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Introduction 
 
The Detector for Advanced Neutron Capture Experiments (DANCE), a 160-element 
BaF2 detector array called DANCE, was recently commissioned at the Manuel Lujan 
Center at the Los Alamos National Laboratory. DANCE provides a unique capability to 
measure low-energy neutron capture cross sections of radioactive targets as small as 
~1 mg (up to ~1 Ci). In this workshop new opportunities and challenges made possible 
with DANCE were explored.  
 
The workshop was held at the La Fonda hotel in Santa Fe, NM. 51 participants 
contributed with talks and discussions. A list of participants including their affiliation and 
e-mail address is included at the end of this introduction. A summary of the two 
discussion sessions on astrophysics and fission at DANCE follows. The last part consists 
of copies of all talks held at the workshop. An extensive system of bookmarks is included 
in the electronic version of this document. 

Astrophysics 
 
One of the most interesting nuclear physics challenges is obtaining a detailed 
understanding of the nucleosynthesis processes of the elements. Knowledge about the 
stellar sites, and how they are governed by stellar evolution and cosmology are a crucial 
in understanding the overall picture. Information on reaction rates for neutron and 
charged-particle induced reactions have a direct impact on existing stellar models. Except 
for the stable isotopes, very few neutron-induced reactions in the astrophysically 
interesting energy range of 1 to 300 keV have been measured to date. DANCE 
measurements on radioactive isotopes will provide many of the missing key reactions that 
are needed to understand the nucleosynthesis of the heavy elements. 
The slow neutron capture process (“s-process”), which provides about half of the 
nuclides with mass greater than iron, branches at radioactive isotopes with moderate half-
lives, on the order of days to years. The competition between neutron capture and beta 
decay at the s-process branch point isotopes depends strongly on the dynamic properties 
at the stellar site. In particular information about the stellar temperature and neutron 
density as well as time scales can be gained, provided the neutron capture cross sections 
of the radioactive isotopes are known for the whole energy range of interest. Modern 
stellar models can calculate the production of isotopes around the s-process branch 
points, but they strongly rely on laboratory data to constrain the assumptions of these 
models. Precise measurements of these cross sections have been desired for many years, 
and many of them can now be carried out using DANCE. 



Measurements using the DANCE array can also improve the knowledge of more exotic 
or less understood stellar nucleosynthesis processes. These are for instance (n,γ) 
measurements at light nuclei – motivated by the possibility of a “light rapid neutron 
capture process” and on heavy, proton-rich isotopes – investigating the stellar 
environment of the “(rapid) proton capture process”. Furthermore, the investigation of 
(n,α) properties with DANCE allows to determine valuable nuclear structure data, like 
spin assignments of resonances etc. Those information are important for the extrapolation 
of measured data to the astrophysical region of interest. 
 

Fission-Gamma Studies Session 
 
As one moves up to the isotopes of the actinide elements, low-energy neutron-induced 
fission competes with neutron capture. The competition between these two channels and 
its dependence on incident neutron energy is of great interest for Stockpile Stewardship 
and nuclear attribution as well as for nuclear astrophysics, advanced reactor design and 
the advanced fuel cycle initiative. Measurements on 235U already performed at DANCE 
have shown that we can partially resolved capture from fission events based on total 
photon calorimetry (i.e. total γ energy and γ multiplicity), but not completely. To 
completely separate these two processes, the idea of adding a fission-tagging detector to 
the DANCE array was explored. 
In several talks we heard about different fission experiments using detector systems 
ranging from solar cells and gas counters to thin plastic scintillators. If DANCE can 
tolerate some increase in background, one may consider placing the fission detector 
directly into the neutron beam. In this case the actinide target may be incorporated into 
the fission detector system such that nearly 2π coverage is obtained. With a suitably thin 
actinide target backing one may approach 4π coverage. However, most of these actinide 
targets are highly α active (i.e. 1 mg of 239Pu has an α disintegration rate of 2 MBq). 
Consequently such an in-beam fission-tagging detector must be highly neutron 
insensitive, distinguish between α and fission events, and be capable of tolerating high 
alpha rates. Solar cells and gas avalanche detectors naturally come to mind. Using such a 
simple fission-tagging detector with DANCE we could determine capture/fission cross 
sections, total photon energy release per fission, total γ multiplicity per fission, and 
average γ-ray energies as a function of incident neutron energy. This information already 
goes a long way to solving our needs. With a more sophisticated fission detector array 
located out of the beam, we could determine additional information such as fission 
fragment kinetic energies, fission fragment masses and fission fragment angular 
distributions. An active discussion of the pros and cons of different detector system and 
space constraints associated with DANCE ensued. 
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Summary of the discussion sessions 

Astrophysics 
 
The discussions on astrophysics were focused on the availability of radioactive samples. The results are summarized in the table 
below. 
 
Isotope      amount Institute Contact Production Comments

Samples available or in production 
10Be ? LLNL / ORNL D. Goosman / P. Koehler   Not available as of Feb. 2003 
79Se ~10 mg ORNL / LANL P. Koehler / R. Reifarth long lived fission Needs to be prepared 
81Kr  ~10 mg LLNL L. Bernstein 81Br(p,n) Needs to be prepared 

85Kr 0.4 mg / 0.18 Ci LLNL L. Bernstein  High activity: 26 106 γ/s 
93Zn 2 g FZK F. Kaeppeler   
99Tc ~10 mg ORNL / LANL P. Koehler / R. Reifarth long lived fission Needs to be prepared 
107Pd ? ORNL R. Macklin/ P. Koehler ?   R. Macklin, Nucl. Sci. Eng. 89, 79 (1985). 
147Pm ~ 1 mg LANL R. Reifarth / R. Rundberg n-irradation Needs to be prepared 
151Sm 0.5 mg LANL R. Reifarth / R. Rundberg n-irradation  
151Sm ~ 200 mg ORNL    
155Eu ~ 1mg LANL R. Reifarth / R. Rundberg n-irradation Needs to be prepared 
171Tm ~ 1mg LANL R. Reifarth / R. Rundberg n-irradation Needs to be prepared 

Ideas for future projects 
7Be    ???, maybe TRIUMF Poss. Detection of (n,γ): 7Be(n,γ)8Be->2α 
179Ta     179Hf(p,n)  
185W    ???, maybe 184W(n,g)  

204Tl    204Hg(p,n)  

205Pb    205Tl(p,n)  

 



A promising new facility is the Isotope Production Facility at LANL, which is able to produce isotopes via (p,xn) reactions. The 
following information are kindly provided by Jerry Wilhelmy: 
 
IPF Production Capabilities 
 
The IPF will provide up to 250 µA of 100 MeV protons. Three irradiation positions are available along the flight path. Each will be 
limited to effective target thicknesses that degrade the beam energy by ~ 20 MeV. The proton energy range and major reactions for the 
target positions are: 
 

Position Proton Energy Range Major Reaction Channel
1  70-90 MeV  (p,5-8n)
2    45-65 MeV (p,3-5n)
3    10-30 MeV (p,1-3n)

 
The (p,xn) reactions, in general, produce neutron deficient isotopes that will decay by β+/EC. It is often possible to irradiate targets 
that are of higher Z than the production isotope desired and rely on decays through the β+/EC chain to produce isotopically enriched 
production materials. 
 

Fission at DANCE Discussion 
 
The Fission at DANCE discussion session focused on the development of a fission-tagging detector, for the study of fissionable 
actinide targets, that could be incorporated into the DANCE array. An obvious first consideration for such a detector is that it not 
introduce too much additional capture/scatter background. A second consideration is the limited space available inside the DANCE 
array. Finally, the detector must tolerate and distinguish between fission and α events since the actinide targets generally have high α 
activity (i.e. 1 mg of 239Pu has an α disintegration rate of 2 MBq). 
With these two criteria in mind, the discussion centered on two fundamentally different design concepts. The first concept is a 
modification of two detector designs that have already been used with great success in other experiments at LANSCE, namely a solar 
cell [1] or a fission gas counter [2]. Both involve deposition of the target material directly onto an active component of the detector. 
The resulting drawback for both designs is that the detector must be placed directly in the neutron flight path. This would lead to an 



increase in the capture/scatter background, which may be unacceptable. The advantages of these two designs are their simplicity as 
well as providing excellent, nearly 2π coverage with a minimum of equipment (with suitably thin detector components the coverage 
could approach 4π). Also, solar cells do not register α background. Gas avalanche counters can also be operated in a mode such that 
alphas do not generate an appreciable signal while fission events do. However, a gas ionization or proportional counter might suffer 
from charge build-up that could eventually overwhelm the counter. 
The second design concept was for an external (i.e. out of the neutron flight path) mini-array placed a small distance away from the 
target. Several basic detector types were discussed for this array, including gas ionization, Si (active or passive) and thin plastic 
scintillators [3,4]. The advantages here are that no additional material is placed in the flight path and the resulting increased flexibility 
might allow for more than a simple fission trigger. Drawbacks would include increased size/complexity (both in terms of equipment 
and signal processing) and probably reduced angular coverage. The design of such a mini-array would also be hindered by the space 
limitations inside the DANCE array. In most cases the 6LiH neutron absorber would need to be removed or significantly modified. 
 
Several action items were identified at the end of the discussion session: 
 

1. A solar cell detector should be tested in DANCE before the end of the current LANSCE run cycle. The test would focus on 
evaluating detector performance and quantifying the added background. 

2. A gas counter design that would fit within the existing beam line was discussed as the possible step. Further discussions are 
needed to decide what design is best. A 252Cf source should be obtained for off-line testing. 

3. Finally, an out-of-beam fission detector needs to be further explored for the long term. 
 
 
[1] T. Ethvignot, et.al., Nucl. Instr. and Meth. A490, 559 (2002) 
[2] S.A. Wender, et.al., Nucl. Instr. and Meth. A336, 226 (1993) 
[3] W. Reviol, et.al., Phys. Rev. C68, 054317 (2003) 
[4] W. Reviol, et.al., submitted to Nucl. Instr. and Meth. A 



Contribution by

John L. Ullmann

Los Alamos National Laboratory
ullmann@lanl.gov

24 pages



Details

• Workshop Format
– Questions and Discussion after each talk

•Proceedings
–Web-based, copy of slides

•Discussion on Tuesday
–What are the outstanding problems?
–How can they be addressed
–How can DANCE be of use?

•Tour of LANSCE: Wed, 10 AM
–Sign up!

•Computer/email Access
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Los Alamos Neutron Science Center (LANSCE)



DANCE is located on Flight Path 14 at the Lujan Center.

FP 14 views the second-tier coupled water moderator.



DANCE / Flight Path 14 at the Lujan Center

Beam Stop

Electronics
Shed

Target
(20.26 m)

Collimator 4

DANCE



The DANCE barium fluoride array

• 162 segments 
(160 segments with crystals) 

• 4 different crystal shapes
• Inner radius = 17 cm 

•18 cm actual ⇒ 3.52π
• Crystal depth = 15 cm
• 6 cm thick 6LiH neutron shield

(Inner radius = 10.5 cm)

• Calorimeter
– identifies capture by total 

energy in gamma rays
• Less sensitive to neutrons

– Scattering cross section > 
capture in our energy range of 
interest (1 keV < En < 100 keV)

• Fast
- 1 Ci is 37 decays/nanosecond
– 10 12 MeV/sec (?) of radioactive 

decay (30 Ci)
• Segmented



DANCE crystals and assembly

BaF2 Crystal

Crystal mounted on 3 in phototubeHalf of DANCE array with 6LiH ball



DANCE Uses 324 fast waveform digitizers for acquisition

CAMAC / VME not adequate
• Need >2ms multi-hit time digitization
• ADC conversion times long
• High rate => buffered ADC,TDC
• Camac transfer rates slow

DANCE Solution- Waveform digitizers
• 8-bit, 500 Msample/sec (300 MHz bandwidth)
• Two digitizers/crystal (hi and low gain) for

adequate dynamic range
• 128 kpoints/channel
• Acqiris DC-265
• 14 Compact PCI crates, 24 channels/crate

Each crate has onboard computer for
digitizer control and distributed analysis of
waveforms between beam bursts (50 msec)

• Central computer (2 GHz PC)/ethernet
CAMAC crate for control and scalers

• 1- Tbyte RAID for event-mode storage DANCE Acquisition Hut



Some details on waveform digitizer use at DANCE
Acquisition Modes
Segment Mode
• Trigger for each event

Requires external electronics
• 1000 channels (2 µsec) per segment
• Only “hit” channels digitized
• Approx 100 events/channel per To
• 3.0 µsec fixed deadtime
Continuous Mode
• One trigger for each To
• “No” deadtime – analyze overlapping

waveforms observed at higher rates
• Limited energy range -

Current trial Tneut > 215 eV
Waveform analysis in 50 msec
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Sample Waveforms

500 mV FS
100 mV FS

Peak Area Algorithm (Segment)
• Single peak per segment

(If 2nd pulse – reject 2nd)
• Background ahead of leading edge

Look back 200 ns before trigger
• Leading edge, >25 mV/chan
• Fast component – integrate low-gain

waveform for 20 chan (40 ns)
• Total area (fast + slow)

Compare to reference waveform
(equiv. To least-squares)

Timing Algorithm (Segment)
• Segment time at segment trigger

(recorded in segment time stamp)
• Reference event trigger sent to
all channel at To

• TOF = difference in time stamps +
(small) correction for leading edge 



Flight Path 14 Neutron Flux
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Φ ≈ (127 N/cm2/ev/sec/µA) ) / E (eV)



Summed gamma cascade energy identifies target nucleus

Au 3.92 mg/cm2

RTH

Au(n,γ) Q = 6.51 MeV

138Ba(n,γ)
Q = 4.72 MeV

137Ba(n,γ)
Q = 8.62 MeV

134,136Ba(n,γ)
Q = 6.9 MeV

Esum

• Summed gamma energy = Q value
• Energy sum from 160 crystals
• Events due to scattered neutrons capturing 

in BaF2 become more important at high 
energies

• Gate on Esum peak



Summed Gamma Energy as function of Neutron Energy

Au (3.92 mg/cm2)  Q = 6.51 MeV Crystal Multiplicity = 2



Summed Energy: The story to now.

