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ENDF/B-VIII Status 
§  ENDF/B library is product of CSEWG,  

an informal yet very long running 
 collaboration (50 year in June 2016) 

§  ENDF/B is the US’s most important  
data library for nuclear applications 

§  Next major release due in  
FY17-18 time frame 

§  Major new items, so far: 
•  CIELO evaluations: 16O, 56Fe, 235,238U, 239Pu 
•  Neutron standards 
•  EPICS2014 (atomic reaction data) 
•  New TSL evaluations 
•  Many bugs fixes & other improvements 

§  Release in legacy ENDF and new GND formats 

ENDF/B-VII.0 contains 393 
evaluations; 
1325 citations since 2006 (Google Scholar) 

ENDF/B-VII.1 contains 423 
evaluations 
669 citations since 2010 (Google Scholar) 



There are many contributors to CSEWG 

§  Due to CSEWG’s 
informal nature, it is 
hard to assess 
precise contribution 
to ENDF/B in either 
$$ or FTEs 

§  Chart reflects 
attendance of 
CSEWG meeting  

§  Double counting 
alert: some people 
counted twice since 
funded from 
multiple pots of $$ 



Contributions to CSEWG are not just evaluations 
Program Measure

ment 
Theory Compilation Evaluation QA 

 (V&V, IE) 
Infrastructure 
(Gforge, etc.) 

DTRA ✓ 

International 
(IAEA, NEA, …) 

✓ 
 

✓ ✓ ✓ ✓ 

NA-22 ✓ ✓ ✓ 

Naval Reactors ✓ ✓ 

NCSP ✓ ✓ ✓ ✓ 

NE ✓ 

Other  
(NP, Fusion, …) 

✓ ✓ ✓ 

Stockpile ✓ ✓ ✓ ✓ ✓ 

USNDP ✓ ✓ ✓ ✓ ✓ ✓ 



Unlike other data projects, we do not restrict 
who can contribute: FY15 evaluations 

Program Full evaluations Partial 
evaluations 

Bug fixes 

NCSP 1 

AECL (Canada) 1.5 

CAB (Argentina) 1.5 

JAEA (Japan) 18 

Retirees 305 

Stockpile Program 16 

USNDP 9 33 



More detail on this year’s evaluations 

§  New evaluations 
•  CAB-AECL: OinD2O (TSL), DinD2O (TSL), HinH2O (TSL) 
•  NCSU: Lucite (TSL) 
•  Stolen from JENDL-4: Yb, Os, 154,159Dy, 181,182Hf 

§  Small changes with large impact 
•  LLNL-LBNL EGAF: 6,7Li, 11B, 19F, 23Na, 27Al, 28Si, 35,37Cl 
•  D.E. Cullen EPICS: 300 evaluations in photo-atomic, 

electro-atomic, and atomic-relaxation libraries 
•  BNL resonances: 120,122,124Sn, 185,187Re 

§  Bug fixes 



Outstanding ENDF/B Tracker Items 

60 left in 
neutron 
tracker 

Me, after  
mini-CSEWG 

“Festival  
of fixes 
2015” 



“Festival of Fixes 2015”  
9-11 September 2015 

§  Idea (Thanks T.K.): 
•  Get a bunch of experts together with their laptops and 

evaluation tools and lock them in a room for a few days. 
•  Together we went though outstanding Tracker Items and 

CSEWG Action Items 

§  Immediate feedback from the ENDF library 
manager and the continuous integration system 
made for rapid turn around 

 



“Festival of Fixes 2015”  
9-11 September 2015 

§  Un(officially) planned convergence of visits at 
the NNDC: 
•  Thompson: 123,124Xe, 180,181Ta, 185,187Re 
•  Kawano: n, 11B, 18O, 35Cl, 124Sb, 151Sm,153Eu 
•  Sleaford (in absentia): EGAF commits 

§  Plus NNDC folks: 
•  Mughabghab: 122,124Sn 
•  Brown: Steal evaluations from JENDL-4, discover & fix 

bugs in FUDGE and ADVANCE 

 
This was very successful,  
I would love to make it a 
regular thing!  



Most of trackers still in neutron 
sublibrary 



Non-neutron bugs covered in mini-
CSEWG, no progress to report 



Deficiencies in Decay Sub Library 

12 

TrackerI
temID Summary Priority Status Open Date 

Close 
Date 

Last 
Modified 
Date 

218 Unspecified: Inconsistencies in half-lives 4 Closed 2009-12-07 
2015-05

-05 2009-12-07 

237 Unspecified: Fission beta-spectra 40% lower than in VI.8 4 Closed 2009-12-07 
2015-05

-05 2009-12-07 

238 Unspecified: Masses (AWR) inconsistent 4 Closed 2009-12-07 
2015-05

-05 2009-12-07 

239 Sb-129: Inconsistency in beta decay 4 Closed 2009-12-07 
2015-05

-05 2009-12-07 
240 Rh-102  Rh-102m: Warning statement in MT451 4 Open 2009-12-07 2009-12-07 

816 a problem with the Half-life of Rf-261 or Rf 261m in ENDF VII 1 3 Closed 2013-09-25 
2015-05

-05 2013-09-25 
826 Kr-90 3 Open 2013-10-31 2013-10-31 
840 Er-145 listed as stable 4 Open 2014-03-11 2014-03-14 
895 Se-80 listed as radioactive with zero half life 3 Open 2014-09-02 2014-09-02 

green == fixed 
yellow == easy fix 



Deficiencies in Thermal Scattering 
Law Sub Library 

1
3 

TrackerI
temID Summary Priority Open Date Follow-ups 

232 
O in BeO  U in UO2: MAT numbers for thermal scat.  

  4 2009-12-07 TO DO: trivial fix 
233 H in H2O: Wrong ZA value 4 2009-12-07 TO DO: trivial fix 
692 U(UO2) and O(UO2) reversed 3 2012-06-25 TO DO: trivial fix 

green == fixed 
yellow == easy fix 



Gamma sublibrary 

14 

TrackerI
temID Summary Status Open Date Follow-ups 

858 Mass of deuteron incorrect Open 2014-05-07 

e- mass taken off here, not done in neutron sub library.  ENDF 
manual says to use atomic mass for all targets, so we need to put 
the electrons back.  This will mess up kinematics.  Need new 
evaluation or better rule. 

