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Artemis Spyrou

Constraining (n,γ) reaction cross 
sections for astrophysical 

applications
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Overview

• Experiment

• Results
• Future	
  plans

• R-­‐process	
  nucleosynthesis
• Uncertainties	
  
oNeutron	
  capture	
  rates
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Open questions: What is the site of the r-process?

Credit: Erin O’Donnell, MSU

Credit: NASA Goddard

Neutron	
  Star	
  Merger?

Core	
  Collapse	
  Supernova?
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r-process calculations

M. Mumpower, J. Cass, G. Passucci, R. Surman, A. Aprahamian, AIP Adv. 4, 041009 (2014)

neutron	
  star	
  merger
hot	
  wind
cold	
  wind

• Abundance	
  pattern	
  is	
  different	
  

for	
  the	
  different	
  astrophysical	
  

scenarios.

• Does	
  one	
  of	
  them	
  reproduce	
  

the	
  observed	
  abundances	
  best?

•Why	
  can’t	
  we	
  tell?
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r-process
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Nuclear Physics Uncertainties: (n,γ)

Surman and Engel PRC (2001)

Monte-­‐Carlo	
  variations	
  of	
  (n,γ)	
  rates	
  
within	
  a	
  factor	
  100 – 10	
  – 2	
  (light	
  –
darker – dark	
  bands)

types of simulations. While the peak initially narrows
some as discussed above, it soon spreads, so that the ef-
fect is barely visible. Fig. 7 shows the same development
but with the newer capture rates. Here the narrowing
of the peaks is evident, and is not erased by spreading
at later times. The shifting of the peak to higher A is
apparent in both sets of plots, and is most pronounced in
the faster simulations where the peak forms much further
from stability.

FIG. 6. The evolution of the 195 peak in late times for
the three types of simulations, labeled as in fig. 4. The first
frame shows the peak at R ∼ 1, the third frame shows the
final abundances, and the second frame is taken from a time in
between, when R is less than 1 but much larger than its value
at freezeout. For comparison, the dotted line in the second
and third frames replots the abundances from the first frame.
The scaled observed abundances are plotted as crosses.

FIG. 7. Same as fig. 6, but with simulations using a newer
set of neutron-capture rates from Ref. [12].

IV. SIGNIFICANCE OF CAPTURE RATES

Funneling operates unhindered just a short time be-
fore (n, γ) ↔ (γ, n) equilibrium falters and spreading
sets in. As we saw in the last section, once spreading is
important, neutron-capture rates become so too. They
determine how likely a nucleus that has beta-decayed is
to return to the path before decaying again. Fast rates
mean that (n, γ) ↔ (γ, n) equilibrium hangs on longer
and spreading is delayed. Thus, the ultimate degree of
widening a peak experiences depends on neutron-capture
rates. To illustrate this point, we run simulations of the
three types discussed above with four different sets of
calculated rates [2,10,11,12]. These sets were calculated
with different models for nuclear masses, slightly differ-
ent treatments of the dominant statistical capture, and
different assumptions about the importance of direct cap-
ture. Not surprisingly, the rates can differ from one an-
other significantly. Fig. 8 plots the ratio of the smallest
to largest rates as a function of N and Z. When we
use these rates in simulations (though all with the same
mass model [8]) we find variations in the final results for
all values of A. We continue to focus on peaks, however,
partly because the abundances are higher there than in
neighboring regions, so differences are more significant,
and partly because the differences in the left edge of the
A = 195 peak are particularly noticeable. As we already
saw in the last section, and as figs. 9 and 10 show in
more detail, the peak doesn’t spread very much when
rates are fast near the N = 126 closed shell. By contrast
the slowest rates at these points cause the widest final
peaks. These effects, incidentally, are particularly signif-
icant for the Ref. [5] conditions, where (n, γ) ↔ (γ, n)
equilibrium falters earlier because of the rapid drop in
temperature and density, so that capture rates become
important sooner.

FIG. 8. For each N, Z the log of the ratio of the highest
neutron-capture rate in our set [2,10,11,12] to the lowest. The
darkest squares correspond to ratios greater than 1000, as
indicated in the key.