Green:  Calculated Au gamma “Esum” spectrum
Red:      141 Crystals, 50 mV threshold per crystal
Black:    159 crystals, 25 mV threshold per crystal



Cluster Multiplicity provides an additional means of neutron discrimination

Neutron Energy = 10 to 100  keV
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Cluster multiplicity for scattered neutrons 
interacting in array (blue) and for gammas 
from true captures in an Au target (red).  
This parameter also provides a means of 
discrimination.  A cluster is a set of 
adjacent “hit” crystals.



Cluster Multiplicity vs. Summed Energy (Au)

1 – 10 eV 10 – 100 eV

100 – 1000 eV 1 – 10 keV



Projected Counts – different cluster multiplicity thresholds

Au (Run 847)



Au (3.92 mg/cm2) Spectrum with Background
Cluster Multiplicity ≥ 4      5.0 MeV < Esum < 7.0 MeV 50 bins/decade



Time of flight spectra and Deadtime correction

Au (3.92 mg/cm2) Empty holder

100 µsec = 214 eV

14.6 µsec = 10 keV

Deadtime correction: C..D. Bowman and R.L. Bramblett, LLNL LINAC-21, 91962). 
See also P.B. Coates,J. Phys. E Sci. Instr 1, 878 (1968).

Fixed deadtime = 3.00 µsec   6LiH absorber in place



Plans 2003 - 2004

Experiments

Stable Targets:
• 139La,45Sc,55Mn,59Co,Cu,V,Rb,Sr   (Gaps in s-process)
• 102Pd  (rp process)
• 151Eu  rad-chem diagnostic

Radioactive Targets
• 237Np    AFCI
• 234,235,236,238U  better targets and statistics
• 151Sm   Key s-process branch (largely completed)
• 147Pm   s process branch  - target irradiated, needs chemistry
• 171Tm,155Eu  rad-chem diagnostics, target irradiated, needs chemistry

Development
• Improved hardware handshaking
• Further work on resolution and backgrounds
• Development of “continuous” data acquisition
• Ge detector in concidence for fission studies (??)



Simulations of 197Au(n, γ)

Comparison of Au summed-energy peak
* 2002/2003 Setup (141 Crystals)
* Full Array (151 crystals)

Simulation of Au
summed-energy peak
and background from 
scattered neutrons.

* 141 Crystals
* With and without LiH



Sample spectra using waveform digitizers

Rn α decay peaks

60Co Source spectrum
Alpha – gamma discrimination; 
Fast component (vertical) vs

Total energy (horiz)



Beam Spot at Filter Box in FP14 (8.xx m)

106 mm

Profile – Left/right

100 mm
Approx 100 mm

Activation: 2.5 X 2.5 cm Au foil

Profile: up/down



Beam flux measurements on FP14

Differential measurements
• 6Li(n,αt) monitor
• 235U(n,f)
• 3He     (Luke Daemen)

Au activation measurements
• In filter box (8.51 m)
• Target location (20.25 m)
• Analysis: “Westcotte convention”

• With and without Cd filter
• Assume 1/E spectrum shape



Preliminary Results: 234,236U Resonances

Raw Energy Spectra
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234UResonances fit using SAMMY code
• Parameters determined from Au resonances
• Teff = 300° (Doppler Broadening)
• ∆L  = 0.0109 m  (Moderator thickness)
• ∆Tx = 0.390 µsec (Exp. Tail parameter)
• TE = 0.019 µsec (Gaussian width param.)
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nucleosynthesis between iron and the actinides
clues for modeling Red Giants

element abundances and reaction rates
s-process branchings: the Te-Xe-Ba region
experimental quests vs present and future possibilities

(and supernovae)



the standard abundance distribution
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sources of abundance information



presolar grains: Xe-S and Xe-HL

AGB stars

stellar (n,γ)
cross sections

s process



the Te-Xe-Ba region 
p process N=82
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124122Te 128126123 125

128 129 130

I
Xe

p process

s process
r process

130

127

10h

25
min

131 132

s-process flow at A=127/128 ?

130Xe: normalization of solar Xe abundance

β -/ EC = 94   at T8=1 ......  but  99   at T8=3
independent of stellar neutron flux!!

branching?: answer only via σN test,
requires accurate (n,γ) cross sections



detection of neutron capture events
prompt γ−rays + TOF-method(n,γ):

* Moxon-Rae         εγ ~ 1%
* PH-weighting         ~ 20%
* Ge, NaI                   < 1%

single γ´s

all cascade γ´s * 4π BaF2 ~100%

activation  in quasi-stellar spectrum
most sensitive      * small cross sections,

1014 atoms sufficient
selective              * natural samples or

low enrichment



the Karlsruhe 4π BaF2 array
εγ >90% up to 10 ΜeV  εcasc > 98%
∆E/E = 6% at 6 MeV clear signatures

∆t = 500 ps                                    good TOF resolution

sample

γ

γ

γ

Pb neutron target

p-beam
γ

collimated 
n-beam



samples, spectra & cross sections

Xe

previous            measured
128Xe 248 ±66 262.5 ±3.7
129Xe 472 ±71 617 ±12
130Xe 141 ±51 132.0 ±2.1



s-process branchings at A=127/128 
confirmed by 8% difference in σN ! 

124122Te 128126123 125
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I
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p process

s process
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131 132

branching independent of stellar neutron flux!!
β -/ EC = 94%   at T8 = 1 ...........but 99% at T8 = 3



the s process in AGB stars

final abundance patterns formed
by 22Ne(α,n) during He shell flash
kT=23 keV, β -/ EC = 99%

13C(α,n) source operates
during H-burning phase
kT=8 keV, β -/ EC = 94%

no branching!?



short convective turnover:  
A = 128 branching works by fast mixing!

T8 (K)

vconv
(cm/s)

tconv ~ 1 h
T8 = 0       1        2         3

fβ- = 94     95      99     100



the s-process branching at A=134
p process N=82

131 132 134 136

r process
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134 135130 132

2yr 106
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137 138
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DANCE would see 1 event / µs with 100 MeV sum energy and multiplicity 160!!

134Cs tough: beta decay rate enhanced
cross section difficult to measure

1 µg 134Cs are N=4.5 1015 atoms
activity/ µg = Nλ = 5 107 Bq 
each module of  DANCE sees R =  6. 105 (600+700keV γ/s 
corresponding to a signal rate of 1/µs/module 

DANCE !?

perhaps possible by restriction to fast component                             



the easy way to σ(134Cs) the easy way to σ(134Cs) 

70 mm

sample

7Li(p,n)7Be, neutron energies 30 and 500 keV, Φn ≈ 3 109 n/s

activation of 135Cs (t1/2=2 106 yr)

measurement with sample of  400 ng 135Cs



σ(134Cs) by model normalization
134Cs/135Cs and 134Cs/133Cs ratios
well reproduced by statistical 
model calculations

134Cs cross section via measured 
cross sections of neighbors

135Cs

σ(134) = 724 ± 65 mb at kT=30 keV

BUT: in general, direct cross section measurements necessary,
e.g. for explosive nucleosynthesis



possible approaches
for samples with high specific γ –ray activities

further reduction of sample mass: requires higher fluxes 
SNS
short n_TOF flight path,
minimized flight path & fast timing           

storage ring experiments:                 RIB intersected with n-beam
periods of ≈ 1 µs gain of 106 !



n_TOF improvementsn_TOF improvements
DD22O moderatorO moderator

eliminates ineliminates in--beam beam γγ--raysrays
boosts fast fluxboosts fast flux

more shieldingmore shielding

eliminates ineliminates in--beam beam bkgdbkgd

new vertical flight pathnew vertical flight path

further background reductionfurther background reduction
100 times higher flux100 times higher flux
10 times better duty factor10 times better duty factor



minimized flight path

enhancement of sensitivity 
in TOF measurements by 
shorter flight path

BG:prompt 
γ-flash

BG: capture of 
scattered neutrons

signal:
(n,γ) at sample

TOF measurements with
samples of 1015 atoms
short lived isotopes (t1/2> 10 d)



storage ring approach

@GSI

wide range of applications 
once that intense RIBs available

(p,γ) .......  
(γ,n)    Mohr, GSI)

(n,γ) Masuda, KEK)



the s process in AGB stars:
the overall abundance distribution



summary

• s-process branchings represent unique windows to the deep interior
of Red Giants but require reliable neutron capture rates

• present facilities and detectors need to be used intensively for 
improving these rates in a number of areas (presolar grains,
massive stars, optimizing HF prescriptions)              

• the direct measurement of such rates for radioactive samples leads
to the limits of present techniques

• promising options are expected at RIB facilities 

important for quantitative picture of galactic 
chemical evolution
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Michael Wiescher
University of Notre Dame

Ignition of nucleosynthesis in the early SN shock
Three-particle fusion processes as trigger reactions 
n-capture on halo nuclei; the light r-process?
Experiments?

Supported by he Joint Institute of Nuclear Astrophysics; 
www.JINAweb.org

Neutron capture on light nuclei 
- is there a light r-process?



Adiabatic expansion on millisecond time scale 
5

9

ρ
TS ≈

Temperature and Density Development



Initial NSE conditions: only p, n, 4He, abundances
with decline in T ⇒ re-association in NSE towards 56Ni

Explosive burning in expanding shock



Network simulations of early 
SN shock-front nucleosynthesis

Meyer, McLaughlin, and Fuller, 
Phys. Rev. C, 58, 3696 (1998).



Dynamical Reaction Network

Mass 5 Gap
Mass 8 Gap

α-Process

r-process ?



Build-Up of Seed Nuclei

Terasawa et al. ApJ 562, 2001
& ApJ 578, 2002

Conversion of initial
p, n, 4He abundance

into seed nuclei is
controlled by three
particle reactions
involving 4He, this

maintains high 4He 
abundance



Bridging the A=5 (8) Gap

4He(2α,γ)12C
4He(αn,γ)9Be(α,n)12C
4He(2n,γ)6He(2n,γ)8He
4He(2n,γ)6He(α,n)9Be (α,n)12C

H
He

n

Li
Be

B

C

1 2

3 4 5 6 7 8

9 10 11 12

Feeding of r-process seed depends on 3-particle reaction rates



The triple α Reaction
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The (ααn) Reaction
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Uncertainties are in the DC calculation and in s-wave interference



Three Particle Reactions

12C(γ,αα)4He

4He(αα,γ)12C

Inverse photodisintegration 
rates are calculated for 
ρ=1 g/cm3; the rates scale 
with ρ2 for three particle 
interactions (ρi=105 g/cm3).

9Be(γ,αn)4He

density ρ
4He(αn,γ)9Be



2n-capture processes
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Di-neutron capture

Mainly 2n p-wave direct capture on 4He
the 830 keV resonance is negligible!
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Probability of di-neutron formation
and di-neutron capture
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The 6He(α,n)10Be Reaction



Reaction rates

6He(γ,nn)4He

12C(γ,αα)4He

4He(nn,γ)6He
4He(αα,γ)12C

6He(α,n)9Be

4He(αn,γ)9Be

9Be(n,α)6He

Inverse photodisintegration 
rates are calculated for 
ρ=1 g/cm3; the rates scale 
with ρ2 for three particle 
interactions.

9Be(γ,αn)4He

density ρ



Fate of 9Be

4He

9Be

6He

12C

Depletion of the 9Be
equilibrium abundance



Nucleosynthesis of light isotopes

4He
with (α,n,n)

without (α,n,n)

12C
with (α,n,n)

without (α,n,n)

9Be    
with (α,n,n)

without (α,n,n)

6He    
with (α,n,n)

With weak (α,n,n)



Neutron budget & alpha process

⇒ less flow towards heavier elements
⇒ more back-processing via 9Be(n,α)6He(γ,nn)4He
⇒ less neutrons for r-process?

Neutrons 

with (α,n,n)
without (α,n,n)

with (α,n,n)
without (α,n,n)

final abundances



Dynamical r-process simulation

Terasawa et al. ApJ562, 2001α-capture dominated

neutron
capture rates
on light halo

nuclei?

full network

limited networklimited network

full network



(n,γ) ⇔ (γ,n) equilibrium

(n,γ)⇔(γ,n) equilibrium
reached if Q (n,γ) ≤ 2⋅T9 -1

0
1
2
3
4
5
6
7
8

10 15 20 25A

Q
   

[M
eV

]

oxygen
beryllium
carbon

‘light’ r-process path
limited by low Q-value
(n,γ) reactions



C, O (n,γ) reaction rates
Present shell model based calculations; Herndl et al. PRC, 2002
includes single resonances but the rates are dominated by 
direct capture contributions

Significant deviations from HF calculations!



Halo in neutron capture
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Capture on extended neutron halo may have significant impact on
cross sections and therefore on neutron capture reaction rates!

rn= 2.5 fm
3.5 fm
5.0 fm



Are neutron capture measurements
on radioactive targets possible?

Neutron capture measurements 
are possible for long-lived 
radioactive isotopes, e.g. 14C(n,γ)15C

activation method with 
15N γ-decay as signature

Mainly p-wave direct capture to 
s-wave ground state in 15C!



10 years of 14C(n,γ)15C
Experiment was performed at FZ Karlsruhe by activation of 

Ni container enclosed 14C target with Maxwell-Boltzmann-shaped 
neutron beam that was produced by  7Li(p,n) at 1.98 MeV. 

Considerable improvement due to bg reduction & efficiency improvements

1993
Beer et al. 

2003
Reifarth et al.



RIA with neutron beams
Are experimental studies with neutron beams on 

short-lived targets possible?

only for life times in the range 
of 10 days! (see F. Käppeler)

Alternatives: 
(d,p) single neutron 
transfer reactions?
(γ,n) Coulomb disintegration



Example: 14C(n,γ)15C by 14C(d,p)15C

Spectroscopic information C2Sn leads to model predictions
But the quality of result depends on model quality 

Descouvemont et al 2000.

Wiescher et al. 1990



Example: 14C(n,γ)15C by 15C(γ,n)14C
Coulomb dissociation experiment 
With fast beam from NSCL/MSU
Coupled cyclotron facility

Direct capture measurement

Coulomb 
dissociation data

≈ Factor 2 difference



Conclusions
• Complexity of reaction networks (and temperature

conditions) requires often more detailed reaction 
rate information than appreciated by model 
community! All reaction links need to be included!

