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   NSCL experimental halls and instrumentation  
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   Beams produced at NSCL  

More than 1000 RIBs have been made, and more than 830 RIBs have been used in experiments
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   β-delayed neutron emission probabilities measured with NERO  
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Important nuclear physics r-process

Sensitivity to astrophysics 8

FIG. 5: (Color online) Freeze-out (black lines) and final (green lines) abundances for the hot (left column) and cold (right
column) r-process. The calculations are based on the mass model that is indicated in the label.
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FIG. 5: (Color online) Freeze-out (black lines) and final (green lines) abundances for the hot (left column) and cold (right
column) r-process. The calculations are based on the mass model that is indicated in the label.
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  R-process implications 

Ni         

β-delayed neutron branching ratios        

Hosmer et al. 2010

Cu

HALF-LIVES AND BRANCHINGS FOR β-DELAYED . . . PHYSICAL REVIEW C 82, 025806 (2010)

level inversion to occur for Cu isotopes at 75Cu and beyond [70]
thereby justifying the modifications of the CQRPA model.

VI. r-PROCESS CALCULATIONS

With our new data and recent precision mass measurements
around 80Zn [68,69], the nuclear physics needed to model
the r-process around A = 80 is now to a large extent
experimentally determined. We can therefore test r-process
models in this particular mass region against observations with
greatly reduced nuclear physics uncertainties.

It is quite challenging to understand the origin of the ele-
ments in this mass region, as not only all major neutron-capture
processes, the weak and strong s-process and the r-process,
can contribute, but charged-particle reaction sequences can
reach this mass region as well. Indeed, one class of r-process
models, the neutrino-driven wind scenario in core collapse
supernovae, predict that nuclei in this region are produced
by a combination of charged-particle and neutron-induced
reactions. Nevertheless, we can ask whether r-process models
characterized by a neutron capture and β-decay reaction
sequence in the A = 80 mass region are now able to reproduce
the observed solar r-process abundances in this region.

To address this question we use a classical r-process
model that simulates a series of neutron exposures of Fe
seed nuclei with neutron density nn, temperature T , duration
τ , and weight ω. It has been shown that such a model can
reproduce the observed solar abundance pattern reasonably
well employing power-law relationships ω(nn) = a1n

a2
n and

τ (nn) = a3n
a4
n leaving only three free parameters plus an

overall normalization [71]. The temperature T = 1.35 GK is
kept constant and is the same for all components representing
a typical r-process freeze-out temperature. The model we use
adopts the waiting point approximation and assumes a sudden
freeze-out with decay back to stability once all exposures
have been applied. The fact that the site of the r-process is
still unknown and that a wide range of scenarios have been

proposed motivates the use of this simple site-independent
model. The classical model can simulate well the final local
neutron-capture flow in an r-process scenario at freeze-out,
which tends to dominate the features of the final abundance
pattern. Of course, further modifications of the abundance
pattern can occur during freeze-out, but this effect is highly
model dependent. It therefore makes sense to explore the
agreement of a simple r-process model with observations.
Once the nuclear physics is fixed, major disagreements with
observations might indicate an entirely different r-process
mechanism for the mass region in question, while smaller
deviations might reveal additional, site-specific effects, such
as an extended freeze-out.

Figure 9 shows results from an r-process calculation, where
the four model parameters have been fitted to reproduce
the solar r-process residuals from Arlandini et al. [72].
These r-process residuals have been obtained by subtract-
ing from the observed solar abundances a main s-process
component calculated with a classical s-process model and
a weak s-process component. In the A = 80 mass region,
this solar r-process abundance distribution is very similar
to the one obtained with a set of realistic stellar s-process
models and updated solar abundances [73]. Our baseline
model calculation with model parameters a1 = 4224.74, a2 =
−0.082, a3 = 788.86, and a4 = 0.0089 uses the nuclear
masses from the 2003 Atomic Mass Evaluation [74], including
their extrapolations, updated with the new masses in the Zn
region [68,69]. Masses of more exotic nuclei are taken from the
ETFSI-Q mass model, which has been shown to be well suited
for r-process calculations. We also performed calculations
using the FRDM mass model that lead to very similar results
in the A = 80 mass region and to the same conclusions.
Experimental β-decay data, including Pn values, are taken
from the National Nuclear Data Center (NNDC) [75] when
available, otherwise our theoretical QRPA03 data are used.
For comparison, we then run the same calculation with our
updated β-decay properties from this study. We also show a

