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There are times where we need a capture 
cross-section but what we’ve got is garbage

• Nucleosynthesis Nuclear forensics

known thermal capture σ

235U(n,f) FPY 
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Anatomy of a capture cross-section

4

1. “the 1/v part” – S-wave direct capture; the 
shape is analytic, the magnitude must be 
measured

2. ”the dip” – direct capture turning off

3. “the RRR” - A compound nuclear part 
consisting of resolved resonances
a. Often one or more resonances separated from 

main pack

4. “the URR” - A compound nuclear part 
consisting of unresolved resonances 

5. “the fast part” A smooth high-energy part 
that peaks around 14 MeV
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There are too many resonances. 

We cannot predict their position or width, 
and to be honest, we don’t care.  

We only want an “average” cross-section that captures the 
essential features of the capture cross-section
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“magic” function 
σ𝛾(Z,A,E)

Build reduced 
order model of 
MACS

Learn parametric (Z,A) 
dependence of 
reduced order model

Transform model back 
to cross-section space

Test against original 
cross-sections or 
MACS

Our 
approach



Training set statistics
• Capture data from ENDF/B-VIII.1’s neutron sublibrary (i.e. n+ZA)

• Our best understanding of theory + experiment
• 558 isotopes total (1H-255Fm), along valley of stability and up valley walls
• Has warts and gotchas

• Unusable sets:
• 4 with no capture reaction (n, t, a, 7Be)
• 52 taken from TENDL and therefore fictitious 

• Tricky sets:
• 11 with Westcott g<1.  These have direct capture and/or low-lying resonances, 

fouling up the behavior at low energies – cut-off model should fix
• 19 with very high energy resonances (> 2 MeV)

7

475 usable isotopes, another 30 recoverable with effort
Eliminating low quality sets leaves us with ~430 sets



With such a small training set, we 
must invest most of our time in data 
curation and perfecting our reduced 
order model
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Maxwellian Averaged Cross-Sections 
• Maxwellian averaging is one way to smooth
• The MACS is given by

• Note: the MACS are all smooth bumps sitting on top of a 
“1/v-like” baseline.  
• Side benefit: can use in nucastro calcs. as-is
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Neutron capture cross-sections are crucial for many applications in nuclear physics, stellar astro-
physics, and nuclear engineering. Experiments to acquire the cross-section data for a given nucleus
can be expensive and di�cult to perform. In particular, data for unstable (or even low natural
abundance) nuclei are costly to obtain, limiting the amount of available experimental data. Thus,
capture cross-section data for these nuclei are dependent on numeric estimates with varying degrees
of success. In this work, machine learning methods are employed to develop a low order regression
model for the temperature dependence of Maxwellian averaged cross-sections (MACS). A random
forest regression is then done to learn the isotopic dependence of the regression model feature from
nuclei in a curated training set. The resulting model can be used to predict the temperature de-
pendence of the MACS for all nuclei. Since the training set necessarily consists of data from stable
nuclei, it is expected that the model works best near the valley of stability.

I. INTRODUCTION

The Maxwellian averaged cross-section (MACS) is a

quantity commonly used to represent neutron capture

cross-sections. It reduces the normal neutron capture

cross-section to an integral where the incoming neutron

is in thermodynamic equilibrium with the target nucleus.

With the Maxwellian, individual resonances are

washed out when averaged against the Maxwell-

Boltzmann distribution, making computational analyses

less expensive. This also makes it a better representa-

tive of bulk material, as seen in supernovae and reactor

environments than the normal capture cross-sections.

The Maxwellian-averaged cross section is defined as:

MACS(kBT ) =
2p
⇡

a2

(kBT )2

Z 1

0
E�(E)e

� aE
kBT dE

=
h�vi
vT

.

(1)

Where a is the reduced mass of the neutron and target

nucleus (defined in Eq. 2), and �(E) is the energy (E)

dependent cross-section.

a =
mtarg

mn +mtarg
. (2)

Current MACS data tend to be limited for very heavy

and, in general, o↵ stability isotopes. Greater knowledge
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of MACS will be useful for a better understanding of both

r- and s-processes, which are thought to be the source of

elements heavier than iron. Improvements of estimates

and measurements also have applications in nuclear en-

gineering for potentially improving reactor performance,

in addition to other applications in nuclear forensics and

nuclear astrophysics [1–3].

