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Why studying (o.,y) & (o,n) reactions via o-transfer reactions?

> 12C(a,y)'°0 (massive stars), 1“C(a.,y) 8O (AGB stars & 'F)

> 13C(a,n)'°0
> 22Ne(a,n)>>Mg, ’Ne(a.,y)>Mg
» 170(a,n)?*"Ne, "O(a,y)*'Ne

> PO(a,y)""Ne } Type I X-ray bursts

> 18Ne(a,p)?*!Na

s-process in AGB
& massive stars

=3

S(E) &

1
o (E)= —S(E)exp( —271)
E

_ Extrapolation,  direct measurements

1\

Y

I

I

, ?
|

D I

°

Sub- \
threshold ~ /
resonance - -_E i
__________ [
Gamovgpeak
low energy

high energy

—

T=0.1-1 GK
— hundreds keV- MeV << E
—  — o(E) very weak (0.01 fb- ~100 pb)

— Direct measurements are very
challenging or impossible

» In case of stable nuclei:

Direct measurements of o E) at high energies
then extrapolation at stellar energies
But:

Problems with extrapolation: resonances at
very low energy, sub-threshold resonances

» In case of radioactive nuclei:
Low beam intensities (~10°- 107 p/s)
— direct measurements challenging




Resonant (a,y) & (a,n) reaction cross-sections

A+a—>C*>B+y or A+ a >C*->B+n
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> The resonant reaction rates can be calculated if the
resonant parameters (Eg, J;, I'; ;) are known

experiments can be performed to extract these
spectroscopic information



Transfer reactions to evaluate the decay partial widths

Let’s assume a compound nucleus C in an excited state E. which has a pure core-particle configuration W= | A®o>

Coulomb + : :
Centrifugal Barrier The single-particle decay partial width of C into
Ee A+ is given by
B Pa"ﬁ‘de X Free Partic‘ix (See. Illiadis: Nuclear physics of stars)
B - A N
= | 2
= E=Er-Q 7 ;
5 Q- > - | — (RP ER‘R‘
£ \ Re Distance r a ! ( ’ ) 4 ( )
< H
Rn
P, = penetrability factor
0 ¢(R,) radial wave function of the particle a.
Compound
Nucleus C

— For a state with a pure core-particle configuration, I' P can be calculated
— In most of cases ¥ is a mixture of configurations and we have I' =S _I' 5P
— S, 1s a measure of the overlap between the initial and final state

— By determining the spectroscopic factor S = <C*|A®a>? via transfer reactions, we can calculate I',, .



._»C+y

Transfer reactions: X(=o+b)+A — C*(0+A)+b «— a+A—> C\.B AL

- Populate the states of interest in the compound nucleus C* formed by a+A by transferring the particle o from a
high-energy projectile X assumed to be composite (X=a+b) (typical E ~ few tens of MeV >> V__ ) to the target
nucleus A

b
Ebeam
What do we measure by detecting b? X —

o \

- By measuring the energy and angle of the emitted particle b
— Excitation Level energies of the populated states in C*: E_ (kinematics calculations)

- Differential cross-sections of each populated state: do/d<2

( o ) exp Yield (0,, ) * Yield = Number of b particles measured at each 0
=  N,=number of projectile ions
AQ :
\dQ ) NNy « N;=number of target atoms/cm? , AQ= Solid angle




° £ * C
Transfer reactions: X(=a+b)+A — C*(0+A)+b «— a+A— C i
B+n

. S L . ~1000
From the shape of the angular distribution & comparison gomo | "OCLiLO M Ne 28 MeV
to a theoretical calculation z ™ |
: 2T
— Angular momentum of the transferred particle g 500 |
2 |
—> Orbital angular momentum / of the single particle g
300 |
bound state
200
* From the normalisation of the calculations to the data
— Alpha spectroscopic factor 100 |- 7420 MeV, 11/2,, L =3

80 |
70 |

60 | =3

do > do s0 | Lo
Iexp = C S a S a |Th 40 |
d Q d Q | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
S’ =< Lilt ®a> =1 Kubo et al PRC 1978) ®c.m

S,=<C|A®a>




Theoretical description of transfer reaction

X(=a+b)+A — C*(a+A)+b
The Model used to describe transfer reactions in general is: DWBA (Distorted Wave Born Approximation) & beyond