• Light r-process seems possible if sufficient n-flux is
available at cooling conditions. Halo structure of 
nuclei may enhance n-capture rates!

• new & reliable experimental methods need to be
developed for measuring neutron capture rates 
for short-lived radioactive nuclei!
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Improving Explosive Nucleosynthesis Rates for Reactions 
Involving Alpha Particles: The DANCE Connection

Paul Koehler
Oak Ridge National Laboratory



Motivation Roadmap

(n,α) Measurements

N
uclear M

odels

Better (γ,α)  and (α,p) Rates
C

onstraints on A
stro. M

odels

Better Understanding of Supernovae, Origin of Elements,…

What’s needed: 
Global 
improvement in 
α+nucleus 
potential.



(n,α) Measurements are Difficult but Doable

Isotope <σ>30 % Abundance ORELA (mg) 
32S 8.7 95.02 36

36Ar 49 0.337 7.2
43Ca 1.4 0.135 300
44Ti 560 60 yr 0.78
59Ni 6400 75000 yr 0.090
61Ni 3.5 1.13 1700
64Zn 240 48.6 26
67Zn 310 4.1 21
73Ge 0.11 7.8 6500
77Se 2.8 7.6 270
91Zr 3.7 11.32 240

94Mo 0.18 9.25 5200
95Mo 19 15.92 50
97Mo 0.15 9.55 6400
96Ru 15 5.52 60
99Ru 43 12.7 20

101Ru 0.21 17.0 4700
105Pd 0.73 23.33 1400
106Cd 0.12 1.25 8700
120Te 0.25 0.096 4700
123Te 2.6 0.908 420
143Nd 24 12.18 60
145Nd 1.1 8.30 1300
147Sm 32 15.0 45
149Sm 3.2 13.8 450
171Yb 0.10 14.3 16900
177Hf 0.12 18.6 14600

• Cross sections (~10 µb), 
fluxes (“In” ~ 7 ppA), and 
samples (~ 50 µg/cm2 - ~1 
mg/cm2) are small, 
backgrounds (from “flash”) 
can be large.
Compensated Ion Chamber 
(CIC) overcomes these 
problems).

• Several (n,α) measurements 
completed (blue) or planned 
(red) at ORELA and proof-
of-principle experiments 
demonstrated that LANSCE 
will be ~20x better (green).



Comparisons as Averaged Cross Sections Leading to 
Improvements in α Potential

100 101 102

En (keV)

101

102

103

σ
 (

µ
b)

147Sm(n,α)

ORELA Experiment
MOST*2.7
NON-SMOKER/3.3
Holmes et al./1.2

}Theory

• Statistical model 
calculations differ from 
the data by ≈ 3 and from 
each other by ≈ 10.

• Drawback: Comparison 
as cross sections includes 
uncertainties due to 
neutron and γ strength 
functions, level densities, 
and width fluctuation 
corrections.



A Better Approach: 
Compare Calculated Transmission Coefficient T to 

Measured α Strength Function S

• Isolates effect of α potential

T = 2πS.

• Catch: requires R-matrix analysis and hence accurate Jπ, Γn, 
and Γγ for many resonances.

Exists for 147Sm from previous neutron total and (n,γ) data.

Current resonance parameters for 95Mo and 143Nd not good 
enough.



Example: 147Sm

• 147Sm has Iπ = 7/2-

s-wave neutrons on 147Sm lead to 3- and 4- states in 148Sm.

• Q(n,α) = 10.127 MeV, En = 3 – 700 eV.

Alpha energy Eα (and hence α penetrability Pα) does not 
change across range of analysis.

However, alphas emitted below the Coulomb barrier, so Pα
is a steep function of Eα.



Example: 147Sm

• Jπ = 4- states in 148Sm 
cannot α decay to 0+

ground state of 144Nd, but 
3- ones can.

Eα,4 < Eα,3 =>

Pα,4 < Pα,3 =>

Sα,4 ≈ 1/10 Sα,3



Example: 147Sm, Neutron Channels

• Obtain resonance 
parameters (En, 
Γn, Γγ) from R-
matrix analysis of 
total and capture 
cross sections.

• Neutron strength 
function S0
determined from 
slope of 
cumulative 
reduced width vs. 
energy.



Example: 147Sm , Neutron Channels

• Determine level spacing D0
from slope of number of 
resonances vs. energy.

• Compare to Porter-Thomas 
distribution calculated from 
S0 and D0 to data.
If consistent, S0 should be 
reliable.

• Compare measured S0 to 
calculated T.
Neutron Channel: Factor of 
2 difference for 147Sm.
Neutron potential needs 
adjustment.

0 1 2 3 4 5
[Γn
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Example: 147Sm , α Channels

• Problem: α widths show signs 
of being non-statistical.

Strength function plots have 
steps.

α widths do not follow 
expected distributions.

Strength function ratio 
(Jπ=3-/4-) should be constant, 
but changes with energy.



Example: 147Sm , α Channels

• Ignoring these problems:

Calculated α transmission coefficients ≈ 10-20 times too 
large.

=> α potential needs more adjustment than surmised 
from cross section comparison.

Different average α energies (for 3- and 4- resonances) 
could be useful for constraining  α potential.

=> Could not reproduce 3-/4- α strength function ratio 
with Saxon-Woods potential.



Possible Solution

• Some of the non-statistical effects might be due to 
erroneous Jπ assignments.

Changing Jπ assignment of 4- resonances having largest 
α widths to 3- could result in better “statisticalness”.

Current evidence (crude α pulse-height information, 
alignment of energy scales, Jπ from previous γ
multiplicity experiment) indicates that Jπ assignments 
are good.



Proposed Experiment to Check Jπ Assignments

• New (n,α) measurement at 
LANSCE with thinner 
samples could nail down Jπ

assignments via α pulse-
height information.

The few low-energy 
resonances for which pulse 
heights have been measured 
are consistent with Jπ

assignments using other 
techniques.



The DANCE Connection

• Experiments to determine resonance parameters.

Extracted α strength functions depend on accurate Jπ, Γn, and Γγ
assignments.

Measure Aα = gJΓαΓn/(Γn+Γγ)  => Γα = Aα (Γn+Γγ)/gJΓn.

• Experiments to cross-calibrate energy scales of various 
measurements.

Need to ensure that same resonances being observed in all 
measurements.
Measure (n,γ) and (n,α) at same time or in “coincidence”?



Experiments to Determine E, Γn, Γγ, and Jπ

• Transmission (total cross section).
E, and
Γn (if large enough), and/or
Γγ (in special cases), and
Jπ (if Γn large enough and resolution good enough).

• Neutron Capture, (n,γ).
E (usually with less precision),
Aγ = gJΓγΓn/(Γγ+Γn) => gJΓγ if Γn large, or

gJΓn, if Γn small, and/or
J, if <Γγ> known and conditions are right.

• (n,γ) multiplicity.
E (usually with less precision), and
Jπ, and
Γγ (if conditions right).



Example: DANCE Multiplicity Experiment

• Previous experiment: 
Georgiev et al., Nucl. Phys. 
A565, 643 (1993).

16 NaI detectors 
(122x122x152 mm3 each) in 
4π arrangement.

IBR-30 pulsed reactor in 
Dubna: d=500 m, P=10 kW, 
∆t=4 µs.

Measured TOF spectrum for 
each detector and used to 
determine multiplicity for 
each resonance.



Example: DANCE Multiplicity Experiment

• Previous experiment: 
Georgiev et al., Nucl. 
Phys. A565, 643 (1993).

Jπ = 3- and 4- resonances 
separated by multiplicity.



Possible DANCE Multiplicity Experiments
(to improve α potential)

• Cases taken from 
earlier table.

• Use 147Sm as 
test?

Several isotopes 
heavier than 77Se 
may be good 
candidates.



Example: DANCE/(n,α) Coincidence Experiment?

• Goal: determine En, Jπ

of (n,α) resonances.

• Technique: Use fact 
that 4- resonances 
can’t α decay to 
ground state.

Y696/Yα ≈ 1 for 4-

Y696/Yα < 1 for 3-

• Problems:
Not ironclad.
α detector fit inside 
DANCE? 
Rγ ≈ 103-106 Rα



Summary

• (n,α) measurements beginning to show promise as a 
means to improve reaction rates for explosive 
nucleosynthesis.

• Comparison between theory and data as strength 
functions (rather than as cross sections) appears to be 
very useful and interesting.

Requires better resonance parameters.

DANCE experiments should be very helpful.
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Nuclear astrophysics at DANCE Nuclear astrophysics at DANCE 
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OutlineOutline

• Astrophysics – s-process
• DANCE

– Setup
– experiments

• Outlook
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nucleosynthesis ingredientsnucleosynthesis ingredients

Synthesis of the 
elements

Nuclear Physics
Observations

Stellar models/
Galactic evolution

Decay rates

Reaction rates

Stellar spectra

Stellar grains

Solar abundance
distribution
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s-process ingredientss-process ingredients

Synthesis of the 
s-elements

Nuclear Physics
Observations

Stellar models/
Galactic evolution

Decay rates

Reaction rates

Stellar spectra

Stellar grains

Solar abundance
distribution
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LANSCE @ LANLLANSCE @ LANL
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DANCE / Flight Path 14 
at the Lujan Center

DANCE / Flight Path 14 
at the Lujan Center

Beam Stop

Electronics
Shed

Sample
(20.26 m)

n-Production
(Target 1)

Collimator 4
DANCE
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Evidence for neutron capture:
PROMPT

Evidence for neutron capture:
PROMPT

AX + n A+1X + Q

∑γ= iQ   
“monoenergetic” if 
100 % efficiency
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• 159 BaF2 crystals
• 4 different shapes
• Ri=17 cm, Ra=32 cm
• 7 cm 6LiH inside 
• εγ ≈ 90 %  
• εcasc ≈ 98 %

γ-Detector:

• spallation source
• thermal .. 500 keV
• 20 m flight path
• 3 105 n/s/cm2/decade 

neutrons:

Detector for Advanced Neutron 
Capture Experiments

Detector for Advanced Neutron 
Capture Experiments

collimated
neutrons
beam

sample
t1/2 > 100 d
m ~ 1 mg 34 cm
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BaF2 waveforms - linearBaF2 waveforms - linear
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TOFTOF

Problem with 151SmProblem with 151Sm
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0.5 mg of 151Sm(n,γ) – TOF0.5 mg of 151Sm(n,γ) – TOF TOFTOF
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Measurements doneMeasurements done
139La • almost mono-isotopic (99.9 %)

• closed n-shell (Z=57; N=82)
• easier to observe than Ba
• better suited as “s-element” than Ba
• integrated neutron flux during s-process
• s/r ratio in metal poor stars

Rb, Sr • closed n-shell (Z=37, 38; N=50)
• between weak and main s-component
• r-abundance below Ba (Nr + Ns = N )
• uniqueness of r-process
• integrated neutron flux during s-process
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Measurements planned (spring)Measurements planned (spring)
62Ni • stable  

• only 25 % of MACS from resonances
• until recently: 75% had to rely on theory
• see talk by Michael Paul

102Pd • stable 
• (n,γ) – (γ,n) equilibrium during p-process
• sample only 80% enriched
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Measurements planned (12 month)Measurements planned (12 month)
99Tc • 2 105 years (terr.); <100 years (s-process)

• extremely T-dependent
• potential branch point during s-process
• long-lived fission product

79Se • ~5 104 years (terr.); <50 years (s-process)
• extremely T-dependent
• potential branch point during s-process
• long-lived fission product
• (n,g) on 78Se, 80Se can be disentangled via Q-value

93Zr • 1.5 106 years (terr.)
• on the way to 95Zr (64 days) – branch point
• long-lived fission product
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Long-term programLong-term program

s-process Branch Points, t1/2 > 1 yr
151Sm, 147Pm (FY2003)

63Ni, 79Se, 81, 85Kr, 93Zr, 99Tc, 134Cs, 135Cs, 
152Eu,154Eu, 155Eu, 163Ho, 171Tm, 176Lu, 179Ta, 

185W, 186Re, 193Pt, 204Tl, 205Pb

Investigation of all (feasible) radioactive s-process nuclei. 
Order determined by

• sample availability
• importance for s-process models
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FRACTIONS OF PRESOLAR OXIDE GRAINS

Meteorite/residue Spinel/res Corundum/res

Murray CF (0.15 µm) 15/628 (2.4%) 3/628 (0.5%)

Murray CG (0.45 µm) 21/1253 (1.7%) 1/1253 (0.1%)

Murray CH (0.7-2 µm) 0/1000 (<0.1%) 0/1000 (<0.1%)

Spinel/Murray Cor./Murray

CF 670 ppb 25-130 ppb

CG 765 ppb 45-130 ppb

Total ~1.4 ppm 70-260 ppb
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(The primordial abundance pattern)
Brian Fields (2002, priv. com.)

What the 
Big Bang

made…  



(The solar abundance pattern)

What We 
Find Today  



Relative Abundance by Weight

Universe Humans

Hydrogen 73%

Helium 25%

Oxygen 1%Other 1%

Oxygen 64%

Carbon 20%

Hydrogen 
10%

Nitrogen 5%Calcium 2%



Overview

• Introduction 
• Evolution of massive stars
• Nucleosynthesis in core collapse supernovae
• s-Process in massive stars
• p-Process: ν-process & γ-process 
• Conclusions





Once formed, the evolution of a star is governed by gravity: 
continuing contraction

to higher central densities and temperatures

Evolution of 
central 
density and 
temperature 
of 15 M
and 25 M
stars



Nuclear burning stages
(e.g., 20 solar mass star)

28Si(γ,α)…0.023.5Ti, V, Cr,
Mn, Co, NiFeSi

16O + 16O0.82.0Cl, Ar,
K, CaSi, SO

20Ne(γ,α)16O 
20Ne(α,γ)24Mg31.5Al, PO, MgNe

12C + 12C1030.8NaNe,
MgC

3 He4 12C
12C(α,γ)16O1060.2

18O, 22Ne
s-processO, CHe

CNO

4 H 4He1070.0214NHeH

Main 
Reaction

Time
(yr)

T
(109 K)

Secondary
Product

Main
ProductFuel



Neutrino losses from 
electron/positron pair annihilation

• Important for carbon burning 
and beyond

• For T>109 K (about 100 keV), 
occasionally:

γ → e+ + e-

and usually
e+ + e-→ 2γ

but sometimes
e+ + e-→ νe + νe

• The neutrinos exit the stars at the 
speed of light while the e+, e-, 
and the γ’s all stay trapped.  

