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Outline

» Thermonuclear charged particle reaction rates in novae and X-ray bursts
= Branching ratios for novae with the GADGET | system
Experiment 17023 at NSCL: %?Na(p,y)*3Mg reaction using 23Al * decay
Experiment 17024 at NSCL: 30P(p,y)3!S reaction using 3!CI B* decay
» Lifetimes for novae with the Doppler Shift Lifetimes 1 and 2 systems
Experiment S2193 at TRIUMF: 22Na(p,y)?Mg reaction using ?*Mg(3He,a)?3Mg reaction
Experiment S2373 at TRIUMF: 3°P(p,y)3!S reaction using 32S(3He,a)3!S reaction
= Branching ratios for X-ray bursts with the GADGET Il systems
Experiment 21072 at FRIB: 1°0(a.,y)*°Ne reaction using ?°Mg pB*p decay
Experiment 23035 at FRIB: >°Cu(p,y)®°Zn and >°Cu(p,a)°¢Ni reactions using °Ga 3+ decay
» Lifetimes and branching ratios for X-ray bursts with a new PXCT system (to be named)

Experiment to be proposed at FRIB: >°Cu(p,y)%°Zn and >°Cu(p,a)°°Ni reactions using °Ga 3* decay
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Classical novae

SNEws

Nova explosion 3,000 light-years away will be
seen from Earth with the naked eye

LEAH SARNOFF
July 31,2024 - 4 min read

The last recorded outburst from T Coronae Borealis — which includes a hot,
red giant star and a cool, white dwarf star — was in 1946, according to the

space agency, which forecasts it will do so again before September 2024.

https://ca.news.yahoo.com/earth-
soon-naked-eye-view-222113219.html

C. Wrede, OMEG, Sep. 2024, Slide 3


https://ca.news.yahoo.com/earth-soon-naked-eye-view-222113219.html

Nucleosynthesis in novae & nuclear uncertainties

t Model 1.35 M, TS Handful of impactful reaction rate
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T=32x10°K T a8 . £ 22 23 o
p=5ix10'gem®  Peak P Rate of ““Na(p,y)~*Mg affects
& =43x10 erg gl 7 P 17 18 19 20 modeling of 2°Na production in novae
AM,,., =5.4x10 Mg S1 ] of interest to y-ray line astronomy and
It oo Ne isotopic ratios in pre-solar nova
g- . .
7 Na| 13 14 £ grains
i T /k = Rate of 30P(p,y)3'S aftects modeling of
o[ T (.0) ) nucleosynthesis in the Si-Ca region:
N 910 Si isotopic ratios in pre-solar nova
E . s Log (Reaction Fluxes) grains; nova thermometers; nova
. ; i mIXing meters
Li : 5
He 3 4 > -0
H =T
0 1 2 N
E J. Jose, Proceedings of Science, NIC XI 050 (2011)
p Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA C. Wrede, OMEG, Sep. 2024, Slide 4

FRIB frib.msu.edu



x-ray intensity

FRIB

(@N

.

0

&

X-ray burst

m neutron

GS 1826—-24

rotation star

RXTE; Galloway et al., Astrophys. J. 179, 360 (2008)

Roche accretion
lobe disk

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane * East Lansing, M| 48824, USA C. Wrede, OMEG, Sep. 2024, Slide 5

frib.msu.edu



Nucleosynthesis path in X-ray bursts
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Which reactions impact the X-ray burst light curve?

Reactions that Impact the Burst Light Cury o .
" 10the Multh-zo0e x-;y Burst Model N ; Our experimental
. Beacion Lol - program focuses on
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Thermonuclear resonant charged particle reaction rates

Thermonuclear reaction rate for narrow, isolated (p,y) resonance: unstable nucleus
N, {(ov) ~ wye Er/kT
d
Resonance strength: rdecay
I'~1/t
e @etd  LL T [t
(ereac + 1)(2]29 + 1) I reactant + p A
[ Q
If I, > I, then myn-«?-l“
I product

Need branching ratios and lifetimes
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RIB production at NSCL and delivery to
Gaseous Detector with Germanium Tagging (GADGET)

36Ar primary beam:
150 MeV/u
75 pnA
O K500 2ot

ion sources et

coupling

focal plane GADGET Main components:

oroduction 31C| ;econ_dary 1. Beam-energy degrader
Stipping 140 wevyy  ar9et il = 659% i 2. Custom-designed and built
| \ °P gaseous “Proton Detector”
°Be target: wedge 6400 pps

Existing Segmented Germanium
Array (SeGA)

1645 mg/cm?
Al wedge: 300 mg/cm?

