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Abstract. Nuclear reaction data collection, evaluation and dissemination have

been pioneered at the Brookhaven National Laboratory since the early 50s.

These activities gained popularity worldwide, and around 1970 the experimen-

tal nuclear reaction data interchange or exchange format (EXFOR) was estab-

lished. The original EXFOR compilation scope consisted only of neutron re-

actions and spontaneous fission data, while many other nuclear data sets were

ignored. Due to the high cost of new experiments, it is very important to find

and recover the previously disregarded data using scientific publications, data

evaluations and nuclear databases comparisons.

Fission yields play a very important role in applied and fundamental physics,

and such data are essential in many applications. The comparative analysis of

Nuclear Science References (NSR) and Experimental Nuclear Reaction (EX-

FOR) databases shows a large number of unaccounted experiments and provides

a guide for the recovery of fission cross sections, yields and covariance data sets.

The dedicated fission yields data compilation effort is currently underway in the

Nuclear Reaction Data Centers (NRDC) network, and includes identification,

compilation, storage and Web dissemination of the recovered data sets.

1 Introduction

The early success of Brookhaven National Laboratory (BNL) reactor program which gener-

ated large volumes of new results showed a strong need for data preservation and dissemina-

tion. Compilation of neutron cross sections have been initiated at BNL in the early 1950s by

Donald Hughes (1915-1960). The Brookhaven group produced the famous BNL-170 report

[1]. The Brookhaven report was a successor of the Metallurgical Laboratory, University of

Chicago neutron cross section compilation [2, 3], and it is currently on display at the Donald

Hughes book library as shown in Fig. 1. The National Nuclear Data Center (NNDC) book

library is the major resource behind the NSR and EXFOR database contents development.

Several nuclear reaction data projects such as the Atlas of Neutron Resonances reference

book [4], Evaluated Nuclear Data File (ENDF) [5] and the Experimental Nuclear Reaction

Data (EXFOR) ([6, 7] and references therein) predecessor and the SCISRS (Sigma Center

Information Storage and Retrieval System) system [8] take their roots from the Brookhaven

cross section compilations.
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Figure 1. Donald Hughes book library at the National Nuclear Data Center, Brookhaven National

Laboratory.

Over the years the data compilation efforts have evolved and spread worldwide which

was facilitated by the nuclear data developments in Vienna, Austria (Nuclear Data Section or

NDS-IAEA), Paris, France (Nuclear Energy Agency or NEA-Databank) and Obninsk, USSR

(Center Jadernykh Dannykh or CJD) in 1963-1964. In 1970 the four original data centers

agreed on the data interchange or exchange format (EXFOR). This agreement led to the

formation of the Nuclear Reaction Data Centres (NRDC) network under the auspices of the

International Atomic Energy Agency (IAEA) to oversee the neutron data compilations, and

the NRDC will celebrate its golden jubilee in 2020. Authority for reaction data compilations

were assigned on a geographical basis: Area #1: U.S. and Canada (NNDC), Area #2 Western

Europe + Japan (NEA-Databank), Area #3 Eastern Europe, Africa, Asia, Australia, Latin

America (NDS-IAEA) and Area #4: Former USSR (CJD).

The geographical separation of compilation work has simplified interactions between

researchers and data compilers. This joint effort resulted in a successful international

collaboration and produced the only continuously-updated low- and intermediate-energy

nuclear reaction EXFOR database, and these data are publicly available from the NDS-

IAEA (https://www-nds.iaea.org/exfor/) or NNDC (https://www.nndc.bnl.gov/exfor/) web

sites. Fig. 2 highlights the distribution of ∼18 million data points supplied to EXFOR

by 12 active and 3 discontinued centers. The database major contributors include NNDC

(Brookhaven, USA), NEA-DB (OECD, Paris, France), NDS (IAEA, Vienna, Austria), CNPD

(Sarov, Russian Federation) and JCPRG (Sapporo, Japan). The graphic data show that the

majority of complex measurements were performed in the USA and Europe, and NNDC

(Area #1) and NEA-Databank (Area #2), NDS-IAEA (Area #3) provide the largest individ-

ual contribution to the library. These centers are closely followed by the data efforts in the

Russian Federation and Japan.
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Figure 2. EXFOR compilation statistics include data points from the currently operating NNDC

Brookhaven, NEA-DB Paris, NDS IAEA Vienna, CJD Obninsk, ATOMKI Debrecen, CDFE Moscow,

CNDC Beijing, CNPD Sarov, JCPRG Sapporo, UkrNDC Kyiv, NDPCI BARC/India, KNDC Tae-

jon and discontinued CAJaD, KCPDG and RIKEN data centers. Complete centers descriptions and

complementary details are available from the EXFOR compilation control system: https://www-

nds.iaea.org/public/exfor/x4compil/. As of November 11, 2019 the total number of data points was

17,467,585.