Observational evidence suggests that the r- and s-

processes occur in neutron star mergers [4] and core-

collapse supernovae [5]. Despite the progress made in

our understanding of these processes and their respective

sites, further data collection and analysis is necessary to

reach a better understanding of these mechanisms.

In reactors, application of cross-sections can be used

to optimize reactor performance by optimization of ma-

terials. Optimizing materials in reactors enhances reac-

tor safety in addition to performance. This is mostly

done by preventing unwanted neutron absorption. Nu-

clear forensics is another application that involves anal-

ysis of orphan source nuclear materials to determine the

source, enrichment, and life cycle. This is done to en-

force non-proliferation treaties and ensure public safety

in addition to generating more accurate experimental re-

sults and data collection. Cross-sections for some critical

isotopes in these applications are poorly known [1].

Machine learning (ML) is a promising and powerful

avenue of exploration in physics. Despite the widespread

use of machine learning in other fields of study, machine

learning in nuclear physics is practically in its infancy.

This particular work serves as a continuation for the ex-

ploration of ML methods to develop a model for pre-

dicting MACS data for unmeasured and poorly known

isotopes. The model will ideally make predictions based

exclusively on inherent quantities. In this context, an



Features in the MACS can be traced to 
features in the original cross-section
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We can build this mapping into a crude model

Possible consistency of OMP between DRC and Hauser-Feshbach 
calculations??  

[10] Koning, Delaroche,  Nuclear Physics A 713 (2003) 231-310 

• Optical model parameters that nicely reproduce > 4-5 MeV / Global OMP [10] 
=> Used to calculate DRC : 

…To be further investigated 
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M. Diakaki, G. Gkatis, A. Mengoni, G. Noguere, P. Tamagno, “First Results on the DRC calculations for 
the 56Fe isotope” Consultants Meeting on Structural Materials for the INDEN collaboration (2021)
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We develop another analytic model for the shape of the capture MACS. This can guide us in

our fits in later steps of the project. This model takes what was learned from the previous model

iterations and suggests some possible improvements.

I. MAXWELLIAN AVERAGED
CROSS-SECTION

The Maxwellian averaged cross-section (MACS) is [1]

MACS(kT ) =
2→
ω

( a

kT

)2
∫ ↑

0
dEEε(E) exp

(
↑aE

kT

)

(1)
Here

kT : the Maxwellian’s temperature time the Boltzmann
constant

E: the neutron’s incident energy in the lab frame

a: is the mass ratio a = mZA/(mn + mZA) for target
material ZA

mn: is the mass of the neutron

mZA: is the (nuclear) mass of one atom of the target
material ZA

Note, the MACS is essentially a Laplace transform of
Eε(E) in the variable ϑ = a

kT .

II. SCHEMATIC CROSS-SECTIONS

We are going to make some very schematic cross-
sections, consisting of a “direct piece” and a “compound”
or “resonance” piece. We will consider neutron cap-
ture and neutron elastic scattering. The neutron cap-
ture cross-section has a 1/v-like part as the direct reac-
tion piece while the elastic cross-section has a constant
cross-section for the direct piece. In both cases, the res-
onances will be replaced with a series of area matching
delta functions. Figure 1 shows the kind of cross-section
we are mocking up with the schematic model. Because
the model is very schematic, we will not obsess over spin
groups and spin factors and instead lump all those factors
into phenomenolical factors.

A “zero energy” neutron carries no angular momen-
tum from symmetry arguments. A “near zero energy”
neutron with thermal energies, also e!ectively carries no
angular momentum. So, we only have S-wave scattering

→ dbrown@bnl.gov

at the lowest (thermal) energies. For capture, this results
in a well-known 1/v or 1/

→
E shape. In practice, this 1/v

or 1/
→
E behavior of the capture cross-section cuts o! at

some higher energy [2, 3]. This cut-o! is smooth on a
log-log scale, but we will model it with a sharp cut-o!
meaning as E ↓ 0:

εth,ω(E ↓ 0) = ε0ω”(Ecut ↑ E)

√
E0

E
(2)

Here

ε0ω: the capture cross-section at the reference energy E0

E0: a reference energy

Ecut: is the cut-o! energy where the 1/v or 1/
→
E shape

ends

”(E): is the Heaviside step function which is 1 if E > 0
and 0 if E < 0

In Diakaki’s calculations (see Fig. 2), the cut-o! is much
less sudden. Also, in JEFF-18 [2], Fröhner argues that
the roll o! ↔ 1/E5/2 (see discussion on page 70.). So, our
cut-o! is somewhat extreme. Fröhner also argues that
the cutt-o!/roll-over shifts to higher energies for many
nuclei leading to nuclei with no dips.
As in the previous incarnation of the model, at higher

energies we have the fluctuating/resonant cross-section
that we approximate with a series of equally spaced
(“picket fence”) resonances. Our “resonance region” is
then:

εcn,x(E) =
N∑

n=1

Axnϖ(E ↑ nD) (3)

for the N resonances indexed by n. Here

Aω,n: the area under the nth capture resonance

D: the resonance spacing

From the Atlas of Neutron Resonances Eqs. (3.3) and
(3.4), we have the average resonance areas:

Aω = 2ω2ϱ2 g#n#ω

#
(4)

Ael = 2ω2ϱ2 g#
2
n

#
(5)

Where
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Cut-off not yet 
used in 
production!



The MACS for the crude model 
can be done analytically

• Without a direct reaction cut-off:

• With a cut-off energy:

• Compound part:
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3

III. MACS OF THE SCHEMATIC
CROSS-SECTIONS

A. S-wave direct capture with no cut-o!

In the limit as Ecut → ↑, first term’s MACS is known
to be Using ω = a/kT .

MACSth,ω(kT ) = ε0ω

√
aE0

kT
= ε0ω

√
ωE0 (7)

B. S-wave direct capture with sharp cut-o!

With a finite Ecut,

MACSth,ω(kT ) =
2ε0ω↓

ϑ
ω2

∫ Ecut

0
dE

√
EE0 exp(↔ωE)

(8)

Using the integral

x∫

0

↓
E e→wE dE =

↓
ϑ erf (

↓
wx)

2w
3
2

↔
↓
x e→wx

w
(9)

we arrive at an analytic (but not very transparent) expression

MACSth,ω(kT ) = ε0ω

[√
ωE0 erf

(√
ωEcut

)
↔ 2↓

ϑ
ω
√

E0Ecut exp(↔ωE)

]
(10)

C. Compound contribution

To figure out the MACS of the compound/resonance part, we will focus on the MACS of the sum only:

2↓
ϑ

( a

kT

)2
∫ ↑

0
dEE

N∑

n=1

1

E
ϖ(E ↔ nD) exp

(
↔aE

kT

)
=

2↓
ϑ
ω2

N∑

n=1

exp (↔nDω) (11)

=
2↓
ϑ
ω2

N∑

n=1

[exp (nDω)]→n (12)

=
2↓
ϑ
ω2 1

z ↔ 1
as N → ↑ (13)

The last series is geometric series and is found in many
calculus text books. I summed it by recognizing it is a
unilateral z-transform and clearly overthought it. Here

z = exp

(
aD

kT

)
= exp(Dω) (14)

so

MACScn,ω(kT ) = B
( a

kT

)2
(
exp

(
aD

kT

)
↔ 1

)→1

(15)

with

B = 2ϑ3/2 (⊋c)2
mn

g!n!ω

!
(16)

D. Final combined MACS

Putting it all together,

MACSω(kT ) = MACSth,ω(kT )+MACScn,ω(kT ) (17)

Altogether, this model has 2 + 2Nsg parameters for each
nucleus, where Nsg is the number of “spingroups”. What
we mean here is that we can add compound bumps to re-
find the shape, each could be interpreted as a spingroup.
The parameters are ε0ω , Ecut, Dsg and Bsg. In fact, since
we usually cannot tell the di”erence between resonance
with di”ering J or S, each “spingroup” is e”ectively in-
dexed by the L of the neutron. So we’ll have a catch-
all S-wave bump, sometimes a P-wave bump and rarely
a D-wave bump. We will also have some strange cases
like 208Pb that has no S-wave piece. Also there will be
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Gaussian, could capture this 
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Needs cutoff!
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Needs cutoff!
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Needs cutoff!
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“magic” function 
σ𝛾(Z,A,E)

Build reduced 
order model of 
MACS

Learn parametric (Z,A) 
dependence of 
reduced order model

Transform model back 
to cross-section space

Test against original 
cross-sections or 
MACS

Our 
approach



Fitted parameters 
are strongly 
correlated with 
physics parameters

• Leads to our default feature 
choice: Z, A, Z even/odd, N 
even/odd, Jπ, mass excess 



Typical performance

• Predictions are generally accurate within an 
order-of-magnitude for 𝜎𝑡ℎ and 1st bump 
• Some isotopes’ MACS are predicted 

reasonably well (e.g. Cu63), many others not
• Changing input feature space did not 

significantly impact performance, but…
• Hope improving training set with cut-off 

model makes impact 

Regressor: Gradient-Boosted DecisionTree Ensemble Regressor
Features: Z, A, Z even/odd, N even/odd, Jπ, mass excess



Quality of prediction
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1st bump

2nd bump

Thermal cross-section 
(no cut-off yet!)