FIG. 9. (Color online) Abundances calculated with a classical r-process model using previously known decay data (dotted black line) and
the new data from this work (thick solid red line). The thin solid blue line indicates a calculation with the large 78Ni half-life predicted by
QRPA97. The thick dotted red line shows results using the new half-lives from our work, but the old Pn values. Solar r-process abundances are
shown as black data points.
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New beta-decay system

• Prototype GeDSSD

• Electrically segmented

• Dual gain

• High beta-detection efficiency compared to Si due to higher 
Z of Ge and availability of greater thickness

• Expect final detection efficiency ~85%

of the decay. Beta-decays were correlated to previously
implanted ions based upon temporal and position information
from the GeDSSD. In order to be correlated to an implanted 54Ni
ion in software, a decay event must have occurred either within
the same pixel as the 54Ni ion implant location or in an adjacent
pixel. Only events within a user defined time window (set to
500 ms) were correlated with 54Ni ions. A histogram of the time
difference between implants and decays for 54Ni is shown in
Fig. 8. The histogram is fit with contributions from the decay of
54Ni, its daughter 54Co and a constant background. The number
of counts attributable to the decay of 54Ni is determined from
the information in Fig. 8 and then compared to the number of
implanted ions to determine the beta-decay detection effi-
ciency. The detection efficiency for 54Ni βþ decays is 55(2)%
when only considering decays that occur within the same pixel
as the ion implant. The half life of 54Ni was determined to be 97
(2) ms, which is within the uncertainty of previous measure-
ments [30,31]. Under the same constraints (a time window of
500 ms and same pixel correlations), the GEANT4 simulated
beta-decay detection efficiency for 54Ni is 61.6(6)%. Allowing
decays to be located in neighboring pixels within the simula-
tion increases the beta-detection efficiency to 87.0(7)%. How-
ever, this could not be verified experimentally due to the high
overall rate of ion implantation.

5.3. Radiation damage

During the heavy ion bombardment, the GeDSSD suffered
radiation damage. A comparison of the resolutions of a strip at
the edge of the GeDSSD, which was not illuminated by the beam,
and a strip near the center of the detector as a function of the
number of implanted ions is shown in Fig. 9. The first (leftmost)
points are before the initial experiments. For strips in the middle
of the detector (squares), where the incoming beam implanted, a
degradation in resolution was observed almost immediately.
However, after the initial degradation, the resolution of the
GeDSSD remained constant over the subsequent 1.8"107

implanted ions. The resolution of edge strips that were not
illuminated by the beam spot (circles) remained unchanged
throughout the experimental campaign. At the current time, there
are no plans to attempt to anneal the detector.

6. Conclusions

A planar GeDSSD has been successfully commissioned for beta-
decay spectroscopy experiments at a fragmentation facility. Beta-
decay detection efficiencies greater than 50% have been demonstrated
with an efficiency of approximately 90% expected for lower implanta-
tion rate experiments. The planar GeDSSD can be surrounded with
ancillary detection arrays for beta-delayed gamma and neutron
studies. Further developments are planned to exploit the high
electron detection efficiency and high resolution for measurements
of electron conversion coefficients and beta-decay Q value
measurements.
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Fig. 8. 54Ni beta-decay curve: The beta-decay curve for 5Ni, where the red solid line
is the total fit, the pink dot-dashed line is the decay of the 54Ni parent, the green
long-dashed line is the growth and decay of the 54Co daughter and the blue short-
dashed line is background. A half-life of 97(2) ms is extracted from this curve. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this article.)

Fig. 9. Resolution degradation resulting from radiation damage: Resolution for the
662 keV line from a 137Cs source as a function of the number of implanted ions.
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Summary

• Beta-delayed neutron experiments have been done at NSCL (38 Pn 

measurements).

• Beam intensities limit the current reach of what can be measured. 

• Current understanding of the r-process limited by incomplete nuclear 

physics. So far only the nuclear physics in the A~80 region is in a solid 

basis. Now the astrophysical conditions responsible for the abundances in 

this region can be unambiguously determined.

• New measurements of beta-decays and beta-decay neutron emission 

probabilities are crucial to understand the creation of about 50% of the 

abundances heavier than Fe (r-process).

• Facilities such as BigRIPS are ideally suited to measure the relevant nuclear 

physics


