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Outline
1) Astrophysical abundances

2) X-ray Bursts

3) CRIB laboratory, Tokyo

4) My PhD work with an active target

5) What is a TPC, anyway?

6) s-process and importance of 22Ne(α, n)

7) Introduction to the ELI-NP miniTPC device

8) New approved experiment at IFIN-HH 9 MV tandem

what elements are mostly in the universe. . . ?



Astronomer’s Periodic Table

Figure: Baryonic mass of the universe >99% hydrogen and helium.
Inspired by Ben McCall, Jason Tumlins, Jim Truran, and others from University of Chicago.

how does hydrogen burn. . .



Carbon-Nitrogen-Oxygen Catalytic Cycles
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(a) Schematic of CNO Cycles (b) T vs. ρ plot

Figure: (a) the reaction pathways which dominate according to stellar
conditions of (b): HCNO cycles operate in a○. 14O(α, p)17F and
15O(α, γ)19Ne operate in b○. 18Ne(α, p)21Na breakout operates in c○.
(b) modified from Wiescher, M., Görres, J. & Schatz, H., TOPICAL REVIEW: Break-out

reactions from the CNO cycles, Journal of Physics G Nuclear Physics 25 (1999) 133–161

accretion is mass transfer. . .



Thermonuclear runaway from accretion

Orbit of Compact Object

I Novae occur in accreting white dwarf binaries

I X-ray bursts occur in accreting neutron star binaries
I The companion star should be near a solar mass, M�

I Required for Roche lobe overflow

I High local gravity g → high pressure P

I High impacting velocity v

I High temperature T

I Fresh supply of H and He (nuclear fuel)

I e− degenerate matter leads to
explosive burning
I P only weakly depends on T

I Thermonuclear runaway!
I Binary star system

I 50% of all star systems
I Compact-object binaries are fewer

XRB spectra look like. . .



Observations of X-ray Bursts (∼100 known systems)

Models should reproduce the observable structure of bursts

accretion is happy. . .



Accretion on a Neutron Star. . . is exciting!

α

He Shell

H/He Burning Layer

H/He Burning Layer

H/He Shell Flash Pure He Shell Flash

α

p

p

p

p

p
p

p

p

α

p
α

α
p

p

p

pp

p

↑M means ↓t
burst 

& ↓L
burst

↓M means ↑t
burst 

& ↑L
burst

..

HCNO

Helium is pretty explosive. . .



Example of neutron-deficient explosive He burning
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Figure: One of the αp-process pathways. We investigated 18Ne(α, p),
22Mg(α, p) and 30S(α, p) at CRIB with the active target.

and there is an experiment for this, too. . .





For details, please see our magazine article

I Aimed at a general audience in nuclear physics
I Overview of in-flight radioactive beam production
I Highlights of our more recent works

I Check out www.nupecc.org for similar articles!
my PhD work with TPC. . .



30S radioactive beam injected into an active target

here are some details. . .



What is a Time Projection Chamber (TPC)?

1) It’s just an ionization chamber, old technology in principle

2) Gas-filled detector

3) Gas-filled target – good for astrophysics

4) We can determine X, Y , Z, ∆E (and E, depending)

5) Essentially 4π coverage for charged particles

6) Difficult to design correctly and operate

6) Use monoenergetic source to test, e.g. 241Am

(a) Schematic (b) Photograph

so we can look at the components. . .





Basics of TPC operation with GEM
I Electronic Time Projection Chamber (TPC)
I Drift time of electrons around µs per cm

I Limits event rate to around 106 / second

I Gas Electron Multiplier (GEM) foils
I 90% He + CO2 at 25% atm
I Low pressure gas has a high dielectric constant – sparks!
I GEM gas gain goes linearly then exponentially with bias

(a) electrical4u.com (b) Biases for 30S+α

I promised more cats. . . ?



The tail of two cats
I There are many ways around injection / event limit

I Bridges. . .
I Two field cages!

I CNS Active Target = CAT
I Shinsuke OTA was heading up this research (UTokyo)

I (α,α′) and (d, 2p) for GT

(a) Twin field cages! (b) Galadriel bites Sarah!

how about the waveforms . . . ?



Flash ADC type sampling readout
I Record full waveform of analog signal
I Lots of data, sampling at 10s of MHz typically
I Baseline subtraction is possible
I Peak finding algorithm required: moving average technique

I github.com/goatface/crabat/Analyzer.cxx line 1670
I Contamination by air: terrible waveforms
I Contamination by water vapor: sparks
I New GET electronics really simplfy this setup
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(a) ‘Nice’ pulse (but still wavy) (b) 10−5 N2 destroys pulses

examples of why GET system is better and compact. . . ?









