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x4i Backstory
• Developed at LLNL  

by D. Brown as a  
lightweight API for  
EXFOR.  

• Used to quickly  
assess evaluations  
for assembly of LLNL’s  
Evaluated Nuclear  
Data Library series of  
libraries.

• GPL release in 2010 when D. Brown transitioned to BNL
• Used by FUDGE, ADVANCE, mainly for plotting and some 

ENDF data QA
• Modest use in SG-30 for checking EXFOR



In addition to use in ENDF QA, there are 
at least 2 (non-conference proceedings)  
papers that used x4i
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Nuclear Physics Meets the Sources 

of the Ultra-High Energy Cosmic 

Rays
Denise Boncioli, Anatoli Fedynitch & Walter Winter  

The determination of the injection composition of cosmic ray nuclei within astrophysical sources 
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controlling astrophysical uncertainties. We therefore study the implications of nuclear data and models 

for cosmic ray astrophysics, which involves the photo-disintegration of nuclei up to iron in astrophysical 

environments. We demonstrate that the impact of nuclear model uncertainties is potentially larger 
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interactions in cosmic ray sources and propagation.

Particles from space reaching the Earth with energies higher than 109 GeV are detected by ultra-high energy 
cosmic ray (UHECR) observatories such as the Pierre Auger Observatory1 and the Telescope Array (TA) experi-
ment2. UHECRs are expected to be accelerated in astrophysical sources and to travel through extragalactic space 
before they hit the Earth’s atmosphere; they can interact with photons in both environments. !e primary compo-
sition of UHECRs is still unknown; however, the mass composition measured by the Auger Observatory indicates 
heavier elements at the highest energies beyond 109.3 GeV3–6, i.e., signi"cantly heavier than helium and at most as 
heavy as iron. !e study of interactions of nuclei is therefore critical for our understanding of cosmic ray astro-
physics both within sources and during propagation.

Most of the literature, as for example7–15, focuses on "nding the right cosmic ray composition injected from the 
sources into the intergalactic medium, propagating it through the cosmic microwave background (CMB) and the 
extragalactic background light (EBL), which are thermal target photon "elds, i.e., relatively strongly peaked. !e 
long-term vision is, however, to trace back the cosmic ray composition into the sources, which requires a com-
bined source–propagation model; see e.g. refs 16 and 17. Such models face several challenges, including 1) largely 
unknown astrophysical environments and uncertainties, 2) limited computational resources for detailed simula-
tions and parameter space studies, and 3) a complicated interplay of radiation processes – especially in the source, 
where the photon "elds are o#en non-thermal (power laws) and the physical processes have been less studied. 
One of the main challenges is therefore to walk the line between precision and e$ciency to overcome problems 2) 
and 3), while new insights on the astrophysical parameters 1) are to be obtained from multi-messenger observa-
tions. An example is ref. 18, where, for a pure proton composition, constraints on the astrophysical parameters are 
derived from cosmic ray and neutrino observations. In order to extend such approaches to heavier compositions, 
the physical processes have to be controlled with a precision as high as possible, where the photo-disintegration 
of nuclei plays the leading role. While the required target precision is arguable, a "rst bottleneck is the description 
of the source as accurate as the propagation from source to detector – where the target photon environment can 
be very di%erent, and which has been well studied.