M. Friedman et al. NIM A 940, 93 (2019)
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23Al(Bp)?°Na GADGET spectrum and results

« GADGET value for 204-keV resonance is

| =(2.57 = 0.17) x 10*
) — pads A-E = ) _
10" i - First scientific measurement with
—pad A GADGET
, « GADGET value for 204-keV resonance is
> 100§ /I'=(6.5=* 0.8) x103
4)) ] P
j‘j N - Factor of 5 lower than most recent
B r literature value
T 102 = . )
3 i  Astrophysical impact
O . . . .
- Inconsistencies between various direct
10l and indirect measurements increase the
: uncertainty
1 - Variation in predicted 22Na vyield
T A T increases to a factor of 3.8 corresponding
07900 200 300 400 500 600 700 800 900 1000 to a factor of 2 in detectability distance
proton energy (keV)
M. Friedman et al., Phys. Rev. C 101, 052802(R) (2020)
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S1CI(Bp)3°P GADGET spectrum and results

— Central pad only

-~ All pads combined
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3000

« GADGET value for 260-keV resonance is
l, = (8.3 = 1.0) x 10°°

- Lowest B-p intensity ever measured
below 400 keV

« GADGET value for 260-keV resonance is
Fp/F =(2.9 = 0.6) x 10

- First measurement of tiny branching ratio
for key resonance

 Astrophysical impact

—> Calibrates nuclear thermometers for
novae using elemental abundance ratios in
ejecta

—> Identification of presolar nova grains in
primitive meteorites by silicon isotopic ratios

T. Budner et al., Phys. Rev. Lett. 128, 182701 (2022)
T. Budner, Ph.D. thesis (MSU, 2022)
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12 fs lifetime upper limit
for key 2°Na(p,y)?3Mg
resonance using
2“Mg(®*He,a)>*Mg

O. Kirsebom et al., Phys. Rev. C 93, 025802(R) (2016)

Population of key %?Na(p,y)>3Mg resonance using 3'S(*He,ay)3!S
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Upgrade: DSL2 @ TRIUMF ISAC-II

sy
Taget
ladder 2

= 15t run of TRIUMF S2193 in 2022 to measure lifetime of key 23Mg

a detection efficiency x11 resonance demonstrated successful DSL2 operation; 2" run soon
y detection efficiency x1.3 = TRIUMF S2373 approved to measure key 3!S resonance using DSL2;
hoping for scheduling in 2025
ﬁ? Facility for Rare Isotope Beams
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B decay of 2°Mg to probe key °O(a,y)°?Ne resonance

0.5, 0t
Mg

= Lifetime of key 4034-keV

resonance already known

W. P. Tan et al., Phys. Rev. C 72, 041302(R) (2005)
R. Kanungo et al., Phys. Rev. C 74, 045803 (2006)
S. Mythili et al., Phys. Rev. C 77, 035803 (2008)

= Need to measure I' /T

g proe 4034 = Doppler technique

0.5, 12— - — :
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C. Wrede et al., Phys. Rev. C 96, 032801(R) (2017) S8 QR el el wiil
B. E. Glassman et al., Phys. Lett. B 778, 397 (2018) N EB_100F " L T u S T
B. E. Glassman et al., Phys. Rev. C 99, 065801 (2019) E.5. 2 3960 3980 4000 4020 4040 4060 4080 4100
B. E. Glassman, Ph.D. thesis (MSU, 2019) 20N[4 Energy (keV)

Facility for Rare Isotope Beams
6‘ U.S. Department of Energy Office of Science | Michigan State University
m 640 South Shaw Lane ¢ East Lansing, Ml 48824, USA C. Wrede, OMEG, Sep. 2024, Slide 14

FRIB frib.msu.edu



Gaseous Detector with Germanium Tagging || (GADGET II)

= Compact time projection chamber (TPC) surrounded by HPGe array (SeGA, DeGAi, PXCT, ...)
» TPC can measure B+ delayed charged particle tracks to identify particles and measure multi-particle emissions

» Operates at Facility for Rare Isotope Beams (FRIB) R. Mahajan, T. Wheeler et al., accepted in PRC,
arXiv:2401.01904
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Facility for Rare Isotope Beams (FRIB)
A User Facility at Michigan State University

* Funded by U.S. Department of Energy
with contributions and cost share from
Michigan State University

= Serving over 1,400 users

= Key feature is 400 kW iy e
beam power for all ions ad L QR on source
(e.g. 5x1013238U/s) v

