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History of Nuclear Astrophysics in short!

- Eddington, Aston, Gamow, Bethe: “energy production in stars” (1920-39)

- Gamow introduced the Gamow factor (1928), convoluted with the Maxwell distribution: this fixes
the typical energy for nuclear reactions in stars
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- B?FH: kind of formal definition of nucleosyntesis in stars (1957)
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What is the LAB rate???



Let’s solve an exercise

Data:

Typical x-section: o =10'?barn=1pb

Target density: d =101 atoms/cm?
8 Iy / \ VERY

Beam intensity: | =100 pA (but RIBs...) s OPT':Y'IISTIC

Question:

Event rate: r=?



Is something missing???

but what?
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Answer is




Why one wants to go indirect?
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energies (Gamow energies)

A few reactions measured down in the Gamow
window. For all others:

> Data EXTRAPOLATION down to astrophysical
energies REQUIRED!
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> S(E) is a smoothly varying function of
the energy than the cross section o(E)

<
S(E)=E o(E) exp(27nn)

>much easier extrapolation with the astrophysical
S(E)-factor

BUT

> Resonances can give contribution to X-sections
in NASTY ways

> the “something else”

ELECTRON SCREENING

brings

extrapolation back again



ELECTRON SCREENING:
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R.Bonetti et al:
Phys. Rev. Lett. 82,
(1999),5205

In spite of all efforts.. Extrapolation back again

PROBLEM?

WHY IS THIS A

It is a problem because electron screening in STARS and in
LABORATORIES is not the same (nor in LABS and TFR) !

..and the effect is quite remarkable




RECAPITULATING:

GAMOW WINDOW - 10-100 keV (non-explosive scenarios)

Nano- Picobarn (even less!)

\

Miserable S/N ratio

v

Estrapolation

v

Dedicated Experiments / Lab
(LUNA)

Electron Screening
Indirect Methods

(CD, ANC, THM )
Estrapolation BACK AGAIN



INDIRECT METHODS

In order to solve some of the problem cited above (low X-sections,
electron screening) some indirect approaches were proposed.

Just to name a few of them:

Asymptotic Normalisation Coefficients (ANC) method
(radiative capture reactions).

3 Coulomb Dissociation method (radiative capture reactions)

¢ Trojan Horse Method (thermonuclear reactions
induced by light particles)



Schematic picture of the Coulomb dissociation.

(y Trojan Horse)
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virtual photons \O/
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“Fast beam” can cover the energy range of nuclear excitation.
Motobayashi T, and Sakurai H Prog. Theor. Exp. Phys.
2012;2012:03C001
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Coulomb dissociation successfully applied to astrophysical capture reactions

Virtual photons 78/

— @
88
= Coulomb excitation to unbound states
(in the prior-form picture
-- long range Coulomb force)
8B+208Ph -> 7Be+p+2%8Pb (C.D.)
l Virtual photon theory or DIWBA A
°B(v.p)’Be (abs.)

| Detailed balance

’Be(p.y)°B (capt.)

Bertulani, Baur, Rebel
N.P. A458 (1986) 188

208Pb

large o, thick target (intermediate energy)
experiments with weak Rl beams

Aug2014 &=



Coulomb dissociation efficient tool € ¢ enhancement and experimental advantages

detailed balance
C(Q2j, D@ + D[k
O-(}',p) - : 2 o-(p,}')
22, +1) \Iy

virtual photon number (intermediate energy)

100 ~ 1000 for inverse process

( do ) = 0'(,, 2) 100 ~ 1000 for inverse process

dE, . E,

thick target

charged particle detection

but

Indirect --- nucl. force / higher order / E2 / 3 body /relativistic...
< reaction theory

only for (x,y) to the ground state / only E1 (or E2) practical



Virtual photon intensity depends on the multipolarity.
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Ps In the Asymptotic Normalization Coefficient
(ANC) approach, a transfer reaction to a
X =(real) pin diagram below )5 nd state is measured to deduce the
> normalization constant of the bound state
A F  wave function, prop. to the A(x,y)F c.s.

