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High-resolution time-of-flight measurements are a key tool
in many areas of basic and applied nuclear physics

Neutron TOF (GELINA)

Nuclear reaction products (R3B) Collision protons
ek~ Start Target Slap neutron window (ATLASREQE'}I\II?I’d Pr On)

euLAND of the FAR-C AFP station /A8

UUm N2

\\Chamb neutron cone I \ \%%’
‘. ~15m ‘ \ ’,\ R S

e ) P e T T T e .| i B ) o,
il @)

‘,?‘“‘:';Jffjvi“” \Fragment Fiber : ‘ ; “
~ / 2 3
2 7

gn-; centra \
ent VaCUUrn detector y —
™~ om. *z, r4 g
g
\-\.ffagn, /7Fragment e x | .

~ '"Dau, /| ToF-wall _ fing
Proton Arm Spectrometer ~J [/ + Fiber «

Fragment separator (FRS
B-delayed neutrons 8 P (FRS) Mass spectroscopy %

(VANDLE) o peactontaret 4 e (MR-TOF) L e i}

{r Quadrupoles

SEETRAM

) music

Plastic
/ scintillator

a7 —mmr——Sl Rcsolution: R = ——
IR TOF

Final focal plane (Fs)

Intermediate fofél plane (F;)




Challenges for 10 picosecond time-of-flight resolution

time-of-flight: 10 ps @ speed of light > 3 mm!
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Challenges for 10 picosecond time-of-flight resolution

. . . rise time = 1 ns
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Outline | Summary

A timing resolution of 10 picoseconds is a challenging goal for radiation detectors but a
necessary characteristics for many applications in experimental and applied physics

Nuclear Astrophysics: TOF-Bp measurements can reach masses of very neutron-rich
isotopes relevant to nucleosynthesis during the rapid neutron capture process and
processes in the crust of accreting neutron stars

At CMU we developed timing scintillator detectors with 8 ps resolution for TOF-Bp
mass measurements at NSCL and FRIB

Medical Physics: TOF-PET detectors with a timing resolution of =10 ps would open new
diagnostics opportunities for positron emission tomography

We initiated a collaboration between U. de la R. (Uruguay) and CMU to evaluate multi-
sensor TOF-PET detectors through simulations and characterization in the lab



Masses are a key nuclear data input to models of
r-process nucleosynthesis I B S
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Nuclear masses of neutron-rich isotopes necessary to
models the crust of accreting neutron stars
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Masses provide a measurement of the nuclear binding
energies of unstable short-lived isotopes

PRODUCTION OF BEAM MASS
UNSTABLE ISOTOPES  PREPARATION MEASUREMENT

nuclear binding energy!

higher resolution

shorter lived isotopes



Time-of-flight Bp mass measurement with the S800
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Particle identification of fast beams with TOF-Bp-AE

High TOF resolution — o7or~10 ps
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Particle identification of fast beams with TOF-Bp-AE

Moderate TOF resolution* High TOF resolution — o;5r~10 ps
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Time-of-flight-Bp mass measurements require high-

resolution ti m i ng Mass-over-charge spectra for N=70 region
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Development of a new designed for TOF scintillators

of the TOF-Bp collaboration

Test with pulsed picosecond laser (PiLO37)

Timing detector based on 4
photomultiplier tubes:
 Scintillator: Eljen 228, 4x4 cm
* PMT: Hamamatsu H6533
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Beam test TOF-Bp timing scintillators at the NSCL
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Systematic effects on TOF measurements

Constraining systematic effects: time-walk correction LED: Leading-edge Discriminator
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Systematic effects on TOF measurements
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TOF-PET: a high-resolution time-of-flight measurement
can revolutionize positron emission tomography

PET

TOF-PET
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Simulated PET imaging of a compressed
breast with four 5-mm diameter lesions

Simulation setup

10ps TOF 300ps TOF non-TOF
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Lecoq et al, Roadmap toward the 10 ps time-of-flight PET
challenge, Phys. Med. Biol. 65 (2022)



U. de la R.-CMU collaboration to mvestlgate

multi-sensor TOF-PET detectors

Geant4 simulation of TOF-PET detectors:
LYSO scintillator blocks, optical treatment
and reflective Teflon in surface areas,
photosensors modeled as Sensitive
Detectors