= Separation of isotopes

In-flight provides

« Rapid development
time for of any isotope

* All elements and
short half-half lives

- Fast, stopped, and
reaccelerated beams

Experiments with fast, stopped,
and reaccelerated beams

& superconducting RF
<2 linear accelerator

¥ Rare isotope
production area and
isotope harvesting
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Example °°Mg(Bpa)>O Candidate Event of Interest
(FRIB E21072, ran Nov. 2022)

Double Bragg Event Lies in Region of 3D Point Cloud
Peak Interest Consistent with p-a Event

14000

12000

- 10000

- 8000

Range (mm)
i & i3

- 6000

4000

A

2000

Energy (MeV)

= Analysis is ongoing; search for candidates aided by machine learning

= Statistics 17 times lower than proposed to FRIB PAC1; impure beam with 2IMg(p*pa) background

. ) T. Wheeler, R. Mahajan et al.
= Current effort is to quantify energy balance between p and o T. Wheeler, PhD thesis (MSU, 2024)
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Addressing *°Cu(p,y)®°Zn and >°Cu(p,a)*¢Ni reactions with
GADGET II: FRIB Experiment 23035

= 3+ decay of ®°Ga to 9Zn La=76(ms

Q:c = 14580(200)

EC “Ga

= Goals: discover resonances in the competing " ) 5 = 340200
59Cu(p,y)®9Zn and >°Cu(p,o)°®Ni reactions and determine ME = -39590(200)
their properties (E, and p, a, y branches) for X-ray bursts

= |dentical setup to E21072 |

- - Q_%Il
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a(p™p) simulation a(Ba) simulation Simulations by A. Adams
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Outlook for >°Cu+p reactions:
Particle X-ray Coincidence Technique (PXCT)

= PXCT was introduced in 1976 and is the only experimental technique available to measure
nuclear excited state lifetimes in the 0.01-1.0 fs range

X-ray spectrum observed in
Precursor coincidence with all delayed protons.

‘ Electron Capture

Proton Emitter

Kn! (Z_])

.Proton '

1
X-ray - |
Proton before
" before Proton "
X-ray [ ] . h

Proton

Intensity

X ray

Daughter X-ray energy

J. C. Hardy et al., Phys. Rev. Lett. 37, 133 (1976)
Figures: L. Sun
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Revival and extension of PXCT method at FRIB

» Revival: design and build PXCT setup at FRIB

» Extension: Measure lifetimes of isolated resonances using PXCT

» Extension: Measure p/a/y branching ratios simultaneously

» Extension: Use information to calculate resonance strengths for nuclear astrophysics

= Flagship science case to be proposed to FRIB PAC: 0Ga EC(8*)— 9°Zn — >Cu + p (or *°Ni + )

N

-
N

\"!;;\
N
\\\\%_{b

Figures: L. Sun
&z Facility for Rare Isotope Beams L. Sun, J. Dopfer et al., to be submitted
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Summary and Outlook

* NSCL E17023 and E17024 with GADGET I. determined small proton branching ratio of key

22Na(p,y)**Mg and 3°P(p,y)3!S resonances using 23Al and 31Cl beta decay for novae
[M. Friedman et al., Phys. Rev. C 101, 052802(R) (2020); T. Budner et al., PRL 128, 182701 (2022); T. Budner PhD thesis (MSU, 2022)]

» TRIUMF Experiments S2193 and S2373 with DSL2: Doppler Shift Attenuation Method to measure

lifetimes of key %?Na(p,y)*Mg and 3°P(p,y)3!S resonances
[L. Sun et al., Phys. Lett. B 839, 137801 (2023); C. Fry PhD thesis (MSU, 2018); L. Weghorn PhD in progress (MSU)]

= FRIB E21072 with GADGET II: B decay of °°Mg to measure alpha branching ratio of key

50(a,y)°Ne resonance for X-ray bursts
[Ran successfully in November 2022; data analysis approaching completion; T. Wheeler PhD thesis (MSU, 2024)]

= FRIB E23035 with GADGET II: B decay of ®°Ga to discover resonances in the competing
S9Cu(p,y)?°Zn and >°Cu(p,a)°°Ni reactions and determine their properties (E, and p, a, y branches)

for X-ray bursts
[PAC2 approved and to be scheduled for 2025; A. Adams PhD in progress (MSU)]

= Development of PXCT system at FRIB: Lifetimes and branching ratios using electron capture and

beta decay in one experiment: 90Ga decay for >°Cu(p,y)®°Zn and >°Cu(p,a)°°Ni reactions
[System built and tested; technical manuscript L. Sun, J. Dopfer et al., to be submitted]
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FRIB

Thank you for your attention!
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