Be careful with energy loss from SRIM at low energy
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Calculated Bragg Curves

(d) SRIM has unrealistic kinks

time to look at some TPC tracks. . . ?
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Better to explain carefully how the algorithm works. . .



Scattering Location By Beam Tracking

I After data processing and gating, we have two possibilities:

I 1) Upstream scattering
I (This is the 83 mm of target gas before the active region)
I We should find a good single linear fit in X and Y
I There is no relation with the PPAC data

I 2) Active target scattering
I We should find two pairs of linear fits in X and Y
I The vertex must be the same
I The first sets of linear fits include the PPAC data
I There should be a local increase in ∆E at the vertex

I In both cases, the slopes must go opposite of the α

I Compute and compare χ2
ν to distinguish 1 & 2

I If
(
(1χ

2
ν < 2χ

2
ν) and (2aχ

2
ν > 1 or 2bχ

2
ν > 1)

)
: upstream

I Else as long as all χ2
ν < 1: active target case)

I This is because of additional ∆E constraint

I Let’s see how well it works!

After having the idea, several more events. . .
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Z vs dE Event 8

more events. . .
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more events. . .
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more events. . .
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more events. . .
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more events. . .
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more events. . .



Target Depth (mm)
100 150 200 250 300

X
 p

os
iti

on
 (

m
m

)

-60

-40

-20

0

20

40

60

Target Depth (mm)
100 150 200 250 300

Y
 p

os
iti

on
 (

m
m

)

-40

-30

-20

-10

0

10

20

30

40

Target Depth (mm)
100 150 200 250 300

 E
 (

M
eV

)
∆

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Z vs dE Event 26

more events. . .
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more events. . .
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more events. . .
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more events. . .
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summing them all up. . .



Beam X residual 30S and 29P before gain calibration
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(e) ∆X Residual for 30S
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(f) ∆X Residual for 29P

Figure: Geometric correction is made, and then ∆X is determined by
the active target position minus the PPAC extrapolation. But the
position determination shows some non-linearity, since 29P is
non-central and active target data suggests it is closer to the center
than the actual case. 30S is injected over the central region.

Though the calibrated spectrum looks much nicer. . .



Unscattered beam tracking by charge-division for 30S

Pad No.
0 5 10 15 20 25 30 35 40 45

X
 p

os
iti

on
 (

m
m

)

-30

-20

-10

0

10

20

0

100

200

300

400

500

600

700

800

900

S Beam X by Active Target30

Figure: 30S beam track in X over the low-gain active target region.
Beam penetration depth (left to right) with pad number(4 mm) vs.
left/right position derived by charge-division.

Comparing with a simulation yields the resolution of. . .



Beam X residual 30S
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(a) ∆X Residual by Experiment
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(b) ∆X Residual by Simulation

Figure: Projection and fit of the beam residual data for X position.
∆X is determined by the active target position minus the PPAC
extrapolation. TPC resolution by charge-division ranges from 3 mm
to 5.5 mm depending on ∆E. PPAC resolution is 0.9 mm. Errors are
1σ.

And after X comes Y. . .



Unscattered beam tracking by drift-time for 30S
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Figure: 30S beam track in Y over the low-gain active target region.
Beam penetration depth (left to right) with pad number(4 mm) vs.
up/down position derived by electron drift time.

Comparing with a simulation yields the resolution of. . .



Beam Y residual
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(a) ∆Y Residual by Experiment
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(b) ∆Y Residual by Simulation

Figure: Projection and fit of the beam residual data for Y position.
∆Y is determined by the active target position minus the PPAC
extrapolation. TPC resolution for drift time is 0.5 mm. PPAC
resolution is 0.9 mm. Errors are 1σ.

And the results look like. . .



Track finding: Garbage in, garbage out

I Resolution was not good enough to find tracks

I Without beam tracking data it was a Gaussian
I I made a very expensive RNG with an RIB
I Sorry I couldn’t find the figure, I wanted to forget that

I Kinematic solution finds the Rutherford peak: correct

I Trust the measured ∆E; forget the TPC tracks
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(b) Track finding: wrong

finally we got some physics out. . . ?



30S(α,α) at CRIB
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(a) My PhD data†
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(b) Anuj’s post-processing model

I Low-energy 30S RIB at 104 pps: 4+ years to develop

I Active target system with He+CO2 (90% + 10%)

I We found several huge resonances with θ2α > 40%

I Recent work∗ has assumed Sα ≈ 0.01 in any case

I New XRB astrophysical paper in preparation (it’s a secret!)
†

D. Kahl, H. Yamaguchi, S. Kubono, A. A. Chen, et al. Phys. Rev. C 97 (2018) 015802.
∗A. M. Long et al. Phys. Rev. C 97 (2018) 054613.

how can the miniTPC address the 22Ne(α, n) reaction. . .