We can see the role of capture near the peak even more
clearly by changing the rates only for N between 123 and
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Current (n,γ) measurements

• Need  (n,γ)  on  short-­lived  nuclei
• Direct  measurements   challenging
• Indirect  techniques  being  developed:
Surrogate (Escher,  et  al  Rev.  Mod.  Phys.  2012)
γSF   (Utsunomiya  et  al,  PRC  2010)
Oslo (Guttormsen et  al.,  NIMA  1987)
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Neutron Capture – Uncertainties
(n,γ)

γ

(A-1, Z)

(A, Z)

Hauser	
  – Feshbach
• Nuclear	
  Level	
  Density
Constant	
  T+Fermi gas,	
  back-­‐shifted	
  Fermi	
  
gas,	
  superfluid,	
  microscopic

• γ-­‐ray	
  strength	
  function
Generalized	
  Lorentzian,	
  Brink-­‐Axel,	
  
various	
  tables

• Optical	
  model	
  potential
Phenomenological,	
  Semi-­‐microscopic
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Traditional Oslo method
Ø Reaction  based
Ø Applicable  close  to  stability
Ø Populate  the  compound  nucleus  of  interest  through  a  transfer  or  inelastic  
scattering  reaction

Ø Extract  level  density  and  γ-­ray  strength  function
ØCalculate  “semi-­experimental”  (n,γ) cross  section
Ø Excellent  agreement  with  measured  (n,γ)  reaction  cross  section

Ex
ci
ta
tio
n  
en
er
gy

Gamma  energy  (MeV)
T.G. Tornyi, M. Guttormsen,et al.,  PRC2014
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Neutron Capture – β-Oslo

(n,γ) β-

(A-1, Z)

(A, Z)

(A, Z-1)

γ

• Populate	
  the	
  compound	
  nucleus	
  via	
  β-­‐decay	
  (large	
  Q-­‐value	
  far	
  from	
  stability)

• Spin	
  selectivity	
  – correct	
  for	
  it

• Extract	
  level	
  density	
  and	
  γ-­‐ray	
  strength	
  function

• Advantage:	
  Can	
  reach	
  (n,γ)	
  reactions	
  where	
  beam	
  intensity	
  is	
  1	
  pps.
Spyrou, Liddick, Larsen, Guttormsen, et al, PRL2014
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National Superconducting Cyclotron Lab

ReAccelerator  Facility  

Gas  Stopper

SuN
β-­decay  experiments  
with  fast  beams

SuN
β-­decay  
experiments  
with  “stopped”  
beams

“Stopped  beam  area”
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Summing NaI - SuN

45	
  mm

16’’

ü16x16  inch  
ü45  mm  borehole
ü2  pieces
ü8  segments
ü24  PMTs
ü Efficiency  >  85%  for  1  MeV

A. Simon, S.J. Quinn, A.S., et al., Nucl. Instr. Meth A 703, 16 (2013)

Ex= Eγ1 + Eγ2 + Eγ3 + Eγ4 + ...
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Proof-of-principle: 75Ge(n,γ)76Ge

(n,γ) β-­‐

Spyrou, Liddick, Larsen, Guttormsen, et al, PRL2014

76Ga: T1/2 = 32.6 s
Qβ- = 7.0 MeV
Sn (76Ge) = 9.4 MeV
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Proof-of-principle: 75Ge(n,γ)76Ge
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Spyrou, Liddick, Larsen, Guttormsen, et al, PRL2014

SuN – Individual  Segments
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Proof-of-principle: 75Ge(n,γ)76Ge
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Results: 75Ge(n,γ)76Ge 
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Weak r-process measurements
R. Surman, et al., , AIP Advances 4, 041008 (2014) 

70Co

70Co

70Co: T1/2 = 108 ms
Qβ- = 12.3 MeV
Sn (70Ni) = 7.3 MeV

Raw SuN Total Absorption
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Summary and Applicability

• Wide  range  of  applicability
• Short  lifetimes
• Low  production  rates
• Bounded  by:  -­ Q  values

-­ Delayed  neutron  emission

• New  technique  for  constraining  
(n,γ)  reactions  far  from  stability
• β decay  can  be  used  with  extremely  
low  beam  intensities  
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