- /

Proposed by A. Mukhamedzhanov

Direct Radiative proton capture
¢« [} | [S(E)=FEe'™g ]

i :<¢r§a 5,8, |C [Ty “baéa 10,(8, )W, (1, >

integrate over € | =<u; 1y 0 (1, )‘w,wrgp )>
LG ! -ﬂ;-”l‘” Ky 'y )
Low B.E.: IBP(TBP] = CBP r
By
 Chp !
Y captire < 1. Aﬁg )

Slide built using stolen material from Marco La Cognata and Akram Mukhamedzanov!
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It is proposed to use breakup reactions =3 a means 1o exrract infermation an ohw ged-particle induc=d ractions 36 law
e lative enetgies. The Cotlomb penetraton Facior. which diminished tremendously the two-particle ooss seetion, i1 over-
come in the three-body scactering appreach. The astmprlons ard passibilives of aich o mothod are discusced and applica
nod 14 astraphyacaly selevant nuclear reactions are nd icated.

The study of charged-particle reactions at low rela-
yve 2nerzies it of special interest for the synthesis of
e elements in the universe 1], A grest problem in
e direet expeimenta? study of such reactions at the
relevannt astrophysical enecgies is the very low oross sec-
tiva due ta the Coulomb barrier of de incident par-
does, Lisually & mixture af experimental information
1t nigher energies and theeretleal acguments and caleu-
dtinas 15 used in order to sxtrapolaw the aswophy dca
S-fuctor down to the relevant energics.

[n chis [atter it it propused Lo vhrain informution
tbout e lowsenergy charped-particte induced maction

At ok [
by means of the three-body 1ype nf reaction
Abilex) - DherC )

4 “spectator'’ particle b is gttached to pariide x, to
turm a projectile a = (b}, The bambarding ¢nergy £,
v chusgn t0 wrercume the Coalamb barrier in the fni-
dent channel of reaction (23, In this way, particle X can
be browght into the nudear reaction 2one 10 induce
¢ reaction (17 of partice 1 with A. If the Fermd mo-
g 9 parude x inwde a compensates for the inttial
projecille eloaty v, this reaction (1) i induced a1
very 0w [2wen vanithing) relative energy between 4
and . This “trajan horse method™ is ilustrated sche-
i b shudy reac-
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reaction Aty =gt it stranghy hindered hy the Coulomb po-
ienbal (part (@il In e these-oody approach (), parties x i
srought inee the nuclear reachion zone of the fuped nucleos A
insde the projectile 3 {Trex) with webociny vy and I induces
the reaccicn at the low relative enengisn cotresponding 00 Gy
= ®y ~Viermi 01 which one is interssted.

tien {2) experimentaily under conditions which carre-
spond ta astrophysically relevant energies be tween x
and A. The problem iy then to abtgin, £7om the exper-
imentally d etermined coinoidence cross section dof
i, dfl,d £y, information about the astrophygically
intereating eross section
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THM: a primer

Idea: get the 2-body cross-section of the process
B+x-> C+D
At astrophysical energies from the QUASI-FREE contribution

of a 3-body reaction (C. Spitaleri, Folgaria 1990)
B+A->C+D+5S A=x®S

S «—O O O ° Q—Q A=Trojan Horse nucleus
e

c Nuclear field
\ EC
D h B

PCP
interaction energy B-x

EBx =
Ec. = Coulomb barrier between A and B -
. Electron screening
Ega = relative energy between A and B ¥RV by construction




Assuming that a Quasi-free mechanism is dominant one can use the PWIA:

X C
S
X B D
Virtual reaction
(astrophysical process)

l '

oc| KF-1o (PI° | .

3-body Reaction Virtual Decay




Assuming that a Quasi-free mechanism is dominant one can

use the PWIA:
A o S X C
- 77 e
B D

X

Virtual reaction
(astrophysical process)

l '

/ | KFlo® | oC

Calculated e.q. Indirectly Measured

Measured at high Montecarlo

3-body Reaction Virtual Decay

energy



APPLICATION OF THE METHOD and tricky points

From the theoretical/phenmenological point of view

1.Selection of the three body reaction and of the Trojan
Horse Nucleus depending on its cluster structure
properties. This affects the number and type of reaction
mechanisms competing with the QF one and the cross
section value of the QF channel itself

2.Check of the presence/dominance of the QF mechanism
(impulse distribution reconstruction, study of the angular
distribution, Treiman-Yang criterion)

3.Reliability of the “ingredients” used in d°c derivation,
e.g. of impulse distribution of the THI nucleus.