• This is an important energy loss with
εν≈-1015 (T/109K)9 erg g-1 s-1

• For carbon buring and beyond, each 
burning stage gives about the same 
energy per nucleon, thus the lifetime 
goes down as T-9

The sun as 
seen by 
Kamiokande



Explosive Nucleosynthesis
in supernovae

(γ,n)52 - 3
p-process

11B, 19F,
138La,180Ta

(γ,α)52 - 3Na, Al, PO, Mg, NeO, Ne

(ν, ν’), (ν, e-)5ν-process

16O + 16O13 - 4Cl, Ar,
K, CaSi, SO

(α,γ)0.1>4iron group56NiSi, O

(n,γ), β−1>10
low Ye

-r-processInnermost
ejecta

Main 
Reaction

Time
(s)

T
(109 K)

Secondary
Product

Main
ProductFuel



net nuclear energy generation (burning + neutrino losses)

net nuclear energy loss (burning + neutrino losses)

convection semiconvectiontotal mass of star
(reduces by mass loss)ra

di
at

iv
e 

en
ve

lo
pe

(b
lu

e 
gi

an
t)

convective envelope (red giant)

H
 b

ur
ni

ng

H
e 

bu
rn

in
g

C
 b

ur
ni

ng
(r

ad
ia

tiv
e)

C
 s

he
ll

bu
rn

in
g

Ne O

burning

C shell burning

O
O O O shell burning

Si

Si



Change of the stellar structure 
as a function of initial mass

• Mass loss becomes more important
• The “cores” becomes bigger,

the density gradients more shallow
• The evolution time-scale of all burning 

phases accelerates
• Central carbon burning becomes radiative,

central entropy and Ye increase



The Calculations
• Complete stellar evolution calculations including 

all relevant isotopes up to bismuth
• We include most recent experimental and 

theoretical nuclear reaction rates
• Supernova explosion and explosive 

nucleosynthesis is followed in (one-dimensional) 
hydrodynamic calculation (explosion model parameterized)

• Nucleosynthesis by “hot” neutrinos form the 
proto-neutron star is included



used reactions
reaction library

stable nuclei

neutron number
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25 M star

Presupernova
production factors 
relative to solar 
composition

“band of acceptable 
co-production” 
defined by 
16O production 
(± a factor 2)



Explosive Nucleosynthesis contribution
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25 M star

Production factors 
relative to solar 
composition

“band of acceptable 
co-production” 
defined by 16O 
production 
(± a factor 2)



15 M star

Production factors 
relative to solar 
composition

“band of acceptable 
co-production” 
defined by 16O 
production 
(± a factor 2)



The Results
• Current stellar model can produce most of the 

elements up to a mass number of A ≈ 85 in about 
solar abundances (relative to oxygen)

• many proton-rich heavy elements (“p-process 
elements”) are also well co-produced in about 
solar abundance ratio by the γ-process and the 
ν-process

• some light isotopes are also produced (11B, 19F)
• some “critical” isotopes we do not find (e.g., 92Mo)



Nuclear Reaction 
Rate Uncertainties
for the s-process

…are some of the key uncertainties in current
stellar evolution and nucleosynthesis modeling

Example: 
22Ne(α,n)25Mg, 22Ne(α,γ)26Mg



current range of 
22Ne(α,n)25Mg rates





60Fe Production in Supernova



60Fe Production for different 59Fe(n,γ) cross sections



The p-process
• Production of (mostly rare) proton-rich nuclei 

from abundant neighbors 
• γ-process: photo-sublimation, 

mostly (γ,n) reactions close to valley of stability
• ν-process: 

– neutral current (ν,ν’) scattering to excited 
nucleus that decays by particle emission

– charges current (ν,e-), (ν,e+);  excited daughter 
nucleus can also decay by particle emission 
{γ, n, p, a}*



p-process can be made in implosive O shell burning,
but peak abundance is destroyed by SN and recreated further out

“Relocation” of the p-process

21 M star



The Impact of 138Ba(ν,e-)138La
138La is coproduced in solar ratio

with respect to 16O



ν-process production of 180Ta
little production by 181Ta(ν,ν’ n)180Ta

production dominated by 181Ta(γ,n)180Ta and 180Hf(νe,e-)180Ta



The Production of 138La 
by γ-process and ν-process

138Ba enhanced by s-process



The Production of 138La 
by γ-process and ν-process



The Production of 180Ta 
by γ-process and ν-process



The Production of 180Ta 
by γ-process and ν-process



Neutrino Nucleosynthesis
• 138La consistently produced by 138Ba(ν,e-)138La 

for T(νe) = 4 MeV
• Very sensitive to neutrino temperature:

– for T(νe) = 6 MeV: 2× higher 138La yield (too high)

– for T(νe) = 8 MeV:  5× higher 138La yield (too high)

Fossil ν-process abundances in the sun may
constrain ν temperature (and oscillations?)
(combination of 11B, 19F, 138La, 180Ta, …)

while current solar neutrinos constrain ∆m2



Conclusions
• Massive stars can account for most of the heavy 

elements up to the end of the weak s-process at A~90.
(We do not find production of the very abundant p-nuclei 92Mo, 94Mo, and 96Ru.)

• The uncertainty of the 22Ne(α,n) and 22Ne(α,γ) rates has 
significant impact on the s-process in massive stars

• Many p-process nuclei are made in explosion of massive 
stars

• The ν-process can well account all of 138La and contributes 
about half to 180Ta

• The pre-explosive enrichment/depletion of nuclei by the 
s-process is crucial for the p-process.

• ν-process is probe for SN ν temperature and ν oscillations
• We need good ν cross sections and BRs for light elements producing 11B, 15N, 

19F, the A~50 region, 138La, and 180Ta 
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Cross Section of the 62Ni(n,γ)63Ni Reaction 
at Stellar Temperatures : Activation Measurement

with Accelerator Mass Spectrometry (AMS)

1. Principle of the measurement
2. Uncertainties and  discrepancies 

in estimates of the 62Ni (n,γ) cross
section.

3. Measurement and results



Collaborators :

Hebrew U. : S. Ghelberg, H. Nasar, M.P.
Forschungszentrum Karlsruhe : S. Dababneh, M. Heil, 
F. Kaeppeler, R. Plag
Argonne Nat. Lab. : I. Ahmad, J.P. Greene, D.J. Henderson,
C.L. Jiang, R.C. Pardo, S. Sinha, T. Pennington, K.E. Rehm, 
R. Scott, X. Tang, R. Vondrasek
U. Jyvaskyla : H. Koivisto
Los Alamos Nat. Lab. : R. Reifarth
Soreq NRC : D. Berkovits, M. Bettan
U. Notre-Dame : P. Collon, S. O’Brien
U. Ioannina : N. Patronis



Principle :

- Activate  enriched 62Ni target with quasi-Maxwellian
neutrons of  kT = 30 keV (monitor neutron fluence <φ t>)

-Measure the isotopic abundance 63Ni/62Ni with
accelerator mass spectrometry :
63Ni : t1/2 = 100 yr, Qβ

− = 70 keV, no γ

- Determine cross section from relation :
63Ni/62Ni = σ <φ t>





Principle :

- Activate  enriched 62Ni target with quasi-Maxwellian
neutrons of  kT = 30 keV (monitor neutron fluence <φ t>)

-Measure the isotopic abundance 63Ni/62Ni with
accelerator mass spectrometry :
63Ni : t1/2 = 100 yr, Qβ

− = 70 keV, no γ

- Determine cross section from relation :
63Ni/62Ni = σ <φ t>



Discrepancies in 62Ni(n,γ) measurements and calculations :
- “Experimental” values extrapolated  from σth(n,γ)
- Calculations :
e.g. : T. Rauscher and K.H. Guber, preprint 2003

- Direct capture contribution
- Subthreshhold resonance



e.g. : massive star nucleosynthesis : overproduction of medium
mass nuclei

10

Ref. : T. Rauscher et al., Ap.J. 576 (2002) 323



Activation : 30 keV neutron flux (FZK)



63Ni/Ni measurement and
63Ni separation from 63Cu stable isobar :

1. Production of 63Ni15+ ions in Electron Cyclotron Resonance 
Source (ECR), using nickelocene as source material

2. Acceleration to 9 MeV/nucleon at ATLAS (ANL)

3. Isobaric Separation in a Gas-Filled Enge Magnetic
Spectrograph (GFM)

4. Isobaric Discrimination by E-multiple ∆E measurements
in Focal Plane Detector and counting of 63Ni ions







Gas-filled magnetic
spectrograph :



58Ni  (350 MeV)



Isobaric separation in the gas-filled magnet













65Ni
366.3 keV

65Ni
1115.6 keV

65Ni
1481.6 keV

511 keV
24Na

1481.6 keV





<σ> = 22.6 + 2.4 mb
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Use of the direct-semidirect
model to estimate capture 

between resonances

Goran Arbanas, ORNL
Frank Dietrich, LLNL
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DANCE Workshop, February 2-4, 2004, Santa Fe, NM



Nuclear Science and Technology Division

Topics to be covered

• Physics in direct-semidirect capture model
• Why direct-semidirect capture at low 

energies must be treated differently than at 
high energies

• Importance of single-particle resonances



Nuclear Science and Technology Division

Two interfering terms in direct-semidirect capture

Projectile radiates and is
captured into a well

1) Projectile excites giant dipole resonance
and is captured;

2) Giant dipole collapses and emits the
gamma ray

Effective radial
electromagnetic operator:

semidirectdirect



Nuclear Science and Technology Division

DSD describes data well at high energies

19.6-MeV protons on 89Y
6 to 15 MeV neutrons on 208Pb



Nuclear Science and Technology Division

At low energies…

We seek neutron capture between resonances:

• We are not energy averaging;  therefore we must use a real potential.

• We find the DSD interference lowers the total cross section by 0 - 40% 
depending upon a transition

• We use the current form               of the EM operator which gives about 
15% increase in cross-section compared to approximate, “density” form.

• We have additional complications, not entirely contained in direct (or 
direct-semidirect) model, namely fragmentation of single-particle 
resonances.

Aj
ρρ

⋅



Nuclear Science and Technology Division

Example:  neutron capture on 19F

• Thermal capture cross section is 
very low, 10 mb

• Capture can occur to many final 
states in 20F

• We look at (d,p) and (3He,d) 
experiments on 19F, and calculate 
direct-semidirect capture only to 
those states for which significant 
spectroscopic factors were seen

• We add the cross sections for all 
of the final states that were 
calculated to get the complete (n,γ) 
cross section



Nuclear Science and Technology Division

Integration with SAMMY

− SAMMY uses Reich-Moore formalism and finds the best fit 
for neutron and gamma resonance parameters

− Our DC computation is submitted as an input to a SAMMY

− SAMMY then simultaneously fits resonance parameters 
and our DC via:

directnrestotal cE σσσ γ ⋅+ΓΓ= }),,({

− For 19F(n,γ), c ≈ 0.5

(Thanks to N. Larson and L. Leal of ORNL)



Nuclear Science and Technology Division

Direct capture exhibits single-particle resonances

19F (n,gamma) 20F direct capture x.s.
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Nuclear Science and Technology Division

p-wave resonances in 19F(n,γ) in 0-200 keV region are 
probably fragments of the 2p3/2 single particle state



Nuclear Science and Technology Division

In some cases in light nuclei these resonances appear as 
a single resonance in nature

Mathews and Dietrich used a DSD calculation to calculate resonant 13N(p,γ)14O
for hot CNO cycle



Nuclear Science and Technology Division

Projecting Single-particle resonances out

• We are supposed to be calculating a smooth background 
between experimentally visible resonances, not the resonances 
themselves

• Since our DSD calculations show SP resonances, we have a 
double-counting problem

• We are devising a method for dealing with this
• Use projection operator techniques to remove 

resonances from the continuum

• In heavy nuclei (e.g. A~60) single particle resonances are spread 
among very many actual resonances

• This leads to correlations between neutron and gamma 
widths of resonances (valence capture mechanism)



Nuclear Science and Technology Division

Conclusions

EXPECTATIONS FROM DANCE:

• For low energy neutrons there is little reliable data between 
resonances

• Such improved measurements at DANCE would be welcome, to 
guide and test our theory

TO DO:

• Project single particle resonance out of the continuum

• Apply to new ORELA data evaluations at NSTD-ORNL

• Coupled-channel analysis for D.C. on deformed nuclei.



Nuclear Science and Technology Division

The physics is in the radial integrals of the 
electromagnetic operators

• For each final state, calculate:

• Solve single-particle Schrodinger equation to get initial, final states
• Cross section is a bilinear combination of these integrals

• The spectroscopic factor Sf is a measure of the amount of the simple 
configuration uf in the actual final state.  It may be calculated or gotten 
from stripping experiments such as (d,p).

∫
∞

=
0

)()()( rrQrudrI iLf
L
fi ψ

Bound final state Continuum initial state

Electromagnetic operator

∑
′′

′
′′′=Ω

kLLii
k

L
fi

L
iffkLLiifn PIICSdd )(cos/ *

, θσ γ



Nuclear Science and Technology Division

Example of direct-semidirect interference –
semidirect lowers cross section by ~35%

28Si(n,gamma)29Si capture  to J=5/2+ 

1
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Nuclear Science and Technology Division

Example:  cross section with exact (current) E1 operator 
~20% larger than approximate (density) form

28Si(n,gamma)29Si capture to 5/2+ state
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Nuclear Science and Technology Division

Similar physics in Dietrich and Rauscher codes, but there 
are some possibly significant differences

• Rauscher has direct only, Dietrich both direct and semidirect
− Important for some gamma decays

• Multipolarities available:  E1,E2,M1 (Rauscher), E1…E4,M1…M4 
(Dietrich)
− Not critical since E1 dominates for present application

• Direct electromagnetic operator:  approximate (“density”) form 
in Rauscher code, both this and exact “current” form in Dietrich 
code
− Differences at ~15-20% level

• Potentials for initial and final states:  conventional Woods-
Saxon parameterizations in Dietrich;  microscopic folding model 
in Rauscher
− Differences probably not very great for nuclei near stability, 

where reasonable phenomenological parameterizations are 
available



Nuclear Science and Technology Division

When is semidirect term important (or not)?