860 Th-232 fissile goofs  part 1 Closed 2014-06-05 LFI flag flipped 

861 Th-232 fissile goofs  part 2 Open 2014-06-05 
laudable goal to have prompt and delayed nubar, but often best we 
can do is the total nubar, such as was done here. 

green == fixed 
yellow == easy fix 
white == isotope fix 
red == major fix spanning several isotopes 



15 

TrackerI
temID Summary Status Open Date Follow-ups 

236 
H-2: Energy range too short in 
the (d n) reaction Open 2009-12-07 need new evaluation, evaluation stops at 10 MeV 

857 
Mass of deuteron incorrect d+d 
evaluation Open 2014-05-07 

e- mass taken off here, not done in neutron sub library.  ENDF 
manual says to use atomic mass for all targets, so we need to 
put the electrons back.  This will mess up kinematics.  Need 
new evaluation or better rule. 

green == fixed 
yellow == easy fix 
white == isotope fix 
red == major fix spanning several isotopes 

Deuteron sublibrary 



16 

TrackerItemID Summary Status Open Date Follow-ups 

234 
H-3: Energy range too short in the 3H(p 
n)3He reaction Open 2009-12-07 

need new evaluation, all cross section stop at 
12 MeV 

235 a 
Ca-40: Inconsistent energy ranges in 
MF3 and MF6 Open 2009-12-07 

235 b 
Cu-63: Inconsistent energy ranges in 
MF3 and MF6 Open 2009-12-07 

669 Pb207 outgoing energies out of order Open 2012-02-23 

green == fixed 
yellow == easy fix 
white == isotope fix 
red == major fix spanning several isotopes 

Proton sublibrary 



nFPY sublibrary 

17 

TrackerI
temID Summary Status Open Date Follow-ups 

702 241Pu in the rare earth region Open 2012-08-29 need revaluation 
703 As-84m doesn't exist  but we have a fission yield for it Open 2012-08-29 need revaluation 
812 FPY has non-existent metastable states Open 2013-09-06 need revaluation 
841 IFPY > CFPY for Pu-239 Open 2014-03-14 need revaluation 

green == fixed 
yellow == easy fix 
white == isotope fix 
red == major fix spanning several isotopes 



Breakdown of bugs in neutron sublibrary 



Breakdown of bugs in neutron sublibrary 



Big issues remaining 

§  Overall: 
•  d mass: with e- or without e- 
•  Legendre moment data with 

absurd Lmax 
•  Incomplete evaluation (usu. 

through 8Be*) 
•  Total nubar, but no prompt or 

delayed nubar 
•  Missing DFNS 
•  Various RR issues 

 
 
 
 

§  Specific cases: 
•  237Np: 4 trackers,  

          1 Action item 
•  Li:   4 trackers 
•  Pb: 3 trackers 
•  Cl:  2 trackers,  

      1 ADVANCE complaint,  
      1 action item 

•  Cu: 1 tracker,  
       4 ADVANCE complaints,  
       2 action items 

•  C:   2 trackers,  
       1 ADVANCE complaint 



A confluence of events led us to 
attempt to evaluate 86Kr 
§  A need: 

•  Radiochemical diagnostic 
•  Can mix into d-t fuel say at NIF 

§  New data just made 
available: 
•  TUNL just published results on 

86Kr(n,g) and 86Kr(n,2n)  
•  LANSE published 86Kr(n,n’)  

§  Cheap labor: 
•  Elizabeth Rubino, a SULI student 

at BNL 
•  Last year she was REU student at 

TUNL, measuring 86Kr cross 
sections! 
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Low-spin states in 86Kr from the (n, n′) reaction

N. Fotiades,* M. Devlin, and R. O. Nelson
Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

T. Granier
CEA, DAM, DIF, F-91297 Arpajon, France

(Received 5 February 2013; published 29 April 2013)

Background: 86Kr50 is a neutron-rich nucleus amenable to shell-model calculations due to the shell closure at
N = 50. It is also produced as a fragment in the fissioning of actinides.
Purpose: The level structure of 86Kr at low excitation energies needs additional investigation for detailed
comparison with calculations from theoretical models. By determining the cross sections for transitions that feed
directly the ground state of 86Kr, a large fraction of the total cross section for the 86Kr(n, n′)86Kr reaction channel
can be obtained.
Methods: Low-spin states of 86Kr were populated in the 86Kr(n, n′γ ) reaction and were studied with the
Germanium Array for Neutron-Induced Excitations (GEANIE) spectrometer. The broad-spectrum pulsed neutron
beam of the Los Alamos Neutron Science Center’s (LANSCE) WNR facility provided neutrons in the energy
range from 1 to above 600 MeV. The time-of-flight technique was used to determine the incident-neutron energies.
Results: Partial γ -ray cross sections were measured for 21 γ rays of 86Kr and for neutron energies 1 MeV <

En < 20 MeV. A large part of the total cross section for the 86Kr(n, n′)86Kr reaction is observed. Ten new
transitions are observed and placed on the level scheme at excitation energies below 3.7 MeV, doubling the
number of placed transitions up to this excitation energy. These transitions de-excite five previously known
levels, among them the second and third 0+ states, and one new level. The excitation energy of these levels was
more accurately determined and the relative intensities of their decay paths were measured. All previously known
levels up to 3.7-MeV excitation energy were identified, and the new level was added at 2917-keV excitation
energy. Predictions from shell-model calculations are compared with the data.

DOI: 10.1103/PhysRevC.87.044336 PACS number(s): 23.20.Lv, 25.40.Fq, 27.50.+e, 28.20.−v

I. INTRODUCTION
86Kr is a neutron-rich nucleus and is also the heaviest

stable Kr isotope. 86Kr features a closed neutron shell at
N = 50 and is the lightest stable N = 50 nucleus. Hence,
shell-model calculations have been performed often for this
nucleus [1–5] since it is amenable to such calculations.
Comparison of these predictions with experimental results is
essential to test the validity and improve on such calculations.
The existing information on the low-spin structure of 86Kr is
summarized in Ref. [6] and has been obtained mostly from
β-decay measurements [7,8], pickup reactions [9,10], and
proton scattering reactions [11]. Information on the higher
spin structure of 86Kr is also available [3,6,12].

