
Nuclear Masses in Astrophysics
H. Schatz

Michigan State University
National Superconducting Cyclotron Laboratory

Joint Institute for Nuclear Astrophysics

1. X-ray bursts
2.  The r-process
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X-ray bursts 

• Many new observations by Beppo-SAX, RXTE, Chandra, XMM-Newton
lots of open questions

• Learn about neutron stars
• increase in mass, spin, temperature compared to isolated NS
• many observables





97-98

2000

Precision X-ray observations
(NASA’s RXTE)

Need precise nuclear data
to make full use of 
high quality observational data

GS 1826-24 burst shape changes !
(Galloway 2003 astro/ph 0308122)

Observables of nuclear processes in X-ray bursts: Lightcurve



• Ejected composition (<few%)
(Weinberg et al. 06)

• Crust composition
Crust heating (Gupta et al. 06)

crust cooling
superbursts

More observables – what about  the produced nuclei ?

KS 1731-260

NASA/Chandra/Wijnands et al. 

Likely no nucleosynthesis contribution
Goal: understand systems and neutron stars

?



Mass known < 10 keV

Mass known > 10 keV

Only half-life known

seen

Figure: Schatz&Rehm, Nucl. Phys. A, 2006 

Current sources of masses:
• experiment
• AME03 extrapolations

• Coulombshifts (beyond N=Z) (Brown et al.)
No global models needed anymore

But accuracy is still a big problem

Current sources of masses:
• experiment
• AME03 extrapolations

• Coulombshifts (beyond N=Z) (Brown et al.)
No global models needed anymore

But accuracy is still a big problem

Mass accuracy needed:
for resonant rates: <10 keV
else: <100 keV

ISOLTRAP
Rodriguez et al.NSCL Lebit

Bollen et al.

ANL CPT
Savard et al.

Recent progress in mass measurements

JYFL Trap
Kankainen et al.

SHIPTRAP
Measure:

decay properties
gs masses 
level properties
rates/cross sections 



Masses for rates with isolated narrow resonances

Coulomb
penetrability

Boltzmann e-E/kT

+_100 KeV

Shell
model
(OXBASH)

32Cl(p,g)33Ar Reaction rate for T=0.4 x 109 K
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Need gs masses with
<10 keV precision 

Need gs masses with
<10 keV precision 
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Masses for key waiting points

150

Sp needed (with
est. uncertainty
in keV from 
Coulomb shift)

ISOLTRAP

CPT

LEBIT

Future trap measurements: 65As,66Se,70Se, 70Kr,74Sr
Mass measurements with reactions: 69Br, 73Rb 

Future trap measurements: 65As,66Se,70Se, 70Kr,74Sr
Mass measurements with reactions: 69Br, 73Rb 
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Current effective lifetime uncertainties from masses:
64Ge (τβ=92s): up to x20 (as low as 0.5 s)
68Se (τβ=51s): up to x4   (as low as 10 s)
72Kr (τβ=25s):  up to x2   (as low as 12 s)

Current effective lifetime uncertainties from masses:
64Ge (τβ=92s): up to x20 (as low as 0.5 s)
68Se (τβ=51s): up to x4   (as low as 10 s)
72Kr (τβ=25s):  up to x2   (as low as 12 s)

N=Z



(Ozel Nature 441 (2006) 1115)

Example: understand bursts to constrain NS

X-ray bursts from EXO0748−676:
• O,Fe absorption lines ( redshift)
• Tc/Fcool ( ~surface area)
• Eddington luminosity

X-ray bursts from EXO0748−676:
• O,Fe absorption lines ( redshift)
• Tc/Fcool ( ~surface area)
• Eddington luminosity

XH=0.66
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17

XH=0.55

XH=0.29

Mass uncertainties
within AME95
Brown et al. 2002



r (apid neutron capture) process

• Where does the r process occur ?
• What are the actual reaction sequences ?
• Are there multiple r-processes and what are

their individual contributions ?
• What can the r-process tell us about the physics

of extreme environments ?

Supernovae ? The origin of about half of elements > Fe
(including Gold, Platinum, Silver, Uranium)

Open questions:

Neutron star mergers ?



(γ,n) photodisintegration

β-decay

Seed

Rapid neutron
capture

10-100 g/cm3 neutrons neutron capture timescale: ~ 0.2 µs

Equilibrium favors
“waiting point”

Location of path: Sn = T9/5.04 x (34.08 + 1.5 log T9 – 1.5 log nn) = 2-4 MeV

r-process and masses

Questions: • actual path ?
• beginning (seed) and end (fission) ?
• neutrino induced processes ?