2 Missing Data

Today, EXFOR library and its computer database are primary repository of experimental

neutron, charged-particle, and photonuclear reaction data compilations. However, the broad

scope of compilations was not a case at the beginning, and the library has evolved due to his-

torical and technological reasons. Fig. 3 shows that the initial compilation area was focused

only on neutron cross section and spontaneous fission data while many important nuclear

physics quantities such as neutron fission yields, charged-particle and photonuclear reaction

parameters were not compiled until the compilation scope was changed in 1976. In those

days, computer technologies were very immature and required large number of people to

produce the relatively small compilations based on tabulated data. The lack of Internet ac-

cess and general unavailability of laboratory reports [9] produced a situation wherein many

important results were unnoticed by the EXFOR compilers. These missing EXFOR refer-

ences were analyzed in our previous publication [10], and the results are shown graphically

in Fig. 4.

To further understand the situation we would consider the case of 254Cf spontaneous

fission. Tentative observations of the heavy element production in neutron stars merger

(GW010817) [11–13] created plenty of enthusiasm in the nuclear astrophysics community,

and several complementary scenarios were developed. One of the most interesting possibil-

ities includes analysis of Kilonova light curves for the possible impact of 254Cf spontaneous
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Figure 3. EXFOR compilation timeline shows evolution of the library compilation scope and data

contents over the years.

fission [14]. The authors of this paper could not find relevant 254Cf spontaneous fission data

using the EXFOR database [6] and resorted to theoretical calculations. However, the de-

cays of the californium isotopes have been extensively studied by J. Wilhelmy’s group at Los

Alamos National Laboratory. In fact, the substantial amount of 254Cf (∼ 1012 nuclei) has been

produced at the TRU (trans-uranium) facility at Oak Ridge National Laboratory as part of the

trans-uranium production programme of Energy Research and Development Administration

(ERDA) for a USA /Israel group. The results were produced at the Weizmann Institute,

Rehovot, Israel and published as the Grenoble conference proceedings and a Jülich, Ger-

many laboratory report [15–17]. It was very common in the 70s when scientists published

their findings in secondary publications [9] that were not accessible to EXFOR compilers.

The recent publication of Kilonova light curves analysis [14] has motivated the nuclear data

community to re-examine this situation using complementary resources. The analysis of the

Nuclear Science References database [18] by searching for 254Cf experimental data reveals

several experiments [16, 17] in which spontaneous fission of 254Cf was extensively studied.

These previously missed fission yields were presented to the astrophysics community and

experimental data compilations are in progress.

3 Analysis of Fission Yields

It is common knowledge that any new measurements are very expensive. For instance, the

cost of irradiation of electronic components for space flights at the 88" Lawrence Berkeley
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Figure 4. EXFOR completeness for neutron-, charged- and photonuclear-induced reactions.

National Laboratory is $ 2,500 per hour [19]. This results in the $ 420 K beam time price

tag for a typical one-week experiment. Addition of the target, electronics and staff expenses

brings the overall cost to $ 1 M. Therefore, it is very cost effective to recover the previously-

published results before conducting a new measurement. Further analysis allows us to con-

servatively estimate the monetary value of ∼23,000 EXFOR experiments is approximately $

23 B. This finding clearly demonstrates the importance of the present work and the strong

needs for nuclear reaction data preservation, storage and dissemination.

Recently, the overall situation with missing in EXFOR fission yields compilations has

been analyzed at the NNDC using the NSR database that is based on the Donald Hughes book

library [10]. These results were summarized in three NRDC memos [20–23] that provided a

guide for the network to fix the EXFOR database deficiencies. A similar effort is currently

underway at the Nuclear Data Section, IAEA, Vienna [24]. The IAEA group has analyzed

references from the U.S. and U.K. fission yields evaluations [25, 26]. This complementary

effort would ensure the completeness of the EXFOR database for fission data. In addition,

the fission yield evaluation references [25, 26] were explored at NNDC for missing in NSR

articles, PDF files were collected, and publications were entered into the database. These

developments guarantee the mutual completeness of the NSR and EXFOR databases that is

needed for nuclear reaction and structure evaluations.

The missing data analysis has been used to estimate the workload for the Area #1 fission

yields compilations that are now in progress. By the end of Fiscal Year 2019, 18 new neutron-

, 6 new photo-induced fission and 41 revised neutron-induced fission compilations have been

submitted to the NRDC network. The compilation of previously missed photofission work
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of Smith and Richardson [27] is shown in Fig. 5. The new reaction entry consists of one

bibliographical and two data subentries. The first data subentry contains independent fission

yields for isotopes of Br, Rb, Nb, Sb and Cs. The second data subentry contains chain

fission yields for A=125,127. These data have been processed in EXFOR format using the

Sarov EXFOR editor [28]. The NNDC compilation project is currently going through the

Brookhaven group memos [20–23]. Work on the IAEA group findings [24] should start in

2020, and the tentative target completion is Fall 2020.