22Ne(α, n) is responsible for much of 60 . A . 90

?

Figure: Absolute abundances of ‘weak’ s-process � ‘main’ s-process.
Image credit: A. Davis of University of Chicago. Modified by DK for ↙

?

what’s going on near that question mark. . . ?



Nucleosynthesis in 60 . A . 90 is both r- & s-process
I The r-process is a hot topic because of neutron star mergers
I Usually, r = 1− s for several reasons:

1) We can generally neglect p-process contributions
2) We know the sites and stellar models, basically

I ∴ to understand r we need to know s precisely

Figure: r- & s-Fractions are shuffled near mass numbers 60 to 90
J. Simmerer, et al., ApJ, “The Rise of the s-Process In the Galaxy”, 617 (2004) 1091.

what are the known nuclear structure data. . . ?



22Ne(α, n) Part I: 26Mg states with measured Γα or ωγ

I Many states have discrepant data (not shown here)

Table II from: P. Adsley, et al., Phys. Rev. C, 103 (2021) 015805

what are the less known nuclear structure data. . . ?



22Ne(α, n) Part II: 26Mg states w/ unmeasured Γα or ωγ

I Known natural parity states that may contribute

I High resolution and sensitivity to Γα is needed

Table III from: P. Adsley, et al., Phys. Rev. C, 103 (2021) 015805

what device can we use to help resolve this problem. . . ?



miniTPC at ELI-NP: In hand!
I Electronic Time Projection Chamber (TPC)
I Gas Electron Multiplier (GEM) foils
I Successfully commissioned with α beams (2018)
I Basically an ionization chamber: X, Y , Z, (∆)E
I Essentially 4π coverage for charged particles
I Active target volume: 105× 105× 200 mm3

I Neon is a suitable fill gas for this active target

(a) Schematic (b) Photograph

how can the miniTPC address the 22Ne(α, n) reaction. . . ?



22Ne(α, n) reaction rate by 22Ne(6Li, d), Part I
I The (6Li, d) reaction is a known α-transfer to obtain Γα

I γ = Γα ⇐⇒ Γα � Γn; Γα controls the reaction rate
I Two recent studies in inverse kinematics of 6Li(22Ne, d)

I Published in Phys. Lett. B (2020), with conflicting results
I Lithium content of targets < 10 µg/cm2

I Jayatissa et al. obtained 95 keV resolution
I Ota et al. obtained 230 keV resolution

I Propose to measure in normal kinematics with miniTPC
I Target thickness over mg/cm2, 4π coverage
I Several mm resolution, with ∆E∼10 keV/mm

(a) 95 keV Resolution

Project agreement No. 88 of 25/10/2016 UW report for deliverable No. 2

Figure 80: Projection on the XZ, YZ and XY planes of the reconstructed
track segment for the same alpha event shown in Figures 78 and 79.
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(b) α track in the miniTPC (thanks Warsaw)

some decisions need to be made after a test experiment. . .



22Ne(α, n) reaction rate by 22Ne(6Li, d), Part II
I 6Li at low energy: smaller σ, needs 107 pps beam

I Unknown if the miniTPC can handle such intensity
I Less target gas required to stop heavy recoils
I Extracted data is less model dependent

I 6Li at high energy: larger σ, needs 106 pps beam
I More target gas required to stop heavy recoils
I Extracted data is model dependent

I Priority requests (separated from physics machine time):
I 2 days: 6Li intensity check and energy loss calibration
I 0.5 days: 24Mg energy loss calibration: Ebeam < 15 MeV

(a) σ(E) from FRESCO (b) Differential Cross Sections
how does this all finally work. . . ?



22Ne(α, n) reaction rate by 22Ne(6Li, d), Part III
I Thick target in normal kinematics: deutron escapes TPC
I Heavy recoil has similar energy deposit to the beam

I Single dynamic range
I Full angular coverage
I Reaction location precisely measured → Ec.m.

I Q-value from ∆E-E clearly identifies contaminat processes
I (6Li, 6Li) simultaneously for optical potential

I 4 days of machine time needed for statistics of Jayatissa
I We request 8 days for newly resolved, weaker resonances

I This is a new and novel approach to the 22Ne(α, n) reaction

(a) 6Li Ebeam = 7 MeV (b) 6Li Ebeam = 32 MeV

that’s about it. . .



Thank you!


