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The Chronology of the talk:

>  Prefatory Comments:
Raison d’etre of the Programme

» Tools & Techniques:
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> Inelastic Scattering of Light lons:
Structure, reactions

>  Capture reactions of Light lons:
Reactions of Nucleosynthesis

» The road Ahead
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raison d’etre of the programme
Or

Prefatory Comments



The World of Heavy Ion Nuclear Physics: O s E—
/ Deep-inelastic collisions ()]
'he Energy Scale: 0 o o o L

Heavy-ion

collisions \ Quasl ﬁsle\" b P "
* Low, Medium, Intermediate, Relativistic Dinuciearsystem _ |
* Probing many facets of the quantum A-Body problem . o i Qo am
o b S -
* SP & Coll. Excitations & interplays 2 > Fuson-fision -
g —
% 8 1 nucleus - \ /6
* Rotation, Vibrations, collective flow etc: - | ‘ - W
Nuclear Physics 1s a broad canvas. -
* Determining effective tion of the Evolution
Its charm lies from radioactivity to RHIC. ectile System
Major unsolved Issues acr
. . . . . . . . . ? b
«  Flastic, Quasi-elastic, I Are we missing other interesting dimensions: 10n

Fission etc. at above, below and much below the barrier

* Dynamics of Decay of the System
Equilibration and stability of the compound system

« Statistical Theory
* Role of Shell effect
, * Dynamical Theory
*  Complete & Incomplete Fusion
* Role of Entrance Channel mass asymmetry * Microscopic Formalism
* Role of barrier height, viscosity etc. .

Semi —classical formalisms



Light ion probes, photons, electrons, neutrons

Both polarized and un-polarized projectiles and targets

N-N Interaction is spin dependent, hence it is
absolutely imperative to do measurements with polarized
beam and target and in few body systems

e-ion Scattering:

Most precise information about nuclear size and charqe distribution

« SLAC  Hofstadter et al. Phys. Rev. 92. 78 (1953)
- J-Lab (CEBAF) 12 GeV
* e-Rl scattering (RIBF) (150 — 700 MeV)

* e-lon collider (US) (BNL & JLAB)



Importance of stable LI induced reactions:

Nuclear Structure & reaction information:

low lying excited states, GR on low lying states, role of channel couplings, resonances,

calibrating theoretical formalisms ( reducing the parameter spaces in Optical Model Analysis )

* Information on N-N to N-A to A-A interaction

* y-ray astronomy:
Isotopic abundances in astrophysical sites and Inter Stellar Medium

* Nucleosynthesis: proton/alpha capture reactions of Nuclear Astrophysics

» Practical application: surface composition analysis using PIGE, Calibration of detectors at high energies

The modes of reactions:

* Elastic Scattering (v, p), (a, o) etc.

* Inelastic scattering (p,p’), (p.p’Y. (a, @), (a, a’y) etc.

e Capture reaction (p, v ), (a, ) etc.

* Knock out reaction & Charge exchange reaction (p, n)




Part 11

Tools & Techniques
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Our Arsenal 2x2 array of (2"x2"x 8") square bar
Inorganic Scintillation y-ray Detectors
Nal(Tl), LBC, CeBr3, Csl(Na) etc.

eLarge Volume Nal(Tl) detectors

*Large Array of Nal(Tl) detectors in 41
configuration

*Large Volume (Cylindrical) LaBr;:Ce Detectors

*Array of Large Volume (square bars)LaBr;:Ce
detectors

G. Anil Kumar, Mazumdar, Gothe, Nucl. Instr. Meth. A 609 ( 2009)

G. Anil Kumar, Mazumdar, Gothe, Nucl. Instr. Meth. A 610 (2009)

G. Anil Kumar, Mazumdar, Gothe, Nucl. Instr. Meth. A 611 (2009)

I. Mazumdar, G. Anil Kumar, Gothe, Manchanda, Nucl. Instr. Meth. (2010)

. I. Mazumdar, Gothe, Chavan, Yadav, G. Anil Kumar, Nucl. Inst. Meth.A 705 (2013

. M. Dhibar, D. Mankad, I. Mazumdar and G. Anil Kumar. App. Rad. & Iso. (2016).