It is interesting to further study the structure of 86Kr via
a neutron-induced reaction. Such a study has never been
reported [6] before the present work. Since 86Kr is stable, the
(n, n′) reaction can be used to investigate states in this nucleus.
This reaction tends to be very nonselective and populates the
majority of off-yrast low-spin and low-excitation-energy states
[13–15]. Due to the nonselective mode of the reaction used,
all previously known levels [6] with excitation energy up to
3.7 MeV were observed, the excitation energies of some levels
were more accurately determined, and one level at 2917-keV
excitation energy was added in the present work.

*fotia@lanl.gov

Reactions of fast neutrons on fission fragments are of
increasing interest in the understanding of neutron-rich en-
vironments [16]. 86Kr is such a fragment. Since the majority
of fission fragments are unstable, the cross sections used for
such interactions are necessarily the result of calculations using
models most often based on measured data from reactions on
stable nuclei. While there exists a considerable amount of
such data, in many cases it is often incomplete in that the
data are concentrated at neutron energies near 14 MeV and
because many neutron-rich stable nuclei are not well studied.
By determining the absolute cross sections for transitions that
directly feed the ground state of 86Kr in the present work, a
large fraction of the total cross section for the 86Kr(n, n′)86Kr
reaction channel can be obtained. This, coupled to a theoretical
calculation, will give confidence or suggest improvement in the
reaction models as they are extended to heavier, unstable Kr
isotopes.

II. EXPERIMENT

The discrete γ rays of 86Kr were detected using the Ger-
manium Array for Neutron-Induced Excitations (GEANIE)
gamma-ray spectrometer [17,18] as a function of incident neu-
tron energy. The neutrons were provided by the “white” source
neutron beam at the Los Alamos Neutron Science Center’s
Weapons Neutron Research (LANSCE WNR) facility [19,20].
GEANIE is located 20.34 m from the WNR spallation neutron
source on the 60◦-right flight path. During the experiment

044336-10556-2813/2013/87(4)/044336(6) ©2013 American Physical Society
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Measurements of the 86Kr(n,γ )87Kr and 86Kr(n,2n)85Krm

reaction cross sections below En = 15 MeV

Megha Bhike,1,2,* E. Rubino,3,† M. E. Gooden,4,‡ Krishichayan,1,2 and W. Tornow1,2

1Department of Physics, Duke University, Durham, North Carolina 27708, USA
2Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708, USA

3Florida Atlantic University, Boca Raton, Florida 33431, USA
4Department of Physics, North Carolina State University, Raleigh, North Carolina 27695, USA

(Received 13 May 2015; revised manuscript received 15 June 2015; published 27 July 2015)

The 86Kr(n,γ )87Kr neutron-capture cross section was measured at 11 energies between 0.37 and 14.8 MeV.
Cross-section data for the 86Kr(n,2n)85Krm reaction were obtained at 9 energies between 10.9 and 14.8 MeV. The
data are important for testing calculations used to predict the s-process cross section in the unmeasured energy
range above 1 MeV for the 86Kr(n,γ )87Kr reaction, and to check on the consistency of parameters used in TALYS

calculations for the 86Kr(γ ,n)85Krm+g cross section. The two data sets could also be used as a nuclear physics
based diagnostic tool for studying properties of the deuterium-tritium plasma created in inertial confinement
fusion reactions at the National Ignition Facility at Lawrence Livermore National Laboratory.

DOI: 10.1103/PhysRevC.92.014624 PACS number(s): 26.20.Kn, 25.40.Fq, 25.40.Lw, 52.57.−z

I. INTRODUCTION

Asymptotic giant branch (AGB) stars are assumed to be the
source of approximately half of all chemical elements beyond
iron in our galaxy [1,2]. These elements are produced via
the slow neutron-capture process (s process) at relatively low
neutron densities. Short-lived radioactive nuclei produced by
the s process undergo β decay rather than a subsequent neutron
capture. However, when the s process produces longer-lived
isotopes, neutron capture may compete with β decay, giving
rise to so-called s-process branchings. An important branching
point is 85Kr.

Because the ground state of 85Kr β decays with T1/2 =
10.75 yr, direct measurements of the 85Kr(n,γ )86Kr neutron-
capture cross section above thermal energies do not exist.
Recently, Raut et al. [3] deduced the 85Kr(n,γ )86Kr cross
section up to 10 MeV neutron energy from measurements of
the 86Kr(γ ,γ ′)86Kr cross section between 4.5 and 10 MeV [4]
and the 86Kr(γ ,n)85Kr cross sections in the 10 to 13 MeV γ -ray
energy range [3]. With this information at hand, the production
rate of 87Kr via the s process on 86Kr can be calculated, if the
neutron-capture cross section on this stable N = 50 nucleus is
known. Unfortunately, between 200 keV and 1 MeV neutron
energy only a single datum exists for the 86Kr(n,γ )87Kr capture
cross section to guide model calculations from the keV to the
MeV energy range [5]. In order to improve the (n,γ ) database
for 86Kr, the neutron-capture cross section was measured
between 0.37 and 14.8 MeV at 11 energies. The reaction
86Kr(n,2n)85Kr measured in the present work produces the
same daughter nucleus as the reaction 86Kr(γ ,n)85Kr studied
in [3]. Therefore, it provides an interesting test case of how well
the TALYS calculations of [3] for the 86Kr(γ ,n)85Krm+g reaction

*megha@tunl.duke.edu
†NSF REU 2014 summer student at TUNL.
‡Present address: Nuclear and Radiochemistry Division, Los

Alamos National Laboratory, Los Alamos, New Mexico 87545, USA.

reproduce the measured 86Kr(n,2n)85Krm cross-section data,
which previously existed only at 14 MeV.