• Semidirect term is dominant at energies near the giant 
resonance

• For low energy projectiles, the semidirect term always 
reduces the cross section (i.e., interference is destructive)

• If capture takes place well outside of the nucleus, 
semidirect capture is negligible
− Always true for charged projectiles at sufficiently low 

energy
− Sometimes true for neutrons;  depends on target, 

energy, and angular momentum channel



Nuclear Science and Technology Division

Exact vs. approximate electromagnetic operator

• Interaction of nuclear system with electromagnetic field is:

• Standard approximation for electric multipoles:
• Use Siegert’s theorem to replace nuclear current by nuclear 

density

• Siegert’s theorem is violated if initial and final state nuclear 
potentials are not identical.  In fact, they are usually not identical

• It requires very little extra work to use the exact (current) form in 
direct calculations;  the Dietrich code has this option

AjH ⋅=γ
Nuclear current

Radiation field
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Neutron Capture Process
for Astrophysics

T. Kawano
T-16, Los Alamos National Laboratory
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Neutron Capture Cross Section

Energy Range for each Application
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Neutron Capture Process

Compound Reaction•• Incident neutron and target form a com-
pound nucleus, and decay.•• Hauser-Feshbach model, with width
fluctuation.•• Capture cross section decreases
rapidly when many neutron inelastic
channels open.

Direct/Semidirect Capture•• Direct transition to one of the single-
particle state.•• Giant Dipole Resonance (GDR)  0.0001
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Nuclear Reaction Data

Evaluated Nuclear Data and Astrophysics

•• Nucleo-synthesis — r-process & s-process.

•• Nuclear reactions under high neutron flux.
— Capture process is important.

•• Need a nuclear reaction rate at the temperature kT of 1–100 keV.

•• Nuclear cross-section above the unresolved resonance region up to the fast region,
those are expressed by a Maxwell-averaged value, 〈σv〉.
•• Procedure of the cross section evaluation is similar to that of usual nuclear data

evaluation.

•• The Hauser-Feshbach model which has been adopted to evaluate cross sections
in those energy range can be applied to calculate the nuclear data for astrophysics.

•• Many neutron-rich, unstable nuclides are involved.



Nucleosysthesis

R-Process Network Calculation and Nuclear Reaction Chain
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Strategies

Calculation of Cross Sections for Unstable Nuclei

•• Microscopic Approach

•• Based on theoretical calculations, trying to remove any adjustable parameter.

•• Physical quantities needed — nuclear mass, ground state property, nuclear level
density, E1 photoabsorption strength function, etc. — are calculated microscop-
ically.

•• If successful, we can use the same method for any nuclides. (assuming we
understand physics off-stability.)

•• Theory with Systematics/Phenomenology Approach

•• Based on theoretical calculations, but with many systematic studies.

•• Model parameters are adjusted to observable quantities, and extrapolate into
unstable region.

•• We can rely on this approach when the target nuclide is close to stability.



Objectives

Required Nuclear Data

•• Cross sections for more than 3000 nuclides.
— (n, p), (n, α), (n, γ)

•• No experimental data / no nuclear structure data available
— We rely on calculation (but having validated calculations to experiments when
possible.)

•• We need “a nuclear data production system” specialized for astrophysics to gener-
ate a large number of cross section data.

•• Quality of our results depends on the input parameters.

Cross Section Calculation System

•• A computer program to calculate the optical model, Hauser- Feshbach-Moldauer
(HFM) statistical model, and Direct/Semidirect capture model.

•• Interface to model parameter libraries, e.g. level densities, etc.



Hauser-Feshbach-Moldauer Calculation

Program CoH

•• Spherical optical model

•• The global parameterization is adequate for cross section calculation of unstable
nuclides.

•• Koning-Delaroche Global Potential for n and p

•• CoH also contains some potentials for α, d, t, and 3He.

•• Hauser-Feshbach model, width fluctuation by Moldauer

•• Particle induced process, (n, pX), (α, nX), etc.

•• Neutron capture, E1 transition

Slave Programs and Database

•• Interface mini-programs to retrieve input parameters.

•• Mass excess data (KUTY00, KTUY03), and ground state Jπ



IAEA/CRP RIPL

Reference Input Parameter Library

A library which contains nuclear model parameters, mainly for the statistical Hauser-
Feshbach model calculation.

Masses Experimental nuclear masses by Audi and Wapstra
Mass excess calculated with several mass formulae

Levels Energy, spin, parity, and γ-ray decay probabilities of ex-
cited states. (ENSDF-II)

Resonances Average resonance parameters for s and p-waves.
Optical Optical potentials for both spherical and deformed nuclei.
Densities Level density parameters with several level density for-

mulae, and numerical data calculated with a microscopic
model.

Gamma GDR parameters, and expressions of γ-ray strength func-
tions.

Fission Experimental / calculated fission barriers.



Code System for Astrophysics

T. Kawano and S. Chiba

cohexec.sh
Shell script to 
run the codes, and
change the energy

Nuclear Structure

Mass Excess

Level Density Parameter

Gamma Strength Function

ripl2coh.pl
generate an input data
for CoH code

at 1keV...

at 10keV

Reaction Rate at kt=1MeV

maxwell.pl
calculate an averated 
cross section at kT

Z, A

Reaction Cross Sections

CoH
Optical/Statistical model

 

 

Strutinsky Method
Spin-Parity

KUTY

Optical Potential

GDR Parameters



γ-Ray Transmission

The γ-ray transmission coefficient is given by

TE1(Eγ) = 2πE3
γfE1(Eγ)

where fE1(Eγ) is the strength function.

γ-ray Strength Function

•• Standard Lorentzian

fE1(Eγ) = Cσ0Γ0
EγΓ0

(E2
γ − E2

0)
2 + E2

γΓ2
0

•• Generalized Lorentzian
finite value at low energies, energy dependent width

fE1(Eγ) = Cσ0Γ0





EγΓ(Eγ, T )

(E2
γ − E2

0)
2 + E2

γΓ2(Eγ, T )
+ 0.7

Γ(Eγ = 0, T )

E3
0





where C = 8.68 × 10−8 mb−1MeV−2, or can be obtained by normalization to an
experimental value if available.



γ-ray Strength Function

Comparison of Standard-LO with Generalized-LO

Strength Function
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Model Parameters

Parameters Taken from RIPL2 (if available)

Level Density Parameter Fermi gas, and Constant temperature model
Excited States Ex(Jπ) ENSDF
γ-ray strength function 〈Γγ〉, D0
GDR Parameter D’Arigo et al. (systematics)

E0 = (49.336 + 7.34β)A−0.2409

Γ0 = 0.3E0
σ0 = 10.6A/Γ0

Parameter Systematics for Unstable Nuclei
Level Density Parameter Ignatyuk-type systematics

constant temperature model
Ground State Jπ Nilsson-Strutinsky-BCS method
γ-ray strength function Generalized Lorentzian



Level Density Parameter

Washing-out of Shell Effects
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this work
•• Shell correction (δW ) and pairing en-

ergies (∆) taken from KUTY mass for-
mula

a = a∗
{
1 +

δW

U

(
1− e−γU

)}

a∗ = 0.140A + 2.65× 10−5A2

•• At low excitation energies, the constant
temperature model is used with

T = 28.0A−0.8

•• obtained from discrete level data of
more than 1000 nuclei.



99Tc Capture Cross Section (I)

Calculated Capture Cross Section
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99Tc Capture Cross Section (II)

Magnified Plot in the Continuum Region
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Case 〈Γγ〉/D0
1 0.0133 RIPL-2

(default)
2 0.0123 Gunsing

(Res. Analysis)
3 0.0091 fitted†

† Fitted to experimental data of
Kobayashi et al. (Kyoto Univ.,
2004) and Matsumoto et al. (Tokyo
Inst. Tech., 2003) above 100 keV.



Default Calc. to Test Predictive Capability

Gd Isotopes, Comparison with FZK Data
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Blind Calc. Using Global Parameters

Comparison with JENDL-3.3/Fission Products Region•• Capture cross sections at 100 keV were
calculated with this system.•• from 69Ga to 204Hg (195 nuclides)•• Blind calculation, no adjustment.

Result•• Many of calculated σγ ’s were from
0.1×(JENDL) to 2×(JENDL).•• CoH calc. tends to underestimate.•• Possible reasons —
Level densities used, especially for nu-
clides with no available discrete level
info. We need to improve the level den-
sity systematics for unstable targets.•• Cross section prediction can be im-
proved by tuning parameters to mea-
sured data.
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Direct/Semidirect Capture Process

•• For the capture cross section a compound nuclear reaction dominates up to 1 MeV.

•• However, the Hauser-Feshbach model gives very small capture cross section when
many particle emission channels open, because Γn,p,··· À Γγ, although the cap-
ture process is observed experimentally.

•• in the MeV energy region
— typically σ(n, γ) ∼ 1 mb.

•• resonance region (background between resonances)
— by F. Dietrich, G. Arbanas, A. Kerman (this workshop)

•• The direct/semidirect (DSD) model accounts for this.



DSD Theory

Direct Capture

•• Electric dipole radiation transition from optical potential to single-particle state.

•• Amplitude

Td = Cd × 〈Unl1j1|r|χl0j0〉

Semidirect (Collective) Capture

•• Giant Dipole Resonance

•• Optical Potential → GDR → S.P.

•• Amplitude

Tsd = Csd × 〈Unl1j1|V1rf(r)|χl0j0〉
|MGDR|2

Eγ − EGDR + iΓGDR/2

Cross Section

σ(l1j1; l0j0) =
8πµ

9kh̄2

(
Eγ

h̄c

)3
|Td + Tsd|2



Resonance Analysis vs. Direct Capture

R-Matrix Analysis

•• Cross sections in the resonance region are reproduced by a resonance formula.

•• Resonance parameters are fitted to experimental data.

•• Although it is phenomenological, it gives a very good fit to measured cross sec-
tions.

•• A big fictitious resonance is assumed at a negative energy, which represents
contribution from all bound states, and its tail forms a 1/v slope.

Direct Capture

•• Transition to the bound state is calculated explicitly.

•• 1/v tendency can be obtained without the fictitious resonance.



99Tc Capture in the Resonance Region
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Extension of Direct/Semidirect Model

DSD Capture of Nucleon in Deformed Nuclei

•• Formulae
•• Boisson and Jang (1972).
•• Kitazawa et al. (1978).•• Single-particle state

Unl1j1(r) → RljΩ(r)•• γ-ray absorption cross section has two
peaks in the GDR region.•• Additional angular momentum coupling
coefficients. Bingind Energy

Incident
Energy

CN

Target Ground State

Direct/Semidirect
Capture

J
J+1
J+2
J+3

R
ot
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l B
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238U Capture in the MeV Range

•• DSD

|Td + Tsd|2

•• Direct

|Td|2

•• Semidirect

|Tsd|2

•• Direct + Semidirect

|Td|2 + |Tsd|2

not correct since coherence not in-
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Concluding Remarks

Theories Included

•• Hauser-Feshbach statistical model with width fluctuation correction

•• Direct-Semidirect capture process — spherical / deformed nuclei

Neutron Reaction Data for Astrophysics

•• Development of an automated cross section calculation system

•• Optical Model and Hauser-Feshbach-Moldauer Theory

•• linked to nuclear structure information

• KUTY00 and KTUY03 mass formula, ground state Jπ

•• linked to RIPL (input parameter library)

• level density parameter, discrete level data, photo reaction data

•• systemtatics/phenomenology — new parametrization

•• We have shown some examples; capture cross sections for Gd isotopes, and com-
parison with JENDL-3.3 FP data.

•• Our goal is to generate cross sections more than 3000 nuclides.
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NNeutron capture and  exotic nucleieutron capture and  exotic nuclei

NNeutron capture in light nuclei

CERN nn_TOF facility & status of the experimental 
programme

AA Mengoni (CERN)Mengoni (CERN)



alberto.mengoni@cern.ch

Neutron capture rates for light nucleiNeutron capture rates for light nuclei



NNeutron capture rates eutron capture rates 
Capture reaction rates for kT ≈ 30 keV are the fundamental ingredient 
for understanding primordial as well as stellar  nucleosynthesis

alberto.mengoni@cern.ch

Indirect methods
(ANC, TH, etc.)

Direct methods

Direct measurements
• (n,γ)

Inverse measurements
• (γ,n)
• Coulomb dissociation

•Transfer reactions with 
stable beams 

•Transfer reactions with 
radioactive beams 



DDirect measurementsirect measurements: light nuclei: light nuclei

alberto.mengoni@cern.ch

T Suzuki, Y Nagai, T Shima, M Igashira, A Mengoni, and T Otsuka
Phys. Rev. C 75 (1998) 2724.