M. Dhibar, I. Mazumdar, G. Anil Kumar, S. M. Patel, P. B. Chavan. NIM-A (2018)

R. Sariyal, I. Mazumdar et al J. Instr. (2021) 11) Ranga, Mazumdar, et al NIMA (2024)
S. Panwar, I. Mazumdar et al., NIM-A ( 2020) 12) Ranga, Mazumdar et al NIMA (2022)
0. R. Sariyal, I. Mazumdar et al. J. Instr. (2021) 13) A. Srivastava et al NIM-A (2023)

S0 N L AW~



““"J;C(p,p’)”Cyreaction | ’—Mnasumd

------- Geant4
700 |
600
# 500
E X
S 400 ‘
300
200
100 |-
300 . i . i . i . i at
_ (22"1“ 4‘*758":“‘;‘;;”3" 1st escape peak 13000 13500 14000 14500 15000 15500
: (21.989 MeV)
250 | AN Vs Energy (keV)
i
200. ‘I’"" !
2 i I \‘ Taming the non-linearity up to 22.5 MeV
il
§ ol i _ 225Mev Jeon0
| Ill ﬁu l ‘ I L ‘ Energy = -9.472 + 4 .284"Ch kev‘
| | - -
100 N i ‘l 20000 | 22.5MeV
| I 17.39 MeV
50 |- |
< 15000 -
-
E . ] . ] ; ] ; M} by ] kv
19000 20000 21000 22000 23000 24000 <
j=11]
Energy (keV) g 10000 |-
5
F 1173 keV
First measurement of 22.5 MeV y-rays using s000 | [ 1332keV
4.44 MeV
Large LaBr;:Ce, E;=7.2 MeV ]
Mazumdar et al. Nucl. Instr. Meth. A (2013) T
0 1000 2000 3000 4000 5000 6000

Channel



Typical Experimental Setup for (p, p’y)

Lead shielding




Experimental Setup (TIFR Pelletron

7 &
4"x4" Nal:Tl

Lead bricks 3.5"x6" LaBr;:Ce ¥
¢ \s

Target: Self supporting CD, 1.38 mg cm-3(Prepared by: John Green, Argonne National Lab)
Beam: 4, 5 MeV (FOTIA), 8-20 MeV(TIFR)
Detectors: Two 3.5"x6" LaBr;:Ce, two 4"x4" Nal:Tl, One 3.5"x6" LaBr;:Ce inside Annular Nal:Tl




The TIFR 47 Sum-Spin Spec

of 00000 ;

Kumar , Mazumdar® Gothe, Srivastava

Nucl. Instr. Meth. A 611 (2009)
Nucl. igr. Meth. A 609 (2009)
Nucl. Instr. Meth. A (2023)



TIFR 41 Sum-Spin Spectrometer

Nucl. Phys. A 890, 62 (2012)
EPJ Web of Sc.(2011,2013)
Phys Rev. C 88 024312 (2013
Phys Rev C 88 034606 (2013
Jour. Phys. G 41 (2014)

Phys. Rev. C 95 (2017)

Phys. Rev. C 96 (2017)

Phys. Rev. C 99 (2019)

Phys Rev C. 101 ,(2020)

Phys Rev C (2024)

Phys. Lett B under review)
Phys Rev C (under review)

Kumar , Mazumdar, Gothe, Srivastava

Nucl. Instr. Meth. A 611 (2009)
Nucl. Instr. Meth. A 609 (2009)
Nucl. Instr. Meth. A (2023)



Theoretical Analysis:

1) Macroscopic Phenomenological Analysis:  The OM Framework, Weppner et al, PRC80 (2009)
2) Semi-microscopic Folding Model Analysis: L. Trache et al., PRC 61, 024612 ( 2000)

3) Microscopic Optical Potentials: M. vorabbi et al., PRL 135, 172501 (2025)



Part 111

Inelastic Scattering of Light lons
(n, p’y) & (a, a’y) reactions



The measurements of (p, p’ ¥) cross sections are important for both
fundamental and applied nuclear physics

Nuclear Structure:

o Is the state excited in collective mode or SP excitation?

Role of a-particle clustering (Physics of Hovle State)

oInfluence of GR states in 1°C and 190 and enerey levels of 13N and !’F in the analysis

«No OM theory that explains the states (4.43, 9.64, 12.71, 15.1 MeV) in low enerey region

«Lowest enerey discussed in literature for microscopic p-nucleus collision is 40 MeV [1]

Microscopic p-nucleus theories have been successful only for elastic channels [2,3,4]

«OM works well in higher energy but not in lower energy

(Validation of optical model parameters over wide range of energy is required)

o/ 1] Amos, Dortmans, von Geramb, Karataglidis: Adv. Nucl Phys. 2002

o/2] Jeukenne, Lejeune, Mahaux: Phys. Rep. 25 (1976)

o/3] Brieva, Rook: Nucl. Phys. A 291 (1977)

o/4] Peter, Islam, Finlay, Dietrich: Phys. Rev. C 32 (1985); Kato et al. Phys. Rev. C 1616 (1985)




Motivation Continues

The Experimental scenario:

Considerable data on 4.43 MeV state (very well studied, both p,p’and p,p’y )

e\ery little data for the (p,p’y) cross section measurements for 12.71, 15.1 MeV
*No data on 9.64 MeV state

e Inelastic proton scattering at 30 - 40 MeV from 2C
R. De Leo et al., Phys. Rev. C28 (1983) 1443

A) Nuclear Astrophysics:

Occurrence of y-ray lines (4.43, 15.1 MeV ) from solar flares

may provide information on acceleration mechanism,
interaction of charged particles ( protons, ions ) with solar flares,
abundance of elements, temperature, density etc.

flux ratio f;< 1/f, 43 is important relative abundance of 2C and 160

Satellite based y — ray astronomy : RHESSI & INTEGRAL observed prominent nuclear lines of 2.2,
4,4, 6,1 MeV with good statistics in Oct — Nov 2003,

J. Kiener et al 2006
Lang et al. Phys. Rev. C 35,1214 (1987); Kiener et al. Phys. Rev. C 58, 2174 (1998);

Chupp et al., Astr. Phys. Jour. 318, 913, (1987); Murphy et al., Astr. Phys. Jour.331,(1988)
Belhout et al 2007, P. Dyer et al 1985

Ramaty et al. APJ 229 (1979), Murphy et al APJ Supp. Series 215, 2014



2C(, v’ v!?C reaction

v-branching ratios 15.1 MeV 0.0 MeV (94%)
1 : Y — >7.6 MeV (3.4%)
>12.7 MeV (1.4%)
1t 12.71 o,y
M1
J| 12.7 MeV 0.0 MeV (1.9%)
3 9 64 24.4 MeV (0.29%)
Ly
ML 65
0+ ; oLy e 9.64 MeV 777777
E3
N 4.44 -
2 y —» | 4.44 MeV > 0.00 MeV (100%)
E2 Experimental aspects
Nuclear Structure:
0* WV \ Ol >Very little data available for 12.7 and 15.1 MeV states
Jr 2C Ex »>No data for 9.64 MeV state!

»No theory is available for low energy scattering <30 MeV

2C energy level diagram



Experimental Details
State (MeV) Beam Energy (MeV) Angle(6)
» Accelerator facility- - . S —
Pelletron, TIFR’ My : 85 60°, 75°, 90°, 105; 120°, 135°
9 60°, 75°. 90°, 105°, 120°, 135°
) Proton Beam Ener 95 60°, 75°, 90°, 105°, 120°, 135°
10 60°, 75°, 90°, 105°, 120°, 135°
El]_ 8 MeV tO 22 M 11 600, 750, 900, 1050, 1200, 1350
12 60°, 75°, 90°, 105°, 120°, 135°
> Current: 7-8 nA 13 60°, 75°, 90°, 105°, 120°, 135°
: 14 60°, 75°, 90°, 105°, 120°, 135°
9.64 14 60°, 75°, 90°, 105°, 120°, 135°
» Target: Carbon 1.34 15 607, 75°, 907, 1057, 120°, 135°
16 60°, 75°, 90°, 105°, 120°, 135°
> Detector facility- y 17 60°, 75°. 90°, 105°, 120°, 135°
. . N 18 60°, 75°, 90°, 105°, 120°, 135°
1. Cylindrical LaBr; ( 12.7 15 60°, 75°. 90°, 105°, 120°, 135°
2. Square bars of LaBr; T 80° 757 90° 105° 120° 135°
17 60°, 75°. 90°, 105°, 120°, 135°
. 0 0 g 18 60°, 75°, 90°, 105°, 120°, 135°
> Angles' 45 » 607, 75 15.1 17 60°, 75°. 90°, 105°, 120°, 135°
135 : o

18 60°, 75°, 90°, 105°, 120°, 135°
195 60°, 75°. 90°, 105°, 120°, 135°

- 20 90°,

21 90°,

) 215 90°,

130 Data Points 57 90",




c (mb)

Total y-Cross sections and Branching ratios

490] 4.44 Mev O esamey Energy 14MeV 18 MeV 19.5MeV
440} } 1807 , Level
Al Ve
3601 li l 120+
o S L N L /§/}/ 9.64  .0035%.
240] ] * 0003
2004 6 8 10 12 14 16 . ' ' '
’? 14 15 16 17 18
204 12.7 MeV ] 107 15.1Mev l 12.7 0.021+%
] 1 6
2 o
10 I 2'_ 15.1 0.79i0.
8 g o ./' 19

6
12 13 14 15 16 17 18 19 20

17.0 17.5 18.0 185 19.0 195

Energy (MeV)

9.64 MeV Gpp' 70 mb £ 0.2
12.7 MeV Gpp' ISmb=+1.1
15.1 MeV Gpp' 83mb+1.2

Branching Ratios =6,/ G,

HARADA et al., Journal of Nuclear Science and
Technology, 36(4), 313, 1999.