In this work, we focus on the photo-disintegration of nuclei, which has been extensively studied in the CMB 
and EBL, where it is the dominant process changing the mass composition of the nuclei. !e leading contribution 
to photo-disintegration is an excitation called “giant dipole resonance” (GDR)19, which can be interpreted as a 
vibration of the bulk of protons and neutrons leading to a resonant structure. !is process occurs above ~8 MeV 
(energy in the nucleus’ rest frame) and causes the disruption of the primary nucleus with the emission of one 
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The EXFOR library contains the largest collection of experimental nuclear reaction data avail-
able as well as the data’s bibliographic information and experimental details. We text-mined the
REACTION and MONITOR fields of the ENTRYs in the EXFOR library in order to identify understudied
reactions and quantities. Using the results of the text-mining, we created an undirected graph from
the EXFOR datasets with each graph node representing a single reaction and quantity and graph
links representing the various types of connections between these reactions and quantities. This
graph is an abstract representation of the connections in EXFOR, similar to graphs of social net-
works, authorship networks, etc. We use various graph theoretical tools to identify important yet
understudied reactions and quantities in EXFOR. Although we identified a few cross sections rele-
vant for shielding applications and isotope production, mostly we identified charged particle fluence
monitor cross sections. As a side effect of this work, we learn that our abstract graph is typical of
other real-world graphs.
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I. INTRODUCTION

Nuclear scientific and technological applications rely
on cross section and other data tabulated in ENDF-
formatted nuclear data libraries such as ENDF/B [1],
JEFF [2], and JENDL [3]. The evaluations in these
libraries are constructed by combining nuclear theory
with experimental results. The experimental results are
typically compiled and archived in the EXFOR library.
Experimental nuclear reaction data has been compiled
since the days of the Manhattan Project. By the late
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Main features

• Pure Python
• Can read/write of EXFOR w/o information loss
• Comprehensive suite of unit tests
• EXFOR reaction strings treated as a grammar



Sample session

Installation 

Installation of x4i is straightforward. 
 

From the subversion repository: 
• Checkout the code:  

host$ svn co svn+ssh://username@ocfmachine.llnl.gov/usr/gapps/CNP_src/ 
all/live_repos/svnRepos/x4i/trunk/x4i 

  You must be a member of the ndg group on LLNL’s OCF facility. 
• Unpack the EXFOR data contained in the repository: 

host$ python x4i/setupEXFORdb.py -u 

• Put x4i in your PYTHONPATH. 
• That’s it! 

 

From a tarball: 
• Unpack the code:   

host$ tar xzf xvi-1.0.tar.gz 

• Put x4i in your PYTHONPATH 
• That’s it! 

 

Basic usage 

Now we describe how to use x4i.  We begin by explaining how to query the EXFOR database and 
how to retrieve data.  All retrievals and queries are handled by the classes in the 
exfor_manager module.  The class X4DBManagerDefault defaults to the 
X4DBManagerPlainFS class and this is the class supported out of the box by x4i.  Here is an 
example of its use: 

host$ python 
Python 2.6.4 (r264:75706, Dec 22 2009, 09:45:51)  
[GCC 4.0.1 (Apple Inc. build 5493)] on darwin 
Type "help", "copyright", "credits" or "license" for more information. 
>>> from x4i import exfor_manager, exfor_entry 
>>> db = exfor_manager.X4DBManagerDefault() 
>>> help( db ) 
Help on instance of X4DBManagerPlainFS in module x4i.exfor_manager: 
 
class X4DBManagerPlainFS(X4DBManager) 
 |  Exfor data base manager for data stored on local filesystem in 
directory hierarchy. 
 |   
 |  Methods defined here: 
 |   
 |  __init__(self, **kw) 
 |   
 |  query(self, author=None, reaction=None, target=None, projectile=None, 
quantity=None, product=None, MF=None, MT=None, C=None, S=None, I=None, 
SUBENT=None, ENTRY=None) 
 |   
 |  retrieve(self, author=None, reaction=None, target=None, 
projectile=None, quantity=None, product=None, MF=None, MT=None, C=None, 
S=None, I=None, SUBENT=None, ENTRY=None) 

 |   
 . . . 

 

Once the database manager is initialized, we can run a query: 
>>> db.query(author='Panitkin') 
{u'40177': [u'40177001', u'40177002', u'40177003'], u'40121': 
[u'40121001', u'40121002'], u'40431': [u'40431001', u'40431002'], 
u'41335': [u'41335001', u'41335002']} 

All queries return a Python dict.  The keys of the dictionary are the EXFOR entry number (the ‘u’ 
preceding the entry simple tells us that the key is encoded in Unicode).  The values of the 

dictionary are a list of subentry numbers of the EXFOR entry whose contents match the query 

search criteria.  If a particular subentry matches the search criteria, the corresponding 

documentation subentry (the ‘001’ subentry) is also returned.  The complete list of search criteria 

are given in Table 1.  A partial list of searchable observables is given in Table 2. 