DDRC RC 

alberto.mengoni@cern.ch



BW BW && DDRCRC IInterference nterference 

alberto.mengoni@cern.ch

Model : DRC (p→s,d E1 transitions + BW interference)
Parameters : Er = 434 keV, Γn = 45 keV, Γγ0 = Γγ1 = 0.5 eV



γ+→+ + ZZn AA 1

CCaapture & Dissociation  pture & Dissociation  

The time-reversal invariance for nuclear reactions allows for using
the detailed balance
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NNeutron capture rates: inverse  eutron capture rates: inverse  
The time-reversal invariance for nuclear reactions allows for using
the detailed balance

8Be(n,γ)9Be

alberto.mengoni@cern.ch

Phase: post-collaps phase of Type II sopernovae
Site: ν-heated high-entrpy bubble
Neutron density: 1020-30 n/cm3

Status: NSE with α-induced re-combinations (high photon-to-baryon ratio)
Main quantities: expansion and cooling rates, reaction rates



NNeutron capture rates: inverse  eutron capture rates: inverse  
The time-reversal invariance for nuclear reactions allows for using
the detailed balance

alberto.mengoni@cern.ch

8Be(n,γ)9Be 9Be(γ,n)8Be→αα



NNeutron capture rates: inverse  eutron capture rates: inverse  
The time-reversal invariance for nuclear reactions allows for using
the detailed balance

8Be(n,γ)9Be

alberto.mengoni@cern.ch

Phase: post-collaps phase of Type II sopernovae
Site: ν-heated high-entrpy bubble
Neutron density: 1020-30 n/cm3

Status: NSE with α-induced re-combinations (high photon-to-baryon ratio)
Main quantities: expansion and cooling rates, reaction rates



TThe 2she 2s1/21/2 singlesingle--particle orbit in particle orbit in 99Be Be 

alberto.mengoni@cern.ch
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CCoulomb dissociationoulomb dissociation



1111Be Coulomb dissociation  Be Coulomb dissociation  
The time-reversal invariance for nuclear reactions allows for using
the detailed balance

10Be(n,γ)11Be

10Be half-life: 1.6 x 106 a 

alberto.mengoni@cern.ch



1010Be(n,Be(n,γγ))1111Be: Be: ppredictions  redictions  

10Be(n,γ)11Be

alberto.mengoni@cern.ch



1414C(n,C(n,γγ))1515C  C  

alberto.mengoni@cern.ch
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1414C(n,C(n,γγ))1515C  & C  & 1515C Coul_diss C Coul_diss 



1515C C →→ 1414C + nC + n

T Nakamura (private communication, 2004)

Coul_diss data: 20% reduction implies 
Sdp ≈ 0.7 and

b
kTn µσ γ 0.6

KeV25, =
=

To be compared with the activation 
measurement (H Beer et al. 1992): 
<σ> = 1.7 ± 0.4 µb
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Michael Wiescher visits CERN n_TOF

experimental device(?) set in operation
by A Mengoni (nuclear theorist)



alberto.mengoni@cern.ch

CERN accelerator CERN accelerator CComplexomplex

n_TOF

Linac(s): up to 50 MeV   PSB: up to 1 GeV   PS: up to 24 GeV



alberto.mengoni@cern.ch

CERN accelerator CERN accelerator CComplex: n_TOFomplex: n_TOF



Design: the n_TOF Target
movie by V Vlachoudis

alberto.mengoni@cern.ch

The Tunnel

CCERN n_TOF FacilityERN n_TOF Facility



nn_TOF facility in operation_TOF facility in operation
Main characteristics of the n_TOF neutron beam line:

•Exremely wide neutron energy range
•Extremely high istantaneous neutron flux
•High resolution
•Low background conditions for capture & fission measurements
•Low duty cycle expecially suited for measurements 
of radioactive samples

Main characteristics of the n_TOF neutron beam line:

•Exremely wide neutron energy range
•Extremely high istantaneous neutron flux
•High resolution
•Low background conditions for capture & fission measurements
•Low duty cycle expecially suited for measurements 
of radioactive samples

Experiments performed with:

• Innovative DAQ system
• Specialy developed detection systems for 

monitoring & measurements 
• High efficiency 4π γ-ray detector array under construction 
(Total Absorption Calorimenter, n_TOF-TAC) 



WWhy we do all thishy we do all this??

alberto.mengoni@cern.ch



OObjectivesbjectives

alberto.mengoni@cern.ch

Measurements of neutron cross sections relevant for 
Nuclear Waste Transmutation and related Nuclear 
Technologies

Cross sections relevant for Nuclear Astrophysics

Neutrons as probes for fundamental Nuclear Physics



AADSDS (Accelerator Driven Systems)(Accelerator Driven Systems)

alberto.mengoni@cern.ch

Zen-ADS

AcceleratorAccelerator
protons   

Reactor   neutrons 



Nuclear reactions:
• energy generation
• nucleosynthesis

NNucleosynthesis ucleosynthesis 
Big-Bang 

condensation

ej
ec

tio
n,

 e
xp

lo
si

on

interstellar
gas & dust

Mixing
(abundance distribution) Big-Bang & H-burning

He burning
C-O burning

Si burning

NEUTRONS
N=50

N=82 N=126
r

r
r

s
s s

p-process

x-process

alberto.mengoni@cern.ch



nn_TOF experiments_TOF experiments
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The The nn_TOF Collaboration (2003)_TOF Collaboration (2003)

234U(n,f)



n_TOFn_TOF--0088:: (n,(n,γγ) x) x--sections of Zr and Lasections of Zr and La
probing the neutron exposure and neutron flux probing the neutron exposure and neutron flux 
in Red Giant Starsin Red Giant Stars

•Neutron magic, N=50 & 82
•Small x-sections 
(resonance dominated)
•Can be used for normalization of 
s-process abundance

•Fission products (stable 139La and
90,91,92,94,96Zr, radioactive 93Zr)

•Neutron magic, N=50 & 82
•Small x-sections 
(resonance dominated)
•Can be used for normalization of 
s-process abundance

•Fission products (stable 139La and
90,91,92,94,96Zr, radioactive 93Zr)

alberto.mengoni@cern.ch



n_TOFn_TOF--0088:: (n,(n,γγ) x) x--sections of Zr and Lasections of Zr and La

alberto.mengoni@cern.ch

139La

AZr



n_TOFn_TOF--0088: : 139139LaLa(n,(n,γγ)) measurementmeasurement

Raw data:
counts vs En

Raw data:Raw data:
counts counts vsvs EEnn

En [eV]



138138LaLa

138138LaLa

11stst resonance in resonance in 139139LaLa

n_TOFn_TOF--0088: : 139139LaLa(n,(n,γγ)) measurementmeasurement

139La:  99.91%
138La:    0.09%

139139La:  99.91%La:  99.91%
138138La:    0.09%La:    0.09%

En [eV]



138138LaLa

139139LaLa

n_TOFn_TOF--0088: : 139139LaLa(n,(n,γγ)) measurementmeasurement

En [eV]10% of statistics10% of statistics



n_TOFn_TOF--0088:  :  90,91,92,90,91,92,9393,94,96,94,96Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch

•Neutron magic (90Zr, N=50) or close to 
shell closure
•Small x-section (resonance dominated)
→ large abundances

•Zr is used in reactor’s structural material
(cladding of fuel elements)
•93Zr is one of the major long-lived fission
product (t1/2 = 1.5 Myr)

•Neutron magic (90Zr, N=50) or close to 
shell closure
•Small x-section (resonance dominated)
→ large abundances

•Zr is used in reactor’s structural material
(cladding of fuel elements)
•93Zr is one of the major long-lived fission
product (t1/2 = 1.5 Myr)



n_TOFn_TOF--0088:  :  9090Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch

1 KeV 1 KeV ≤≤ EEnn ≤≤ 10 KeV10 KeV



n_TOFn_TOF--0088:  :  9090Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch

1 KeV 1 KeV ≤≤ EEnn ≤≤ 10 KeV10 KeV

En [eV]



n_TOFn_TOF--0088:  :  9090Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch
20% of statistics20% of statistics En [eV]



n_TOFn_TOF--0088:  :  9191Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch
10% of statistics10% of statistics En [eV]



n_TOFn_TOF--0088:  :  9292Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch
20% of statistics20% of statistics En [eV]



n_TOFn_TOF--0088:  :  9393Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch

t1/2 = 1.5 Myr
Mass = 0.66 g
Activity = 62.6 MBq
LA =   0.2 MBq

t1/2 = 1.5 Myr
Mass = 0.66 g
Activity = 62.6 MBq
LA =   0.2 MBq

Problem:
241Am (+ other MA & FP)
Mass ≈ 10 µg
Activity = 1.3       MBq
LA = 0.0002 MBq

Problem:
241Am (+ other MA & FP)
Mass ≈ 10 µg
Activity = 1.3       MBq
LA = 0.0002 MBq

A plan for measurement in 2004
is in preparation.

A plan for measurement in 2004
is in preparation. 20 mm



n_TOFn_TOF--0088:  :  9494Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch
10% of statistics10% of statistics En [eV]



n_TOFn_TOF--0088:  :  9696Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch
10% of statistics10% of statistics

En [eV]



n_TOFn_TOF--0088:  :  9696Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch

9696Zr @ 301 eVZr @ 301 eV9191Zr @ 293 eVZr @ 293 eV



n_TOFn_TOF--0088:  :  9696Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch

9696Zr @ 301 eVZr @ 301 eV9191Zr @ 293 eVZr @ 293 eV



n_TOFn_TOF--0088:  :  9696Zr(n,Zr(n,γγ))

alberto.mengoni@cern.ch

9696Zr @ 301 eVZr @ 301 eV

9191Zr @ 293 eVZr @ 293 eV

10% of statistics10% of statistics En [eV]



n_TOFn_TOF--0033:  :  24,25,2624,25,26Mg(n,Mg(n,γγ))

alberto.mengoni@cern.ch

I. Abbundance ratios in presolar grains
II. Importance of the 22Ne(α,n)25Mg as 

neutron source for the s-process

• Light nuclei: small cross sections
• Resonance dominated
• Capture/Scattering < 10-3

I. Abbundance ratios in presolar grains
II. Importance of the 22Ne(α,n)25Mg as 

neutron source for the s-process

• Light nuclei: small cross sections
• Resonance dominated
• Capture/Scattering < 10-3



n_TOFn_TOF--0033:  :  natnatMg(n,Mg(n,γγ))

alberto.mengoni@cern.ch

En [eV]



n_TOFn_TOF--0033:  :  natnatMg(n,Mg(n,γγ))

alberto.mengoni@cern.ch

En [eV]
10% of statistics10% of statistics

En [eV]



n_TOFn_TOF--0033:  :  2525Mg(n,Mg(n,γγ))

alberto.mengoni@cern.ch

En [eV]



n_TOFn_TOF--0033:  :  2525Mg(n,Mg(n,γγ))

alberto.mengoni@cern.ch

En [eV]20% of statistics20% of statistics En [eV]



n_TOFn_TOF--0033:  :  2626Mg(n,Mg(n,γγ))

alberto.mengoni@cern.ch

En [eV]



n_TOFn_TOF--0033:  :  2626Mg(n,Mg(n,γγ))

alberto.mengoni@cern.ch

En [eV]

? ?
Where are the two resonances
at 68 and 220 KeV ?

Where are the two resonances
at 68 and 220 KeV ?

20% of statistics20% of statistics
En [eV]



n_TOFn_TOF--0044:: Re/Os clockRe/Os clock

W  W 182
26.3

Re  

Os  

Re 183
71 d

Os 184
0.02

W 183
14.3

W 184
30.67

W 185
75.1 d

W 186
28.6

W 187
23.8 h

W 188
69 d

Re 184
38 d

Re 185
37.4

Re 186
90.64 h

Re 187
62.6

42.3x109 a

Re 188
16.98 h

Re 189
24.3 h

Re 190
3.1 m

Os 185
94 d

Os 186
1.58

Os 187
1.6

Os 188
13.3

Os 189
16.1

Os 190
26.4

Os 191
15.4 d

Os 192
41.0

s-only

r-processr-only
s-process

Now4.5 Gyr
BANG!

?



NNuclear & uclear & AAstro issuesstro issues

alberto.mengoni@cern.ch

• The chemical evolution of the galaxy influences the history 
of the nucleosynthesis

• Re and Os abundances uncertainties

In addition to the particular conditions which allows to use the Re/Os
abundance pair as a clock there are a number of complications:

• The β-decay half-life of 187Re is strongly dependent on 
temperature

• The stellar neutron capture cross section of 187Os is influenced
by the population of low-lying excited levels 
(the 1st excited states is at 9.8 keV)

• Branching(s) at 185W and/or at 186Re



IIssue 1: ssue 1: 187187Re(Re(ββ--) decay) decay

alberto.mengoni@cern.ch

The β-decay half-life of 187Re is τβ = 43.2 43.2 ±± 1.3 Gyr1.3 Gyr.
Under stellar conditions, the 187Os and 187Re atoms 
can be partly or fully ionized. 
The β-decay rate can then proceed through a 
transition to bound-electronic states  in 187Os. 
The rate for this process can be orders of 
magnitude faster than the neutral-atom decay. 
The bound-state β-decay half-life of fully-ionized 
187Re has been measured @ GSI.

The half-life of fully-ionized 187Re 
turns out to be: τβ = 32.9 32.9 ±± 22..0 yr0 yr.
(F. Bosch, et al., PRL 77 (1996) 5190)

Impact on the age:  ≈≈ 1 Gyr1 Gyr



IIssue 2: stellar ssue 2: stellar 187187Os(nOs(n,γ,γ) rate) rate

alberto.mengoni@cern.ch



alberto.mengoni@cern.ch
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For example, in 187Os at kT = 30 keV it is:

P(gs)            = 33%
P(1st)           = 47%
P(all others) = 20%



IIssue 2: stellar ssue 2: stellar 187187Os(nOs(n,γ,γ) rate) rate

alberto.mengoni@cern.ch



TThe he 186186Os(n,Os(n,γγ) cross section: theory ) cross section: theory 

alberto.mengoni@cern.ch
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Hauser-Feschbach theory: 
(statistical model)

• Neutron transmission coefficients, Tn :
from OMP calculations

• γ-ray transmission coefficients, Tγ :
from GDR (experimental parameters)

• Nuclear level densities:
fixed at the neutron binding from <D>exp



IIssue 2: theory still neededssue 2: theory still needed

alberto.mengoni@cern.ch



IIssue 2: theory still neededssue 2: theory still needed

alberto.mengoni@cern.ch



SStellar cross sections & the clock tellar cross sections & the clock 

alberto.mengoni@cern.ch

Now4.5 Gyr
BANG!

t0

8.5 10.5



n_TOFn_TOF--0044::
the Re/Os revisitedthe Re/Os revisited
The measurement is completed. The setup used is the 
standard for capture measurements with the FZK C6D6
detectors. The data taking has been performed during 
July/August.