DWBA main assumptions:

* Nucleon or cluster transfer occurs directly between the two active channels X+A and C+b: the transferred nucleon or
cluster is directly deposited on the final state (no rearrangement in the final nucleus)

* The entrance and exit channels processes are dominated by the elastic scattering— Distorted waves

* The transfer process is weak enough to be treated as a first order perturbation — Born Approximation

X
IbaZi>

2

N

\4

: - - : Cc
DWBA cross section for a transfer reaction can be written as : o o ‘< v I
tra f a A

X4 The distorded wave functions of the initial and final state

N

% Transition operator

C

I, (r )& I bXa (r, ) theoverlaping functions of the bound states C/X formed by o and A/b

aA

c c 1/2 . .
The radial part 7 . isapproximated : L o4 (7py) = S @, (7 ) S is the spectroscopic factor

@ o Istheradial part of the bound state wave function describing the relative motion a+A in C



From o spectroscopic factors to o-decay reduced widths j or ANCs cC
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The calculation has to be done @ a radius R
where ¢(R) reaches its
Coulomb asymptotic behavior
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DWBA calculations

= Codes: FRESCO, DWUCK,.T.homson, Compt. Phys. Rep. 7, 167 (1988), P.D. Kunz spot.Colorado.edu/~kunz/DWBA .html)

= DWBA ingredients:

» Appropriate choice of optical potential parameters to describe the entrance & exit channels

— Elastic scattering measurements 2> X(A,A)X, C(b,b)C or global optical model parametrizations for a given
range of mass & energy (Perey & Perey Atom. nucl. Data Tabl. 17 (1976), Daehnick et al. PRC 21,6 (1980),...)

» Binding potential parameters describing the interaction of the transferred particle with the core in the final &

initial nucleus
—The depth V is adjusted to reproduce the binding energy of the bound state

— Geometry of potential (r, a.) — uncertainty on spectroscopic factor

E (MeV)
|

Vo V,: depth of the potential (MeV)
(T) - r.: radius e

1

B r—1;
L+ exp( a; ) a;: diffusivity -

v

Wood-Saxon

lllllll
1 2 3 e 5 &€ 7 8 8 10




Which alpha transfer reactions?

> ("Li,t), (°Li,d) alpha transfer reactions: — to evaluate (c,n) & (a,y) reactions by extracting S,— I,

Note: - ("Li,t) — less affected by multi-step effects F.H and N. de Séréville, fphy.2020.602920 & references therein

— cross-sections to low spin states enhanced because of the non-zero o-angular momentum in ’Li:
J*("Li)=1/2* JMt)=3/2* = L =1 — less momentum mismatch

. . . . . 13 7L' 17
— angular distributions — stronger direct features: more forward pronounced maxima | COLLOTO
L 10}
— populate more selectively states with a structure 2 :
g : f
=z 2 }
. S 10 | 6.356(1/2%)
eC.2: - BC(Li, )70 for 3C(a,n)'®0 Pellegriti et al. PRC (R) 2008 i
. -l Ll 1 | Ll 1 | | T | | Ll | Ll
2C("Li,t) 190 for 2C(a.,y)'%0 Oulebsir et al. PRC 2012 0 10 20 30 40
"Li(?’Ne,t)**Mg (ANC) for ?Ne(a,n)>>Mg Jayatissa et al. PRC 2020 i Ocm
0.7 a+t

— Cluster transfer = Describe the interaction potential of <o+t|’Li> o
overlaps for (“Li,t) transfer — Finite range DWBA (FR-DWBA)




s-process in rotating metal-poor massive stars

A

« s-process nucleosynthesis — half of the abundance of heavy elements in Universe Sr

*  60<A<90 (weak s-process component) — massive stars M>8Mg Kr |

Br

Rb

Core He burning (T ~3-108K, N, =10° cm?)

He-core s path

v

0107 +Lrejeusiy

& 22Ne(a,n)25Mg , C-shell s path ﬁ -
shell Carbon burning (T~10° K, N, =10 cm?) ¢ ERE = =N ” |
Co C ==
NERE ==

« Metal-poor massive stars — negligible s-process production (low ?’Ne & Fe seed abundance)

v

«  With fast rotation induced mixing =mmp 2°Ne production in He core strongly enhanced Nishimura+16, Choplin+18

H-burning shell L large production of s-elements between Strontium & Barium 90<A<140

14N production via CNO cycle

* Enhanced weak s-process (es-process) Frischknecht+16

IZC, 16

— Important impact on chemical enrichment in early galaxies.