Comparing feature choices
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ods avoid overfitting by making minimal as-
sumptions on the shape of the data, forming
an ensemble of individual trees, and, in the
case of boosted trees, can incrementally im-
prove their performance by iteratively increas-
ing the weight on outputs which were poorly
predicted in previous iterations [4].

The two Python libraries used for implement-
ing decision tree regressors in this research
were scikit-learn [8] (sklearn) and XGBoost [2].
Both o!er similar functionality but di!er in
implementation and performance. XGBoost
consistently performs better on our feature
space than the sklearn random forest. How-
ever, gradient-boosted regression in general
shows very successful results, as evidenced
by the comparable or even slightly better
performance of sklearn’s Histogram Gradient
Boosted Regressor (HGBR) to the boosted de-
cision tree (Fig. 6). This is notable as the
HGBR is non-native multi-output regression.
It regresses on each parameter individually;
its success could suggest that the correlations
between the di!erent outputs do not play a
significant role in determining their values.
This points toward an avenue for future re-
search in regressor optimization.

After identifying which features will comprise
the inherent feature space and which will com-
prise the target feature space, the data is split
randomly into a test and training set.

The primary statistic used to compare true
values versus predicted values throughout this
analysis is the Root Mean Squared-Log Error
(RMSLE). In this work, we define the RMSLE
as

RMSLE :=
(

1

N

N∑
(log(yi + ω)→ log(ŷi + ω)2

)1/2

(10)

Where N is the number of samples, yi is the
true value of the i-th sample, ŷi is the pre-
dicted value, and ω is a very small but strictly
positive number.

The RMSLE was selected due to the large
ranges of the predicted output variables. Each
of the target features in our data can take
on values over several orders of magnitude.
Statistics like the root mean squared error are
significantly biased toward the largest orders
of magnitude, and the more insightful infor-
mation is a statistic which reflects relative
di!erences between true values and predicted
values. The di!erence of natural logarithms
captures the extent to which the true value
and predicted value of a given feature are on
the same order, and the RMSLE is simply the
average of these log errors across all isotopes
in the test set.

The dataset of isotopes with known MACS
was randomly divided into a 0.75/0.25
train/test split, and the features of the iso-
topes in the training set were used to fit a
boosted decision tree regressor. This regres-
sor then predicted the target features of the
test set.

The features in the default feature space
(Z,A, Zeo, Neo, Jε, mass excess) are known for
all nuclei that we wish to predict and are
common parameters across many empirical
nuclear models. Without knowing a priori
the functional form or relationship between
MACS and the properties of their correspond-
ing nuclei, we hope to identify candidate fea-
tures which minimize the total feature space
without a significant increase in error of the
predictive model. The goal of this optimiza-
tion is to reduce the possibility of overfitting
to the feature space and provide explainable
regression results. For ϑth, it is possible that
a value has been measured without knowl-
edge of the full cross-section. Feature spaces
which included this parameter as an input
were therefore considered as well.

3 Results

As Figure 6 demonstrates, for each of the five
parameters, the regressor was able to success-
fully identify the general trends on approx-

8

Intriguingly, Yuskel, Soydaner, 
Bahtiyar (YSB)* input features: 
Z, N, A, A2/3, (N−Z)/A, νZ, νN, 
Zshell, Nshell show modest 
improvement over other 
options.

(N−Z)/A is a measure of isospin asymmetry, νZ
and νN are the proton/neutron valence 
numbers, and Zshell and Nshell are the shell 
model orbitals of the last proton/neutron. 

* Phys. Rev. C 109, 064322 (2024); https://doi.org/10.1103/PhysRevC.109.064322



Need to do more work on curating 
our training data: 
- use cut-off in direct capture model, 
- watch for 1st cluster of resonances, 
- use humans in fitting!