Pt

Xe

Compare calculated results with many precision abundance observations ? 
Masses and half-lives of very unstable, exotic nuclei need to be known
so that one can calculate the produced abundances for a given model 

Compare calculated results with many precision abundance observations ? 
Masses and half-lives of very unstable, exotic nuclei need to be known
so that one can calculate the produced abundances for a given model 

Origin of the heavy elements in nature ?
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Contains information about:

• n-density, T, time
(fission signatures)

• freezeout 
• neutrino presence
• which model is correct 

But convoluted with nuclear physics:
• masses (set path)
• T1/2, Pn (Y ~ T1/2(prog), 

key waiting points set timescale)
• n-capture rates
• fission barriers and fragments

Sensitivity to astrophysics Sensitivity to nuclear physics

Sensitivity of r-process to astro and nuclear physics

Hot bubble
Classical model

Same nuclear physics

ETFSI-Q masses
ETFSI-1 masses

Same r-process model

A
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ce

Mass number Mass number

Freiburghaus et al. 1999



ETFSI-1

Neutron number

S
2n

 (
M

eV
)

Shell quenching effect on masses/r-process

CdPdRu

Mo
Zr

r-process path



ETFSI-Q
(N=82 quenched)

ETFSI-1

Neutron number

S
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distinguish

Shell quenching effect on masses/r-process

CdPdRu

Mo
Zr



measured massesmeasured massesmeasured masses

Within reach now
(NSCL example)

Facilities reach for mass measurements (TOF)

Lower part of r-process on solid nuclear physics bases
Influence of shell quenching unambiguously resolved
Some data on heavier r-process, incl. N=126

Lower part of r-process on solid nuclear physics bases
Influence of shell quenching unambiguously resolved
Some data on heavier r-process, incl. N=126
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TOF method (Matos, Estrade)

LEBIT

measured masses

Within reach now
(NSCL example)

Within reach at 
future facility
(ISF example)
(NSCL upgrade)



Conclusions

Experimental masses (δ < 10-100 keV) needed for progress in the field

Masses of unstable nuclei play a role in many astrophysical scenarios:

X-ray bursts
Reaction rate calculations (and to guide experiments)
Effective lifetimes of waiting points (Sp around drip lines)

Neutron star crust processes
odd-even staggering of QEC from stability to n-drip heating
(Gupta et al. astro-ph/0609828)

r-process
Location of the path for given set of astro conditions
Masses manifest themselves directly in observed abundances

Theoretical global model for n-rich nuclei (crusts, r-process)
(also beyond Pb … to and beyond N~184)

Need next generation rare isotope facilities



86Kr beam
140 MeV/u

86Kr beam
140 MeV/u

Be targetBe target

r-process
beam

Tracking
(=Momentum)

TOF/dE

r-process beams at the NSCL Coupled Cyclotron Facility

R-process Beam NSCL BCS (Mantica)
(Si stack)

neutron 3He + n -> t + p

Detect:
• β decay time
• β-n coincidences

Detect:
• β decay time
• β-n coincidences

NERO
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AA

Pn (%)

Preliminary

Preliminary

T1/2 (s)

Results (Hosmer et al.)

DF+CQRPA Borzov et al. 2005,       QRPA: Moller et al. 2003,        Shell model: Lisetzky & Brown 2005



Known half-life

NSCL reach

Reach of future facility
(here: NSCL upgrade
under discussion)

Bright future for experiments and observations
Experimental test of r-process models
is within reach
Vision: r-process as precision probe

Bright future for experiments and observations
Experimental test of r-process models
is within reach
Vision: r-process as precision probe

NSCL and future facilities reach

Rb
Sr

Y
Zr
Nb

Mo

105Y

108Zr

112Mo 
111Nb

J. Pereira:
(NSCL)



Galloway et al. 2003

97-98

2000

Precision X-ray observations
(NASA’s RXTE)

Woosley et al. 2003  astro/ph 0307425

Need precise nuclear data to make full use of 
high quality observational data

Uncertain models due to nuclear physics

Burst models with
different nuclear physics
assumptions

Burst models with
different nuclear physics
assumptions

GS 1826-24 burst shape changes !
(Galloway 2003 astro/ph 0308122)

Reality check: Burst comparison with observations





Focal plane:
identify 33Ar

Plastic target
34Ar n-removal 33Ar

Radioactive 34Ar beam
84 MeV/u T1/2=844 ms
(from 150 MeV/u 36Ar)

33Ar

34Ar

Beam
blocker

n-removal related to astrophysical 32Cl+p 33Ar+γ rate

γ-rays from predicted 3.97 MeV state

Doppler corrected γ-rays 
in coincidence with 33Ar in S800 focal plane:

SEGA



measured massesmeasured massesmeasured masses

Within reach now
(NSCL example)

measured masses

Within reach now
(NSCL example)

Within reach at 
future facility
(ISF example)
(NSCL upgrade)

Facilities reach for mass measurements (TOF)

Lower part of r-process on solid nuclear physics bases
Influence of shell quenching unambiguously resolved
Some data on heavier r-process, incl. N=126

Lower part of r-process on solid nuclear physics bases
Influence of shell quenching unambiguously resolved
Some data on heavier r-process, incl. N=126



x 3 uncertainty
(from x 1000)