Dachnick et al., Phys. Rev., 133, B934, Feb 1964.
Warburton et al., Phys.Rev.128, 4, 1962.

Mazumdar et al. Act. Phys. Pol B,(2019)
Mazumdar, Asro Particle Physics (2020)



Optical Model Analysis:

The principal Stages:

The depths of the central and surface optical potential (real and imaginary terms) obtained from the fittings are as follows,

9.059(E — 5.000)*
(E — 5.000)* + 4.000*
0.293(E — 20.00)*
(E — 20.00)* + 4.000*

4.254(F — 8.248)8
(E — 8.248)6 + 4.2556
7.324(E — 20.00)?
(E — 20.00)* + 10.085*

Vo= —60.37+

Wo= —0.410 +

V.= 6.342 —

W, = 6.336 —

where the subscript 0 refers to the central potential and is multiplied by a Woods-Saxon function

1
T 1+ exp((r—ro x A1) /ay)

f(r)



The radii r and the diffusive parameters a of the central and surface terms are given the same structural form

0.115(E — 20.00)%

— 1163 —
o (E — 20.00)1 + 8.9391
0.08252(E — 5.000)"
— 0.5496
“0 T {E = 5.000)" + 10.4558"
_ 4
\ 1 4y 0-03520(E —18.734)
(E — 18.734)* + 9.744
a, = 0.358
Next are th _dependent equations for the real 1.286(FE — 11.090)*
and imaginary spincorbit depths o Ve = 5.603+ ( )

(E —11.090)* + 4.000
1.3757(E — 10.366)"

W, = — 0.02447 —
(E —10.366)* + 4.79344

28.39(E — 9.893)*
(E — 9.893)* + 30.00*

0.1230(E — 17.068)*
(F —17.068)* + 6.056"

and their respective radii and diffusion parameters reo = 0.9815 —

as, = 0.4596 —



Next are the energy-dependent equations for the real and
imaginary spin-orbit depths

1.95582(E — 17.777)*

so — O 46 —
Voo = 8.0TH0 = o7 2oy 1 3.0000

— 4
W, = —0.01782 — 3037(E —10.381)

(E —10.381)% + 4.7074

and their respective radii and diffusion parameters

0.31743(E — 20.442)*
(E — 20.442)* + 3.004
0.11343(E — 6.8494)*
(E — 6.8494)* + 4.344%"

Tso = 0.50538 +

as, = 0.3440 +

E Aui(E — B

Tes.

+ 2

i

2 (E — E;)%+W,°

1

Rsoi(E — Ez)ﬁ
(E— E)s+W,°




The coulomb radius is where the structure of the coulomb 4
interaction changes from short-range to long range 0.170(E — 5.000)

.= 1.490
g B = 5.000)" + 4.000"

Effect of Target Deformation
Expanding the radius, assuming a series of deformations

R(0) = Ry [1+ BaY3 (0) + BaYL(0) + Be2Y{ (0) + .. ] .
where the B,'s are deformation parameters.

One can then expand the potential in a Taylor series to first order as:

d
V(r,R) =V (r, Ry) + d—ROV(fr, Ry) Ry Zaﬁfo’(B, 0)
A



4.43 MeV State Results and theoretical interpretation

2000 —

1500

G|mb]

1000 —

. % | ! : . I . I

0 10 20 30 40
Lab Energy Neutron [MeV]




4.43 MeV State

do/dQ (mbarn/sr)

Results and theoretical interpretation

140

9 MeV
| I
1
60 80 100 120 140
11 MeV
|
6 T T T T 16 : ; : -
40 60 80 100 120 140 4%’ 60 80 100 120 140 :g 60 80 100 120
36
12 MeV 9
32 13 MeV 14 MeV
i 30 ! J
J I P s
20 o
16
T 15
1 12 .
10
60 8 100 120 140 40 60 80 100 120 14010
CM Angle [deg] for y

do/dQ[mbar]

le+02

le+01

IIIIIII|IIIIIIIII|III|IIII

i $ i ! i
_444MeV }j }_ g MeV |
10 MeV
+ ¥
o I .
T i
L. I I I _
e T ! f/”;l_M‘V“ .
L ”~ - (o
.
__lllllllllllllllllllllllllllllll—_
20 40 60 80 100 120 140 160