In addition to the 124,136Xe(n,γ )125,137Xe and
124,136Xe(n,2n)123,135Xe reactions, krypton isotopes have
also been considered as dopants in deuterium-tritium (DT)
capsules used in laser shots at the National Ignition Facility
(NIF) to obtain information on the DT plasma produced in
inertial confinement fusion [6]. A sophisticated apparatus has
been commissioned at NIF to collect noble gases after a laser
shot and to measure the induced activity [7]. The 87Kr activity
probes the down-scattered (low-energy) neutron component,
while the 85Kr activity from the (n,2n) reaction with its
threshold of 10 MeV measures the primary 14.1 MeV DT
neutron component, providing, among other characteristics,
information on the density of the DT plasma. In order to
guarantee a reliable interpretation of such data, the cross
sections of interest were measured in the present work.

II. EXPERIMENTAL PROCEDURE,
ANALYSIS AND RESULTS

The experimental setup is identical to the one described
in Ref. [8]. Briefly, monoenergetic neutrons are produced
via the 3H(p,n)3He, 2H(d,n)3He, and 3H(d,n)4He reactions
with charged-particle beam currents of 1.5 to 3 µA delivered
by the tandem accelerator at Triangle Universities Nuclear
Laboratory (TUNL). Krypton gas of mass 1.013 g and enriched
to 99.4% in 86Kr is contained in a 20 mm inner diameter
stainless steel sphere of 0.5 mm wall thickness. It is positioned
at a distance of typically 19 mm from the tritiated titanium
target used for neutron energies below 4 MeV and at 14.8 MeV,
and at 25 mm from the center of the deuterium gas cell
employed to produce neutrons in the 4 to 14.5 MeV energy
range. An identical, but empty sphere is used to perform
background checks. A photograph of the spheres is shown
in Fig. 1. Circular monitor foils of 19 mm diameter and
thickness of 0.125 mm were attached to the front and back
face of the sphere for neutron fluence determination. Indium

0556-2813/2015/92(1)/014624(5) 014624-1 ©2015 American Physical Society



Evaluation is heroic effort of one 
summer student 

§  Elizabeth Rubino 
§  Graduated from Florida 

Atlantic University in 2015 
§  Just started graduate 

school at Florida State 
University 

§  SULI student at NNDC 
over summer 

§  Hopefully not traumatized 
by summer experience 



M. Bhike et al., Phys Rev. 
C 92 014624 (2015) 
§  Three sets of mono-energetic 

beams from 3H(p,n)3He, 
2H(d,n)3He, 3H(d,n)4He 
reactions 

§  Determined by activation:  
•  87Krè87Rb for (n,g), 
•  86mKr for (n,2n) 

§  Reactions monitored with  
•  115In(n,g)116m1In 
•  197Au(n,2n)196Au 

MEASUREMENTS OF THE 86Kr(n,γ ) . . . PHYSICAL REVIEW C 92, 014624 (2015)

FIG. 5. (Color online) 86Kr(n,γ )87Kr cross-section data obtained
in the present work in comparison to the evaluations ENDF-B/VII.1
and JENDL-4.0 and the model prediction TENDL-2012. The shaded
region below 0.7 MeV represents the cross section in the resonance
region of the JENDL-4.0 evaluation while slightly above this energy
the shaded region up to approximately 1 MeV indicates the cross
section predicted by the TENDL-2012 calculation.

the 115In(n,γ )116m1In reaction with its half-life time of T1/2 =
54.29 min and deexcitation γ -ray energy Eγ = 1293.56 keV
and intensity Iγ = 84.8% [11,12]. The 197Au(n,2n)196Au
reaction with T1/2 = 6.17 d, Eγ = 355.73 keV and Iγ = 87%
was used at 14.8 MeV [13]. At the neutron energies in
between the neutron fluence was determined from the reaction
115In(n,n′)115mIn with T1/2 = 4.49 h, Eγ = 336.24 keV, and
Iγ = 45.8% [14]. In the latter two cases the data-acquisition
time was restricted to eight hours, providing in all cases at least
15000 events in the energy region of interest. After determining
the γ -ray yields, small corrections were applied for γ -ray
attenuation in the 86Kr sphere and the monitor foils. In addition,
corrections were needed to account for geometry differences
between the calibration source and the 86Kr sphere and monitor
foils. The associated correction factors were obtained from
Monte Carlo simulations. The neutron fluence was determined
from the activation formula [15] by using the deduced initial
activity of the monitor foils, the known cross sections and the
other parameters entering into the activation formula. Monte
Carlo calculations were also performed to deduce the neutron
fluence seen by the 86Kr gas from that obtained from the
monitor foils. Finally, the activation formula was employed
once more, but this time with the deduced initial activity of
86Kr, the neutron fluences determined above, and the other
parameters relevant to 86Kr to obtain the cross-section data of
interest.

As has been described in Ref. [16], auxiliary measurements
were performed with an untritiated target at nominal neutron
energies of 2.73 and 3.61 MeV to account for so-called off-
energy neutrons produced by the incident proton beam in the
titanium layer and its copper backing. The corrections were
20% and 40%, respectively. Auxiliary measurements were also
done at the nominal energies of 6.33 and 7.25 MeV with an
empty deuterium gas cell to correct for off-energy neutron

TABLE I. 86Kr(n,γ )87Kr reaction: Neutron energy and associated
energy spread, monitor reaction cross section used for determining the
neutron fluence, and cross-section results for the reaction of interest.

Neutron energy Monitor reactions 86Kr(n,γ )87Kr
En ± "En (MeV) σ (mb) σ (mb)

0.37 ± 0.10 183.90 ± 8.90 5.72 ± 0.59
0.86 ± 0.10 166.44 ± 15.33 1.26 ± 0.16
1.31 ± 0.10 130.23 ± 3.13 1.55 ± 0.12
1.86 ± 0.10 229.72 ± 5.50 1.28 ± 0.10
2.73 ± 0.15 344.50 ± 8.10 1.04 ± 0.17
3.61 ± 0.15 331.59 ± 8.92 0.85 ± 0.15
4.18 ± 0.63 316.02 ± 7.43 0.66 ± 0.05
5.31 ± 0.35 334.57 ± 8.70 0.63 ± 0.05
6.33 ± 0.33 346.09 ± 12.30 0.58 ± 0.12
7.25 ± 0.32 323.22 ± 11.50 0.53 ± 0.10
14.80 ± 0.07 2164.20 ± 22.83 0.74 ± 0.06

contributions created by deuteron-breakup reactions on the
structural materials of the gas cell. The associated corrections
did not exceed the 5% level.