4 Conclusion

The current work reviews the present status of fission yields experimental data and describes

compilation work in Area #1. The missing database references have been identified and cor-

responding PDF files for the articles were recovered. These materials were shared with the

NRDC network, and the compilation activities are currently underway at the NNDC. The

examples of the NSR database queries for missing references, data analyses, and compila-

tions are given. NSR and EXFOR databases comparison demonstrated the large potential of

both databases and produced many complementary findings. The results of this work are an

integral part of the BNL-Los Alamos reevaluation of neutron fission yields [29] that would

make a broad impact in multiple areas of applied and fundamental science.
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ENTRY L0253 20190523 L0253 0 1
SUBENT L0253001 20190523 L0253 1 1
BIB 11 25 L0253 1 2
TITLE Independent yields from the photofission of 232Th, L0253 1 3

and the Z(p) and statistical-dynamic models L0253 1 4
AUTHOR (J.R.Smith,A.E.Richardson) L0253 1 5
INSTITUTE (1USANMS) L0253 1 6
REFERENCE (J,PR/C,44,1118,1991) L0253 1 7

#doi:10.1103/PhysRevC.44.1118 L0253 1 8
#NSR: 1991SM04 L0253 1 9

FACILITY (LINAC,1USAWSA) L0253 1 10
INC-SOURCE (BRST) Three irradiations were performed with 27-MeV L0253 1 11

peak bremsstrahlung, one with 15 MeV, one with 10 MeV. L0253 1 12
Fluctuations in peak bremsstrahlung energies during theL0253 1 13
irradiations were about +-1 MeV. L0253 1 14

METHOD (ACTIV) The duration of each irradiation was L0253 1 15
approximately 1 h. L0253 1 16
(CHSEP,GSPEC) L0253 1 17

DETECTOR (GELI,GE-IN) A Canberra Ge(Li) detector with a 2.3-MeV L0253 1 18
resolution for the 1.33-MeV gamma ray from Co and a 16%L0253 1 19
efficiency, two Ortec Ge(Li) detectors with a 2.1-keV L0253 1 20
resolution and a 15% efficiency, and an Ortec intrinsicL0253 1 21
Ge detector with a 1.75-keV resolution and 25% L0253 1 22
efficiency. L0253 1 23

SAMPLE 40-g samples of reagent-grade Th(NO3)4*4H20 in L0253 1 24
polyethylene ampoules L0253 1 25

ERR-ANALYS (DATA-ERR) No information on sources of uncertainties L0253 1 26
HISTORY (20190523C) OG. L0253 1 27
ENDBIB 25 0 L0253 1 28
NOCOMMON 0 0 L0253 1 29
ENDSUBENT 28 0 L0253 199999
SUBENT L0253002 20190523 L0253 2 1
BIB 2 2 L0253 2 2
REACTION (90-TH-232(G,F)ELEM/MASS,IND,FY,,BRA) L0253 2 3
STATUS (TABLE) Table I from Phys.Rev.,C44,1118,1991 L0253 2 4
ENDBIB 2 0 L0253 2 5
NOCOMMON 0 0 L0253 2 6
DATA 6 9 L0253 2 7
EN-MAX MASS ELEMENT DATA-MAX DATA DATA-ERR L0253 2 8
MEV NO-DIM NO-DIM PC/FIS PC/FIS PC/FIS L0253 2 9
11. 136. 55. 1.06E-3 0.48E-3L0253 2 10
15. 136. 55. 3.37E-3 0.36E-3L0253 2 11
27. 82. 35. 8.91E-5 1.18E-5L0253 2 12
27. 86. 37. 5.84E-4 L0253 2 13
27. 96. 41. 2.40E-5 0.36E-5L0253 2 14
27. 124. 51. 1.26E-3 0.15E-3L0253 2 15
27. 126. 51. 2.41E-2 0.25E-2L0253 2 16
27. 134. 55. 1.42E-4 L0253 2 17
27. 136. 55. 1.13E-2 0.12E-2L0253 2 18

ENDDATA 11 0 L0253 2 19
ENDSUBENT 18 0 L0253 299999
SUBENT L0253003 20190523 L0253 3 1
BIB 3 5 L0253 3 2
REACTION (90-TH-232(G,F)MASS,CHN,FY,,BRA) L0253 3 3
ANALYSIS The mass yields for masses 125 and 127 were based on L0253 3 4

the assumption that the cumulative chain yields of L0253 3 5
125Sb and 127Sb represented the mass yields. L0253 3 6

STATUS (TABLE) Table I from Phys.Rev.,C44,1118,1991 L0253 3 7
ENDBIB 5 0 L0253 3 8
COMMON 1 3 L0253 3 9
EN-MAX L0253 3 10
MEV L0253 3 11
27. L0253 3 12

ENDCOMMON 3 0 L0253 3 13
DATA 3 2 L0253 3 14
MASS DATA DATA-ERR L0253 3 15
NO-DIM PC/FIS PC/FIS L0253 3 16
125. 0.29 0.06 L0253 3 17
127. 0.44 0.05 L0253 3 18

ENDDATA 4 0 L0253 3 19
ENDSUBENT 18 0 L0253 399999
ENDENTRY 3 0 L025399999999

Figure 5. EXFOR compilation of 232Th(γ,F) work of J.R. Smith and A.E. Richardson [27].
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