
e application to reactions with exotic nuclei = large cross sections

e extracted S factor not affected by electron screening
= determination of electron screening potential U, by comparison to direct data
= consistent values for U,, larger than adiabatic limit, challenge for theory
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e Halo nuclei

— unstable exotic nuclei with small binding energy

— often well described in simple models

— essential properties determined by asymptotics of wave functions
— characterized by few low-energy constants

— scaling laws

e Indirect methods (CD, ANC, THM)

— provide complementary information for reactions of astrophysical interest
— peripheral reactions

— specific kinematical conditions

— description with direct reaction theory

— factorization of cross sections

— great potential for future applications
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