Results for the 86Kr(n,γ )87Kr neutron-capture cross section
are shown in Fig. 5 in comparison to predictions based on the
evaluations ENDF/B-VII.1 [17] and JENDL-4.0 [18], and the
model prediction TENDL-2012 [19] of the TALYS code. As
pointed out already, the previous data were limited to neutron
energies below 200 keV and to a single datum at 1 MeV. The
present data reproduce the trend of the evaluations fairly well,
but do not support the magnitude of the strong cross-section
enhancement predicted at En = 1.5 MeV. It should also be
noted that our datum in the resonance region at 0.37 MeV
favors the trend of the datum of Walter et al. [20] over the work
of Beer et al. [21] at energies below 200 keV. We do not have an
explanation why Hauser-Feshbach calculations [21] provide a
consistently smaller value, unless nonstatistical contributions
play a significant role in the 0.37 MeV energy region. Table I
gives our results in numerical form, while Table II provides
the uncertainty budget of the present cross-section data.

TABLE II. Uncertainty budget for 86Kr(n,γ )87Kr and monitor
reaction cross-section data.

Uncertainty Kr(%) Monitors(%)

Counting statistics 1.5–16.5 0.1–10.3
Reference cross sections 1–9.2
Neutron flux correction <2
Detector efficiency 3.20–3.57 0.96–4.93
Source geometry and self-absorption <0.2 <0.2

of γ -ray
Half-life < 1 < 0.31
γ -ray intensity 6 1.42–4.80
Neutron flux fluctuation <1 < 1
Lower-energy neutrons <5 <1.5

014624-3
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FIG. 6. (Color online) Partial level scheme relevant to the
86Kr(n,2n)85Krm reaction. All energies are given in keV. Data taken
from [9].

B. The 86Kr(n,2n)85Krm reaction

A partial level scheme of 85Kr and its β-decay daughter
85Rb is shown in Fig. 6. The 86Kr(n,2n)85Kr reaction populates
the isomeric state of 85Kr at 304.9 keV, which either decays
via an isomeric transition IT to its ground state with T1/2 =
4.48 h and branching ratio of 21.2%, or via β decay to 85Rb
with a branching ratio of 78.5%. The ground state of 85Kr
in turn β decays with T1/2 = 10.75 yr to 85Rb. The decay of
the 151.2 keV state in 85Kr provides a convenient γ ray for
measuring the 86Kr(n,2n)85Krm cross section to the isomeric
state of 85Kr.

Because (n,2n) cross sections are approximately three
orders of magnitude larger than (n,γ ) cross sections in the
10 MeV neutron energy range, irradiation times of two
hours are more than sufficient when using the 2H(d,n)3He
neutron source reaction. The threshold for initiating the

FIG. 7. (Color online) Gamma-ray energy spectrum obtained
with a HPGe detector. The γ -ray transition of interest for the
86Kr(n,2n)85Krm cross-section measurement is at 151.2 keV. The
lower spectrum was recorded with the empty sphere after irradiation
with 12.5 MeV neutrons.

FIG. 8. (Color online) 86Kr(n,2n)85Krm cross-section data in
comparison to the previously existing datum at 14.4 MeV [22], the
model calculation TENDL-2012 and the evaluation EAF-2010.

86Kr(n,2n)85Kr reaction is 9.972 MeV. Data were taken in
0.5 MeV increments from nominal 10.9 to 14.5 MeV, using the
197Au(n,2n)196Au reaction as neutron fluence monitor. With
its threshold energy of 8.11 MeV, this reaction is sensitive to
deuteron breakup neutrons once the neutron energy of 14 MeV,
produced via the 2H(d,n)3He reaction, is surpassed. Therefore,
as a cross-check, the 3H(d,n)4He reaction was used to produce
14.8 MeV neutrons.

The experimental arrangement was very similar to that used
for the 86Kr(n,γ )87Kr cross-section measurements, except that
the cadmium enclosure of the 86Kr sphere was not necessary.
A typical γ -ray spectrum zoomed-in on the 151.2 keV line of
interest is shown in Fig. 7. This spectrum was obtained with a
planar HPGe detector of known efficiency. The data analysis
was identical to that described in Sec. II A.

Our results for the 86Kr(n,2n)85Krm reaction are shown in
Fig. 8 in comparison to the previously existing datum near
14 MeV and the results of the evaluation EAF-2010 [23]
and the model calculation TENDL-2012 based on the TALYS

TABLE III. 86Kr(n,2n)85Krm reaction: Neutron energy and as-
sociated energy spread, monitor reaction cross section used for
determining the neutron fluence, and cross-section results for the
reaction of interest.

Neutron energy Monitor reactions 86Kr(n,2n)85Krm

En ± #En (MeV) σ (mb) σ (mb)

10.86 ± 0.14 1401.14 ± 39.23 30.93 ± 2.57
11.36 ± 0.14 1564.05 ± 42.07 69.60 ± 5.78
11.86 ± 0.14 1701.31 ± 44.06 117.56 ± 9.70
12.36 ± 0.14 1823.51 ± 44.68 166.26 ± 13.67
12.85 ± 0.15 1933.86 ± 43.90 219.51 ± 17.93
13.37 ± 0.15 2038.87 ± 37.92 259.00 ± 20.90
13.85 ± 0.15 2114.60 ± 26.43 283.65 ± 22.52
14.35 ± 0.15 2152.99 ± 24.11 303.50 ± 25.19
14.80 ± 0.07 2164.20 ± 22.83 291.15 ± 24.41
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FIG. 1. (Color online) Photograph of the high-pressure spheres
used in the present work.

foils were used at the lower energies, while gold foils were
used for neuron energies above 10 MeV. The entire sphere-
monitor foil assembly was surrounded by a thin-walled cage
made of cadmium to prevent room-return thermal neutrons
from interacting with 86Kr or the monitor foils. The neutron
activation technique was applied for both 86Kr and the monitor
isotopes 115 In and 197Au.