MN(aLy) BF(B*v)'#0(a,y)**Ne
2Ne(o,n)>Mg

— Source of heavy elements such as Barium in early universe? Barbuy+14

— Origin of the observed enhanced s-elements in globular cluster NGC6522
He-burning core Barbuy+09 & in CEMP stars Beers+05 ?




s-process in rotating metal-poor massive stars

But the final abundances of the enhanced weak s-process strongly depends on:

1°0O(n,y)!70 neutron poison effect & 7O(a,n)/7O(aL,y) reaction rate ratio

— neutron recycling efficiency

10° . | |
o | 25Mg,Z=10° ¢ ¢ O(a,~)?Ne (CFS8)
Bl
5 101
=
& 100
g
£ 107!
=
j =
S 10)
&
g 10-
o

—4 ' '

10745 — 160

Mass number, A

Calculation with '"O(a,,n)?°Ne Nacre adopted rate & 7O(a,y)?*Ne CF88 rate

LTOC-SVINIA+eINWIYSIN



Present status on 7O(a,n)*’Ne and "O(a,y)*'Ne

« Core He burning: T ~0.2-0.3 GK — E__~ 0.297-0.646 MeV — E =7.64-8.00 in ?'Ne

« Shell Carbon burning: T~1 GK— E__~ 0.783-1.5 MeV— E =8.13-8.85in2!Ne ~ _____|_ Bu(MeV) I |
s | £
8.264—%—F_—__ 2
70(a.,n)*°Ne & '"O(0.,y)?'Ne direct measurements: 8224 (;1; §
8.189 575 ?)
- Denker+1994, Best+2013 > 0.63<E,,<1.8MeV \—x—gigg A | g
- Best +2011, Taggart+2019 } 0.63SEcmSI.33MeV sio6o__3/2+ =
- Williams+2022 o 2
8.009 i 5

300MK 1 —<7:982 \
~ 7.980
7.961 —(11/27)

7.820

* Spectroscopy of *!Ne: E,, S, or '), J%, I./T" ,I" ... 7 7740
- 7.655  T/2*

* No direct measurements @ E__<0.63 MeV (Core He burning)

AE

& 170(a,n) and 7O(a,y) rates (core He burning) 7.619
7.602
7.559

7.470
7.420

— Unknown or poorly known S, (I')) & I, , I/T"
— Few have spin-parity assignments %

6.760

« Neutron transfer reaction — S,— I', Frost-Schenk+MNRAS2022
e a-transfer reaction > S ,— I', (present work/MLL-exp) 2INe




Study of *!Ne states via 7O(’Li,t)*!Ne o-transfer reaction

Q3D spectrometer (MLL) F.H, P. Adsley, L. Lamia, S. Harrouz,N. de Séréville+coll
vDipc;I 2 @
* Beam ’Li: E=28 MeV ﬁ « MLL
=100 nAe %, Bommug
* Targets: Qipot 2 —

- W70, (41 pg/cm?) enriched at 35% on "*C
- WratQ, (39 ug/cm?) on "tC

& = 2 proportional gas
Quadrupol & prop g
. Solid le: 6 to 12.4 ek \4 arget Foka’ebene counters: Pos, AE,, AE,
olid angle: 6 to 12.4 msr = plastic scintillator: E

* Energy resolution AE/E ~ 2 x 10* Beam

do/dQ2 measurements: g tritons

o o o) ® 25003 HE

-9 angles 0,,,=6 -36 = 0_,, > 7.5°- 45

-on W70, & on WO, for calibration & background evaluation -

- At 3 different times at 6° to check the stability of the target

NEEP EPTUTT SR SIS AP AU SR R BT BRI SRR
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Position



Excitation energy spectrum of 2'Ne

Region of interest

<
< — >

[ s 8.146/8.155/8.160 % :
e 7.420% E
B bt = — =1
= Z (a\ 1
140 | — £ E g \ 3!
= J = S |
120 | — 1. ' |
BE |
Z ~ |
g 100 — i
= [ ! :
O 80| — l g:
B Y
60 | — é:
[ ~ 2
[ § |
40 — E; : %
B xR NE
| o~
20 —
0 ) ; gz ; L
400 600 800 1000 1200 1400 1600