Project status

ü Reworking training set
ü Proper test/train split using medium-high quality data
ü Train regressors and tune hyperparameters
ü Propagate ENDF covariance data
o Switch to cut-off model & rerun ML with varied feature sets
o Write paper
o Try MACS in astrophysical network code
o Try in forensics inventory codes

24

We need help!
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FIG. 10. MACS for Cu63 compared to prediction made by
random forest regressor.

FIG. 11. MACS for W182 compared to prediction made by
random forest regressor.

As one may expect, the quality of the predictions is

strongly dependent on the quality of the MACS data

in the training set. For many isotopes, knowledge of

neutron resonances is severely limited. In some of these

cases, no peaks appear in the MACS profile. In others,

there are two or even three peaks in the MACS profile.

This makes ML tasks di�cult, because there are some

cases where multiple peaks is a result of physical prop-

erties of the nucleus, rather than a gap in knowledge.

Thus, e↵orts need to be made to remove isotopes with

poor data quality from the training set.

There are still many cases where the model does a poor

job in replicating the MACS profile. For example, W182

in Fig. 11. While the model is relatively close with the

peak location, it does not appropriately capture the twin

peak behavior or the peak value.

Further experimentation with machine learning meth-

ods will be needed to improve the model. For instance,

the flexibility and versatility of a neural network could

be used in place of the random forest for the coe�cient

prediction. Scikit-learn’s random forest regressor is an

excellent tool, but there are fewer hyperparameters one

can tune when compared to a neural network.

Future work in determining whether a Lorentz distri-

bution instead of a log-normal distribution to emulate the

MACS may also be an interesting avenue of exploration.

In principle, the MACS can be converted back into the

normal cross-section via an inverse Laplace transform.

Using a Lorentz distribution makes this transformation

much easier, and could help in obtaining a low-resolution

functional form of the neutron capture cross-section.
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TABLE I. This table defines the rubric used to evaluate the quality of isotopic data for the stable isotopes relevant to n-capture
studies. Because the evaluation process can often be subjective, this rubric has attempted to combine an objective measure of
the data quantity as a weighting feature. For the integral data metric, the number of relevant sources was counted per isotope.
The weight was then calculated as the number of sources, divided by the average of all, plus one (to eliminate zero weighting).
This weight was then multiplied by the subjective integral metric analysis. The results of the analysis are included as appendix.

Very Poor (0) Poor (1) Acceptable (2) Excellent (3)

Experimental data quality
(EXP)

No experimental data Sparse/conflicting data Data in reasonable
agreement with itself
and with evaluations.
Enough data for R-
matrix fit.

High -quality and -
volume data allowing
for R-matrix analysis.
Data is self-consistent
and in agreement with
evaluations, outliers do
not impact results.

Resonance evaluation
(RES)

No evaluated reso-
nances

Few or purely-theory
resonances. Includes
those derived from
TEFAL (in TENDL).

Experimentally mea-
sured resonances.
Data may indicate
missing resonances
or high-energy direct
capture. Includes data
taken from Atlas of
Neutron Resonance
[4]. Transmission data
used to determine
resonances, capture
widths “schematic”.

All resonances backed
by measurement. Doc-
umention of direct cap-
ture treatment and im-
pact of missing or dis-
tant resonances.

Integral metrics (INT) No experimental data Sparse/conflicting data Data in reasonable
agreement with itself
and with evaluations

Data in excellent agree-
ment with data and
systematics

Covariance (COV) No covariances in-
cluded

Values optimistically
small; Covariances
for background cross
section only. Includes
COMMARA or LoFi
covariances

Values reasonable,
but misclassified
as reaction MT32,
NJOY/FUDGE cannot
parse

Detailed MT32 covari-
ances, converted to
MT33 NJOY/FUDGE
can parse, plot

Fission Product (FPY) Iso. is fission product
yield > 1%

Iso. is fission product
1%>yield> 0.001%

Iso. is fission product
0.001% > yield

Isotope is not a fission
product

Documentation (DOC) No details Some resonance region
discussion

More resonance region
discussion, a list of
experimental sources.
SG-23 evaluations
generally fall here.

Detailed discussion of
evaluation and experi-
mental issues, if any.

Like most structural materials, Ni is at or near a closed
proton shell (in this case, Ni’s Z=28 is a magic number).
Here the level density is low and there are very few reso-
nances. Therefore, the capture cross section is very sen-
sitive to what few resonances there are. To complicate
things, the cross section is dominated by direct, rather
than resonant, capture.

