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The Fuel of Stars

“Facilities and instrumentation are essential
for progress, but science ultimately depends
on people who carry it out –on their individual
creativity, drive, and enterprise.” 



Outline:

- s process in the lab
- r process: traces of short-livedr process: traces of short lived 
r-process on Earth
- r process in the lab… 

(Image credit: R. Diehl)



Nucleosynthesis

Credit: Kajino, Liu, Tang

Most of nature heavy elements are produced by neutron captures
via the slow (s) process and the rapid (r) process:

A.G.W. Cameron (1957)( )
E. M. Burbidge, G. R. Burbidge, 
W. A. Fowler, and F. Hoyle (1957)



Red Giant Betelgeuse in constellation „Orion“

s process

E = 10-100 keVEn= 10-100 keV



7Li(p,n)7Be reaction 
just above threshold

En= 1.91 MeV
Li

Maxwell-Boltzmann
25 k V

Li
target
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1.91 MeV
experimental    

Ratynski & Kaeppeler,1988
Feinberg et al, 2012
Lederer et al 2012Lederer et al, 2012



LiLiT (Liquid-Lithium Target) :
neutrons from 7Li(p n) with aneutrons from 7Li(p,n) with a 
mA-proton (kW) beam

2 4 /
~ 200oC

L

2-4 m/s

nwindowless
1.91 MeV

neutron production power dissipation

1-2 mA
~ 2-4 kW

neutron production
Ep

thresh = 1.880 MeV
p p
by fast flow

S. Halfon et al., RSI (2014)

Li flow: both neutron producing target and power dump
M.P. et al (2019)
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SARAF (Soreq Applied Research Accelerator Facility)

• Superconducting linear accelerator, Phase I (2012-2019)
Continuous Wave (CW), 176 MHz, 
2 mA, 2 MeV (4 kW), (1 mA, ~4 MeV)

Station 3
LiLiT‐II

St ti 2

2 mA, 2 MeV (4 kW),   (1 mA, 4 MeV) 
commissioned to low duty cycle for 
deuterons up to 4.8 MeV 

Station 2

D‐4

• CW, pulsing, chopping available at present

• Phase II (2025)   →  40 MeV

D‐2
D‐3

D-1
LEBT PSMMEBTRFQ

Station 1
LiLiT

Station 0

ECR
ion source

Beam
diagnostics

I. Silverman et al., 2016I. Silverman et al., 2016
M.P.  et al., 2019



Ph II (2025)Phase II (2025) :
p/d: 30/40 MeV/5 mA

SARAF Phase II 
operational ~2025operational  ~2025
see:
I. Mardor et al., EPJA 2019
M.P. et al, EPJA 2022



171Tm (1.9 y)
s- process branching points

171Tm
24 GBq24 GBq
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Activation of small mass radioactive targets



C. Guerrero et al.
PRL (2020) 



En~ 80-100 keV
 = 1022 1024 cm-3     n = 1022-1024 cm

SN1998aa
neutron stars merger



234,235,238U
232Th

247

244Pu

247Cm

244Pu (81 My)
r‐

244Pu (81 My)
- extinct in Solar   
matter
- live in Early Solar

process

live in Early Solar 
System (ESS)
(244Pu/238U ~ 0.6%)

end of
slow n captures
(s-process)

Supernovae
Neutron star mergers

- live in Interstellar- live in Interstellar
Medium?



A search for 244Pu deposited from InterStellar Matter deposited on Earth

Accelerator Mass Spectrometry (AMS) of Pu isotopes

nuclear tests
global fallout

1‐kg deep‐
sea floor 
sediment

under  reasonable assumptions: 

244Pu9+244Pu(ISM) < 0.1-0.3 244Pu(ESS)

MP et al ApJL (2001)

244Pu/total ~ 
1.5 × 10-20 

MP et al., ApJL (2001)



60F60Fe

Detection of

244Pu

Detection of 
r-process 244Pu 
in a deep-sea crust 
sample244Pu

A. Wallner et al., 
Nature Commun. (2015)

A. Wallner et al., 
Science (2021) 

60Fe
244Pu



244
expected from SNe production in
Uniform Prodution and Open-Box
and Early-Solar 244Pu abundance

