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. Introduction
. Reactions of importance to XRBs

*  Overview of the iThemba LABS facility, the K600 magnetic spectrometer and the
CAKE silicon array

*  Strategy of measuring various (a,p) reactions on unstable nuclei using stable beams

*  Summary and Outlook
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What are XRBs and why do we
study them?

Large, sudden increase of x-ray luminosity for 10s-100s
* Binary system with neutron + donor star (red giant) that encroaches Roche lobe
* H/He rich material accretes onto neutron star surface, initiate thermonuclear runaway

» Importance and relevance to nuclear matter EOS, neutron star properties such as compactness
(important sites for nucleosynthesis), composition, mass-radius ratio etc.

*  One of the most abundant occurrences in the galaxy
* Uncertainties in (p,y), (a,p),

and (a,y) reaction rates
are important to constrain

* Need breakout from the
HCNO: ®Ne(a,p)*'Na,
other a-induced reactions

* Measure indirectly with
the K600 and the CAKE
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Reactions of importance

Reactions that Impact the Burst Light Curve
in the Multi-zone X-ray Burst Model

Rank Reaction Type® Sensitivity” Category
1 BO(a, v)"Ne D 16 1

2 *Ni(a, p)*’Cu U 6.4

3 9Cu(p, 7)*Zn D 5.1 I

4 ®1Ga(p, 7)%Ge D 3.7 1

5 2Mg(a, p)*°Al D 2.3 1

6 40(a, p)'F D 5.8 I

7 BA1(p, 7)2Si D 46 I

8 8Ne(a, p)*'Na U 1.8 1

9 %Ga(p, 7)*Ge D 1.4 2

10 YE(p, a)'%0 U 1.3 2
* Up (U) or down (D) variation that has the largest impact.
> M. in units of 10* erg s~ R.H. Cyburt et al., APJ 830 (2016)
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Luminosity (x10% ergs/sec)

Variations in light curves:
(p,y) and (a,p) reactions
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The iThemba LABS facility
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The K600 and the Coincidence
Array for K600 Experiments
(CAKE)
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Detection of
charged-particle decay
with CAKE
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The 23Si(p,t)*®*Si measurement

* Measure information regarding the decay of states from the recoil 2°Si nucleus to the
ground state various excited states in 2Al with the CAKE.

¢ Calculate proton branching ratios above S_ =9.164 MeV to E_= 13 MeV (Gamow
window: 0.1-2 GK)

 Aim: observe resonances in °Si above alpha threshold. Address uncertainty in
spin-parities of the measured states and the lack of resonance data above E_= 10 MeV

* Recent results™ have added to the current dataset of rate estimations for this reaction by
means of direct measurements

* J.S. Randhawa et al., PRL 125 (2020), J. Hu et al., PRL 127 (2021), H. Jayatissa et al., PRL 131 (2023)
B
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The 28Si(p,t)*®*Si measurement

 First (in)elastic scattering measurement
« of Al + p at RIKEN Nishina RIB facility
* Spin-parities of 4 resonances above S_
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Reactions induced by a-particle
capture in XRBs

18Ne+a Sa=8.142 Mev

Sp = 5.502 MeV 21Na +p

“*Mg g.s.
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Measurements at RIB facilities

Ne + o S, = 8.142 MeV

* Time-reversed reaction in inverse

kinematics: p(*'Na,'*Ne)a, g e s e
* Principle of detailed balance: S, = 5.502 MeV Na +p

6] too

(00,00) (0,p0)

. Sé)ale by facgcor 3to

compensate for missing channels
 Based on HF formalism *Mg g.s.

P. Salter et al., PRL 108 (2012)
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Methods using indirect measurements
with stable beams

pit

“Mg(p,t)

S, = 5.502 MeV
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Previous measurements

2000 -
- % 10° E
' 1800 [— - =
2 - 0 C
‘e 1600 — o
- C -~
. 1400 [— N
2 it =
= 1200:— » =
e C (o]
L 1000/— O
£ =
(%] 800_— :
u_]w: 5 PR S TR TR VN . PR R TR | TR TR
b : . : e 6 8 10 12 14 16
499,65 3000 3100 3200 0 =3 Excitation energy [MeV]
TOF
8000 - 8
., 7000 % 7
> » :
D 6000 £ E 6
E E e 5
[ & (@]
>, 50001 y et
o - e < @ 4
@ 4000 3 o
qc, c S c 3
3000— " 3 o
s E: g 2
O 2000 —_ 1
— (/7]
@D 000 * § 0
R ET R AL e ; 4 6 8 10 12 14 16
o 1 I IV '] A1|0| B4 X l S B EA L l {1 Bk 111311 1 I1I‘I Ll

Excitation energy [MeV]
Excitation energy [MeV]

. ; 5 @
science & innovation 13

Dﬁzf?::rii Innovation . . . .o . RI
REFULIC o ST A Advancing knowledge. Transforming lives. Inspiring a nation. National Rescarch | Laboratory or Acoslratr

Foundation | Based Sciences




hference

5

N
i
o
()
=
D
.
-
7))
©
Q
&
N
-
O
>
)
-
a

14 15

13

l Excitation energy [MeV]

2 o = 3 w
I E £
3 2
)
-
o
Ms
=
Hm7
lln
\lm.us
Pyl ol by by T
o =) = =) =) o
) <« @ N -

A §°2 / SlUNoY

Excitation energy [MeV]

[Aa] ABisus uo2ljis

180

g
lo
13
g
A= p—
i (7]
i Q
& 2
| (@)]
i (+})
1 &
] @
18
Jo
<
1=
______________________..0
S S S S S
wn o wn o wn
o N -~ -
A9 06 / SJUNoH
o
O
[t
N
e o= e e R < e i i m
N
L e — itk e
S
i S e @
O 7 5 9 i 3 S R s [t
S -3
o

E € .

