
Neutron Nuclear Astrophysics 
at Spallation Neutron Sources

� What neutron nuclear astrophysics can 
be done?

� How do the various spallation sources 
compare?



Astrophysics Motivation:
Heavy Element Nucleosynthesis in the s, r, and p

processes

� Spallation Sources: Can measure (n,γ) reaction rates 
for radioisotopes involved in s-process branchings, r-
process freeze-out, and in the p process.
Gives direct handle on dynamics of nucleosynthesis 
processes in stars and in explosive environments.

� Almost no data.
171Tm(n,γ) from LANSCE is the only measurement 
across range of energies needed.

� Measurements on about 50 radionuclides needed.



The Need for New (n,γ), (n,α), and 
(n,p) Measurements

� New Observations; isotopic anomalies in stardust, 
abundance measurements in stars, γ-ray astronomy.

Greater number and higher precision �calibration 
points� with which to test and improve 
astrophysical models.

� New Astrophysical Models; AGB stars (lower 
temperature), galactic chemical evolution, 
supernovae,�

More realistic, more detailed models made possible 
by bigger and faster computers still have many 
poorly constrained �knobs�.

� New Applications for Neutron Data; (n,α) 
measurements to improve reaction rates for 
explosive nucleosynthesis models.

Best means for constraining α-particle reaction 
rates for models of supernovae and massive stars.



Recent Accomplishments 
from Neutron Measurements

� Cracks in the classical s process model.
Precise new (n,γ) rates for isotopes of Nd, Ba and 
Pt showing inconsistencies  in classical s-process 
model and need for more sophisticated model.

� Cool new stellar s-process models.
Good agreement with the measured abundances, 
but extrapolated rates on which it depends are not 
reliable.

� Red giant stardust.
Precise agreement for Nd, 20% discrepancy at 
137Ba, and partial agreement for Sr.

� Improved rates for explosive nucleosynthesis.
(n,α) measurements are very useful for 
constraining largest nuclear physics uncertainty in 
p-process models.

� First (n,γ) measurements on very small and 
radioactive samples.
More data of this type needed to improve s-, r-, 
and p-process models.



Types of Neutron Measurements Needed

� (n,γ) to higher precision and lower energies. 
s-only isotopes, isotopes near s-process 
branchings, meteoric anomalies.

� Small (n,γ) rates.
s-process poisons, meteoric anomalies, big bang.

� (n,α) and (n,p) across range of masses.
Explosive nucleosynthesis, γ-ray astronomy, and 
s-process neutron source.

� (n,n�) for stellar enhancements of (n,γ) rates.
Thermal effects in s-, r-, and p-processes.

� (n,γ) on hot radioactive samples.
s-process branchings, r-process freeze out, p-
process.

� (n,γ) on warm radioactive and rare stable 
samples.
s-process branchings, p-process.

� Scattering and transmission.
s-process neutron source. Corrections to (n,γ).



Measurements on Short-lived Radioactive 
Samples: Comparison of Facilities

� Resolution with a 20-m flight path at SNS will be 
comparable to previous experiments at MLNSC.
Resolution adequate for many astrophysics 
experiments.

� For experiments with short-lived radioactive samples, 
flux is the most important facility parameter.
Flux at the SNS is expected to be over 40 times better 
than at MLNSC (120 times ORELA, >140 times 
CERN-TOF).
Should allow measurements on the widest range of 
radioactive samples and stable samples having very 
small natural abundances.

*NIM A 460, 352 (2001).

Parameter Ratio to ORELA Benchmark (8 kW, 8 ns, 40m)
ORELA MLNSC CERN-TOF SNS

Flight Path Length 10 20 80 230 20
Power 6.2 8 5.6 5.6 250

Flux @ 30 keV 100 280 85 10 12000
Flux 1 - 300 keV 100 230 75 9.5 10500
FOM 1 - 300 keV 210 12000 12000 520 180000

1/Resolution 0.083 0.032 2.3 6.7 0.011
Sample Size (mg) 0.25 0.10 0.31 2.5 0.0022

Comparison* to the ORELA (n,γ) Benchmark



Background from Radioactive Sample: A Simple 
Model for the Effect of Sample Size

� Probability of detecting n pileups in resolution 
time τ:

Pn = (aτ)ne-aτ/n!

n = E/Edecay => Pn => PE
a = Nλ (decay rate)
τ = resolution time of detector

� Total pileup is sum of PE�s above detector 
threshold.