Magnetic rigidity (a.u)

«  Fit with multiple skewed gaussians with common width & exponential factor

Experimental energy resolution (FWHM) : ~ 30 keV (6°) - 71 keV (36°)



do/dCQ (ubarn/sr)

lm- _J il Il

10 |

FR-DWBA calculations

F 8155 MeV, 92, L =
L 8.146 MeV, 32", L'=2

.
[ 3L .
[ 72,1 =1 ‘I\

Lol |i|| IEI\ |- |

7.820MeV

[ 8.069 MeV, 3/2", L =

[ 11727,
1 | 1 1

[ 3pty
= 2L

7.74 MeV

L a=4 . ¢

[ 7.982 \It‘v (7!2 }]

7.980 MeV, 3/2°L =1

— 10 2}~

10 |

Ill'l

7.655MeV, 72", L =2

IlJJI

| 7.96 MeV, (11/2-),L =3

7.420 MeV, 11/2, L =3

0

10 20 30 40 50

Oc.m (deg)

fi - Good description of the data by DWBA =» Direct transfer

mechanism

* Triplet 8.160/8.155/8.146: Fit with 3 components
— S, of 8.146 & 8.160 MeV derived from I, Best+2013

= S,( 8.155MeV)=0.15 (present work)

* Doublet 7.980/7.982 MeV: Fit with 2 components

— S, of 7.98 MeV deduced using my(a, n) Denker+94
=S,(7.982 MeV)=0.005 (present work)

« 7.820 MeV
— Best % for L =0,1 & good for L =2
— L,=0 — S_,=0.61 (unlikely)

S0, ZPI—S |p(R)|? @ R=7.5fm

I * [, uncertainty: 3- 40% (stat), 35 % (optical pot)



70O(a,n) & 70O(a,y) reaction rates & (a,n)/(o.,y) rate ratio

10 g
. % - He core burning "0(a n)zﬂNe
Rates calculations: : — ,
R W
RateMC code Longland+2013 E
T
 For Er <721 keV & Er=807 keV: T (present work) 5 10 ¢ EERn! porx
. - :\. o &
I, (7.82MeV) for L =1 (L =0 in Best+2013) A e
— : =
I',(7.74 MeV) for L =0 (as in Best+2013) E 0 | ITO(CL,}')ZIN A
—> Fn Frost-Schenk+2022 % :
[
E 1 E e
O For Er> 721 keV : 3| WO—-
— ', & T, (Best+2013 direct measurement) z | Best+2013
10 | CF88
- e e e
AT, from: 2 F
! g o10°
— systematics of <t>__.. (Rolfs+72) & F et
. . 2 e
— oy(o,y) Williams+2022 combined with present I', & I',, (Frost Schenk+22) E: R 0N et
— whenno I';, - T', /T, Best+2013 3 10| present work
~: Best+2013
' . . ] = 1 Nacre/CF88
— Better neutron efficiency recycling with a factor of =

about 20 with the present rates than Best+2013 rates S T TR TR T TR T T
T9



Resonances contribution to the rates

"O(a, n)*Ne "0(a, y)*Ne
19 _,_”];_.'J,\:SIBEKEV' T VLR B AR H’géj;“\; v -‘;;:ﬁf?lke“gg;kev FTTETAE BLEMRE =70 F o
s 5?_2593 ________________________ - » Er=392 (Ex=7.74 MeV) & 472 keV (Ex=7.82 MeV)
P | He core-burning & ‘ contribute the most to the (OL,II) rate
2 08 R S 08}
a | 3
= 0.6 ______ % 06 b
S (@ " S » Er=308 (Ex=7.65 MeV) & 472 keV (Ex=7.82 MeV)
0 , | Ve contribute the most to the (a,y) rate
io P " 0.2
0.0 it O il = - 0.0 Fe= TR %
0.2 04 06 08 1 0.2 04 06 08 1 b
Temperature (GK) Temperature (GK) % 103 “He core burning
s | =
Key resonances /2 2
— Ex=7.74 MeV unknown L, & J© 1 L A0 T
— Ex=7.82 MeV L_=0,1,2 & L =2,3 = J"=5/2*,7/2", 3/2* y
o n J™ need to be 0 E ./ present work
constrained Best+2013
Nacre/CF88
With the least favorable case: 7.82 MeV L =2 = 3/2* or 7/2* & no 7.74 MeV ]
L | Present (OL,n)/(OL,‘y) rate ratio ~ 10 x rate ratio Best+2013 10 "L 0z 03 04 05 s o7 o8 s 1