A. The 86Kr(n,γ )87Kr reaction

After neutron capture on 86Kr, the resulting ground state
of 87Kr β decays to 87Rb with T1/2 = 76.3 min. As can be
seen from Fig. 2, the 402.6 keV state in 87Rb with a 41%
β-decay transition strength provides a convenient γ ray for
determining the 86Kr(n,γ )87Kr capture cross section. The
neutron irradiation time was typically 3 hours, corresponding
to approximately 80% saturation. After irradiation, the 86Kr
filled sphere and associated monitor foils were γ -ray counted
in TUNL’s low-background counting facility using 60%
(relative efficiency with respect to a 3 inch × 3 inch NaI
detector) high-purity germanium (HPGe) detectors surrounded

FIG. 2. (Color online) Partial level scheme relevant to the
86Kr(n,γ )87Kr reaction. All energies are given in keV. Data taken
from [9].

FIG. 3. (Color online) Gamma-ray energy spectra obtained with
a HPGe detector. The γ -ray transition of interest for the
86Kr(n,γ )87Kr cross-section measurement is at 402.6 keV. The
spectrum measured with the empty cell is shown for comparison.
The neutron energy is En = 1.86 MeV.

by an enclosure made of lead walls. The center of the sphere
was positioned at a distance of 5 cm from the front face of
the detector. Using standard data-acquisition electronics [10]
the induced γ -ray activity was recorded for a total of typically
five hours in up to 10 individual subsets of data. A γ -ray
spectrum zoomed-in on the energy region of interest is shown
in Fig. 3. It clearly shows the strong 402.6 keV peak and
the unavoidable 511 keV peak to the right. Also shown is
the energy spectrum recorded with the empty sphere, clearly
indicating that there is no contamination hiding under the
peak of interest. A calibrated, mixed γ -ray source containing
isotopes with energies ranging from 59.5 keV (241Am) to
1836.1 keV (88Y) was used for determining the efficiency of
the HPGe detectors employed in the present work. A typical
efficiency curve is shown in Fig. 4. At neutron energies of
0.37 and 0.86 MeV the neutron fluence was obtained from

FIG. 4. Measured efficiency data and fit using a mixed γ -ray
source positioned at 5 cm from the front face of a 60% relative
efficiency HPGe detector.
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We could not match (n,g),  
we suspect a data problem 

§  14 MeV data point a bit low (~0.7 mb) 
§  Other points way too flat 



We could not match (n,g),  
we suspect a data problem 

§  14 MeV data point a bit low (~0.7 mb) 
§  Other points way too flat 

•  Could not match with 
any reasonable 
gamma ray strength 
function 

•  We tried updating 
monitor values 

•  Do we need to model 
the neutron sources? 



86Kr(n,2n) pretty good  
(no EMPIRE tuning yet!) 

The use of EMPIRE to simulate the neutron induced reactions on 86Kr E. Rubino

FIG. 10. Neutron capture cross section plot comparing the gamma ray strength function options.

EMPIRE models in Fig. 11.

FIG. 11. 86Kr(n,2n) cross section plot

VII. CONCLUSIONS

Overall, the 86Kr neutron-induced evaluation still re-
quires a bit of work, particularly the inelastic partial-
gamma cross section plots and the neutron-capture cross
section plot. The inelastic partial-� cross section plots
require further investigation into the nuclear structure of
86Kr which could include working backwards from the
experimental data to determine further level scheme in-
formation that would help fit the data. The neutron-
capture cross section plot requires investigation into both
the workings of EMPIRE for this reaction and into the de-
tails of the experiment for any possible sources of error as
the shape of the experimental data di↵ers from neutron-
capture data of nearby nuclei. The 86Kr(n,2n)85mKr
came out in significant agreement with the data from
TUNL although it did overshoot a little bit which may
be further investigated in the future.
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§  Partial gammas cross 
sections measured with 
GEANIE array at LANSE 
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TABLE I. Level excitation energy, spin, and parity and γ -ray
energy and intensity, for all levels and transitions in Fig. 1. Transitions
indicated by an asterisk are observed for the first time.

Ex (keV) J π Eγ (keV) Iγ

1565 2+ 1564.8 100
2250 4+ 685.3 100
2350 2+ 785.2 45(3)

2349.6 100
2727 0+ 376.8∗ 70(6)

1162.0∗ 100
2850 (2,3)+ 500.4 16(11)

1285.9 100(10)
2917 (3,4)+ 666.7∗ 100

1352.1∗ 25(4)
2926 (2)+ 1361.7 100

2926.1 19(4)
3010 (1,2)+ 660.3∗ 75(6)

3010∗ 100
3099 3− 1534.7 100
3328 (+) 1763.5∗ 100
3542 0+ 1191.6∗ 100

1976.9∗ 50(8)
3584 2018.8∗ 100
3816 (5+,6+) 1566.3 100
3935 (5) 1685.1 100
4064 (6+) 1814.1 100

transitions of 86Kr; thus the number of transitions present in
the level scheme is 22.

An example of the cross sections obtained in the present
work for previously known 86Kr transitions is shown in Fig. 2
and they exhibit the characteristic of the (n, n′) reaction
channel; namely, they peak below 10 MeV incident-neutron
energy where the (n, 2n) reaction channel opens up. The
cross sections obtained for all new transitions assigned to
86Kr in the present work exhibit this characteristic, as for
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FIG. 2. Cross sections for the 1565-, 685-, and 1814-keV tran-
sitions of 86Kr. The first is a doublet including the 1564.8- and
1566.3-keV transitions in Fig. 1 and is the strongest transition
observed in the present work.
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FIG. 3. Cross sections for the 660.3- and 3010-keV transitions of
86Kr de-exciting the 3010-keV level in Fig. 1.

example shown in Fig. 3 for two of the ten new transitions
observed in the present work. Moreover, as it can be seen
in Figs. 2 and 3, the γ -ray cross sections in the (n, n′)
reaction channel decrease rapidly above 10 MeV, and hence
the results presented here were focused on the incident-neutron
energy range of 1–20 MeV, although the facility provides
neutrons with energies up to several hundred MeV. The relative
detector efficiencies used in obtaining all cross sections were
determined using a 152Eu calibrated γ -ray source with the
highest γ ray at 1408.0 keV. Above this γ -ray energy an
extrapolation was used which is deemed reasonable up to
at least 2926-keV γ -ray energy since it reproduced within
uncertainties the previously reported γ -ray relative intensities
for the transitions de-exciting the 2349.78- and 2926.32-keV
levels of 86Kr [6]. Specifically, for the 2350-keV level in Fig. 1
the intensity of the 785.2-keV transition is 45(3)% the intensity
of the 2349.6-keV transition, and for the 2926-keV level the
intensity of the 2926.1-keV transition was found to be 19(4)%
the intensity of the 1361.7-keV transition. All cross-section
uncertainties in this work are statistical. Estimated total
systematic uncertainties of 10–18% (depending on Eγ and
En energies) are additional and include 2–8% from detection
efficiency (varies with Eγ and is larger for the energies where
extrapolation was used), 1–3% from the neutron flux (varies
with En), as well as contributions from the target thickness
and “dead-time” corrections that do not depend on Eγ and En.