 

Retrievals also can be made using the database manager:   
>>> db.retrieve(author='Panitkin') 
{u'40177': ["SUBENT        40177001   20021225   20030502   20050926       
0000\nBIB                 12         44\nINSTITUTE  (4RUSFEI)\nREFERENCE  
(J,AE,33,825,197210)     Table of Data and Graph are\n                                  
Given\nAUTHOR     (YU.G.PANITKIN,V.A.TOLSTIKOV)\nTITLE       Radiative   
. . . 

The search result from  a retrieval is identical to that of the queries except that the subentry 

number is replaced by a string containing the entire text of the subentry. 

 

Translating data retrieved using x4i is also simple: 
>>> x = db.retrieve(target='PU-
239',reaction='N,2N',quantity='SIG',author='Lougheed' ) 
>>> x.keys() 
[u'13883'] 
>>> y = exfor_entry.X4Entry( x['13883'] ) 

Here we’ve run  a retrieval to get some cross‐section data and then inserted the entire entry 

13883 into the constructor for the X4Entry class of the exfor_entry module.  The X4Entry 
class instance (and its components) handle all of the parsing of the EXFOR entry.   

 

In the following section, we will detail some of the things one can do with an X4Entry instance.  
For now, we’ll just illustrate how to extract the cross‐section data in a format we can plot: 

>>> dss = y.getSimplifiedDataSets() 
>>> dss.keys() 
[('13883', '13883002', ' ')] 
>>> print dss[('13883', '13883002', ' ')] 
#  Authors:   R.W.Lougheed, W.Webster, M.N.Namboodiri, D.R.Nethaway, 
K.J.Moody, J.H.Landrum, R.W.Hoff, R.J.Dupzyk, J.H.Mcquaid, R.Gunnink, 
E.D.Watkins 
#  Title:     239Pu And 241Am(N,2N) Cross-Section Measurements Near E(N) 
= 14 Mev 
#  Year:      2002 
#  Institute: Lawrence Livermore National Laboratory, Livermore, CA 
#  Reference: Radiochimica Acta 90, 833 (2002) 
#  Reaction:  Cross section for 239Pu(n,2n)238Pu  
#        Energy        Data          d(Data)        

• Indexes EXFOR library in a sqlitedb database but 
files stored in clear text on disk as raw EXFOR data



Sample session

• All classes inherit from dict, so is dict of dicts, 
therefore serialization to JSON should be “easy” 
 
 
 
 
 

• Class hierarchy follows EXFOR hierarchy

 

Quantity  Details 

Variations on 

quantity 

supported 

Simplified 

translation of 

data available 
DA Angular distribution dσ(E)/dµ  EVAL Yes 

DA/DE Double differential data dσ(E)/dµdE'    No, high priority 

DE Energy distribution dσ(E)/dΕ’  EVAL Yes 

FY Fission yields    No 
NU Average number of neutrons emitted in 

fission event ν(E) 
EVAL, PR Yes 

NU/DE Fission neutron spectrum d ν(E)/dE’    No 

POL/DA Polarization    No, high priority 
POT Potential scattering parameter    No 
RI Resonance integral of cross‐section    No 
SIG Cross‐section σ(E) or average cross‐section 

in some variations of this observable. 

EVAL, MXW, SPA, 
FST, RTE, FIS, AV 

Yes 

Table 2. A selection of supported quantities.  The full list is given in EXFOR dictionary 30 (see ref. 

[3]) 
 

 

The X4Entry class 

In this section, we provide a more detailed look into the X4Entry class and its use.  A partial list 
of member functions is provided in Table 3.   