TY



Impact on the s-process in rotating poor-metal massive stars

* One-zone nucleosynthesis calculation mimicking the core He-burning phase of a low metallicity rotating massive
star (Z=0.001, M=25 My)

105 = ) —— 170O(,n) : Best+13 70(«, 7)) : Best+13
2 u_ —+— 170(e,n) : new rate 70(a, ) : new rate E

i i YO(a,n) : new rate (¢ase 2) 7O(a, 7) : new rate (casez)i;
o 1
S 1034
o E H
= 1
8 @3
o
S 1014
(@) cE

10° 1

101 ; i L] :t‘;)l L 1 L L

30 40 50 60 70
Z
— Large enhancement ( >1.5 dex (>1.3 dex)) of elements 40 < Z < 60 with the present new rates in comparison to
Best+13 rates

— Two order of magnitude (~1.5 dex (case2) ) on Barium : largest effect

F. H, P. Adsley, L.Lamia+submitted to PRL



Case II: 150(a,,y)1?Ne & X-ray burst nucleosynthesis

xe (54)| |
i T ~ 109 K 1(53 oY . .
R 106 g cm? o (52) /. * Triggered by 300 — 2C reaction & Hot CNO break-out
p~ : o 6o [ITITG t
L TR RRRRRE  © (oup) process: (a,p)(p.y) - Up to A< 60
Ag (47) NS |
o o —TRIRE o e rp-process: (p,y) & B+ decay up to A ~80 -100
Ru (44) N 5758
Tc (43)
wo (i)
e T S — Sensitivities studies: Cyburt+(2016), A. Parikh+ (2013)
Y (39) \
Sr(38) N N 5455
Fos— < o \ : 15 19 T
P S — ¢ oo LITLT T VE N » Strong impact of °O(a,y)'”Ne on total luminosity
/ \ aem B T - Regulates flow between HCNO cycle and rp-process
e ce (32)[ ] IS . .
T *\a" 7,22 28 co o — S ILI \ - Drives X-ray burst energy and light curves.
gm" HotCl\Q‘ i Eiu((zzse))l 37383940 rp_process
ID: q ':‘ Co (27) i 33343536 : . i : i : . . . . i i :
& oS ' - Cyburt+ApJ(2016) | C
8" i Cr(24) | i 1
[ —— [ (23) ! 2930 {1 FaN i
time  (s) Sc(zrl)(zz) | EEEE E‘ 2 ° I\ N T ]
K (19C)a eol ] 2324 “"zm l fi oA S Lsogg:,;gigrqg Dg ]
Ar (18) 1 o L. / \ —— Bas=seline 2}
Cl(17) 2122 5] L -
s (16) | ] 2 L =
P (15) 17181920 [ ] o n
S > Qp-process = i :
W (12) Y- ]
N sinnal B - ]
S c2m See talk of H. Schatz £ I ~
N (7) { [V 10 3 il N
C (6) X - -
B (5) L 4

TR CNO break-out: N
He (2 5 Vi - L 1 1 ] 1 L i 1 J L L 1 L | 1 1 ] L I A L
o B “O(a.p)"FREO(a,y) PNe,’ 18Ne(a,p)?'Na %o 0 10 20 30 40

Courtesy to H.Schatz time (s)



150(a,y)°Ne:

Ex (MeV) J ,
|
( il Davids+PRC(2003)
a- L. e ~ 10°F 4600MeV e b W
unbound 4 [420 (12) T, 10°F 4379 MeV / 7 4033 :>
states 4.14 (9/2)- £ 107 -Sum
§ 10°f ;i
4.03 3/2+ - :
N A
3.53 > 107 ¢ e— 5092 MeV ]
1 . g 8 1[)-]3 - ]
5 L . :
+« sF :
¥ -~ -~ FE 4.712 MeV i
’r e 10‘” 1
0+ 10-|9 C | I ; .
0.25 0.5 1
19Ne
Silicon
Alternative:

Measure o(a.,y) via 5O(’Li,t)”Ne transfer reaction in
inverse kinematics

— Forward 0, < backward 0,,,

Present Status & strategy

- / » Biggest contribution to N, <ov>
>

wy, « I', determination consistent with

zero at 90% confidence level
Tan+PRL07 & PRCO05

» Direct measurement very challenging
— Small cross section & radioactive
nuclei (T,,(**0)=122 s)

detector
5 Qv\7Li target

50

150 beam
(RIB)

@

9Ne recoil Recoil Detector



Experimental characteristics for a-transfer reactions with RIB

Y=N/t= N, X Niypger X do/d€Q2 xAL
("Li,t) with stable beam

® Ipeam™ 100 pnA, q = 3+ — N .. ~ 2.10" pps —N__.
= target thickness~ 100 pg/cm* — N, ~ 4.10'® at/cm? o

" AQ ~ 5 msr (e.g. Split-pole, Q3D magnetic spectrometers)

~ 4 <1 mh-!
X Nigrger X AL ~ 4 57 mb™ sr

("Li,t) with RIBs

= Beam intensity: Typical 103 pps [150 ~ 107 pps] — 6 orders of mag. less wrt stable beams @

= Light particle detection system (tritons)

— need of large coverage detection system : silicon array AQ ~ 27 sr
— 3 orders of mag. higher wrt stable beams

= Target thickness
— Typical ~ mg/cm?2 (one order of mag. higher) Very challenging experiments...
— Compromise between statistics and energy resolution . but feasible!
» Relatively long: ~10 days
— N X Nigreer X AQ ~0.04 s! mb! sr > Relatively “low” statistics




150(a,y)®Ne case:

= Studied via "Li(">O,t)!"Ne*(y)!"Ne @ SPIRAL1/GANIL

Experiment & results

J.Sanchez Rojo, C. Diget, N. de Séréville & AGATA-MUGAST-VAMOS coll

(x1) and square (x2)
shapes
« 128+128 strips

" MUST2

« DSSSD 300 um + Csl
« 128+128 strips

» Triple coincidence:
AGATA — HPGe for prompt-y &
MUGAST-DSSDE for light
particle t & VAMOS-
Spectrometer for '“Ne recoil

AGATA VAMOS
» 37 crystals
. e(1 MeV) ~ 8% MUGAST Focal Plane
w/ add-back
19
50 Beam Ne
Recoils =

4.7 MeV/u — —

10" pps VAMOS
MDE(S}Q)SBTOO Diamond
: wm
« Trapezoid (x5), annular Detector

VAMOS @ 0°2
« AO£7°
« ABp +10° (~)



150(a,y)®Ne case:

= Studied via "Li(">O,t)!"Ne*(y)!"Ne @ SPIRAL1/GANIL

ToF (ns)

520

500

480

460

440

Light Ejectiles

B R R R

0 2 4 6 8 10 12 14 16 18 20 22
E (MeV)
10.5 = N
= Recoils
101
05
9 _— ".’.j;

20

i IIIiIl|

Experiment & results

J.Sanchez Rojo, C. Diget, N. de Séréville & AGATA-MUGAST-VAMOS coll

-
o
=]
20 b
‘.ﬁ‘ FWHM = 40 keV
18 s
=
— =]
16 500 — &)
14 B
12 400 -
10 > —
- L
2 L
wy 300 —
o =t 1
"E — 3900 3950 4000 o 4100 4150 4200 4250
:Ds 200 = Energy (keV)
U .=
100 —
0 T J 1 1 Los L _J o e | " | L | | 1 l A 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Energy (keV)

Not consistent with zero at 95% confidence level!

N=311¢

— oy, (present work) < wy,(previous) by a factor 5

10"
» 130(a,y)"”Ne reaction rate smaller than previous estimations

» 18Ne(a,p)?'Na the competitive breakout channel... J.Sanchez+(in prep)



Summary

Advantages of alpha-transfer reactions

High cross sections
Can be used to extract alpha partial widths (spectroscopic factors) , angular momenta, resonance energy of key

resonant reaction cross-sections

Limitations & warnings
) Sensitivity of the spectroscopic factors to potential parameters — 30-40% uncertainty

@ Be aware about other possible reaction mechanisms:

— Multi-step transfer
— Compound nucleus : Hauser-Feschbach calculations (statistical model) needed
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