New rates: Clement et al. PRL 92 (2004) 2502, Galaviz et al. 
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Galaviz et al. 
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Summary

• Fast beams are important tool for nuclear astrophysics
especially when reach to most exotic nuclei is required
Key questions: origin of r-process elements, X-ray bursts, supernovae 

• Observations drive the field – nuclear physics needs to keep up
New generation of radioactive beam facilities are needed

• Other tools are also needed
low energy beams for direct rate measurements
New facility at MSU/NSCL is planned
(gas stopping and reacceleration to astrophysical energies)
stable beams
interdisciplinary environment
Joint Institute for Nuclear Astrophysics (NSF PFC)
(www.jinaweb.org) 

Collaboration



Constrain NS from observations

(Ozel Nature 441 (2006) 1115)

Example: understand bursts to constrain NS

Observe in X-ray bursts from EXO0748−676:
• O,Fe absorption lines ( redshift)
• Tc/Fcool ( ~surface area)
• Eddington luminosity

Observe in X-ray bursts from EXO0748−676:
• O,Fe absorption lines ( redshift)
• Tc/Fcool ( ~surface area)
• Eddington luminosity

Need XH – use burst diagnostics ?

XH=0.66
1

2
er

g
/g

/s
/1

e1
7

XH=0.55

XH=0.29
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Contains information about:

• n-density, T, time
(fission signatures)

• freezeout 
• neutrino presence
• which model is correct 

Convoluted with unknown nuclear physics:
• masses (set path)
• T1/2, Pn (Y ~ T1/2(prog), 

key waiting points set timescale)
• n-capture rates
• fission barriers and fragments

r-process abundances are determined by 

Astrophysics Nuclear physics

Sensitivity of r-process abundances

Hot bubble
Classical model

Same nuclear physics

ETFSI-Q masses
ETFSI-1 masses

Same r-process model
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Mass number Mass number

Freiburghaus et al. 1999
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H. Schatz

Impact of 78Ni half-life on r-process models
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Same but with present 78Ni Result

need to readjust r-process model parameters

Can obtain Experimental constraints for r-process models
from observations and solid nuclear physics

remainig discrepancies – nuclear physics ? Environment ? Neutrinos ?
Need more data  



Nuclear physics needed for rp-process:
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Zr (40)
Nb (41)

Mo (42)
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Ru (44)
Rh (45)
Pd (46)
Ag (47)

Cd (48)
In (49)
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Sb (51)

Te (52)
 I (53)

Xe (54)

some experimental information available
(most rates are still uncertain)

Theoretical reaction rate predictions difficult near
drip line as single resonances dominate rate:

Hauser-Feshbach: not applicable

Shell model: available up to A~63 but large
uncertainties (often x1000 - x10000)
(Herndl et al. 1995, Fisker et al. 2001) 

Need radioactive beams

• β-decay half-lives
• masses
• reaction rates

mainly (p,γ), (α,p)

(ok)
(in progress)
(just begun)



Summer research project of NSCL graduate student Matt Amthor at LANL
prior to his NSCL thesis experiment to determine rp-process reaction rates 

Opportunities for students

Simulated Light Curves from Kepler
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47Mn46Cr(p,g)

41Ti40Sc(p,g)

37Ca36K(p,g)**

31Cl30S(p,g)*

Vary by factor 100

M. Amthor, A. Heger, H. Schatz, B. Sherrill

Comparable to 
observed differences



Experimental data ?

Mass known < 10 keV

Mass known > 10 keV

Only half-life known

seen

Most half-lives known 
Masses still need work
(need < 10 keV accuracy)
mass models not the issue
(extrapolation, coulomb shift)
Reaction rates ? 

Most half-lives known 
Masses still need work
(need < 10 keV accuracy)
mass models not the issue
(extrapolation, coulomb shift)
Reaction rates ? 





64Ge

65As

66Se

∆m=32 keV
(Clark et al. to be published)

∆m=141 keV 
(mirror: 100 keV)

∆m=104 keV 
(mirror: 30 keV)

H. Schatz

64Ge Waiting point current uncertainty
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Mass uncertaintyMass uncertainty

65As(p,γ) x 10065As(p,γ) x 100

65As(p,γ) / 10065As(p,γ) / 100
64Ge

Sp=-0.35

τ=92s



H. Schatz

68Se and 72Kr Waiting point current uncertainty

68Se
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Temperature (GK)
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68Se

69Br

70Kr

∆m=19 keV
(Clark et al. 2004)

∆m=110 keV 
(mirror: 34 keV)

∆m=120 keV 
(mirror: 62 keV)

72Kr

73Rb

74Sr

∆m=8.0 keV
(Rodriguez et al. 2004)

∆m=100 keV 
(mirror: 6.6 keV)
(Rodriguez et al. 2004)

∆m=100 keV 
(mirror: 2.1 keV)
(Rodriguez et al. 2004)

Sp=-0.81

Sp=-0.7

τ=51s

τ=25s