In 86Kr three excited 0+ states have been observed [6] at
excitation energies of 2724(4), 3540(5), and 3832(10) keV,
but no transitions were previously reported to de-excite these
states. In the present work two transitions were observed to
de-excite each of the 2724(4)- and 3540(5)-keV states of 86Kr,
and their excitation energy is now much more accurately
determined as 2726.8(7) and 3541.7(8) keV, respectively
(see Fig. 1). Moreover, three previously known states at
excitation energies 3010(6), 3325(8), and 3575(10) keV [6],
for which no de-exciting transitions were observed before,
were also accurately determined in the present work at
3010.1(6), 3328.3(9), and 3583.5(9) keV, respectively, through
observation of transitions from these states to lower levels.
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GEANIE was comprised of 10 Compton-suppressed planar
Ge detectors (low-energy photon spectrometers, LEPSs) and
10 Compton-suppressed coaxial Ge detectors. The planar
detectors have very low detection efficiency for γ rays with
energies above ∼0.9 MeV. Since most of the excited states
observed produce γ rays with energies greater than 1 MeV,
the results presented here come from the coaxial detectors
only, and in particular from four coaxial detectors that were
selected for the best energy and time resolution. The neutrons
are produced in a natW spallation target driven by an 800-MeV
proton beam with an average current of ∼2 µA. The beam
time structure was as follows: 40 Hz of “macropulses,”
625 µs long, each macropulse containing approximately 340
“micropulses” spaced every 1.8 µs. The energy of the neutrons
was determined using the time-of-flight (TOF) technique. The
neutron flux on target was measured with a fission chamber,
consisting of 235U and 238U foils [21], located on the same
flight path, 18.48 m from the center of the spallation target.

The target cell containing the 86Kr isotopically enriched gas
consisted of one cylinder, 6.261 cm long and with a radius of
1.7975 cm. The cylindrical horizontal walls were 0.525-mm
thick and made of aluminum. The planar walls, orthogonal to
the neutron beam, were very thin mylar foils. The pressure of
the 86Kr gas inside the cell was ∼450 kPa. During two days
of the experiment two natural Fe 5-cm circular foils, 0.05 mm
thick, were placed in the front and back of the 86Kr gas cell.
The plane of the Fe foils was at an angle of 90◦ with respect
to the beam. The Fe foils were included so that the known
cross section at En = 14.5 MeV [22] of the strong 846.8-keV,
2+ → 0+ transition of 56Fe, produced in natural Fe from
inelastic scattering, was used to normalize the cross sections
obtained in the present experiment.

The time resolution of the Ge detectors is the dominant
factor that determines the incident neutron energy resolution.
The time resolution varies as a function of incident γ -ray
energy and ranged from 10 to 20 ns (FWHM) for the coaxial

Ge detectors. Corrections for the finite beam spot size, γ -ray
attenuation in the target (both Kr and Fe), and the contribution
from neutrons produced by scattering and reactions in the
targets (secondary effects) were modeled using the MCNPX
Monte Carlo radiation transport code [23]. Electronic dead
times were measured using scalers. A total of ∼2.3 × 108

γ singles and higher-fold data were recorded in the coaxial
detectors used in the analysis.

In the offline analysis a matrix of γ -ray energy versus TOF
was built for the coaxial detectors. By gating on the TOF axis,
γ -ray spectra corresponding to selected neutron energy bins
are obtained. Fitting peaks in these spectra gives the yield of
a γ ray for a certain neutron energy bin. The neutron flux
versus neutron energy was deduced from the fission chamber.
The absolute partial γ -ray cross sections can then readily
be obtained (see, for instance, Ref. [18]). All cross sections
obtained in the present work are normalized to the cross section
at En = 14.5 MeV [22] of the 846.8-keV, 2+ → 0+ transition
of 56Fe. The γ -γ data obtained in the present work could not
be used to establish coincidence relations between transitions
due to insufficient statistics in the resulting gated spectra.

III. EXPERIMENTAL RESULTS

The cross sections for emission of a total of 21 γ -rays of
86Kr were determined. All transitions are included in the level
scheme shown in Fig. 1 and summarized in Table I. Before the
present work, for excitation energies up to 3.7 MeV, only nine
transitions were known [6]. In the present work, ten transitions
were added in the level scheme up to 3.7-MeV excitation
energy, thus more than doubling the transitions of 86Kr up
to this excitation energy. These transitions are the 376.8-,
660.3-, 666.7-, 1162.0-, 1191.6-, 1352.1-, 1763.5-, 1976.9-,
2018.8-, and 3010-keV transitions in Fig. 1, observed for
the first time. The 1565-keV γ -ray peak in the spectra is
an unresolved doublet from the 1564.8- and 1566.3-keV
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FIG. 1. Level scheme showing the transitions of 86Kr observed in the present work. All γ -ray and level energies are in keV.
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To match partial γ data, need complete 
level scheme as high as possible 

§  Completed level JΠ’s up to level #40; EMPIRE 
cannot extend the level scheme past ENDF max. 

§  Added BR’s based on single particle systematics, 
added new γ’s for 6. 