 
Let us begin the discussion by picking up where we left off in the previous section’s example.  We 

return to the X4Entry in the Python variable ‘y’: 
>>> y = exfor_entry.X4Entry( x['13883'] ) 
>>> y.keys() 
['13883001', '13883002'] 
>>> type( y[1] ) 
<class 'x4i.exfor_subentry.X4SubEntry'> 

In this simple example, we have illustrated that X4Entrys are really Python dicts, with keys 
being the subentry accession number (in this case, abbreviated to ‘1’) and values being instances 

of the X4SubEntry class.  Note that the subentry accession numbers 1, ‘1’, ‘001’, 13883001, and 
‘1388301’ are all equivalent.  Continuing: 

>>> y['1'].keys() 
['BIB'] 
>>> y['1']['BIB'].keys() 
['STATUS', 'REFERENCE', 'FACILITY', 'INSTITUTE', 'TITLE', 'INC-SOURCE', 
'AUTHOR', 'HISTORY'] 
>>> y['1']['BIB']['REFERENCE'] 
REFERENCE  (J,RCA,90,833,2002) 
>>> str(y['1']['BIB']['REFERENCE']) 
'Radiochimica Acta 90, 833 (2002)' 

Clearly X4Entrys and X4SubEntrys are simply nested Python dicts whose keys and values 
correspond to the structure of the original EXFOR (sub)entry.  This example illustrates one other 

 

Quantity  Details 

Variations on 

quantity 

supported 

Simplified 

translation of 

data available 
DA Angular distribution dσ(E)/dµ  EVAL Yes 

DA/DE Double differential data dσ(E)/dµdE'    No, high priority 

DE Energy distribution dσ(E)/dΕ’  EVAL Yes 

FY Fission yields    No 
NU Average number of neutrons emitted in 

fission event ν(E) 
EVAL, PR Yes 

NU/DE Fission neutron spectrum d ν(E)/dE’    No 

POL/DA Polarization    No, high priority 
POT Potential scattering parameter    No 
RI Resonance integral of cross‐section    No 
SIG Cross‐section σ(E) or average cross‐section 

in some variations of this observable. 

EVAL, MXW, SPA, 
FST, RTE, FIS, AV 

Yes 

Table 2. A selection of supported quantities.  The full list is given in EXFOR dictionary 30 (see ref. 

[3]) 
 

 

The X4Entry class 

In this section, we provide a more detailed look into the X4Entry class and its use.  A partial list 
of member functions is provided in Table 3.   

 
Let us begin the discussion by picking up where we left off in the previous section’s example.  We 

return to the X4Entry in the Python variable ‘y’: 
>>> y = exfor_entry.X4Entry( x['13883'] ) 
>>> y.keys() 
['13883001', '13883002'] 
>>> type( y[1] ) 
<class 'x4i.exfor_subentry.X4SubEntry'> 

In this simple example, we have illustrated that X4Entrys are really Python dicts, with keys 
being the subentry accession number (in this case, abbreviated to ‘1’) and values being instances 

of the X4SubEntry class.  Note that the subentry accession numbers 1, ‘1’, ‘001’, 13883001, and 
‘1388301’ are all equivalent.  Continuing: 

>>> y['1'].keys() 
['BIB'] 
>>> y['1']['BIB'].keys() 
['STATUS', 'REFERENCE', 'FACILITY', 'INSTITUTE', 'TITLE', 'INC-SOURCE', 
'AUTHOR', 'HISTORY'] 
>>> y['1']['BIB']['REFERENCE'] 
REFERENCE  (J,RCA,90,833,2002) 
>>> str(y['1']['BIB']['REFERENCE']) 
'Radiochimica Acta 90, 833 (2002)' 

Clearly X4Entrys and X4SubEntrys are simply nested Python dicts whose keys and values 
correspond to the structure of the original EXFOR (sub)entry.  This example illustrates one other 



Sample session

 |   
 . . . 