2 0 &
5 o
§ e c
& | O
8o ==
S S N e T ©
E B o whd
S R~ 2 %
a n

I~ o

R — T i

............................. |0

ik T

o o o o o o o

n o wn o wn o n

(2] (2] o N bl

A9 62 / Sjuno)y

e

14

Advancing knowledge. Transforming lives. Inspiring a nation.

=
.9
2
()
>
O
o
£
o3
w
)
=
Q0
O
7]

National Research | Laboratory for Accelerator

Science and Innovation
REPUBLIC OF SOUTH AFRICA

Department:

Based Sciences

Foundation



Results from the #Mg(p, t)zzMg

measurement

Cross section for

¥ Ne(a,p)*'Na and cross
section for 18Ne(oc,pO)ZINa
calculated with SMARAGD

with and without modified
p, width.

Breakout reaction from HCNO
cycles. Needed for increase in
energy generation that leads to
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* The K600 magnetic spectrometer and the CAKE is a powerful coincidence
combination to perform interesting measurements relevant to the field of nuclear
astrophysics

*  We aim to measure further possible reactions with the K600 and the CAKE to which
XRBs are sensitive

* >’S(p,t)*’S scheduled for 3 December 2025 with K600 @ 6, = 0° + CAKE + ALBA to
study 2’P(p,)*’S and 2°Si(a,p)*’P relevant to XRBs (PI: S. Triambak)

« Test measurement planned for 2026: Inverse kinematics °Li('°0,t)!"Ne to study
arguably the reaction to which XRBs are the most sensitive: °O(a,y)!”Ne. Si detectors
downstream to detect a particles boosted by forward-peaked "Ne* recoils. Looking for
t-a coincidences to determine branching ratios. (PI: S. Triambak)
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I 5Ni(«,p)%eCu Up :

- — - %Sj(a,p)*P Up

——— PN o p}"Ga Up |
-+ 2Mg(a,p)**Al Dn |

?S(a,p)3*Cl Up

Summary and outlook

=—= 18Ne(or;p)*'Na D |
- - - 3Sj(a,p)?®P Up
.......... Ar(a,p)*K Up
Baseline

* The K600 magnetic spectrometer and the CA
combination to perform interesting measurem
astrophysics

Luminosity (x103% ergs/sec)

¢ We aim to measure further possible reactions R
XRBs are sensitive ~10 0 10 20 30 40

time (s)

* *?S(p,t)*’S scheduled for 3 December 2025 with K600 @ 6, = 0° + CAKE + ALBA to
study 2’P(p,)*’S and 2°Si(a,p)*’P relevant to XRBs (PI: S. Triambak)

« Test measurement planned for 2026: Inverse kinematics °Li('°0,t)!"Ne to study
arguably the reaction to which XRBs are the most sensitive: 1°O(a,y)!"Ne. Si detectors
downstream to detect a particles boosted by forward-peaked "Ne* recoils. Looking for
t-a coincidences to determine branching ratios. (PI: S. Triambak)

%ﬁ% science & innovation 17 S
Ruwy?  REPUBLIC OF SOUTH AFRICA Advancing knowledge. Transforming lives. Inspiring a nation.

National Research | Laboratory for Accelerator
Foundation | Based Sciences



Summary and outlook

Reactions that Impact the Burst Light Curve
in the Multi-zone X-ray Burst Model

 The K6( Rank Reaction Type" Sensitivityb Category
combin: | 150 (., 7)!°Ne D 16 1 ar
astrophy 2 Ni(a, p)>°Cu U 6.4 1
3 ¥Cu(p, 7)*Zn D 5.1 1
) 61 )62 .
« We aim ‘51 22;343(5’ ")),9:1 g ; ; : which
XRBs a 1% Bai '
6 40(a, p)'F D 5.8 1
1 . 7 23Al(p, ~)?*Si D 4.6 1
© 2S(p.t)’ 8 18Ne(a, p)*'Na U 1.8 1 ALBAto
study %° 9 63Ga(p, v)%Ge D 14 2
10 YE(p, a)'°0 U 1.3 2

« Test measurement planned for 2026: Inverse kinematics °Li('°0,t)!"Ne to study
arguably the reaction to which XRBs are the most sensitive: 1°O(a,y)!"Ne. Si detectors
downstream to detect a particles boosted by forward-peaked "Ne* recoils. Looking for
t-0. coincidences to determine branching ratios. (PI: S. Triambak)
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