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SUMMARY

1) Indirect methods: the Trojan Horse case
2) Trojan Horse Method: ingredients and checks

3) THM, RIBs and n-induced reactions



GAMOW WINDOW - 10-100 keV (non-explosive scenarios)
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Trojan Horse Method

Main application: measurements

of charged particle cross sections

at astrophysical energies
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BREAKUF REACTIONS AS AN IMDIRECT METHOD
T INVESTIGATE LOW.ENERCY CHARCED-PARTICLE REACTIONS

RELEVANT FOR NUCLEAR ASTROTHYSICS
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ILis proposed to use breakup readtions a8 mmeans 10 cxrract informacion an ohw god-pacticls induc=d ractions 3t law
e lative enetgies. The Coulomb penetraton Facior. which diminishes tremendously the two-particle cross secfion, i1 over-
come in the ihree-body scactering appeeach. The assumpans and passibilivies of aich o mothod aee discusced and applica
nods 14 asiraphysacally - kyant nuclear reactions ae indicqied.

The study of charged-particle reacdions at low rela-
per Tnergmes it of special interest for the synthesis of
Uic elements in the wiverse |1]. & great problem in
e Jireat experimentiad study of such reactions at the
relevant astrophysical enecgies is the very low cross sec-
tiva due ta the Coulomb barsier of the incidenc pae-
g, Lisually & mixturt alexperimental informacion
1 nigher energies and thacreleal arpumenis and ealeu-
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A spectator'’ particle boig attached to partide X, to
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i chusen o ovezcome the Coulamb barries in the inci-
dent channel of reaction (23 In this way, particle % cart
be browght into the nudear reaction zooe 1o imuce
e reaction {1} of particde 1 with AL I the Fermi mo-
e ol parude x inzde a compensgies for the indiial
projecille welocny u,, this reaction (178 induced a1
very low (gwen vanithing) celative enengy between 4
and . This “trafan horse method™ is illustrated sche-
mati = sfudy reac-
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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)
A=Xx®S

B+A>C+D+5S
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Assuming that a Quasi-free mechanism is dominant one can use PWIA:

Virtual reaction
(astrophysical process)

l l l Nuclear!
dso 2 .
dn, do, aE.. ) L | KF-lo (P,)| | °

3-body Reaction Virtual Decay

And by inverting this...



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

Virtual reaction
(astrophysical process)

l l l Nuclear!
dso 2 .
Tdn s ) \ | KFIo®I | oc

... one obtains thisl!

3-body Reaction Virtual Decay




Interlude

Up to now no specific calculation procedure has been applied.

Only the possibility of factorizing the 3 body cross-section is
really important.

Technical (i.e. theoretical) Approaches used so far BY OUR GROUP
« PWIA (Kondratiev) 1994
 MPWBA (Typel-Wolter) (roughly) 2000

 PWIA+DWBA+many others (Mukhamedzanov+Bertulani) 2003-> to date



First THM theoretical analysis: V. Kondratiev
°Li+d>a+a from °Li+°Li> a+a+o,

HOES

=% a,P(cos9.,)
CM
ak:(jA Ax)_ %;‘ < sty <

(1) iig g (ol o\Ko)- wig(1JJ ;S K)

1“1

do

dQ)

Sl

(see Cherubini et al, ApJ 457 (1996) 855 for details)

In the T matrix expression we considered RESONANT (sub-
threshold 8Be state), NON-RESONANT and INTERFERENCE

terms.
a, fixed by fitting data for 2-body NUCLEAR cross-section
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is description allows direct comparison of the
Erential cross section d3¢/(dE,dQ, dQ,) of the
1, 2a); reaction with the cross section for the ®Li(d, a)o
ficlear process. Using the distorted wave impulse approx-
imation, we express the triple-differential cross section, mea-
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part of the two-body reaction cross section as (see Chant &
Roos 1977 and references therein):
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Slide by Marco la Cognata

The full THM: the resonant case (A. Mukhamedzhanov)
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Optimization of the «ingredients» of the method

PHYSICAL REVIEW C 71, 058801 (2005)
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FIG. 1. Experimental momentum distribution for the « particle
inside ®Li derived according to the guidelines given in the text for
the ®Li(°Li, wa)*He reaction. The upper and lower parts refer to the
target and projectile breakup cases, respectively.

(IN)dependence from the Trojan Horse nucleus also verified

Impulse distribution of

/ a+d in °Li
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FIG. 3. Experimental °Li(d, «)*He S(E) factor, extracted via
the THM, for different choices of the w(g,) for the « momentum
distribution inside ®Li. The solid linegepresents the case of w(g,) =
70 MeV/c, the dashed line is for u* 61 MeV/c, and dotted line
is for w(g,) = 50 MeV/c.

Dependence of the final result

from the impulse distribution width



Optimization of the «ingredients» of the method
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Treiman-Yang Criterion:
a bit of history

FIG. 1. Diagram for single-pion exchange.

TESTS OF THE SINGLE-PION EXCHANGE MODEL

S. B. Treiman
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

and

C. N. Yang

Institute for Advanced Study, Princeton, New Jersey
(Received December 14, 1961)

The differential reaction cross section do¢ is giv-
en by

Jdo =fHdpi’6(pi” + mi’)

i

x[Idk '6(k 2 +u 2)6(p+k-2p. -2 k."). (1)

T S J i ]

J

where J is the relative current of the incident par-
ticles, f is the square of the invariant transition
amplitude, and all energies are positive -definite.
The crucial remark is that, on the peripheral col-
lision picture, f has the structure

=6, b Mk, k). @

The implications of this restriction on the struc-
ture of f are best brought out in the reference
frames in which one or another of the initial par-
ticles is at rest. Thus:

1. In the system where p is at rest (the labora-

differential cross section should be invariant under
the simu!taneous rotation of all three-vectors
about the momentum vector q of the virtual meson:

spectlon of Egs. 1) and (2)
2. Similarly. _in the system where £ is at resf

the differential cross section should be invariant
L.lndel‘ sim.ultaneo_us rota.tion 3f all three-vectors
k;* about q = -2 ;K;’ =3 ;p;' -p-

It is easy to prove that the above two tests are
exhaustive for fixed incoming energy. There are

VorLuME 8, NUMBER 3 PHYSICAL REVIEW LETTERS FEBRUARY 1, 1962




First things first...