Sample Thickness Diameter
[mm] [mm]

1 186Os 1 15 Gamma-ray detector: 2 x C6D6
2 187Os 1 15 Neutron flux monitor: SiMON
3 188Os 1 15
4 Au 1 15

Purity  [%]
79.48
70.43
94.99
ORNL

186Os
Isotope

187Os
188Os
Supplier
Metal powder

Total number of protons requested
1.4 x 10**18

15 mm



n_TOFn_TOF--0044:  :  186186Os(n,Os(n,γγ))

alberto.mengoni@cern.ch

0.1 KeV 0.1 KeV ≤≤ EEnn ≤≤ 500 KeV500 KeV

10% of statistics10% of statistics En [eV]



n_TOFn_TOF--0044:  :  187187Os(n,Os(n,γγ))

alberto.mengoni@cern.ch
10% of statistics10% of statistics

En [eV]

0.1 KeV 0.1 KeV ≤≤ EEnn ≤≤ 500 KeV500 KeV



n_TOFn_TOF--0044:  :  187187Os(n,Os(n,γγ))

alberto.mengoni@cern.ch
10% of statistics10% of statistics

En [eV]

0.1 KeV 0.1 KeV ≤≤ EEnn ≤≤ 500 KeV500 KeV

AlAl

inin--beam beam γγ--rays (Pb)rays (Pb)



n_TOFn_TOF--0044:  :  188188Os(n,Os(n,γγ))

alberto.mengoni@cern.ch

AlAl

10% of statistics10% of statistics
En [eV]

0.1 KeV 0.1 KeV ≤≤ EEnn ≤≤ 500 KeV500 KeV



BBrancing(s)rancing(s)

W  W 182
26.3

Re  

Os  

Re 183
71 d

Os 184
0.02

W 183
14.3

W 184
30.67

W 185
75.1 d

W 186
28.6

W 187
23.8 h

W 188
69 d

Re 184
38 d

Re 185
37.4

Re 186
90.64 h

Re 187
62.6

42.3x109 a

Re 188
16.98 h

Re 189
24.3 h

Re 190
3.1 m

Os 185
94 d

Os 186
1.58

Os 187
1.6

Os 188
13.3

Os 189
16.1

Os 190
26.4

Os 191
15.4 d

Os 192
41.0

Now4.5 Gyr
BANG!

The 185W(n,γ)186W rate is needed
The inverse 186W(γ,n)185W cross section has been measured

K. Sonnabend et al. ApJ 583 (2003), 506-513.
Impact on the age: negligible



alberto.mengoni@cern.ch

Now4.5 Gyr
BANG!

Th/U and Re/Os clocks:Th/U and Re/Os clocks:
complementarycomplementary

GCE : independent
Primordial yields : model-dependent

GCE : dependent
Yield production : well determined



n_TOF++

Neutron Cross section measurements

Evaluation & Dissemination of Nuclear Data

n_TOF at CERN is fully operational: performances as designed

Measurement campaign in 2002 & 2003 completed. All but one of 
the planned measurements have been performed. Data analysis in 
progress.
2004 measurement campaign is in preparation: TAC under 
construction

Evaluation and dissemination plans produced
(not discussed in this presentation)

alberto.mengoni@cern.ch

CConclusiononclusion
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Fission (Charged Particle) Detector
for DANCE

1. Actinides  - low En fissioning isotopes

(n,γ) ---- (n,fission) competition

• need to extract (n,γ) cross section and the σ(n,γ)/σ(n,fission) 
ratio

• capture & fission processes are partially resolved based on 
total photon calorimetry ΣEγ and γ multiplicity

• we need better separation
fission tagging detector

• different levels of fission-gamma data
• 4π fission tagging
• light / heavy fission fragment
• fission fragment – γ correlations



Fission (Charged Particle) Detector
for DANCE

2. Low energy (n,α) or (n,p) reactions
(lighter Z species)

• requires a different charged particle detector?
• particle ID + energy (+ angle?)

I encourage an active discussion

Jerry Wilhelmy – fission-gamma exps.
Thierry Ethvignot – solar cell det. System
Demetrios Sarantites – thin scint. / Hercules
Yaron Danon – ion chamber
Lee Bernstein – Si detector system (light particle ID)
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Fission Studies with DANCE

Dance Workshop
Santa Fe

February 2-3, 2004
Jerry Wilhelmy



Who Cares?

• National Security Programs - need to know 
fission cross sections and fission gamma 
emission

• Waste Transmutation - burning up actinide 
waste via fission is a desirable method for 
destroying long lived activities

• Astrophysics - need fission systematics to 
understand termination of nucleosynthesis 



DANCE Characteristics

• 4π Detector
• High Granularity
• Fast Timing
• Calorimeter



Fission Measurements

• σn,f(En)/σn,γ(En) - Fission/Capture cross sections
• Σ((Eγ)/f) - Total photon energy release per fission
• Mγ/f - Multiplicity of gammas/fission
• Eγ/f - Average energy of fission gammas
• (f,γ)t - Temporal distribution of fission 

gammas



Gamma Characteristics

• Fission
–Σ(Eγ) ~ 10 MeV
–Mγ ~ 6-10
–Eγ ~1 MeV
– “Doppler”

focusing

• Capture
–Σ(Eγ) ~ 6 MeV
–Mγ ~ 3-5
–Eγ >1 MeV
– No “Doppler”

focusing



No Fission Trigger

• Simple - no additions to 
Dance

• Identify fission by 
differences between ΣEγ
and <Mγ>

• Not complete separation 
between capture/fission

• No fission mass 
information

n

Target

Ti foil









“Active” Detector

• Independent fission 
trigger

• Crude mass 
information

• More mass in beam
• Additional electronic 

signal to 
record/process

n

Target

“Solar”
cell



Two Sided Fission Detection

• Direct Fission Signal
• Fission Mass 

Determination
• Extensive Mass 

Exposed to Beam
• More Complex 

Electronics

n

Target

“Solar” cell



Fission Detector Array

• Fission Trigger
• Best Mass Resolution
• Minimal Additional  

Mass in Beam
• Complex
• Expensive
• Shields γ-Detectors

Ti foil

Fission 
Detectors

Target

n



Off Line Testing

• Detection system  could be developed/tested 
using 252Cf(SF) - no neutron beam 
necessary

• Extensive Heidelberg Crystal Ball and 
Gammasphere data of 252Cf(SF) gamma 
spectroscopy available



Isotope List
Isotope t (1/2) (yrs) σf-th (res int) (b) σγ-th (res int) (b)

229Th 7.3 E3 31 (500) 73 (280)
232U 7.0 E1 75 (380) 73 (280)
233U 1.6 E5 531 (760) 46 (140)
235U 7.0 E8 585 (275) 99 (140)

236mNp 1.5 E5 2500 (1000) -
237Np 2.1 E6 0.02 (7) 150 (650)
238Pu 8.8 E1 18 (33) 540 (200)
239Pu 2.4 E4 750 (300) 271 (200)
241Pu 1.4 E1 1010 (570) 361 (160)

241Am 4.3 E2 3 (14) 60 (150)
242mAm 1.1 E3 7000 (1800) 1700 (200)
243Am 7.4 E3 0.07 (0.06) 78 (1800)
243Cm 2.9 E1 610 (1600) 130 (220)



Experimental Parameters

• FP-14 flux - Small
– (4x104 n/cm2-eV-sec)/En(eV)

• With 10% ∆E/E energy bin
– ~ 4,000 n/sec-energy bin

• With 1 mg/cm2 target and σ(n,f) = 1 barn
– ~ 1,000 f/day-energy bin



If σ(n,f) α 1/v
(and σ(n,f)=1 barn @ 1 keV)

En (eV) ∆En (eV) σ(n,f) (b) f/day

1 0.1 30 24000

10 1 10 8000

100 10 3 2400

1000 100 1 800

10,000 1000 0.3 240

100,000 10,000 0.1 80



Conclusion
• Best technique to measure σ(n,f)/σ(n,γ) as a 

function of En
• DANCE is well suited for studying (n,f) 

produced γ-rays
• LANL can provide suitable targets for fission 

studies with actinides.
• Fission detection techniques can be developed 

“off-line” using 252Cf
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February 3, 2004DANCE workshop – Santa Fe

Detection of fission fragments with solar cells
for γ-fission or fission veto measurements 

with DANCE

Th. Ethvignot

Thierry.Ethvignot@cea.fr
CEA / Centre DAM Ile-de-France
Service de Physique Nucléaire, 

BP 12, 91680 Bruyères-le-Châtel, France



February 3, 2004DANCE workshop – Santa Fe

Outline

• Using Solar Cells for Nuclear Physics (pulse mode)

• Performances

• Pros and Cons

• Work in progress

• 3 Set-up options



February 3, 2004DANCE workshop – Santa Fe

Using Solar Cells for Nuclear Physics (pulse mode)

The early days

G. Siegert et al. NIM 164 (1979)  
fission fragment detection capability
concept of funneling

E. Liatard et al. NIM A267 (1988)
low sensitivity to light ions
easiness to cut to any shape
fast timing with charge pre-amps (<10ns)

N.N. Ajitanand et al. NIM A320 (1992)
nanobarn fission cross section measurements
detection of γ-rays in coinc. to increase sensitivity

S. Andriamonje et al. Phys. Lett. B348 (1995)
used in sub-critical assembly (natural U)
184 fission counters



February 3, 2004DANCE workshop – Santa Fe

Funeling in Solar Cells

energetic FFs increase the naturally 
depleted zone from one micron to their range



February 3, 2004DANCE workshop – Santa Fe

Ajitanand et al.



February 3, 2004DANCE workshop – Santa Fe

Andriamonje et al.



February 3, 2004DANCE workshop – Santa Fe

More recently

Saphir Collaboration (~10 publications)  
FF position and velocity for Doppler correction
FF γ-ray spectroscopy with EUROBALL

T. Ethvignot et al. NIM A490 (2002)
deposits on thin « space » cells to increase efficiency
FF X-ray spectroscopy with GEANIE

T. Granier et al. NIM A506 (2003)
fission cross section of short lived actinides in LSDS 



February 3, 2004DANCE workshop – Santa Fe

http://www-dapnia.cea.fr/Sphn/Deformes/Saphir/

16 cells 48 cells



February 3, 2004DANCE workshop – Santa Fe

8 thin (100 µm) cells with 235U deposits (1 mg/cm2) in GEANIE



February 3, 2004DANCE workshop – Santa Fe

PerformanceQuantity

Pulse linearity good 

Energy threshold 30 MeV

65% (deposits) to 90% (SAPHIR)FF detection efficiency

higher than Si detectorsPulse height defect

2% (SAPHIR) to 20% (deposits)Energy resolution

8 amu (SAPHIR)Mass resolution

10 ns (FWHM)Time resolution

5 to 9 mm Position resolution



February 3, 2004DANCE workshop – Santa Fe

Pulse height defect measurements at ILL (M. Petit PhD thesis, 2002)



February 3, 2004DANCE workshop – Santa Fe

Energy spectrum with space solar cells and 1 mg/cm2 238U deposit
(6% FF deposit no energy in cell, 16% deposit less than 30 MeV) 



February 3, 2004DANCE workshop – Santa Fe

LimitationsAdvantages

fragilityprice

noise/light sensitivity cut to any shape

30 MeV threshold (deposits)no vacuum needed (deposits)

sustain high rates low kinetic energy resolution

low sensitivity to n, α, β, γ low mass resolution

no HV bias required



February 3, 2004DANCE workshop – Santa Fe

Detection efficiency
Need to measure and increase efficiency for veto measurements

Lifetime vs. α dose
Cf point sources damage the cells – Need to establish the limit of
α activity that can be deposited. Tests with α beams currently at B3.

Lifetime vs. n dose
no effect observed with WNR beam and LSDS.

Electronic oscillations vs. high intensity proton burst
phenomenon observed with LSDS experiment and high intensity proton 
bursts– compensation or isolation to be tested.

Work in progress



February 3, 2004DANCE workshop – Santa Fe

First Setup Option

Goal : measure (n,f), (n,γ) cross sections, Qγ,photon multiplicity

How : detect fission or absence of fission (veto ) simply and efficiently

Solution: ( one cell + one mg/cm2 deposit )  x N

Count rate: for ten cells , 10 x 200 x 0.65 = 1300 fission/day-energy bin (Cf. Jerry)



February 3, 2004DANCE workshop – Santa Fe

Second Setup Option

Goal : measure angular correlations between γs and fission axis

How : detect fission and fission angle

Solution: ( one cell + one mg/cm2 deposit ) + PPAC or solar cell wall 

Count rate: 200 x 0.65 = 130 fission/day-energy bin (Cf. Jerry)

beam axis
FF detection

deposit
cell

vacuum or PPAC chamber



February 3, 2004DANCE workshop – Santa Fe

Third Setup Option

Goals : measure correlations between γs and mass asymmetry or TKE
investigate (n,γf) reactions

How : detect FF1 and FF2 energy

Solution: ( one 0.01 mg/cm2 deposit ) + solar cell array 

Count rate: 200 x 0.50 x 0.01 = 1 fission/day-energy bin (Cf. Jerry)

FF1 detection

FF2 detection
thin deposit

beam axis

vacuum chamber
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2/3/04 1

Experiments with Experiments with HERCULESHERCULES
(High Efficiency Residue Counter Under Lots of Elastic 

Scattering)

Counting of Fission Fragments and 
Evaporation Residues with Very Thin Plastic 

Scintillators

Walter Reviol,  D.G. Sarantites, C.J. Chiara, O. Pechenaya, J. Elson, 
M. Ferlotti, S.K.Ryu, and L.G. Sobotka

Washington University

Talk by D.G.D.G. SarantitesSarantites at the DANSE workshop, 
Santa Fe, Feb. 2-3, 2004
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(A Demigod) (A Mortal Giant)
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Detailed spectroscopy in actinides and light lead nuclei…

Problems:
• ~ A 100 mb fusion cross section but > 95 % of it lost in the fission channel; 

+ ~ 500mb Coulex and transfer. 
• Inner ball gating on multiplicity of evaporated protons, α’s or neutrons

is not selective (too many channels are open).
• Z-identification of residues by ∆ExE (ion. chamber) does not work either.

We Need a “tag”…
Solutions (plural!):
1. Recoil mass separation and Recoil Decay Tagging.

Clean spectra – low cross sections – good identification capabilities!
Limitations due to spectrograph angular acceptance: 
Low efficiency and choice of beam-target combination.

Limited applicability of RDT (500 ns ≤ t1/2(α) ≤ 500 µs).

2. Direct residue detection by ToF and Pulse Height. (HERCULES)
Limitation due to presence of  elastic scattering: “somewhat dirty”.
Almost no identification capability.