C.M. Angle [deg] for y

Solid blue line — Optical model without resonance
Dashed blue line- Optical model with resonance
Dashed light blue line- Optical model with resonances
along with 2* Hoyle state resonance



dao/dQ [mbarn/srj

9.64 MeV State

0.04 0036 R R — =
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e NP \_/r—i\14_+ ~x ¥ T e
T et e ! let022 _ _____ [ E
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0929 60 80 100 120 140 40 60 80 100 120 140 % le+00E 16 MeV -
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18 MeV @) = \//A—— -
0.050 l = = -
0.045 l ——————— ~—— e m JS S
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do/dQ (mbarn/sr)

0.018} 0.024 1 l
16 MeV
0.016 | 0.020 +
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0.012}
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40 60 80 100 120
0.056 [
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12.71 MeV State
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15.1 MeV State

dc/d2 [mb/sr]

I " | T I I | | I |
1151 MeV state 3 -15.11 MeV 17 MeV (x 10000)
- § i ] o m—————— e e o s — — — — ]
19.5 MeV = .
le+02 = . =
M3 — %7 E _ i
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a B 18 MeV (x 50) |
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R | o) N L) .
001 —\J\T ; —/—T o N * s 5 05 _
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! | I | ! | ! | I — l e+ﬂ“ — - - g
“ 60 80 100 120 140 =

C.M. Angle [deg] for y
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50 100 150
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50(p, p’ 7)1°0

>g}\°%
e =X
~12 2|5
Ble x|
c:s‘-Dg
= Vv

A 4
e
XX
>
3
AN

1= (717 MeV
+leorm ey I | 1|
2 6.917 MeV % . E %S
SERYSE
Voo 0| o
Sls S|V
3716129 MeV <] S
FleoaoMev| |
‘ Zl = 2
= | X = = =
(@l e = I~
3= 3| A =
S O -
0+ OU M(‘V L 4 L 7

Existing data prior to our measurements:

1) P Dyer etal., 1981
Absolute cross section of 6.13 MeV

2) M. Boromiza et al., 2020
6.13 and 7.12 MeV
Very thick target ( energy averaged cross sections)

3) J. Kiener et al., 1998
Normalised to Dyer

Energy
6.13
6.92
7.12
8.87
10.35

Jrc

Our Measurements: (With LaBrE:Ce)

e 8to 16 MeV

*  Angular distribution at 9 MeV



Angular distributions

« Angular distribution measured for 7 angles at 9 MeV
« Angular distributions were fitted with a series of
Legendre polynomials

l=bmax
W) = Z a; P;(cos ) (l = even)
=0
o = 4ma,
6 T T T T T T T T T T
E,=6.13 MeV, Ep = 9.0 MeV
5.5 % Differential cross section
5

—— Legendre Polynomial fit

P T I TN S S S
20 40 60 80 100 120 140 160
Angle (Deg.)

1...I...I...I.\

LA I L L L B B B BN B

E, =6.92 MeV, Ep = 9.0 MeV
& Differential cross section
—— Legendre Polynomial fit

I|III|IIIIII\|IIIIII
60 80 100 120 140 160

20 40
Angle (Deg.)
2 T T [ T T T ] T T T T T T E 712M
- =712 MeV, E_ = 9.0 MeV
1 '85_ 5 Differential cross section
1-6:_ —— Legendre Polynomial fit
1.4 =
1.2F =
1= E
0.8:— —:
o.sw
B . 7
0.4 —
0.2 —
0_"""""""""""""""""_
0 20 40 60 80 100 120 140 160 180

Ranga, Mazumdar et al., Journal of Physics G: Nucl. Part. Phys. 51 (2024) 045101

Angle (Deg.)



Our Measurements of Cross-section

3
107 E, = 6.13 MeV 107 T E, = 6.92 MeV
- —2&— Present work C e Present work
107 = 10° =
= I B R ]
E 1o0p 4 E 10b —
°F 1 ° -
k3 E e E
1071_ 1 1 1 \ 1 I 1 | 1 1 1 \ 1 1 1 | 1 1 1 | 1 ] : :
6 8 10 12 14 16 1071||w\ww||||||||\\|\\ll..|...
Eproton (MeV) 6 8 10 12 14 16 18 20
103§ L E, = 7.12 MeV Eproton (MeV)
E —&— Present work
ol 1+ First measurements of absolute cross-section of
6.92 and 7.12 MeV transition
5 1« Alot of structure is there at the lower proton
T °F E energies
- 1+ Reproducing the structure is the challenge
1= E
- i Ranga, Mazumdar et al.,
1075 'é‘ : '1'0' e '1'6' ' '1'8- —50 Journal of Physics G: Nucl. Part. Phys. 51 (2024) 045101

Eproton (MeV)