Post-processing of photon arrival time to
simulate SiPM response in Root

Evaluate properties for multi-sensor
detectors
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Geant4 simulations

Preliminary results: TOF measurement corrected by dept-of-interaction result in
resolution of 35 ps (sigma)

‘/ Q LYSO: 4x4x12 mm
Depth-of-interaction (DOI) obtained from weighting 4 SiPMs

SiPM position (z) by their signal amplitude (A)

g 366 Z Z; X Ai
.6. C D O I — time-of-flight DOI
§ 64 ) A = hTOF_DOI
E [ "1 Entries 5207
0 362 =
A = Constant 237
160 i = d Mean -0.0004594
,;i .| Sigma 0.03464
358 E N :
356 n
- time-of-flight
a54{— - hTOF
- e Entries 5207
w2 b= Constant 194.6
- =8 Mean -0.0005481
350 E ;
- WE Sigma 0.04215
348—1 L 11 | | I | | L 11 | L1 1 | 11 | 11 | L 11 | ;r— - 1!

350 352 354 356 358 360 362 364 ° 37 o = — =
Z Calculado [mm]



Test of TOF-PET detectors

First tests of TOF-PET prototypes at CMU detector lab: """ et eraveees

* SiPM sensor S e -

»  LYSO:Ce scintillator (12x4x4 mm3) 2

e BC630 silicone pads for optical coupling attnf

+ CAEN D720 digitizer for DAQ oo e

Time point




Gracias!

TOF-Bp detectors: Kailong Wang (Central
Michigan University, USA and Institute for
Modern Physics, Lanzhou, China), Shree
Neupane, Sithira Samaranayake (Central
Michigan University, USA), Michael
Famiano (Western Michigan University,
USA), Jorge Pereira, Hendrik Schatz
(Michigan State University).

TOF-PET detectors: Nahuel Bruno, Carolina
Rabin (Universidad de la Republica,
Uruguay), Jacob Bromell (CMU)

work supported in part by DoE grants DE-
SC0022538 and DE-SC0020406

Collaboration opportunities: discussion
of IReNA-IANNA connections on Thu. at
11:30 during coffee break
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IReNA: International
Research Network for

Nuclear Astrophysics
WWWw.irenaweb.org

JANNA: Ibero
- American Network
- of Nuclear
~Astrophysics

~www.inin.gob.mx/sitios/index
SRR - .cfm?codigo_opc=240002000
- R L &cve_area=IANNA




Outline | Summary

A timing resolution of 10 picoseconds is a challenging goal for radiation detectors but a
necessary characteristics for many applications in experimental and applied physics

Nuclear Astrophysics: TOF-Bp measurements can reach masses of very neutron-rich
isotopes relevant to nucleosynthesis during the rapid neutron capture process and
processes in the crust of accreting neutron stars

At CMU we developed timing scintillator detectors with 8 ps resolution for TOF-Bp
mass measurements at NSCL and FRIB

Medical Physics: TOF-PET detectors with a timing resolution of =10 ps would open new
diagnostics opportunities for positron emission tomography

We initiated a collaboration between U. de la R. (Uruguay) and CMU to evaluate multi-
sensor TOF-PET detectors through simulations and characterization in the lab
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Figure 7: (color online). Correlation between ToF obtained by
CFD+TACHADC electronics setup and the amplitude difference AQ)
(a) without and (b) with the time-walk correction. Panel (¢) shows
the comparison between the distributions of ToFs with LED (red
and blue for corrected and raw distributions, respectively) and CFD
(black and green for corrected and raw distributions, respectively)
timing techniques. The Gaussian fitting functions are also plotted
with the responding colors. For better comparing display, all the four
ToF distributions are normalized to the same total counts and shifted
to the position centered at 0. The data corresponds to settings 2 and
7 in Table [3]

Table 3: ToF properties at different conditions in the present experiment.