- 244Pu deposited from
the ISM is “rare”  
compared to the ESS 
value and to Uniformvalue and to Uniform 
Production by 
Supernovae

2021



r-process sites: supernovae (Sne), neutron star mergers (NSM) 

“Short-lived” 244Pu can help244P i ld

SNe: low-yield high-rate

Short lived  Pu can help 
resolve the ambiguity:  

Supernovae (SNe) have “high” 

244Pu yield
SNe
Uniform 
Prodution

rate and “low” r-process yield

Neutron star mergers (NSM)
time

Have “low” rate and “high” yield

rate(SN)/rate(NSM)  ~ 1000
yield(SN)/rate(NSM 1/1000

244Pu yield

NSM:  high-yield low-rate

yield(SN)/rate(NSM  ~ 1/1000rare

time



locus of events resulting in
heavy stable r-process elements
Mheavy= 5×103 Msun

SNe

y

rate×yield= const

ve
nt

 ra
te NSM’s

Ev

Event yield

Sh li d” lid ( 244P ) l h bi i SN NSM’“Short-lived” r-nuclides (e.g. 244Pu) can resolve the ambiguity: SNe vs NSM’s



overlap region:
rate ≤ 90 Myr-1rate ≤  90 Myr
yield ≥ 0.001 Msun

locus of events
constrained by deep-sea ve

nt
 ra

te

and Early-Solar 244PuEv

Event yield

K Hotokezaka T Piran M P Nat Phys 2015K. Hotokezaka, T. Piran, M.P., Nat. Phys. 2015



r-process yield of NSM
Bauswein et al., ApJ 2013, Thielemann et al., ARNPS 2017

GW (NSM)
observations:observations:
LIGO-
VIRGO-
KAGRA,
PR X (2023)en

t r
at

e

PR X (2023)

Ev
e

Event yield

Rarity of 244Pu observed in deep-sea sediments is consistentRarity of Pu observed in deep sea sediments is consistent
with yield and rate of “macronovae” from NSM’s



Can one reproduce r-process conditions in the lab?

National Ignition Facility (NIF) at LLNL

dia 10 m Laser energy/power: 
1.8 MJ/400 TW HOT

10 30
DENSE
2 5 k / 3~10-30

keV
~2.5 kg/cm3

NEUTRONS
31

2 mm
Zylstra et al., Nature (2022)
Abu-Shawareb et al., PRL (2022)

~ 1031ncm-2s-1

192 laser beams directed 
towards the center of the

, ( )

The closest analog to 
explosive stellar

2 mm
towards the center of the 

chamber
explosive stellar
conditions in the laboratory
r- process site:
1022-1024 n cm-3

D + T  4He+n

n~1022 cm-3n
n~ 1031 cm-2 s-1



NIF experiment: DT+Ar shot at NIF
40Ar(n 2n)39Ar collected and shipped to ATLAS ANL40Ar(n,2n)39Ar collected and shipped to ATLAS-ANL

a first 
signal:signal:
39Ar

noble gas argon

8 ×109 39Ar atomsDT (1:1)+ 40Ar	(0.05	at%)

noble gas argon 
added to DT gas

24



NIF experiment: DT+Ar shot at NIF
40Ar(n 2n)39Ar collected and shipped to ATLAS ANL40Ar(n,2n)39Ar collected and shipped to ATLAS-ANL

39Ar

8 ×109 39Ar atoms
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AMS detection in the Enge gas-filled magnetic spectrograph



First radioactive beam experiments at Argonne: p(18F,)15O…
K E Rehm et al PRC (1995) with John P SchifferK.E. Rehm et al., PRC (1995) with John P. Schiffer
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AMS detection in the Enge gas-filled magnetic spectrograph



A preliminary measurement: 42Ar produced 
40by “slow” two-neutron capture on 40Ar 

at the ILL high-flux reactor  detected by AMS

Can a “mini rapid” process

AMS  spec AMS
?

Can a mini-rapid  process 
be produced and detected 
in NIF inertial confinement
f i i t?

27

fusion environment?



This talk was heartfully dedicated to the memory of  y y
John P. Schiffer.

New accelerators and techniques…
or the importance of being experimentalistp g p
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