Theoretical analysis of 1°O(p.p'y)!°0O data

. 2400 "] —— Without Resonan
STEP 1' 2200:? _— Wi:hogésoizcaesces
All elastic scattering data from 5-20 MeV for 2000~ =
e °0(p, p), *°0O(n, n) o .3 o
1600 . S
o) - % E & o ] ﬂi
E1400F & E
e 1000 different data points were used in fitting 1200%;?% E
1000 13 ° —;
SOOEQ i =
e Data taken from EXFOR S =
400——¢ T RS A F R T
E,(MeV)
10f T | —— Without Resonances 2
B N s With Resonances "=
10 3 E .
- 0 =
10° = o ]
- "3 -1E =
a 10 = - ]
g ] < -2 -
8|3 1 E - .
3 SE E
107" E _4i =
10° E s E
10—3...I\\\I|||I|||I\\|I\||I|||I\||\\|||: —6: .I..I.\\|||I|||I||\I|\\quuluuui
0 20 40 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Angle(deg.) Angle(deg.)

Ranga, Mazumdar et al., Journal of Physics G: Nucl. Part. Phys.

51 (2024) 045101



Theoretical analysis of 1°O(p.p'y)!°0O data

STEP 3: Inclusion of Resonances

Energy(MeV)
5.67

6.99

7.81

8.24

9.84

10.55

Width
0.32
0.21
0.20
0.20
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0.20
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85 20 95 100 105
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130
8y ag~ 100° 19 *7*;‘#J 20
i
i ! . /
I]!J—.." - d__."— 10
- o o Z
E
. - lI6° 34°, i =
i L™ £ 2
Rt g . ’ 32
Pt
20
- 133°43'
R s o
Y R
e e P
o
A = 166° 00'
NP0
i 7 IAY g
LSy [ Sl

12 .44 0.20 Fic. 3. Excitation curves for protons leaving O
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Inclusion of resonances

Vo= —111.533—

Wg:

Vs = 6.4697—

W, = 2.3981—
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V. Ranga, et al., Journal of Physics G: Nucl. Part. Phys. 51 (2024) 045101



The seven resonances used with their term dependent amplitudes.

Res. FEij[MeV] Wi[MeV] A [MeV] A [MeV]  Asoi[MeV fm?]  Ro;[fm] Rsi[fm] Resoi[fm]

1 5.67 0.32 14.694 1.533 -2.735 0.0368 -0.0869 0.0309
2 6.99 0.21 13.838 2.015 -1.049 0.106 -0.0625 -0.0690
3 7.81 0.20 16.870 -0.735 0.413 0.184 -0.0514 0.0566
4 8.24 0.20 -4.747 1.384 0.451 -0.0735 0.0112 0.181

) 9.84 0.30 6.825 0.522 0.977 0.104 -0.0457 0.0397
6 10.55 0.20 12.20 0.880 0.840 0.140 0.00620 -0.0400
7 12.44 0.20 2.191 -1.452 -0.264 0.0142 -0.0448 -0.0771
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Comparison with Our Theoretical Calculations
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Overall agreement between our measured data and our theoretical calculations
Differences in finer structure can be attributed to intricate interplay among channel coupling,
resonances and deformation.

* Ranga, Mazumdar et al., Journal of Physics G: Nucl. Part. Phys. 51 (2024) 045101

*  Mazumdar, Weppner, Ranga, Few Body Systems 66 (2025)
* Ranga, Mazumdar et al., Act. Phys. Pol B (2023)
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Comparison of proton and alpha induced reaction cross sections
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Part IV

Proton Capture Reactions for Nucleosynthesis



Nuclear Astrophysics

The Goals:

» Understanding Birth & Death of stars

o The energy production mechanism D.D. Clayton (1968)

C. Rolfs & W. Rodney (1988)

C. Illiadis (2007)

Thompson & Nunes (2009)

B2FH, Rev. of Mod. Physics, 15 (1957)

» Formation of Elements

The overarching role of Nuclear Physics:

Structure: Mass, Life Time, Decays ( a, B3, v, fission )
Nuclear levels, resonances, strength functions, Nuclear Level Density

Reaction:  Capture cross sections, reaction rates, inelastic scattering

N-N interaction, N-v interaction



Elements relative abundances
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Different Stages & Sites of Element Formations

Big Bang Nucleosynthesis (mostly H, He, L1)

Stellar Nucleosynthesis  Slowly (Quiescent) ~10° years [ The Sun, H 2 He ]
Langanke & Barnes, Adv. Nucl. Phys. 22 (1996)

Fast (Explosive) ~ a few seconds
[ Iron = Heavy elements ]

Minutes: 1/60 1 5 15 60 Maxwell-Boltzmann
t 4 - : 4 Distribution

wexp (-E/KT) Tunneling

Through the
Potential
Barrier
aexp [HEG/E)7]

Gamow Peak

RELATIVE PROBABILITY

Mass Fraction

kT € ENERGY

E,=122(ZZ;uT?)"" keV

10° 10' 10 10"
Temperature (10" K)

Burles, Nollett, Turner, ApJ

A=0.749(ZZ:uT})" keV




Formation of Heavy Elements

* Beyond Fe Coulomb Barrier is too high.