B. W data quality

W illustrates a di↵erent nuclear data problem. Here
the stable isotopes are well understood and the elemental
average matches expected behavior. However, W’s cap-
ture cross sections are substantial, which will result in

transmutation. In addition to being an undesirable be-
havior in general, the result is unstable W isotopes whose
nuclear data is less certain. For example, 181W’s cross
section di↵ers by a factor of 5 between ENDF/B [19]s
and the Atlas of Neutron Resonances [4] . The 180W cross
section is especially problematic: the evaluation contains
only five resonances, rather than the expected hundreds,
and the uncertainties are quite small. As discussed pre-
viously, this is almost certainly an unphysical behavior.
Only the average 180W cross section should be considered
reliable until further experimental and computation can
be dedicated to the detailed cross-section.
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(Dated: March 7, 2023)

The NA-22 Intentional Forensics Venture is developing a system for tagging nuclear fuel using
various methods of information encoding. One of the main methods under development is the
insertion of isotopically enriched tracers into the fuel. In order to aid in the understanding of the
neutronic performance of these taggants, we assess the quality of the nuclear data underpinning
simulations, which are driven by the neutron-capture cross sections. We present these cross sections
of naturally occurring isotopes of the elements provided in the neutron sublibrary of the planned
ENDF/B-VIII.1 Feb. 2023 library release. We make this assessment using a rubric designed for
this e↵ort, which quantifies orthogonal features related to the overall quality. The quality metric
highlights 6 aspects: experimental data, resonance evaluations, integral metrics, covariances, fission
products, and documentation. We focus on energy ranges relevant for reactor applications. We also
discuss additional sources for new, high-quality cross-section data that may be utilized on the time
scale of the venture, including existing global data, new experiments, and computational methods.
Finally, overall outlook is presented with conclusions.
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I. INTRODUCTION

NA-22’s Intentional Forensics (IF) Venture project is
an e↵ort to develop a taggant technology for nuclear fuel.
An ideal taggant is a well-characterized additive to the
fuel that will encode some unique identifier, correspond-
ing to a set of optimal information related to features such
as manufacturer, location, age, fuel stage, and others to
be decided. The primary goal of this first IF venture is
to develop a proof of concept suite of candidate-taggants
whose initial suitability has been vetted from the vari-
ous important perspectives and specialties of the venture
members.

This taggant technology should provide several benefits
to global stakeholders from public and private interests.
It will establish provenance and tracking, identify extra-
regulatory material, highlight security lapses, aid law en-
forcement, and deter future tra�cking [1]. Candidate
taggants have two primary qualifications. Firstly, they
must have an entirely predictable response to a high neu-
tron fluence environment, relative to persistence and/or
transmutation. Second, and perhaps most important,
they must not detrimentally impact nuclear fuel perfor-
mance.

BNL-224135-2023-INRE 
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FIG. 3. A visualization of the quality rating for isotope evaluation vs abundance, with histogram of ratings. Ni, W, and Mo and
additional isotopes identified for early study in the 2nd taggant selection workshop are indicated by larger colored circles. The
1st and 3rd quartiles are identified, along with the mean, by green, red, and black horizontal lines, respectively. The important
feature of note in this is the trend line, demonstrating the bias given to more abundant isotopes.

FIG. 4. A visualization of the quality rating for isotope evaluation by element, with histogram of ratings. Ni, W, and Mo and
additional isotopes identified for early study in the 2nd taggant selection workshop are indicated by larger colored circles. The
1st and 3rd quartiles are identified, along with the mean, by green, red, and black horizontal lines, respectively. The important
features of note in this plot are the average rating, which is approximately 14/30, and the bimodal distribution. While the
overall mean is below average, the smaller, but prominent peak at higher quality is evidence that a concerted e↵ort to improve
the quality yields promising results.

C. Mo data quality

The situation of Mo is very similar to that of W. Data
for each of the stable isotopes is reasonably good qual-
ity. However there are two unstable isotopes (93Mo and
99Mo) that are not very well understood. In the case of
93Mo, only a few resonances are known, while no reso-
nances at all are known for 99Mo. This poses a special

problem for the simulations that supply the bulk of input
for this venture. Data for these isotopes will be needed
to accurately predict the final isotopic inventory.

IV. POSSIBLE NEW MEASUREMENTS

Some discussion of possible taggants has included, but
is not limited to, isotopes of Ni, W, and Mo. In addition
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