§  From ENSDF, found average values 
•  B(E1) = 6.823 ±1.450,  
•  B(E2) = 9.398×10−7± 2.534×10−4,  
•  B(M1) = 0.2046 ± 0.1442  

§  Above, needed to tune level density  



Revised level scheme w/ new γ’s  

Red  γ’s with fake BR’s 
Black  other γ’s 

New γ’s don’t feed 
right levels enough 
to help much 
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FIG. 12. 85Kr level scheme plot, the red lines represent the transitions that came from systematics and the black lines represent
transitions that are known and are listed on ENSDF
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Agreement with gammas  
hit-and-miss 

§  Shape not terrible 
§  New BR’s have only modest impact in many cases 
§  Suggests problem with spin-dependence of LD 
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FIG. 6. 86Kr level scheme plot, the red lines represent the transitions that came from systematics and the black lines represent
transitions that are known and are listed on ENSDF

shoot the data, we believe that the shape for the total
inelastic cross section plot is correct, and the values for
the cross section are approximately correct as the over-
predictions and underpredictions seem to balance each
other out.

V. 86Kr(n, �)87Kr

The experimental data for the 86Kr(n,�)87Kr reac-
tion was collected at TUNL. The experiment involved
an 86Kr stainless steel cell surrounded by 115In or 197Au
foils for neutron flux determination. There were three
monitor reactions: 115In(n,�)116m1In with a half-life of
54.29 minutes for neutron energies 0.37 MeV and 0.86
MeV, 197Au(n,2n)196Au with a half-life of 6.1669 days
for the 14.8MeV neutron energy, 115In(n,n’)115mIn with
a half-life of 4.486 hours for all other neutron energies.
There were also three reactions used to produce neu-
trons: 3H(p,n)3He for neutron energies below 4 MeV,
2H(d,n)3He for neutron energies between 4 MeV and 14.5
MeV, and 3H(d,n)4He at 14.8 MeV. The experiment ac-

FIG. 7. 2250 keV level, 685.3 keV gamma inelastic cross sec-
tion plot

counted for the e�ciency of the high-purity germanium

5
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FIG. 8. 3010 keV level, 660.3 keV gamma inelastic cross sec-
tion plot

detectors and for gas-out or untritiated target contribu-
tions (for certain neutron producing reactions). More
experimental details can be found in Ref. [1].

In order to fit the neutron-capture cross section, we ex-
perimented with alternate �-ray strength function param-
eterizations (shown in Fig. 10). EMPIRE automatically
rescales the �-ray strength function in order to repro-
duce the thermal neutron capture cross section. Neither
of these were su�cient to fit the data. The shape of the
new capture data does not look like the capture cross
section for neighboring elements. We scrutinized the ex-
perimental procedures to seek out any possible sources of
error and determined that the cross sections used for the
monitor foils may not have been correct. We rescaled the
cross sections using updated monitor data from the In-
ternational Reactor Dosimetry and Fusion File (IRDFF).
This also did not help improve agreement between our
calculations and the experimental results.

VI. 86Kr(n, 2n)85mKr, 86Kr(n, 2n)85gKr, and
86Kr(n, 2n)85Kr

The 86Kr(n,2n)85mKr experiment at TUNL was per-
formed using the same cell, monitor reactions, and neu-
tron reactions as 86Kr(n,�)87Kr. And thus the moni-
tor foil cross sections were also rescaled based on the
IRDFF data. More experimental details can be found
in Ref. [1]. The Kondaiah experiment was conducted
using a quinol-clathrate of krypton as opposed to a cell
of krypton gas such as the ones used in the TUNL ex-
periments and the GEANIE experiment. The Georgia
200 kV accelerator provided neutrons as a result of the
3H(d,n)4He reaction to irradiate the sample and the mea-
surements were taken with Ge(Li) detectors. The neu-
tron flux was determined by detecting alpha particles in
a silicon detector perpendicular to the beam. The exper-
imenters accounted for the deterioration of the titanium-

FIG. 9. Neutron capture cross section plot comparing original
monitor foil cross sections and rescaled to IRDFF monitor foil
cross sections

tritium target in the neutron flux determination. Mon-
itor powders of either silicon, aluminum, or iron were
used the reactions being 28Si(n,p)28Al with a half-life of
2.238 minutes, 27Al(n,p)27Mg with a half-life of 9.46 min-
utes, 56Fe(n,p)56Mn with a half-life of 2.58 hours, and
27Al(n,↵)24Na with a half-life of 14.96 hours. More ex-
perimental details can be found in Ref. [2].

In order to produce the isomeric cross sections, the
steps were similar to those used to get the inelastic cross
section plots. We had to check the RIPL level file against
ENSDF energy levels and �-energies. Again, we had to
provide branching ratios and �-rays for levels that were
assumed to go straight to the ground state as they had no
available decay data. It was necessary to determine the
possible �-rays, multipolarities, half-lives, and branch-
ing ratios for each energy level with unspecified decay
data in 85Kr. In Fig. 12, it is clear which transitions
were added (in red) and which transitions are known (in
black).This was accomplished by calculating the average
B(E1), B(E2), and B(M1) values after deleting major
outliers (found on the NNDC website for isotones with
N=50). The same code was used for this reaction as
the neutron-capture reaction to determine the possible
allowable �-rays and subsequent multipolarities. Then,
the half-lives were calculated and used to calculate the
branching ratios of the allowable �-rays. This approxi-
mated information had to be put into the RIPL file and
EMPIRE was rerun to ensure that the models accurately
matched the experimental data.

The 86Kr(n,2n)85gKr and 86Kr(n,2n)85Kr reaction
cross section plots could not be altered as we do not have
experimental data to date to compare them to for accu-
racy. It should also be noted that the TALYS evaluation
from Ref. [16] is in fair agreement with the data and the
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That said, this data was important to determine how 
important direction reactions are in this case 



Resonances also need a lot of work 

86Kr(n,tot) 

Why is 
evaluation 
high? 



Appears to be driven by (n,el),  
but it impacts (n,g) too 

86Kr(n,el) 

86Kr(n,g) 



Conclusion 

§  Evaluation fubar: 
•  (n,g) in fast region can’t be matched to data 
•  (n,n’) can’t be matched without a lot more effort, need 

detailed structure information 
•  RRR messed up, must dig further 
•  (n,2n) looks good, but I don’t trust it 

§  This is not the right project for a SULI student, 
no matter how good she is 

§  And, when we get an evaluation, how do we test 
it? 