* Nucleosynthesis is dominated by
1. Sequence of slow n-capture & [ decays (S-process) Fowler, rev. Mod. Phys. 56 (1984)

Source of Neutrons: 13C(a, )10 ;  22Ne(a, n)**Mg reactions
Qvalue 2.216 MeV -0.480 MeV

2. Accretion-Driven Explosions: p & rp processes
32 Stable, proton-rich nuclei between 74Se and %Hg “ p-nuclei formed during
these processes. [Nova or X-ray bursts] Parikh & Sala (2014)

3. Rapid neutron capture (r — process) R. Surman et al. 2008
Possible sites SN, neutron star mergers, exotic neutron-rich nuclei are produced.

s process: 3X10%neutrons /cm?

r process: 10?Y neutrons /cm?

properties of the nuclei, like mass, life-time etc. on the r-path are unknown
Highly neutron-rich exotic nuclei



N nucleosynthesis processes

Abundance
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The Synthesis of the Elements in Stars

Burbidge, Burbidge, Fowler & Hoyle (B2FH): Rev. Mod. Phys. 29 (1957) 547
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Nuclear Astrophysics: The ExperimentalChallenges
« Extremely Small Cross Sections

Need for high current low energy accelerators

Need for indirect (break-up) rections

* Reduction of Background

Demands underground measurements

* Reactions demanding unstable nuclel
Need for RIB facilities

* High purity targets / Gas targets

« High Efficiency Detectors / Array of Detectors



p Capture reaction
The d(p, *He)y reaction



The importance of 2H(p,y)3He reaction

Required Beam energy:

depends upon the exact nature of the problem
Nuclear Astrophysics: few keV to few hundred keV

Few-body systems, N-N interactions (Need for polarized
beam/target

Nucleosynthesis of *He (Three scenarios)

v’ Big bang nucleosynthesis C. Casella et al. (LUNA expt.)
v’ Stellar nucleosynthesis Nucl. Phys. A 706 (2002)

v' Formation inside proto stars 22 To2.5keV

These processes lead to depletion of deuteron
_D/H ratio governed by the reaction rates.
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= D. Tytler et al., Nature (London) 381, 207 (1996).




Big quark-gluon proton & neutron  formation of formation of star dispersion of today
Bang plasma formation low-mass nuclei neutral atoms formation massive elements
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Cross section measurement of d(p,y)’He at low energies

Experimental Details

Top view

Y

Accelerator facility- ECR ion source facility at TIFR (Upto 400 keV
proton energy)

Proton Beam Energy used: E, =230, 175, 100 keV

Current ~ 200 nA

Target- CD, ~ 10'” atoms/cm?

Detector facility- 3.5 "x 6" cylindrical LaBr; and array(2x2) of LaBr;
Q of reaction = 5.493 MeV

YV V V VY
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Accelerator facility- ECR 1on source facility at TIFR
(Upto 400 keV proton energy)

Proton Beam Energy used: E =250, 175, 100 keV
Current ~ 200 nA
Target- CD, ~ 10!7 atoms/cm?

Detector facility- 3.5 "x 6" cylindrical LaBr; and
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Q of reaction = 5.493 MeV
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Cross section and S-factor
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PRL 116, 102501 (2016)

PHYSICAL REVIEW LETTERS

week ending

11 MARCH 2016

Implication of the Proton-Deuteron Radiative Capture for Big Bang Nucleosynthesis

PRL 116, 102501 (2016)

PHYSICAL REVIEW LETTERS

week endin,
11 MARCH 2016

way i to increase the value of the d(p, y)*He astrophysical
§ factor. This possibility was first explored in Ref. [9] and
then analyzed in detail in Ref. [5], using the Planck 2013
datarelease, and in Ref. [3]. The conclusion of these studies
is that increasing the d(p, y)*He thermal rate in the BBN
temperature range by a factor of order 10% leads to a very
good agreement between CMB anisotropy results and
primordial deuterium abundance. Thus, a better determi-
nation of this § factor with a reduction of the corresponding
uncertainty in the BBN energy range, E = 30-300 keV,
would be very important.