(1)1 n (3)
~N

? —— "Be (4)

(Z)d/ \|a (5)

Spin avaraged |M|2 for a reaction with n-2 bodies in the final state
1+2->3+4+5 (n=5in this case)

depends on 3n-10 indipendent variables:

> 5 variables for 3 bodies in the final state
- 2 variables for 2 bodies in the final state

- 0 variables for a two body decay



Mandelstam variables

A good and well known choice for kinematical variables are the

Mandelstam invariants

Four momentum P = (p,.p,.p,.E) with metrics (-1,-1,-1,1)

IPI2=E2-p2=m2 (c=1, E =K+m)

For any pair of particles 1 and 2 the s and t+ Mandelstam variables are
defined as

S;2= (P +P; )2 t2=(P; -P )

So, for a reaction with 3 bodies in the final state, a choice of 5
independent variables is

S12. Ti3, Ta4., S35, S5



Mechanism-specific invariants

For a given mechanism LESS than 5 variables can contribute. E.g.:

10B

10 Be “Segdential” mechan

. hani
Quasi-free mechanism 2-body d(1°B,a)®Be* reaction: 2 var. among
Virtual decay d>p+n: O variables Sag, td-o, Ta-a(i-e. U)

8 * N7 . .
Virtual reaction: 2 variables among Decay °Be*->’Be+n: O variables

S, e, Tege, Too(i.e. u) |P;12 = sge-n

If |M|2 does NOT depend on s,
sequential is ruled out

IEpl2 = td-n



Treiman Yang idea in simple words

Ina 1+2 > 3+ 4 +5 reaction

Keep
S4-5, T1.4 T1.5 (i.e. u)

I.e.: Sy ge, TB-ges TB-a

constant

and change the others. If QF dominates, then

IM|2 = const

Note. This is still NOT a sufficient condition for QF dominance, but it is
a very very strong one. It becomes even stronger if the invariance keep
true by changing the beam energy (i.e. s,_g)



Treiman Yang rotation

The previous statement is equivalent to have an invariance of |M|? under rotations of plane

o with respect to plane B (in the reference frame where the particle that does not

breakup is at rest, 9B in this case)

Ory is the Treiman-Yang rotation angle



Treiman Yang Creterion Summary

We have applied TY criterion roughly 35 year after first attempts by the Catania
group

Results were reasonably good

TY is a powerful tool in connection with THM for Nuclear Astrophysical studies, as
the signature of the QF mechanism provided by TY invariance is very strong

Paper in preparation

Future: make TY routinely used in THM studies (requires use of bidim detectors).



18F+p — 150 + o VIA THM at CRIB

18F+d > 150 + a+ n

Thick target method (direct m.)
Indirect methods

Transfer reaction "



18F(p’a)15o

Observed y- rays come from e ‘e-

e’ come from !8F decay mostly
Companion '

Star At novae temperatures (100-500

Acarslion keV) !8F can be mainly destroyed
Ring :
by

Thin hydregen surlace |ayer

accumulated on white dwari 18 F(p a)l5o
through accretion ring '

|
ignition of surface laver
unde} degenerate

cenditions Explosive

. > Burning of

' : Hydrogen
Thermonuclear

Shell
V/hite runaway undil l
Dwarf degensracy lifled

For the star energetics
this are peanuts!




THM Experiment kinematics... needs all!

E(*8F) = 50 MeV




ASTRHO: A f
EXPERTIMENTAL SETUP Silicons for rTrI:g:i:n HOrse

(oTher' t+hen CRIB PARTICLES DETECTORS

PPAC

BEAM TRACKER

mm

Ebeam (18F) = 50 MeV

Geometric efficiency simulated using GEANT3
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MOST IMPORTANT:
INTERFERENCES ARE
INCLUDED IN THM
DATA BY NATURE
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FIG. 4. Calculated "*F(p, «)"30 § factors with the 8 keV state
treated as having a spin-parity of 3/2~ using the Adekola parameters
[9]. The six curves correspond to the upper and lower S factors,
assuming the —121 keV resonance to be 1/2%,5/2% or 3/2%.

® THM data

C.E. Beer, Phys. Rev. C 83,
042801(R) (2011)
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NEW 18F+d experiment @ CRIB
Performed October-November 2015

+ Setup upgrade: DE stage for DSSD added
+ 15 days of (relatively) smooth data taking

- we got more beam intensity than previous experiment
(on average), we expected even more...
- The beam quality was unstable
- Data Analysis under way



counts

Q-value for the 3-body reactions

.... after some cuts on beam

C Entries 656
C Mean 0.8291
60— StdDev 129
50—
E 18F+d->150+a+n
30
20—
10f
: | 1 L I | I 1 1 1 1 h5
0 5 10 15 20 Entries 455
q value (MeV) Mean  4.925
S Std Dev_ 1.854
O 6o
runs 114-132 .3
a0l 18F+d—>15N+a+p
Only 1 hamamatsu detector in s0f-
coincidence with one micro-strips F
telescope g
10
Selection of O and N on DE%E spectra —— e T

15 —
g value (MeV)



Erel (MeV)

18F+d—>150+a+n 18

16

Erel vs momentum of spectator
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