3. Isomer Tagging near the target.
Applicability limited and no identification capability..
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Design Considerations for HERCULESDesign Considerations for HERCULES

• Fabrication of thin (1.0 mg/cm2) and uniform plastic foils: (Stop only the ER’s)
• (2.5 mg/cm2 to stop Fission Fragments)

• Response of scintillators to heavy evaporation residues: (Ensure high trigger 
efficiency a low Ekin and high Z)

• Radiation damage from elastics: (Control loss in pulse height, compensate for it)

• Fast electronics recovery: (Achieve full recovery in 10 ns)

• High segmentation in the array: (Reduce rate in each detector )

• Geometry: (Must have ERs reach the detector before next beam burst)
____________________________________________

Ring # Dets Angular Range Msr/Ring

1 8 3.2o – 7.1o 41.3

2 14 7.1o – 11.2o 73.8

3 18 11.2o – 15.2o 102.6

4 24 15.2o – 19.1o 128.4

Parameters
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Walter Reviol
puts his toy 
together at GS
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2/3/04 7
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Source MeasurementsSource Measurements

• 252Cf: H.F. = Ba-like (Z=56),      L.F. = Mo-like (Z=42)

• Detector thickness  0.97 to 2.5 mg/cm2.
– Spin coating, uniformity ~1% !

• Light output as a function of Z and E
– Source plain and with Al degrader foils from 0.25 → 2.92 mg/cm2 :

Eincident = 82 – 6 MeV.

• Identification of HF and LF for whole E range.
– Measured Pulse height and ToF at 20 cm source-detector distance
– Use CsF γ-detector as trigger. 
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252Cf tests

ra
nd

om
s

No degrader Degrader Al
2.36 mg/cm2



2/3/04 10

Accelerator ExperimentsAccelerator Experiments

• Response to Heavy Evapor. Residues (6 hrs).
– Elastic Scattering  of 160 MeV 197Au on 197Au (ATLAS). Prototype HERCULES 

detectors at angles 5o < Θlab < 120o , Si detectors at symmetric angles. See also 252Cf 
source measurements!

• Radiation Damage by Scattered Beam (2 d). 
– 40Ar + 170Er at 210 MeV and 5 pnA (ATLAS). Prototype HERCULES detectors at 5o

and 9o. 

• Test Run at Gammasphere (1 d).
– 48Ca + 126Te at 210 MeV (88-Inch). Full HERCULES device and 100 Compton-

suppressed Ge detectors.

• Commissioning Run at Gammasphere (6 d).
– For set up: 48Ti + 126Te at 230 and 238 MeV (6 hrs). 
– 48Ti + 142Nd at 230 and 238 MeV (88-Inch). Targets with various thicknesses. Blocked 

the first ring for θ ≤ 6o. Trigger: γ 4.  
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The Commissioning Run for HERCULES at GammasphereThe Commissioning Run for HERCULES at Gammasphere

  A series of experiments were carried out at the 88A series of experiments were carried out at the 88--Inch Cyclotron at LBNL Inch Cyclotron at LBNL 
in a 6 day runin a 6 day run::

 (1) 215-MeV 48Ti+126Te (0.74 mg/cm2 on 0.3  mg/cm2 Au).
 (2) 238-MeV 48Ti+126Te (same target).
 (3) 230-MeV 48Ti+142Nd (1.1 mg/cm2 ; 0.16, 0.48 mg/cm2 Au).
 (4) 230-MeV 48Ti+142Nd (0.46 mg/cm2 ; 0.1, 0.37 mg/cm2 Au).
 (5) 238-MeV 48Ti+142Nd (same target).
 (6) 238-MeV 48Ti+142Nd (1.0 mg/cm2 ; 0.84 mg/cm2 Au target stack).   
 
  The Setup:The Setup:
 HERCULES at 31 cm from the target; 5.6o - 19.1o coverage. Gammasphere with 102 

detectors. Trigger: γ4.
 The nuclei of interest: 186Pb+4n and 186Tl+p3n.
 The Bass fusion cross section is ~ 180 mb and the evaporation residue (ER) cross section is ~ 1 

mb. The ER’s are selected by Time of Flight and Pulse Height.
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48Ti+126Te at 238 MeV
(0.74 mg/cm2 Au backing)

ER cross section ~100 mb
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48Ti+142Nd at 230 MeV
(0.46 mg/cm2 Au backing)
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The Power of
HERCULES !
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The Power of 
Gammasphere with
HERCULES
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Summary and ConclusionSummary and Conclusion

• Showed that the residue detector HERCULES performs in experiments at 
Gammasphere as expected and presented first results from its commissioning 
run (186Pb, 186Tl). 

• 186Pb: Established E2 character of prolate yrast band and saw candidate non-
yrast states.

• 186Tl: Observed low-lying weakly-deformed (oblate) structure.

• For detailed spectroscopy in the presence of a large fission background, 
various, complimentary methods and setups are needed!
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LLNL Radioactive Ion Beam Project

Two major classes of experiments using particle 
detectors @ DANCE

• Stand-alone measurements (no BaF data)
– (n,p/α/e/f)

• Complementary measurements with γ-rays
– (n,fγ) coincidence (Vieira, Wilhelmy, Ethvignot talks)
– (n,p/α/e/f+γ)

• Silicon might not be the right choice for p-, p-γ
– High energy resolution might not be necessary
– Expensive compared to Solar Cells
– Large costs for new wafer designs 

⇐ 48V(n,p)

⇐ 236U(n,f), 236U(n,e)



LLNL Radioactive Ion Beam Project

The Basic Idea
• Locate a particle detector array at DANCE for 

particle-TOF, particle-γ and fission-γ studies.
• Particles have a number of advantages for use with 

radioactive targets and neutron beams:
– Largely insensitive to background from γ-rays.
– Detectors tend to be resistant to neutron damage.
– Target backing may not introduce any background.

• Particle detectors can be easily added as an “inner 
ball” to large γ-ray detector arrays (talk to 
Demetrios!).

• “Straw man” design for flexibility.  Not ideal for all 
cases



LLNL Radioactive Ion Beam Project

One option based on the detectors used in STARS 
(Silicon Telescope Array for Reaction Studies)

60-500 µm Micron “S2” detectors
Fission 

Fragments

Target “wheel”

Neutrons

charged particle

Coat chamber interior in 
Cd etc. to reduce scattering
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The Micron Double-sided “S2” Si detector

16 Sectors

Characteristics:

• Inner(Outer) radius 11(35) mm 

• 48 rings (0.5mm pitch)

• 16 sectors (22.5°/segment)

• Thickness = 60-1000 µm

• Resolution: 40 keV @ 5 MeV

48 Rings

For a target-detector distance of 13.4 mm: 

• Minimum angle front + back : 39.38o

• Maxímum angle front + back : 63.20o

• Solid angle coverage: 17.64% of 4π
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STARS at GAMMASHPERE

STARS at GAMMASPHERE Back of STARS chamber

Currently located at Yale for use with YRAST ball
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Silicon Detectors could last a long time at DANCE

Effects of Radiation in Silicon Detectors
Threshold Doses (particles/cm2)

Electrons Fast 
Neutrons

Protons α’s Fission 
Fragments

1013 1012 1010 109 108

Not an issue Could be a problem 
for Actinide Targets

For STARS (S2) detectors this equals

3.48 x 1093.48 x 10103.48 x 1011

Fission Fragmentsα’sProtons
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First Example:  48V(n,p), (n,α)

• The production of 48V (t1/2=16 days) by 48Ti(p,n) is a 
charged-particle monitor.

• 48V is destroyed by low-energy neutrons via:
– 48V(n,γ)49V (Q=11.553 MeV)
– 48V(n,p)48Ti (Q=4.795 MeV) 
– 48V(n,α)45Sc (Q=2.241 MeV) (likely to be small)

• The last two cross sections cannot be determined 
radiochemically since they result in stable nuclei

• STAPRE calculations indicate that (n,p) is dominant 
at low energies.
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Neutron-induced destruction of 48V 
(STAPRE calculations courtesy of R.D. Hoffman/F.S. Dietrich)
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Neutron-induced Reactions on 48V
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The 48V Target
• Use a medical cyclotron to make the target via 48Ti(p,n)48V.

– A 5 day run @ 400 µa would produce 2 x 1018 atoms (0.2 mg)
– Target Activity = 27 Ci  (including a 1.3 MeV γ-ray) !!!

• The target need not be very pure (>90% desirable)
• The 48V would be separated from the target chemically and 

electroplated (maybe?) on a high-Z backing (Au possibly).
• The LANSCE FP-14 irradiation would take place shortly after 

target preparation.
• Effect of the large γ-ray decay background on the Si detectors 

is uncertain.
• No charged-particle background from target backing

Clearly NOT a DANCE/BaF measurement
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Statistics for 48V(n,p)
• Assumptions:

– 1018 (1017) atom target
– 5 day run
– 100 µa LANCE current
– Flux = 1.4 x 104/E (eV) 

neutrons/cm2 s eV
– 35% Particle Efficiency
– 1 keV energy bin
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Reasonable Measurements could be made from 1-50 keV
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Reactions with charged particle exit channels are strong 
competitors with (n,2n) for A=90 nuclei too
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Second Example:  236U(n,f)
• Background from α-decay is not an issue.  For a 2 mg/cm2 target:

– Decay Rate = λN = (1.3x10-15 s-1)(5.0x1018 atoms) = 6.6x103 s-1

Target lifetimes ≥ 104 years could be used
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• Mass of the fission fragments could be determined via p-γ
“secondary” TOF:

–Measure energy using the particle detector (≈mv2/2)
–Measure velocity using TOF and angular info ( v )

Good timing 
is a plus
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Charged-particle detectors for conversion 
electron measurements

• Actinides (especially odd-A, odd-
odd) have highly converted low-
lying transitions that could be 
measured using Si detectors 

• These partial cross sections could 
be combined “GEANIE-style” to 
determine total (n,γ) using a 
Hauser-Feshbach reaction code.

• Conversion electrons from 
transitions following α-decay 
would be the primary source of 
background.

• DANCE γ-ray tag could help 
clean-up this  data.

• Good resolution is essential.
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CERN-ISOLDE* γ-gated electron spectrum 
(229Ra)

Electron Energy (keV)

C
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*L.M. Fraile et al., Nucl. Phys.A657 355 (1999)
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Other Candidates

• Radiochemistry:
– Actinides:  Pu, U, Np, Am (these have all been 

mentioned by others)
– 52gMn(n,p), 79,81Kr(n,p)

• Questions:
– What is the maximum γ-ray target background that 

DANCE can tolerate as a function of Eγ?
– What safety requirements are there for highly 

radioactive targets (≈ 1-10 Ci)?
– What is the effect of a large γ-ray background on 

Silicon/Solar Cell detectors?
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Converting Probability to Cross Section
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The Future:  Surrogate Measurements at RIA

Surrogate
Measurements

Isotope Harvesting for
Direct Measurements

Develop now using stable (and some radioactive) beams
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Resonances and nuclear average 
properties using DANCE
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Outline

• Objectives:                                         
• Neutron capture cross sections
• Transmission coefficients
• Resonance spacings, radiative widths

• Plan: start with simpler cases, proceed to more 
complicated systems

• Light targets, e.g. 45Sc, 55Mn
• Heavy targets, e.g. 151Eu, 153Eu, natEu
• Unstable targets, e.g. 155Eu
All Eu targets are fabricated at UC Berkeley
by J. Scwantes, D. Hoffman et al.
Analysis will be joint effort of Academic Alliance projects



D = ∆E/N
Note: D subject to

accuracy in N

S_0 can be compared
with model predictions

which in turn can be used
for normalization* at higher E

S_0 = ΣΓ/∆E
S_0 more reliable

because of distribution,
larger 50% N ~ 90% strengh

R-matrix fitting
Energy, quantum numbers, widths

Low energy -- resonance region

Need to subtract
background accurately

*might rely on theoretical calculation

High energy -- smooth region

Neutron capture cross section



Target
Abund. 
% or 
Half-life

Q-value
keV

σ(n,γ)
mb

Note

45Sc 100 8760 69 ± 5 Data taken

151Eu 47.9 6307 3775 ± 150 Run scheduled 
Feb 10 – 17

153Eu 52.1 6442 2780 ± 100 Run scheduled 
Feb 10 – 17

155Eu 4.9y 6338 Future

NatEu Run scheduled 
Feb 10 – 17



45Sc

Experiment performed in 2003

Jπ = 7/2-,  D = 1.33 ± 0.08 keV, 
Γγ = 0.84 ± 0.46 eV

One of many data sets with stable targets
51V, 55Mn, 63,65Cu, 85,87Rb, 139La, 169Ho … of interest to 
astrophysics

Isotopically pure, thus results may be simpler to 
interpret. 



151, 153, NatEu

• Experiment scheduled for Feb 10 - 17,  2004
• Data relevant for stockpile stewardship science
• 151Eu: Jπ = 5/2+, D = 0.73 ± 0.07 eV, 

Γγ = 0.092 ± 0.012 eV
• 153Eu: Jπ = 5/2+, D =  1.1 ± 0.2 eV

Γγ = 0.095 ± 0.012 eV
• Discrepancy in existing data, thus need for 

independent measurement 



J. Best et al. PRC 64, 015801 (2001)



Properties of the γ − ray cascade

• Although cascades 
following resonant 
capture is widely 
studied, transition in 
the quasicontinuum
not understood

• Cascades between 
resonances hardly 
investigated

Governed by 
statistical properties

Governed by availability of 
matching states 

Ex

En

σ

On resonance

Off resonance

DANCE may be suitable 
for such studies 



Test and evaluate various possibilities

• Since γ-ray decay probability depend on nuclear 
level density and radiative strength functions, 
explore DANCE for suitable experiments

• Adding high resolution Ge detectors, coupled 
with DANCE calorimeter capacity, new methods 
to study cascade properties may be possible

• Multiplicity, correlation …



To obtain accurate radiative widths, 
neutron widths Γn needed

Aγ =
gΓnΓγ

Γn + Γγ

Resonance area is determined from fit

Γn can be obtained from data or can be calculated.

Average capture cross section 
σγ = Σ (capture area) / ∆E

where 
capture area ~ Aγ / Eresonance



Outlook

• The first step is to understand the system, set 
necessary tools to facilitate the analysis (for this 
purpose, stable targets may be suitable)

• Obtain valuable cross section results for 
unstable nuclei 

• Data contain wealth of information --> test and 
explore ways to use data to extract various 
quantities  
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