Background from Radioactive Sample:
Example 170Tm

� <σ>30 = 2300 b => N = 1.8x1017 atoms at LANSCE.

� t1/2 = 128.6 d,  3.2% of decays yield 84 keV γ ray.
=> 3.6x108 γ/s emitted by sample.

� Assume τ = 50 ns.
=> 2800 bins of 50 ns between 100 keV and 100 eV

for a 20 m flight path.
=> 12 counts/pulse above 2.5 MeV bias at

LANSCE for 100% efficient detector.

� If sample reduced by 1/2, then counts/pulse above 
2.5 MeV bias drops by ~105 (to ~80 per day).

� Get same effect if detector is twice as fast.



Astrophysics Motivation

� (n,γ) on hot radioactive samples.
s-process branchings, r-process freeze 
out, p-process.

� (n,γ) on warm radioactive and rare 
stable samples.
s-process branchings, p-process.

� (n,α) and (n,p) across range of A.
Explosive nucleosynthesis, γ-ray 
astronomy, and s-process neutron 
source.

� High-precision and low-T (n,γ).
s-only isotopes, meteoric anomalies.

� (n,n�) to get (n,γ) for isomers.
Thermal effects in s-, r-, and p-
processes.

� Scattering and transmission.
s-process neutron source. Corrections 
to (n,γ).

� Small, but resonance-dominated (n,γ).
s-process poisons, meteoric 
anomalies.
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Experimental Challenges:
(n,γ) measurements

� Producing and handling the sample.
� Background from the radioactive sample.
� Background from neutrons scattered from the 

sample and support material.
� Problems associated with the �γ flash� at the 

start of each pulse.
� Backgrounds from other beam lines.

Substantial R&D is needed.

DANCE at LANSCE

4π BaF2 detector with 
neutron-absorbing 
liners.



Astrophysics Motivation

� First proposal for astrophysics measurement at 
new CERN-TOF facility.

� 165 people from 41 institutions.



s-process Wish List
Radionuclides involved in s-process branchings

� Some branchings sensitive to temperature, neutron 
pulse duration or density.

� Need (n,γ) cross section measured from 100 eV to 300 
keV.

� Need reaction rate to ~5%.
� Similar wish lists for p-process and r-process freeze-

out.

Isotope Priority <σ>30
(mb)

t1/2 Atoms at the
SNS

79Se 1 220 <6.5x104 yr 4.5x1016

85Kr 1 70 10.7 yr 1.5x1017

94Nb 2 500 2x104 yr 2.0x1016

106Ru 2/3 140 367 d 7.1x1016

135Cs 2 200 2x106 yr 5x1016

147Pm 1 1200 2.62 yr 8.6x1015

155Eu 1 1900 4.9 yr 5.3x1015

153Gd 1 2800 241.6 d 3.6x1015

163Ho 1 2600 4570 yr 3.8x1015

169Er 1/2 610 9.40 d 1.6x1016

170Tm 1 2300 128.6 d 4.4x1015

171Tm 1 990 1.92 yr 1.0x1016

179Ta 1 1200 1.7 yr 8.3x1015

182Hf 2/3 240 9x106 yr 4.2x1016

185W 1 620 75.1 d 1.6x1016

193Pt 1/2 1500 50 yr 6.7x1015

204Tl 1 130 3.77 yr 7.7x1016



Conclusions

� Spallation sources could play a very important 
role in nuclear astrophysics.
They excel at measurements on radioactive and 
very small stable samples.

� The SNS would have a factor of 40 advantage (in 
flux) for these types of measurements.
Astrophysics programs would require very little 
from the SNS - 1 beam line.

� Complementary facilities will still be needed to 
cover the range of experiments of interest to 
nuclear astrophysics.


