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Outline

• Motivation: equation of state of nuclear matter, structure 
of light unstable isotopes.

• Charge changing cross section (CCCS) experiments at 
the FRS.

• Expriment S395: CCCS for neutron rich isotopes of Be, 
B, C, and O.
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The equation of state provides P-ρ relation of neutron star matter.

Symmetry energy (Sv) is its most uncertain term.
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The location of electron capture heat sources in the crust of accreting neutron stars depends on
the masses of extremely neutron-rich nuclei. We present first results from a new implementation of
the time-of-flight technique to measure nuclear masses of rare isotopes at the National Supercon-
ducting Cyclotron Laboratory. The masses of 16 neutron-rich nuclei in the Sc - Ni element range
were determined simultaneously, improving the accuracy compared to previous data in 12 cases.
The masses of 61V, 63Cr, 66Mn, and 74Ni were measured for the first time with mass excesses of
−30.510(890) MeV, −35.280(650) MeV, −36.900(790) MeV, and −49.210(990) MeV, respectively.
With the measurement of the 66Mn mass, the location of the two dominant heat sources in the
outer crust of accreting neutron stars, which exhibit so called superbursts, is now experimentally
constrained. We find that the location of the 66Fe→66Mn electron capture transition occurs sig-
nificantly closer to the surface than previously assumed because our new experimental Q-value is
2.1 MeV smaller than predicted by the FRDM mass model. The results also provide new insights
into the structure of neutron-rich nuclei around N = 40.
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Neutron stars that accrete matter from an orbiting
low-mass companion star are observed as galactic X-ray
binaries [? ]. A fluid element accreted onto the neu-
tron star surface is buried by the continuous accretion
of more matter, and undergoes a sequence of composi-
tional transformations driven by nuclear reactions under
rising pressure. Near the surface, at typical depths of
a few meters, thermonuclear explosions, which are ob-
served as X-ray bursts, burn hydrogen and helium into
heavier elements in the Ni - Cd range [? ]. In some-
what deeper layers explosive carbon burning is thought
to produce the occasionally observed superbursts [? ],
converting the ashes of the regular bursts into nuclei in
the Fe-Ni range. Still deeper in the neutron star crust the
matter undergoes a sequence of electron captures, accom-
panied at even greater depth by neutron emissions, and

pycnonuclear fusion reactions [? ? ? ]. These nuclear
processes, which involve extremely neutron rich-nuclei,
heat the crust creating a characteristic temperature pro-
file.

In this letter we report results from an experiment
at the National Superconducting Cyclotron Laboratory
(NSCL), where we have produced and measured the
masses of neutron-rich nuclei using a new implementa-
tion of the time-of-flight (TOF) technique. We measured
the mass of sixteen neutron-rich isotopes in the region
around N = 40, four of which were measured for the
first time. The results allow us to locate the dominant
electron capture heat sources in the crust of accreting
neutron stars and better constrain their strength. The
masses also provide new information on the onset of de-
formation near the N = 40 region in neutron-rich nuclei.

An understanding of crustal heating nuclear processes
in accreting neutron stars is needed to interpret a number
of observables. Neutron stars in transiently accreting X-
ray binaries offer the unique opportunity to directly ob-
serve the temperature profile of the crust. Some systems
accrete for many years, sufficiently long to reach ther-
mal equilibrium. Then accretion stops for many years,
enabling the observation of the thermally relaxing crust
over time (for example Ref. [? ]). The time dependence
of the cooling curve contains information on crust prop-
erties such as composition, thermal conductivity, heat

The neutron skin thickness and the equation of 
state of nuclear matter.

Neutron skin thickness is an observable 
sensitive to  the EOS symmetry energy.

B. A. Brown (1998)



Nuclear ground state properties as a tool for 
nuclear structure studies.
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Determination of nuclear matter distributions 
through reaction studies.

Glauber-type calculations can also 
correlate proton point radius with charge 

changing cross sections.

Discovery of halo structure in 11Li by 
interaction cross section measurement.

I. Tanihata et. al (1985)



Test of Glauber model calculations of CCCS in 
stable nuclei.

interaction cross section
charge changing cross section (950 A MeV)
Glauber model calculation

Glauber model calculation 
reproduces  well CCCS of 

stable light stable isotopes with 
known charge radii (12C, 14N, 

16O, 20Ne).

See also T. Yamaguchi et al., PRC82 (2010) 014609 
for study of energy dependence of CCCS.



Charge changing cross section at the FRS 
fragment separator of GSI.

CCCS 
measurement

1 GeV/u 22Ne 
and 40Ar beams.

Particle identification through 
Bρ-ΔE-TOF

Two stages of Bρ-ΔE-Bρ separation



8Be!

Experimental setup at FRS S2 focal plane
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Experimental setup at FRS S4 focal point
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- MUSIC(dE) for Z identification
- Beam tracking with TPC.
- 4 g/cm2 carbon reaction target

CCCS measured by counting particles 
that keep same Z after reaction target



CCCS measurement at 1GeV/u at the FRS.

- CCCS measured in May/June 2011.

- 20 different FRS settings during run.

N

Z

Goal: < 2% precision for CCCS measurement.



Sample data from 14B setting

Particle identification spectra

Energy loss in MUSIC2, gated on 14B

C target run

Empty target run

A/Q

Z

Energy loss resolution achieved:
- B: 5.1 %
- C: 4.0 %
- N: 3.3 %

14B



Sample data from 14B setting

Particle identification spectra

Energy loss in MUSIC2, gated on 14B

C target run

Empty target run

A/Q

Z

Energy loss resolution achieved:
- B: 5.1 %
- C: 4.0 %
- N: 3.3 %

14B



Rejection of pile-up events

Sc
i21

• Pile-up detection circuit. 
• Multi-hit TDC.
• Veto scintillator.

MUSIC1 spectra for 16O settings

S4 rate = 300/sec 
pile-ups = 0.2 %

S4 rate = 3500/sec 
pile-ups = 2.2 %
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Conclusions and perspectives

• Charge changing cross section (CCCS) measurements allow the 
determination of proton radii of very unstable nuclei. 

• Study of proton distribution important to place experimental 
constraints on the Equation of State of asymmetric nuclear matter, 
and to study the structure of light unstable isotopes.

• Measurement of CCCS for several neutron-rich Be, B, C, and O 
isotopes at 1 GeV/u performed successfully with the FRS in May 
2011. Data analysis is in progress, and results are expected soon.

• Thanks to the GSI staff for their technical support to run the 
experiment, and to GSI for the alloted beamtime.
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