Time Resolution

Setting PMT HV[1? Electronics Posi 1;101151;6[?1?1:111, mm] ToF Centroids [ps] (o) [ps]
Raw  Corrected Raw  Corrected
(1) 0 LED+TDC (0, 0) 0 0.0 16.6 11.7
(2) 0 LED+TAC+ADC (0, 0) 0 0.0 14.2 7.5
(3) 0 LED+TAC+ADC (-7,7) 10.8 0.3 14.1 8.6
(4) 0 LED+TAC+ADC (14, 0) 954 2.6 14.3 8.0
(5) 0 LED+TAC+ADC (21, 0) 21.9 2.4 20.8 0.5
(6) 0 LED+TAC+ADC Defocused? — — — 8.6
(7) 0 CFD+TAC+ADC (0, 0) 0 0.1 11.2 10.3
(8) 0 CFD+TAC+ADC (-7,7) 5.4 0.6 12.2 11.3
(9) 0 CFD+TAC+ADC (14, 0) 0.4 0.3 12.6 10.2
(10) 0 CFD+TAC+ADC Defocused — — — 12.2
(11) 150V CFD+4+TAC+ADC (0, 0) 9.1 — 11.6 10.7
(12) 150 V CFD+4+TAC+ADC (0, 0) 23.0 — 11.0 10.2
(13) 150 V CFD+TAC4+ADC  (0,0) with 10 kHz  21.5 — 11.6 10.6
(14) 150 V CFD4+TAC+ADC (0, 0) with ;100 kHz — — — 299 299




Masses provide a direct measurement of nuclear
binding energies and the evolution of nuclear structure

Two-neutron separation energies
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Masses provide a direct measurement of nuclear
binding energies and the evolution of nuclear structure

Two-neutron separation energies
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Experimental techniques differ on their precision and
reach for unstable isotopes

PRODUCTION OF UNSTABLE

ISOTOPES BEAM PREPARATION MASS MEASUREMENT

A

Analysis Line

Storage rings

Penning traps MR-TOF

uncertainty for unstable isotopes ~ 500 keV



New developments in the experimental setup now
allow to measure heavy ions relevant to the r-process
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Mass measurements of neutron-rich nuclei near N=70

* First measurement of isotopes with "N - =
/>28, in regions relevant to the (weak) sw - : + e e
r-process with the TOF-Bp technique. f 8 ) \LN y ;.;%

| f‘*ifﬁj “ *?#:H

* Measured nuclear mass of 104y, 106z, L (i)UY SRS S !

+*Mo and *>Tc. : =l T
E o S

* Results agree with smooth trends of gu N o+ e
theoretical models and do not show Ao A by
onset of deformation at N=70 . (0 Mo i‘f}m ") Te ﬁﬁg

Nuclide This work Count AME2020 Prev. Exp. WS4+RBF FRDM2012 HFB-31
:r‘Z(r _fiﬁﬁﬂﬁgg 605 :gggggggg})ﬁ —58550(173) 58756 55900 53450 K. Wang et al, Phys. Rev. C
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TOF-Bp experiments at FRIB will continue with the
S800 and the future High Rigidity Spectrometer

Figure not to scale
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TOF-Bp experiments at FRIB will continue with the

S800 and the future High ngldlty Spectrometer

Figure not to scale
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62Mn 63Mn 64Mn 66Mn

TOF-Bp experiments at NSCL
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R-process nucleosynthesis

A sequence of neutron captures |
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R-process nucleosynthesis

Statistical equilibrium between (n,y) !

and (y, n) reactions

(hot r-process) P —
Data:
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Nuclear masses of neutron-rich isotopes necessary to
models the crust of accreting neutron stars

Approximate depth [m]
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Nuclear masses of neutron-rich isotopes necessary to
models the crust of accreting neutron stars

NASA/Dana Berry
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Nuclear masses of neutron-rich isotopes necessary to
models the crust of accreting neutron stars

Approximate depth [m]

NASA/Dana Berry
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Nuclear masses of neutron-rich isotopes necessary to
models the crust of accreting neutron stars
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The follow-up is to make the TOF using two detectors at approximately
70 cm.

Detector 1 Detector 2

1 0 1

The scintillators have dimensions in millimeters or centimeters, and it is
easy to see the difference in dimensions.



Analisis of this Simple Scintillators

One of our first simulations have big scintillator (20x20x200 mm) and

the source is displaced 15 cm to one side.
Hits Detector 1

:E_ TEZ“E‘@‘EW [ This is the spectrum of one
ool 2 it of our detectors. The
500k photopeak between 2800-
100 3500 corresponds to the
saat energy of 511 KeV made
200l by the annihilation.
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We measure the coincidence of the fast photons and obtain the

time of the detectors for the TOF.
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Challenges to achieve 10 ps resolution
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