 

Once the database manager is initialized, we can run a query: 
>>> db.query(author='Panitkin') 
{u'40177': [u'40177001', u'40177002', u'40177003'], u'40121': 
[u'40121001', u'40121002'], u'40431': [u'40431001', u'40431002'], 
u'41335': [u'41335001', u'41335002']} 

All queries return a Python dict.  The keys of the dictionary are the EXFOR entry number (the ‘u’ 
preceding the entry simple tells us that the key is encoded in Unicode).  The values of the 

dictionary are a list of subentry numbers of the EXFOR entry whose contents match the query 

search criteria.  If a particular subentry matches the search criteria, the corresponding 

documentation subentry (the ‘001’ subentry) is also returned.  The complete list of search criteria 

are given in Table 1.  A partial list of searchable observables is given in Table 2. 

 

Retrievals also can be made using the database manager:   
>>> db.retrieve(author='Panitkin') 
{u'40177': ["SUBENT        40177001   20021225   20030502   20050926       
0000\nBIB                 12         44\nINSTITUTE  (4RUSFEI)\nREFERENCE  
(J,AE,33,825,197210)     Table of Data and Graph are\n                                  
Given\nAUTHOR     (YU.G.PANITKIN,V.A.TOLSTIKOV)\nTITLE       Radiative   
. . . 

The search result from  a retrieval is identical to that of the queries except that the subentry 

number is replaced by a string containing the entire text of the subentry. 

 

Translating data retrieved using x4i is also simple: 
>>> x = db.retrieve(target='PU-
239',reaction='N,2N',quantity='SIG',author='Lougheed' ) 
>>> x.keys() 
[u'13883'] 
>>> y = exfor_entry.X4Entry( x['13883'] ) 

Here we’ve run  a retrieval to get some cross‐section data and then inserted the entire entry 

13883 into the constructor for the X4Entry class of the exfor_entry module.  The X4Entry 
class instance (and its components) handle all of the parsing of the EXFOR entry.   

 

In the following section, we will detail some of the things one can do with an X4Entry instance.  
For now, we’ll just illustrate how to extract the cross‐section data in a format we can plot: 

>>> dss = y.getSimplifiedDataSets() 
>>> dss.keys() 
[('13883', '13883002', ' ')] 
>>> print dss[('13883', '13883002', ' ')] 
#  Authors:   R.W.Lougheed, W.Webster, M.N.Namboodiri, D.R.Nethaway, 
K.J.Moody, J.H.Landrum, R.W.Hoff, R.J.Dupzyk, J.H.Mcquaid, R.Gunnink, 
E.D.Watkins 
#  Title:     239Pu And 241Am(N,2N) Cross-Section Measurements Near E(N) 
= 14 Mev 
#  Year:      2002 
#  Institute: Lawrence Livermore National Laboratory, Livermore, CA 
#  Reference: Radiochimica Acta 90, 833 (2002) 
#  Reaction:  Cross section for 239Pu(n,2n)238Pu  
#        Energy        Data          d(Data)        

• Generate simplified versions of entries, in common 
units; no covariances (useful for plotting)

• Proper treatment of EXFOR pointers



EXFOR REACTION strings follow 
a grammar

• x4i contains grammar parser that understands EXFOR 
REACTION string

• Enables discovering covarying data sets and therefore 
identifying important datasets

• J.A. Hirdt, D.A. Brown, Nuclear Data Sheets 131 
(2016) 377–399

• Enables symbolic math
• Piloted project with S. Hoblit (deceased) to 

automatically generate covariances



x4i Status
• Fedynitch fork available at  

https://github.com/afedynitch/x4i3.git

• Main repository at BNL at  
https://git.nndc.bnl.gov/dbrown/x4i.git

• GPL re-release planned  
with Python3.7 support
• Updated EXFOR Dicts
• Many many bug fixes
• Refactored EXFOR db  

install
• Collect tools developed at BNL & LLNL that use x4i