4. If one is measuring a cross section below the Coulomb
barrier, then has o correct the THM x-sec for
penetration factor before comparing the THM results
with the direct ones.



From the experimental point of view:

1) Optimization of the energy and angular resolution of
the experiment to obtain the necessary resolution in the
E,; variable (relative energy of x-B (related to the cm
energy of the astrophysical process)

AE,; = f(AE. AEy A6, Ay )

2) Background noise suppression (this is not THM
slqcejci)fic...) including the PHYSICAL background (see next
slide

3) Availability of direct measurements (above the region
where Electron Screening effects start to show up and if
possible also above the Coulomb barrier).



PHYSICAL BACKGROUND: an example
Li+p > 3He+a from °Li+d - 3He+a +n

n

] PN

Art of the TH: finding the phase space region
where this diagram is dominant!

TASK: Find Phase Space region
where this is dominant!




ADVANTAGES of the Method

1) The cross sections in the experiment are typical QF processes ones
though one is measuring a nuclear reaction at astrophysical
energies and 3 body kinematics offers other benefits

2) The THM x-section is purely : no suppression effect due to
Coulomb barrier

3) No electron screening effect: one can get INDEPENDENT pieces of
information on the electron screening potential by comparison with
direct data

4) The is tipically enough

5) The THM can be extended to use QFR in studying
(aka VNM Virtual Neutron Method)



Benefits of 3-body kin. (#1): Magnifying glass effect

6Li+n-> o+t via 6Li+d> a+t+p
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Schematic view of a typical THM experimental setup. SIMPLE (#4)

/‘m
: /0
: X

D1,D2: (typically) Position Sensitive Detectors centred at Quasi-Free

angular pairs

Trigger: D1_ AND _ D2

Note: measuring E; E,, 0,, 0, over-determines the full three-body

kinematics in a coplanar geometry.



p-p SCATTERING from p+d 2>p+p+n, PURE NUCLEAR #2

Jackson & Blatt question, Rev. Mod. Phys., 22
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FIG. 3 (color online). THM two-body cross section (black dots
from present experimental work, red triangles. and blue stars
from previous work [7]) vs E,,. Solid line represents the
theoretical OES p — p cross section calculated as explained in
the text. The dashed-dotted line is the HOES cross section
calculated using Eq. (3).
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Tesi Laurea 6.6. Rapisarda (2005)
Tumino et al. PRL 98, 252502 (2007)

o present doto (1950), p. 77, is the "smoking gun” of THMI

PHYSICAL RE)Y

PRL 98, 252502 (2007)
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FIG. 4 (color online). THM two-body cross section (black dots
from present experimental work, red triangles, and blue stars
from previous work [7]) vs p — p relative energy E, compared
with the on-shell n — n (solid line), p — n (dashed line), and
pure nuclear p — p (dotted line) ones. The HOES calculated
cross section is also reported as the dashed-dotted line.



Electron Screening potentials studied using THM (#3)

U, (THM) U, (ir) U, (THW) U, ©ir)
6Li+d 6Li+d “Li+p “Li+p
340 £+ 50 | 330 +£ 120 |330 = 40| 300 = 160
eV eV eV eV

U, (THM) y, ®ir)
Li+p SLi+p
435 + 40 | 440 + 150
eV eV

Owing to “high” bombarding energy the elctron cloud is ineffective.
Electron screening is removed by construction



(arb. units)
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(MeV/barn)
2,

8F+p >1°0+a via *F+d> 2> 1°0+a+n

E MOST IMPORTANT: |

| INTERFERENCES ARE 2

_ INCLUDED IN THM

= DATA BY NATURE S R 7

N LRI, 8 keV 3/2-

3 S.C. et al. -

s " S THM data

i \ /i Phys Rev € 92 O

Y 015805 .

; 21 July 2015 ——==--

B Jf 5/2- (Lalf‘d 2013) ‘ I‘ C.E. Beer, Phys. Rev. C 83,

! 042801(R) (2011)
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I8F+m=>I5N +c

M. Gulino,
Analysis in
Progress

rryprrryprrryprrryprrryperryprerprreypereyprrrprni
I RN LR LR AR R R

8
6
4
2
35

t.. 15 2 25
E“’F-n (MeV)
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