The astrophysical § factor at low energy, around the solar
Gamow peak E; =9 keV, is well known, thanks to the
results of the LUNA experiment [10]. However, for the
BBN relevant energy range, the experimental situation i
rather unclear, since the only available experimental data
[11] are quite in disagreement with the polynomial best fit
of S(E) for E=0-2MeV [7]. This gives rise to an
uncertainty on the cross section at the level of 6%-10%.
This is the main motivation of the experiment recently
proposed by the LUNA Collaboration, with the goal of
measuring the d(p,y)*He astrophysical § factor in the
BBN energy range with a 3% accuracy. A feasibility test
has already been performed [12].

On the other hand, the d(p, y)*He astrophysical § factor

found to be 2%-10% higher than the central value for the
polynomial fit of Ref. [7]. In the present Letter, our starting
point is the work of Ref. [14], which, although very
accurate, should be considered incomplete for two reasons:
(i) no estimate of the theoretical uncertainty was given, in
particular, that one arising from the solution of the p-d
scattering problem with the HH method: (ii) the one-body
terms beyond the leading order operator, of the order 1/m’,
were found a few years later [18], essential in order to geta
reasonable agreement between theory and experiment for a
related process, the d(n, y)3H radiative capture. Given the
similarities between the p-d and n-d radiative captures, it is
to be expected that these 1/m’ one-body contributions
might be important also for the process here under con-
sideration. The goal of the present Letter is to address the
two above-mentioned issues and to verify whether the new
prediction for the d(p, y)*He astrophysical $ factor goes in
the direction of improving the consistency of theoretical
BBN deuterium abundance prediction, the new Planck
results, and the experimental data of Ref. [8]. We do not
consider here *He primordial mass fraction Yp, since it is
insensitive to this reaction rate. For example, a change of
the d(p.y)*He S factor by a factor of 2 affects Y, at the
level of 0.04%, too small to be appreciated with the present
statistical and systematic uncertainties on its experimental
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Capture cross-sections at Higher Energies:
Relevant for N-N Interaction studies
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p Capture & (p, n) reactions
The Story of the L nucle1



Proton capture of 1'B 2> "B

Very little data for the '°B(p,y)!'C reaction

Only one data set in the energy region of 8 to 16 MeV
Astropysical Relevance of ''B/1°B ratio
Production of Mass 11 Nucleus

Two Different Decay Channels
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10B(p, v)!I1C reaction

Depletion of 1°B and creation of !'B

Measured from 8 to 16 MeV Important Reaction in ISM
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11C production cross section is described by
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N¢ is the number of ''C nuclei

t,, time of measurement

At is the time gap between the end of irradiation and start of measurement
n remanent from previous

¢ is total detection efficiency and N; is target thickness



Cross-section (mb)

Cross-section (mb)

HB(p.n)!'C reaction

Measured from 8 to 16 MeV
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p Capture reactions Continues

The production of the p-nuclei



Different processes happening within the stellar environment
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Part of the Segre chart including 2/3 no of p-
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Summary of our very recent measurements

p + 107Ag 9.813 1.60 — 4.70
p + 106Cg 10.048 1.63 — 4.77
D +108Pg 9.580 1.58 — 4.65

All the three measurements are carried out at the BARC-FOTIA Accelerator Facility.
Highly enriched isotopic targets used ( > 96% or more )
HPGe detector for y-ray detection

Large volume Lanthanum Bromide for direct decay to ground state
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Cross-section (ub)
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Summary:

A composite program being pursued to study,

1) nuclear structure & reaction 2) elemental abundance in ISM. 3) nucleosynthesis

A large body of new data on absolute cross sections of (p, p’ y) reactions are generated
Cross sections are compared for both proton and alpha projectiles with same energies

A semi-microscopic formalism is developed:
Roles of channel couplings, resonances and deformations studied.

Capture cross sections for d(p, 3He y) measured at three BBN energies
Proton capture cross section of 'B(p, y)!'B reaction measured

(p, n) reaction cross section of ''B(p, n)!'C reaction measured

Efforts on to study reaction mechanisms for highly clustered nuclei

Absolute Proton capture cross sections on the p-nuclei path are measured



The Road Ahead:

Need of more measurements with weakly bound & nuclei with cluster structure
Need for exclusive particle gamma coincidence measurements

Reduction of parameter space for OM analysis, moving toward semi-microscopic approach

Systematic measurements of proton & neutron capture reactions to study p-nuclei formation
More measurements of BBN reactions

Global collaborations of experimental and theoretical groups
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N-N interaction Studies with Light lon Probes:

Measurements with polarized beam and targets:

cross sections, angular distributions, analyzing powers

elastic and inelastic scattering experiments, breakup reactions
To understand 1) N-N interactions, 2) Search for 3-body force

3) outstanding unsolved problems like A, puzzle
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